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Abstract

The ability to create and optimise new interfaces is essential to develop and optimise
materials for use in sustainable energy storage and conversion technologies. In this thesis,
the solution-deposition of coatings from molecular precursors is explored as a promising
approach towards this end. First, a facile method for the deposition of electrocatalytically
active zirconium-based films for photoelectrochemical water oxidation is developed. The
films were derived from three novel alkoxy cage compounds containing Zr and a first-
row transition metal (Co, Fe or Cu). The deposition of a Co-doped ZrO: coating onto the
BiVO4 photoanode lowers its onset potential by 0.12 V to 0.21 V vs. the reversible
hydrogen electrode (RHE) and increases the maximum photocurrent density by ~50% to
2.41 mA cm™ compared to the uncoated BiVOa. In the next chapter, a new solution
deposition method to coat the Li-ion battery cathode LiNig.sMng.1Co0.102 (NMC811) with
Al>03 using aluminium isopropoxide (AIP) is developed. High-field solid-state nuclear
magnetic resonance spectroscopy (SSNMR) probes the formation of y-LiAlO; at 600 °C
and doping of aluminium into NMC811 starting at 500 — 600 °C. NMC811 coated with
amorphous ALO3z (200 — 400 °C) had a capacity retention comparable to pristine
NMCS811, while higher annealing temperatures led to more crystalline coatings and
surface Al-doping which were found to increase the rate of degradation of NMC811 upon
cycling. Finally, LiAlO2 coatings are deposited onto NMC811 using heterobimetallic
alkoxides: LiAI[(OCH2Ph)4], LiAI[(O'Pr)s] and LiAl[(O'Bu)4]. The later showing the
most promise as a coating precursor due to its high solubility in tetrahydrofuran (THF),
low temperature decomposition (283 °C) and reaction with hydroxyl groups present on
the surface of NMC811. This coating was tested on polycrystalline NMC811 (PC-
NMCS811) and AlOs3 coated single-crystal NMC811 (Al,O3|SC-NMCS811). Significant
improvements in capacity retention (17.2 % more C/2 capacity retained after 107 cycles
vs. ADLO;3;|SC-NMC811) were seen in the LiAlO2/ALO;SC-NMC811 system.
Furthermore, coating PC-NMCS811 that was previously degraded by soaking in water
improved the capacity retention (50.1 % more capacity retention at C/2 after 215 cycles
vs. uncoated PC-NMC811 soaked in water and annealed at 400 °C) suggesting that the
combination of a LiAlO; coating and subsequent annealing step can recover NMC811

surfaces that have been previously degraded by soaking in water.
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Chapter 1: Introduction

1.1.  Abstract

Developing technologies for sustainable energy storage and conversion such as
(photo)electrocatalysis and lithium-ion batteries for electric vehicles face significant
challenges for their commercialisation. The stability of key solid-liquid interfaces
essential for their function needs to be improved to achieve long-term operation.
Meanwhile, better catalytic efficiency and ionic transport would enhance the performance
of these devices. Synthetic methods to functionalise and protect surfaces and create
completely new interfaces are therefore needed to improve current and future energy
systems. In this introduction, the use of molecular precursors is reviewed as a promising
strategy for the fabrication of functional coatings to address these problems. First, a brief
overview of energy conversion and storage is provided, with a focus on batteries and
photoelectrocatalysis, followed by an introduction to the chemistry of molecular
precursors and their solution deposition. Next, the applications of this method in the areas
of electrocatalysis, photocatalysis and solar fuel production are reviewed in depth.
Methods to achieve control of the crystallinity, phases formed, and nanostructure of the
catalysts are discussed. Synthesis of photoelectrodes and the deposition of protective
coatings for these is then covered. The applications of this approach in the lithium-ion
battery field are then discussed in detail, both as a method for the fabrication of electrode
materials and as a coating / surface doping approach. In this introduction, the relationships
between synthesis, deposition conditions, structure, morphology, and function are
emphasised. Furthermore, by broadly reviewing the progress in using molecular
precursors to functionalise and protect energy materials it is hoped that the common

features become highlighted to promote the transfer of methods across adjacent areas.



1.2.  Overview of Electrochemical Energy Storage and Conversion Technologies

Climate change, caused by anthropogenic emission of greenhouse gases, is one of the
defining challenges of our time. To reduce and eventually completely stop the production
of greenhouse gases, the infrastructure for energy storage and conversion needs to be
reinvented at a global scale to rely on renewable resources instead of fossil fuels. When
this goal is placed in the context of a world in which there is an increasing growth of
population and industrialisation, the need to develop sustainable energy systems becomes
obvious. Furthermore, our ability to find and extract fossil fuels continues to improve,
reducing their cost, and the energy technologies under development need to be

competitive to eventually displace fossil fuels.!

This challenge can be divided into three main aspects: transportation,’ stationary
storage,’ and sustainable manufacturing.* For transportation, lithium-ion batteries and
fuel cells are being considered as the two main options. Challenges of implementing fuel
cells include their reliance on expensive Pt group catalysts, and the need to store hydrogen
gas inside a vehicle at high pressure.! On the other hand, they present advantages such as
higher energy density and the fast refuelling time compared to current lithium-ion battery
technology.® Batteries display excellent overall efficiency and are straightforward to
implement compared to fuel cells that would require the installation of a hydrogen
infrastructure. However, the high costs of transition metals used in the cathode, safety
issues, short cycle life, low energy, and power density place challenges for their
commercialisation. Due to their complementary characteristics, lithium-ion batteries and
fuel-cells are likely to coexist in the future of transportation for different applications with
lithium-ion batteries employed for light-duty vehicles and fuel cells in heavy-duty and
long-distance transportation.” Furthermore, research efforts are being directed at the
development of batteries that have higher energy densities and rely on more abundant
elements such as metal-sulphur and metal-air batteries which may overcome the

limitations currently faced by the lithium-ion battery.%’

Due to the intermittent nature of renewable energy sources, stationary energy storage
is needed to be able to access the electrical energy on demand.’> Technologies being
considered towards this end include lithium and sodium ion batteries, redox-flow
batteries, compressed air in air-tight caverns, pumped hydroelectric, thermal energy
storage and solar fuels.® The latter requires the development of suitable

photoelectrocatalysts with good kinetics and based on earth abundant elements. Similar



requirements are needed for the design of electrocatalysts for the sustainable production

of industrially relevant chemicals and fuels such as hydrogen, hydrogen peroxide,

methanol, and ammonia.*1°
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Figure 1.1: Schemes showing the working principle of (a) a photoelectrocatalytic water splitting cell,
adapted from !!. (b) A conventional lithium-ion battery.

A photoelectrochemical water-splitting cell is an energy conversion device (Figure
1.1a) that irreversibly transforms H>O into Hz and Oy via a light-driven electrocatalytic
process. In one of its most simple forms, it consists of two semiconductors with different
bandgaps Eg¢1 and Eg (Egi>Eg2) which are termed the photoanode and the photocathode,
respectively. When a photon is absorbed, an electron is promoted from the valence band
(VB) to the conduction band (CB) generating an electron hole in the VB of each
photoelectrode. In the photocathode, the electrons drift to the semiconductor — liquid
junction to drive the hydrogen evolution reaction (HER) at the water reduction catalyst
(WRC). Similarly, the electron holes drift to the surface of the photoanode to drive the
water oxidation reaction (WOR) at the water oxidation catalyst (WOC). The electrons
photogenerated at the photocathode travel via an external circuit to the photoanode where

they recombine with the electron holes in the valence band.!!

A lithium-ion battery is a rechargeable electrochemical cell for energy storage (Figure
1.1b). It consists of a positive electrode (cathode) and a negative electrode (anode) with
different chemical potentials which are separated by an electrolyte that can be a liquid or
a solid. The anode is typically graphite, and the cathode a layered metal oxide such as
LiCoO,. Crucially, the redox reactions (Co*/Co*" in LiCoO,) that take place at the
electrodes need to be reversible for the electrochemical cell to be rechargeable and the
layered structure of the electrode materials needs to allow the reversible intercalation /
deintercalation reactions.>®"!>!13 The electrodes are kept apart using a polymeric

separator which is permeable to the electrolyte. The function of the electrolyte is to allow

3



the transport of lithium ions between the cathode and the anode and to prevent electrical
contact between the electrodes so that the electronic part of the reaction needs to take
place through an external circuit. The electrolyte operates beyond its thermodynamic
stability window by forming passivating layers on the surface of the electrodes.!* These
new interphases are essential to achieve kinetic stability of the electrolyte in the operating
voltage window since they are ionically conductive but electrically insulating, limiting
further electrolyte degradation.'* At the graphite anode, the reduction of the electrolyte
leads to the formation of a 10-50 nm thick layer containing both organic (Li2CO3 and
polyolephines) and inorganic (LiO and LiF) species known as solid-electrolyte
interphase (SEI).'* Similarly, cathode-electrolyte interphase (CEI) layers containing LiF,
LixPFy, LixPOyF, and organic polymeric species grow on cathode surfaces due to
electrolyte oxidation, although they are thinner (3—7 nm) and grow at a slower rate

compared to the SEL.!>16

Clearly, lithium-ion batteries and (photo)electrolysers serve different functions and are
complementary. Significant progress is needed in both areas to obtain sustainable energy
systems competitive with fossil fuels. Furthermore, there are advantages in discussing
these two technologies together as fruitful crossover between these two research areas
may inspire materials innovation. For example, more efficient multifunctional,
heterogeneous catalysts are needed in future battery technologies such as Li-S,!” and
metal-air batteries.'® Moreover, there are similarities in the interfacial challenges that

these two approaches face.

As we have seen, one of the major obstacles for lithium-ion battery implementation in
transportation is its low energy density which limits driving ranges. To address this
problem, Ni-rich cathodes of the form Li[NiosMno.1C00.1]O2 (NMC811) have been
developed. The increased Ni content leads to higher discharge capacities but also to
poorer cycle life due to interfacial phenomena such as electrolyte oxidation, oxygen
evolution followed by the formation of a reduced NiO rock salt insulating layer and the
formation of surface impurities such as Li2CO; and LiOH with exposure to air and
moisture.!” Photoelectrodes have also faced significant interfacial challenges. Corrosion
processes, which can be promoted by light irradiation at an applied voltage, limit the pH
range at which these materials can be used.?*?! Furthermore, photoanodes like BiVO4
have a bandgap of the required energy for the oxidation of water and can act as good light

absorbers but suffers from poor charge carrier mobility which leads to charge



accumulation and promotes recombination, reducing the efficiency of the cell.?? This
problem could be solved by improving charge extraction on the surface.?? Photocathode
p-Si also has a suitable bandgap for HER and excellent light-harvesting properties.
However, it forms a passivating SiO» layer on the surface in contact with air, unless the
surface is protected by a coating layer.?
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Figure 1.2: Schemes showing optimised coatings for (a) a photoanode in a water splitting cell, and (b) a
lithium-ion battery cathode (NMC).

In this context, coatings could act as new electrode-electrolyte interphases that improve
the long-term performance of lithium-ion batteries and photoelectrolysers. Figure 1.2
shows two examples of optimised coatings for these applications. Coatings are usually
deposited onto lithium-ion battery cathodes such as NMC to slow down their rate of
degradation (Figure 1.2b).2*2° This can be achieved by limiting electrolyte oxidation
which occurs either by direct reaction between the electrolyte and NMC or following the
release of singlet oxygen at high voltages.?’” Therefore, the coating should be able to
decrease the amount of singlet oxygen that reaches the electrolyte,?® and provide a passive
interface that does not react with the electrolyte under operating conditions. Importantly,
it should be a Li-ion conductor but electrically insulating to prevent electrolyte oxidation.
Most of the surface should be coated to maximise its effects but full surface coverage is
not essential, since the NMC particles will crack during the first charge-discharge cycles,

exposing new surfaces to the electrolyte.”’

The effectiveness of the coating will also depend on its thickness. If it is less than 1 nm
thick, electron tunnelling may take place compromising its ability to prevent electrolyte
oxidation.!* Furthermore, a thin (5-10 nm) coating may not prevent singlet-oxygen from

reaching the electrolyte, as the diffusion length from the surface of the cathode is



shortened.?® Although a sufficiently ionically conductive coating should not affect the
cyclability of the cathode, a thick coating would reduce the energy density of the material,
since it is not electrochemically active. Therefore, the aim is to obtain a coating of an
intermediate thickness (e.g., 50—100 nm) that is a good ionic conductor. Furthermore,
good adhesion and surface compatibility with the cathode particles is required in order to
withstand the volume changes that the particles undergo during cycling and to prevent
coating delamination. This could be achieved by controlled diffusion of the coating into
the bulk of the cathode by annealing, which could also stabilise the lattice in the near-
surface region.’**! Finally, since the amount of electrolyte oxidised is proportional to the

surface area of the material, the coating should be non-porous.

Like in the lithium-ion battery area, coatings are applied to photoelectrodes to improve
their compatibility with the electrolyte (Figure 1.2a). Towards this end, the coating should
be stable at the operating pH and voltage and conformal to mitigate corrosion.?%?!:2
However, unlike coatings for Li-ion battery cathodes, it needs to be electrically
conductive for the redox processes to take place at the semiconductor-liquid junction. It
should also be transparent and thin enough to allow light transmission.?%2!-2
Furthermore, catalytic properties towards the process of interest are required, to enhance
the interfacial kinetics of the photoelectrode, minimising the accumulation of charge
carriers at its surface by acting as a co-catalyst.?%?!323% This should limit surface charge

recombination, improving the efficiency of the device.>*3>3

Since the desired properties of the coating will depend on the specific application,
versatile deposition methods that allow good control of the coating properties at multiple
length-scales are needed. Furthermore, simple, and scalable methods to modify these
surfaces are highly desirable. In this context, molecular precursors emerge as a promising
approach to deposit thin films from solution and create functional interphases in energy

materials.

1.3.  Precursor Chemistry: from Molecular Structure to Deposition Properties
There are advantages in using molecular precursors to form solid state materials over
conventional synthetic routes for some applications. Since single-source precursors can
be prepared with the desired ratio of metal elements in their structure, and thermolysis
reactions require lower temperatures than conventional ceramic routes, this often allows
the low-temperature synthesis of oxides including amorphous oxides with well-defined

compositions.>” Furthermore, by carefully selecting the synthesis and decomposition
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conditions, the morphology of the products can be controlled allowing the formation of
nanostructured materials and coatings. Since the precursor can usually be dissolved in
organic solvents, this allows processing by methods such as spray coating, dip coating,
spin coating, drop-casting, and aerosol-assisted chemical-vapour deposition (AA-CVD).
3839 This enables coating of a wide variety of substrates including flexible materials,

particles and electrodes.?®*

Using molecular precursors also presents some drawbacks that should be considered.
First, even though the fabrication of the material from the precursor is usually a simple
one-step process, the complexity lies in the synthesis of the precursor molecule which
may not be trivial and also it may not be possible to obtain in good yield.?” Furthermore,
the costs associated with the synthesis of the precursor should be considered when
evaluating its feasibility for the fabrication of a material at scale.?’ Finally, although there
have been examples of air-stable complexes used as precursors, many of these precursors
are air- and moisture-sensitive and require storage under inert atmosphere which could

make them impractical for some applications.*’

Figure 1.3 shows the most common types of molecular precursors used in the area of
energy materials. Alkoxides (Figure 1.3a) can be monometallic or contain multiple metals
allowing the deposition of mixed-metal oxides. They tend to have poor stability and be
moisture sensitive. Organometallic compounds (Figure 1.3c) are also moisture sensitive,
but they have less tendency to dimerise which makes them more volatile and better suited
for vapor deposition processes. Oxo-bridge clusters (Figure 1.3b and d) such as oxo-
alkoxide clusters and ligand-stabilised cubane cages can allow more control of the inter-
metal ratios if a dopant element is present. Furthermore, the pre-assembled M-O-M
bridges can help lower the temperature of oxide formation. The oxo-alkoxide cages which
form by partial hydrolysis of the simple alkoxide are soluble in common organic solvents
but the alkoxy groups in the periphery hydrolyse readily which makes them suitable for
low temperature deposition onto surfaces bearing -OH groups before calcination. Finally,
bidentate ligands (Figure 1.3e) can be used to stabilise main group / transition metal
adducts, but care should be taken when decomposing these precursors as longer heating
times may be required to eliminate the carbon residues and the multiple bonds may

decompose at different rates.’’
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Figure 1.3: Structural motifs commonly used for molecular precursors to energy materials. (a) Alkoxide
molecules, including both simple and heterobimetallic alkoxides. (b) Cubane precursors which are cage
compounds containing one or more metallic elements typically bonded by oxygen. (¢) Organometallic
precursors containing reactive C-M bonds. (d) Oxo-alkoxide clusters which are metal-oxo alkoxy cages
that can also be heterobimetallic and can be structurally regarded as molecular fragments of extended oxide
solids. (e) Sulphide, selenide, and arsenide complexes.

Having outlined the main types of precursors available, the solution deposition
methods for the formation of the solid material from those will be discussed. The possible
deposition reactions are classified in Figure 1.4. Depending on the driving force for the
decomposition of the molecule these can be divided in three categories; thermolysis or
the heat-induced elimination or oxidation of the ligands (Figure 1.4a), reaction with a
solvent (solvolysis) which most commonly is water (hydrolysis) to remove the organic
ligands and form the oxide (Figure 1.4b), and oxidation of the precursor molecule onto

an electrode surface under anodic conditions (Figure 1.4c).
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Figure 1.4: Solution deposition classified by the driving force for the reaction. (a) Decomposition of the

(b) Hydrolysis/Solvolysis
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precursor caused by heat. (b) The chemical reaction between the surface water or other solvent suitable for
this reaction as well as by hydroxyl groups on surfaces. (c) Electrochemical oxidation of the precursor at
the surface of an electrode to form a solid (typically oxide) phase.

A wealth of molecular precursors has been synthesised over the years and multiple
reviews on the topic exist.’’*!* However, most of these studies and reviews have
focused on the synthesis, characterisation and decomposition of the precursors and not so
much on their application for energy materials with the exception of Panda et. al. who
reviewed the use of molecular precursors to fabricate nanomaterials for water splitting.**
Therefore in this introduction, the key results in the precursor-based approach to the
synthesis of energy-related materials will be reviewed, not only focusing on the precursor
chemistry but also on the structure-property relationships and the merits and limitations
of the approach in terms of the performance of the materials. The discussion will focus
on materials and composites for lithium-ion batteries and (photo)electrocatalysis. These
two are rarely discussed together but the advances in the two areas can inform each other

and are often transferrable.

1.4. Precursor Approach to Photoelectrocatalytic Materials
The molecular precursor approach has been extensively used for the synthesis of
(photo)electrocatalysis layers, either for the deposition of the active catalyst or the surface
functionalization of active materials.*>* It has allowed the optimisation of the number of
active sites and composition of these materials, thereby realising electrocatalysts
containing earth abundant elements that approach the performance of Pt and Ru in basic
media or exhibit useful properties such as bifunctionality - the ability to act as both a

WOC and a WRC.#5%6



1.4.1. Applications in Electrocatalysis and Photocatalysis
In this section previous work on the synthesis of electrocatalysts using molecular
precursors will be reviewed. Synthetic strategies that allow control of the resulting phase,

defects, crystallinity, and nanostructure of the product are reviewed.

1.4.1.1.  Access to Different Phases

Metal oxides can exist in multiple phases, and often it is found that one phase has a
much higher activity towards a particular electrocatalytic transformation than others. By
changing the atmosphere in which the thermolysis of a molecular precursor is performed,
it is possible to favour the formation of a specific phase of the oxide product. In one
report, three phases of nanostructured manganese oxide are prepared by calcining Mn(II)
oxalate under different atmospheres.*’” Mn,Os was obtained under air, Mn3O4 under N
and MnO under vacuum. As expected, the Mn,O3 performed best in chemical water
oxidation experiments using ceric ammonium nitrate due to the higher oxidation state of
Mn. The MnO phase showed better chemical water oxidation activity than Mn3O4 owing
to its transformation to the amorphous, oxidised MnOy phase during chemical water

oxidation. This trend was also observed in photochemical water oxidation studies.*’

Another strategy to control the phase of the oxide is by introducing small amounts of
another element during its synthesis, often termed a ‘dopant’.*° This can be done by high-
temperature routes, which rely on diffusion for the mixing of the dopant with the host
material. However, this can lead to inhomogeneous doping and the formation of
thermodynamic products or secondary phases. On the other hand, by introducing the
dopant in a heterobimetallic precursor, the elements required to form the doped oxide are
already mixed at atomic level and in the desired stoichiometry. As an example, a Mn-
doped titanium oxo-alkoxy cage was synthesised by a solvothermal route and
decomposed by thermolysis at 500 °C forming a Mn-doped rutile (TiO2) as a major
product, with a small amount of anatase and a-MnO> at lower temperature.*’ Rutile does
not normally crystallise under these conditions, and it was considered whether factors
such as the formation of low surface-area TiO; could lead to the low-temperature
stabilisation of rutile (which has a higher surface enthalpy than anatase).*®*’ However,
this is unlikely since the thermolysis of SSPs often leads to the formation of high surface-
area oxides.’®! Therefore, the authors hypothesised that the Mn doping could be

stabilising the structure at lower temperatures.*’
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Finally, unusual phases can be accessed from precursor-derived precatalysts after
activation. MnS nanocubes were prepared by hot injection of the precursor
[Mn(pyHS)s](OTf)2 in oleic acid. During OER the precatalyst converts to f-MnOOH,
which is a metastable phase and was unexpected as most literature reports the formation

of the more stable 8-MnO> phase.>?

1.4.1.2.  Control of Oxygen Vacancies

A route to oxides with a high concentration of defects is synthesis under kinetic control
conditions. Although these phases may be metastable, molecular precursors can allow
their preparation by low temperature thermolysis at varying heating rates. In one study, a
[CH3ZnOCH(CH3)2]4 precursor was synthesised and shown to be useful in preparing ZnO
catalysts with different amounts of oxygen defects as determined by electron
paramagnetic resonance spectroscopy (EPR) by changing the heating rate during
thermolysis and by using different ligands.>® The effect of the oxygen vacancies on the
hydrogenative conversion of CO to methanol was investigated (Figure 1.5) and a
correlation was found between the amount of vacancies and the catalytic activity

providing experimental evidence of the vacancies being the active sites.>

»
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Figure 1.5. Scheme showing the mechanism of CO hydrogenation on ZnO. An oxygen vacancy is depicted
as the active site where chemisorption of CO takes place. Reproduced from reference >*.

By hydrolysing a series of manganese complexes of the form [Mn'"40,(PhCOO)o-
(H2O)]N(n-Bu)4 it was possible to obtain amorphous manganese oxide that performed
well as a WOR catalyst.* A detailed extended X-ray absorption fine structure (EXAFS)
study revealed that the oxide presented a high number of structural defects, p-oxo bridges
and two different oxidation states of Mn (III and IV), all known requirements for highly

active MnOx OER catalysts. However, when a phosphate buffer was used during
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hydrolysis to control the pH, a smaller number of p-oxo bridges were found and an
average Mn(IIl) oxidation state. It was hypothesised that the phosphate anion is bridging

the Mn units leading to a poorer performance due to the absence of bridging oxygens.>*

1.4.1.3.  Synthesis of Amorphous Catalysts

Another important structural factor influencing the performance of the catalyst is the
degree of crystallinity. While conventional ceramic routes often lead to crystalline
materials, the use of molecular precursors make well defined amorphous materials
accessible and allow a greater control of the degree of crystallinity of the product. In one
report, a B-diketiminato cyclo-P4 dicobalt(I) complex with a CoP4 core was shown to
form crystalline or an amorphous CoP depending on whether in was decomposed by
pyrolysis or by hot injection in oleic acid (Figure 1.6).>> The amorphous material
performed better than the crystalline in terms of current density and onset potential due
to the larger surface area and the ease in which the amorphous material is transformed

into CoOx (which is the actual catalyst), which was attributed to easier P dissolution for
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Figure 1.6. A molecular precursor can yield an amorphous or crystalline phosphide depending on the
decomposition method, allowing testing of the effect of crystallinity on the activity of the material.
Reproduced from reference 3

In another study, a single-source precursor (SSP) for the synthesis of ZnTiO3 was
prepared using p-carboxybenzaldehyde oxime as a linker between the Zn(II) and
Ti(O'Pr); moieties.”® The oxide ZnTiO3; was then obtained by sol-gel processing of the
precursor. The structural evolution of this material with increasing annealing temperature
was followed by in-situ small-angle X-ray scattering (SAXS). For comparison, a sample

was prepared using two precursors with similar ligand environments. It was found that
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the SSP leads to a single-phase material at low temperatures, but the dual source led to
two phases. At high temperature, the evolution of both converges once the organic ligands
have been removed. Both products annealed at 550 °C were tested for photocatalytic
degradation of methylene blue. The SSP derived ZnTiO3 had better performance due to
larger surface area which is derived from its more porous structure compared to the dual-

source material.>”

1.4.1.4.  Synthesis of Nanostructured Electrocatalysts

Precursors have been recently used to synthesise catalysts with specific morphologies,
including nanomaterials. For example, cobalt oxalate was used for the scalable synthesis
of cobalt nanochains using an inverse micelle approach followed by thermolysis.* The
catalyst exhibited bifunctional activity, being able to catalyse both the OER under neutral
and basic pH and HER under basic pH conditions, showing similar HER performance to
the Pt/C benchmark catalyst in terms of electrochemical half-way potential in the linear-
sweep voltammetry (LSV).* This approach is not restricted to oxides, nanostructured
pnictides such as Fe,P3* and FeAs>® and one chalcogenide, FeSe,’” were synthesised
from molecular precursors. FeoP3 nanoparticles were obtained by hot injection of a diiron
triphosphide complex with a Fe!'P;Fe'! core and asymmetric cyclo P(2+1) ligands in
oleylamine forming highly monodisperse nanocrystals of 2-5 nm.*® These are deposited
onto Ni foam by electrophoresis and tested for both OER and HER in 1 M KOH. The
catalyst displayed excellent performance towards OER with better kinetics (lower Tafel
slope) and lower overpotential compared to benchmark IrO2, RuO: and Pt as well as being
stable over 14 h in a chronoamperometric (CA) test.*® The presence of a reversible redox
process at 1.2-1.4 V in the LSV suggested the surface oxidation of Fe leading to
disordered Fe(OH)2/FeOOH. This was confirmed by transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared
spectroscopy (FT-IR) and inductively-coupled plasma optical emission spectroscopy
(ICP-OES) which indicated that Fe,P3 acts as a precatalyst and that the active disordered
Fe(OH)2/FeOOH forms after activation under anodic conditions.*® The catalyst was
bifunctional as it also shown HER activity without oxidation and phosphorus dissolution.
It was suggested that P acts as a base and Fe as a hydride acceptor facilitating H»
evolution.*® The work on 2Fe-2As and FeSe; led to very similar conclusions.®*’ Finally,
sacrificial templating agents can also be used to achieve nanostructured materials upon

thermolysis of the precursor. In one study, a titanium oxo-alkoxy cage was deposited onto
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graphene oxide nanoflakes that acted as a sacrificial templating agent for the synthesis of
TiO> with 2D morphology.*® High surface area was achieved which was favourable for

photocatalytic H> production.®

1.4.1.5. Structure Retention and Electrodeposition

The effect of molecular structure on the electrodeposition properties has been studied
in some detail. While many of the molecular catalysts retain their nature during HER,
most decompose under OER conditions to form a solid-state material which is the actual
catalyst. This property has been used for the synthesis of solid-state electrocatalysts under
anodic conditions by electrodeposition.’® Nickel complexes using bidentate and tridentate
ligands of the form [Ni'(H,L):]J(NOs): and [Nis"(HL)s(OAc)s] with HoL = 2,6-
pyridinemethanol have been used for the electrodeposition of an amorphous Ni
oxohydride under basic conditions (pH=12)."" It was found that both complexes
decompose slowly into nickel hydroxide with increasing cyclic voltammetry (CV) cycles
and that the generated hydroxide is dispersed in solution by the ligands.”® At positive
enough potentials electrodeposition takes place by forming the nickel oxyhydroxide
active catalyst on the electrode without the need for a buffer solution.>® Other studies have
used a NisO4 ligand-stabilised structure for the deposition of well dispersed NiO
nanoparticle formation onto mesoporous silica by thermolysis of the precursor.®
Compared to Ni(OAc)z, the NigOs4 precursors form smaller, highly monodisperse
nanoparticles that showed higher activity towards methane conversion (CH4 + CO2 = 2
H> + 2 CO). This effect was attributed to the close proximity of the Ni atoms in the

preformed precursors.®
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Figure 1.7. Transmetalation reaction to form the [MMn304] precursors and method for their deposition on
ITO together with the extended structure of the thermolyzed Ni-Mn precursor as determined by EXAFS.
Adapted from reference °'.

The cubane motif has also been used to prepare heterobimetallic precursors. In recent
work, a [CoMn304] and a [NiMn304] mixed metal Mn oxido cubanes were synthesised
and their structural evolution with thermolysis and/or OER studied by X-ray spectroscopy
techniques (Figure 1.7).%! It was found that while the [CoMn3O4] precursor is a pre-
catalyst it transforms during OER to form an active CoOx catalyst accompanied by Mn
dissolution, [NiMn304] maintains the same Ni : Mn stoichiometry as before catalysis and
the cube motif is also mostly retained.®' When the drop-casted Ni-Mn film was subjected
to an annealing step before catalysis an extended mixed-metal oxide phase with lower
OER activity was formed.®! This work suggests that low- temperature deposition aids the
retention of the molecular structure even after electrocatalysis which may enhance the

activity of the catalyst.

1.4.2. Precursor-derived Coatings for Photoelectrocatalytic Water Splitting
1.4.2.1.  Synthesis of Photoanodes from Molecular Precursors
Photoanodes are semiconducting, light-absorbing materials with the required bandgap
to drive a photocatalytic transformation such as water oxidation. A successful photoanode
should consist of inexpensive, abundant elements, possess high charge carrier separation

efficiencies, fast electron transfer kinetics and long-term stability under the required pH
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conditions.?® In the last decade, the use of multijunction devices incorporating
complementary light-absorbers and directly interfacing components in wireless systems
has progressed rapidly.®>% As these technologies evolve it becomes important to find
ways to deposit these films at scale using simple solution methods. Furthermore, the main
technical challenge that current photoanode materials face is their poor stability in
aqueous solutions and sluggish kinetics.?’ Both of these problems can be addressed by
the deposition of a suitable metal-oxide coating that can prevent the contact of the
photoanode with the electrolyte solution and act as a co-catalyst enhancing the kinetics

of the photocatalytic reaction.?’

In this context, TiO, emerges as a promising photoanode material for water oxidation
due to its non-toxicity and abundance. However, its large bandgap (3.2 eV) and fast
recombination of electrons and holes, which leads to low utilization of the light spectrum,
limits its practical use.®* To lower the bandgap of TiO, dopants can be introduced.®* The
dopants allow a reduction in bandgap by introducing additional donor or acceptor energy
states in between the valence band and the conduction band.®* This led to an interest in
the synthesis of heterobimetallic titanium oxo alkoxy clusters to use as precursors to
doped TiO». These clusters acted both as a model system for bulk doped titania and as
SSPs that could be decomposed by thermolysis or hydrolysis to yield an atomically well
mixed doped TiO> at lower temperatures. This synthetic method for doped TiO» favours
substitutional doping, or the substitution of Ti sites by dopant atoms, which is a
prerequisite for injection of additional energy levels between the valence and the

conduction bands.’!

An example of this approach was the fabrication of Ce-doped Ti10O: using titanium oxo-
alkoxy clusters containing varying amounts of cerium.® Three cages with different Ti:Ce
ratios were synthesised; [Ti28033(OEt)3s(EtOH);4CeCl], [TisO7(HOEt)(OEt)1Ce] and
[{Ti2O(OEt)s} (EtOH-CeCl)]>. When decomposed by hydrolysis in EtOH followed by
calcination at 150 °C in air Ce doped TiO,, Ce'" titanate / anatase and Ce>Ti,07 / TiO
formed, respectively. High Ce content led to phase segregation while low Ce content led
to the formation of Ce doped TiO: with different degrees of crystallinity depending on
the amount of dopant. Interestingly, the Ce2Ti207 / TiO2 composite was air-stable, and
XPS / energy dispersive X-ray spectroscopy (EDS) provided evidence of a core-shell
structure that could be stabilising the air-sensitive Ce>Ti207 in air. Furthermore, the

composite showed broadband absorption and far superior photocatalytic activity for the
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degradation of an organic dye compared to the other two Ce doped TiO» materials.
Similarly an a-Mn20O3/Mn-TiO2 composite with a bandgap of 1.80 eV, which could have
applications  in  photocatalysis, = was  synthesised by  thermolysis  of

[Ti1sMnO30(OEt)20(MnPhen)s] (Phen = 1,10-Phenantroline) at 600 °C.*°

The composite may also form in-situ from a doped TiO phase. In one example,
[Ti12015(0iPr)17] (CoBr)eTiis024(0iPr)1sBr]”  and  [(CoD)Ti11014(0iPr)17]  were
synthesised under solvothermal conditions and used to deposit a Co doped TiO:
precatalyst by drop-casting a dichloromethane solution of the precursors onto fluorine-
doped tin oxide (FTO) followed by room-temperature drying and washing with water.
The amorphous Co-doped TiO: film undergoes an activation process at positive potentials
leading to a CoOx active catalyst embedded in a TiO2 matrix which confers it stability in
a chronoamperometric test compared to a control Co(NO3), sample. Furthermore, EDS
results show the Co migration and P enrichment in crack areas of the material pointing at

a new electrodeposited Co-P; layer, similar to those reported by Nocera et. al.®%¢’

More recently a Mo doped TiO> was synthesised by spray-pyrolysis of
[T1aMo0208(OEt)10]2. Part of the Mo sublimes after annealing at 650 — 800 °C leading to
the formation of a porous structure.’! A combination of XPS, Raman, EDS and EPR
showed that the rest of the Mo is doping the TiO,.’! The properties of the resulting film
are strongly dependent on the annealing temperature with 700 °C being optimal leading
to a nanostructure with larger surface area, which results from the sublimation of Mo as
well the presence of mostly anatase which has more favourable electronic properties
compared to rutile (such as reduced electron — hole recombination). An improved
efficiency was seen in the photoelectrochemical testing of Mo-doped TiO> annealed at
700 °C which was attributed to the substitution of Ti(IV) by Mo(V/VI) which lowered

the bandgap and to the presence of oxygen vacancies, which aided charge transport.
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Figure 1.8. Synthesis and deposition of doped BiVOs. (a) Depending on the stoichiometry of the reaction,
oxo-alkoxy cages containing Bi and V in different ratios can be obtained. (b) Drop casting of a solution of
the precursor in dimethyl sulfoxide (DMSO) onto FTO glass, followed by drying and removal of V,0s

impurities by washing. (c) Thermolysis reactions of the two BiVO, precursors. Reproduced from reference
2

BiVOq is another promising photoanode material with an adequate bandgap energy for
water oxidation as well as good light absorption properties.®® Challenges for its
implementation include its low carrier diffusion lengths which lead to charge
recombination and low efficiencies, and the difficulties associated with scaling-up its
thin-film deposition for practical water-splitting devices.®®® SSPs for the deposition of
doped BiVO4 have been synthesised to help solve these problems, since doping BiVO4
could improve charge separation and having SSPs that are soluble in organic solvents
should allow film deposition by drop-casting onto FTO which should be easily scalable
(Figure 1.8).2% It was possible to incorporate Co, Ni, Cu and Zn into the precursor clusters
which formed doped BiVOs upon thermolysis. All the doped BiVO4 samples had higher
photocurrent densities compared to the bare BiVO4 with the Zn and Co doped BiVO4
showing the best performance as determined by LSV, CV and CA.?* These improvements
were attributed to a change in morphology and defect states induced by the dopant.?> Co
doped BiVOys films of 25 cm? and 300 cm? were prepared by drop-casting and tested,
demonstrating the potential of this approach for scaling-up.?*> Nevertheless, the 300 cm?
test showed reduced current densities, which was attributed to resistive losses in the FTO
substrate, indicating that further technical challenges need to be addressed in the scaling-

up of these photoanodes.??
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1.4.2.2.  Coatings for Photoelectrocatalysis
Coating photoelectrodes with an active catalyst embedded in a protective matrix can
improve their performance and lifetime.”® The cocatalyst can assist in charge extraction,
reducing recombination losses, and the coating can protect the material against
corrosion.’® Furthermore, the precursor solution can penetrate porous materials leading
to a cocatalyst layer by decomposition with a high concentration of active sites due to the

large surface area.®

> Cathodic
activation

—_—
(~ 10 min)

Figure 1.9. Example of using a POT cage to deposit a doped TiO, film capable of water splitting.
Reproduced with permission from reference 23.

SSPs have been used to coat water splitting materials to form more favourable
interfaces, for example, p-Si which is a promising HER photocathode due to its excellent
light absorption properties and bandgap position.>* However, it shows poor stability in
aqueous media and slow kinetics for the HER reaction.?® By drop-casting a solution of
[{Ti2(OEt)9(NiCl)}2] in toluene followed by drying and cathodic activation, p-Si can be
coated with a TiO, amorphous layer containing Ni-O and Ni’ species as determined by
XANES (Figure 1.9).2* Photoelectrochemical measurements showed an increase in
photocurrent density, lower onset potentials and improved stability at near neutral pH (pH
= 9.2) compared to TiO> deposited from Ti(O'Pr)s and to a TiO> / Ni film formed by
electrodeposition of Ni over the TiO> coating.?® Furthermore, it approached a benchmark
Pt coated p-Si in performance but achieved slightly lower current densities due to kinetic
limitations in the Ni doped TiO, catalyst.”* This same precursor has also been used to
stabilise the surface of photoanode materials. In one study, WO3 was coated with
amorphous Ni-doped TiO,.”! This photoanode is a light-harvesting n-type semiconductor
with a band structure suitable for OER but presents several drawbacks such as chemical
instability at neutral or basic pH, poor kinetics, and poor selectivity.”! By spin-coating a
[{Ti2(OEt)9(NiCl)}2] solution onto nanostructured WOs3, it was possible to stabilise the
material to perform OER under basic conditions.”! Furthermore, higher current densities

were observed, which was attributed to less charge recombination caused by TiO> acting
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as a charge separation layer and to the improved OER kinetics resulting from the surface

NiOx catalyst.”!

1.5. Rechargeable Batteries

1.5.1. Electrode Materials from Single-source Precursors

Using SSPs as starting materials for battery electrodes has been explored in the
literature to obtain new nanoparticulate electrode materials and thin film electrodes.
TiO2’>7 and SnS’™ anodes as well as LiC00,,”>7® NaCo00,,”’ Na;Mn,FeO¢,”® and
LiCoosNio502” cathodes have been prepared by this route. A SSP precursor for the
deposition of LiCoO, was prepared by reacting LiN(SiMe3)> and Co(N(SiMes)2)2 in
toluene or THF and addition of HOAr (where OR = OCsHsMe-2, OC¢H4(OCHMe;)-2,
OCsH3(Me)2-2,6, OCe¢Hz-(OCHMe»)2-2,6) which afforded the heterobimetallic complex
[Co[(u-OAr),Li(solv)x]2 by crystallisation.”® Spin coating of pyridine / toluene solutions
of these complexes over Si wafers yielded a thin film of LiCoO; as determined by grazing
incidence X-ray diffraction (GI-XRD).” Interestingly, the pyridine adducts led to better
film morphology compared to THF which was attributed to better wetting properties of
pyridine.” The electrochemical measurements were carried out using an open cell in an
Ar-filled glovebox with lithium metal as both the reference and the counter electrode and
LP40 (1 M LiPFs ina 1:1 (vol.) solution in diethyl carbonate (DEC) / ethylene carbonate
(EC)) as the electrolyte. CV scans at 1 mV/s between 3.2 and 4.4 V showed that the oxide
could be charged-discharged reversibly 9 times and PXRD revealed that the structure of
the thin-film electrode was largely unaffected by the CV scans.”” In a second study,
complexes of the form [Li(H2O)M(N2H3CO2)3]0.sH20 with M = Ni, Co were synthesised
by reacting the metal salt with hydrazinecarboxylate (N2H3CO2") which was prepared by
reaction of hydrazine with dry ice.’’ The compounds crystallise in a 2D bilayer structure
with a P2; space group.®® When thermolyzed at 700 °C they produce LiCoO> (LCO) in
air or LiNiO2 (LNO) in oxygen. CV and galvanostatic cycling vs. Li gave the expected
results for LCO and LNO although the cycling stability of the materials was poor and
further optimisation of the electrode fabrication process was needed.®’ In a further
development, volatile complexes that contained Li and Co in the desired ratio to form
LCO were synthesised using bidentate oxygen donor ligands.”® By using the asymmetric
tert-butyl acetoacetate ligand (‘BuOC(=O)CHC(=O)Me = tbaoac) it was possible to
obtain a tetranuclear heterobimetallic structure that crystallised in a centrosymmetric

triclinic space group.’® Thermolysis of this precursor led to the formation of LCO at only
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280 °C in air.”® This synthesis was later extended to sodium-ion battery cathodes, by
thermolyzing the complex Na>Cox(tbaoac)s(THF), giving NayCoO, with a P> space
group at 750 °C and in a O’3 space group at 450 °C (Figure 1.10).”’

Figure 1.10. Molecular structures of the heterobimetallic precursors to the cathode materials LiCoO» (a)
and NaCoO: (b). Reproduced from reference 77. Sol = solvent molecule.

Heterotrimetallic precursors are being targeted as ternary and quaternary oxides
become more common battery cathodes.”®” By reaction of CoClz, NiCl, and Li(tbaoac)e
(tbaoac = 'BuOC(=0)CHC(=0)Me) either in the solid state or in solution it is possible to
obtain a Li2CoNi(tbaoac)s trimetallic complex that decomposes at 450 °C under air
forming phase pure LiCogsNio.sO2.” Due to the similar X-ray scattering factors of Ni and
Co, it was not possible to fully resolve the structure from single-crystal (SC) XRD alone
but mass spectroscopy (MS) revealed that the product is a mixture of the trimetallic and
bimetallic species.” Later on, the true heterotrimetallic precursor [Mn'(ptac)s;-Na-
Fe''(acac);-NaMn'(ptac)s] (ptac = 1,1,1 — trifluoro — 5,5 — dimethyl — 2,4 —
hexanedionate) was synthesised by reaction of Na(ptac) with Fe''Cl, and Mn'(acac);
either in the solid-state or in hexane.”® This precursor decomposes forming phase pure,

partially amorphous P2 Na;Mn>FeOs at 600 °C and crystalline material at 750 °C.”®
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1.5.2. Aluminium Oxide and Lithium Aluminate as Coatings for Cathode
Materials

The development of new electrode-electrolyte interphases displaying tailored
properties such as high ionic conductivity, electronic insulation, (electro)chemical
stability towards the electrolyte, desired thickness, good adhesion and flexibility is a
promising avenue towards improving the performance of batteries.!*8! Efforts to control
the characteristics of these interphases include the use of electrolytes and electrolyte
additives that form optimised layers upon decomposition, and the coating of electrodes
with metallic, metal oxides, phosphates, fluorides and polymeric layers, often described
as artificial SEIs,'**! to control the subsequent interfacial processes occurring upon

battery cycling.

It is very common to use monometallic molecular precursors to coat electrode
materials for lithium-ion batteries. The aim is usually to prevent reactions between the
electrode and the electrolyte that could cause degradation of the electrode surface®? or the

dissolution of active electrode material®’

in order to improve the capacity retention of
(most commonly) the cathode with long-term cycling. Furthermore, coatings can aid the
processing of the materials by improving their stability towards air and moisture. Several
reviews have been written on coating cathode materials.?>?%% % Some work has also
been done on coating anode materials following the same approach.®*** In contrast to
photoelectrocatalysis, a much narrower variety of precursor types (mainly alkoxides) and
solution deposition methods has been used in this area. Instrumental deposition methods

such as ALD and CVD ** and well as mechanochemical *°

or sol-gel coating in aqueous
solutions using inorganic salts °® have also been frequently employed but are outside the

scope of this introduction.

Aluminium oxide is the archetypical coating material for lithium-ion battery cathodes.
Other coatings have been deposited from solution using molecular precursors (MgO,
Si02, Sn02, Zr0,, TiO, and Zn0),>>?634-38 and some examples will be discussed in the
next section. Early work on Al2O3 coatings focused on coating LiCoO> (LCO) with the
aim of improving capacity retention (Figure 1.11).”® These coatings were prepared
following a sol-gel route wusing aluminium ethylexano diisopropoxide,
Al(OOCsH;i5)(OC3H7),, as a precursor.”” A solution of the precursor in isopropanol with
the required concentration to achieve 5 % wt. of aluminium in the final product was

reacted with LCO.”” The product was annealed under air at 400, 500 and 700 °C.
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Annealing at 700 °C led to complete diffusion of the coating into the LCO forming an Al-
doped LCO surface.”” The material had enhanced capacity retention when cycling in half
cells under harsh conditions (between 2.75 and 4.4 V).*” PXRD and CV studies showed
that the aluminium substitution improved the structural stability of LCO. The hexagonal
to monoclinic phase transition peak disappeared from the CV and less change in lattice
parameters is seen before and after cycling in the PXRD.”” Testing in full cells led to
similar conclusions, enhancement in capacity retention and suppression of c-lattice

parameter expansion was seen together with an increased discharge voltage at higher C-

rates.”®
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Figure 1.11. Coating LCO with Al,O3 by a sol-gel route using aluminium ethylexano diisopropoxide. (a)
SEM image of the coated LCO. (b) Auger profile of elemental content showing the aluminium as a function
of depth. (c) Voltage profiles of the coated and bare LCO. (d) Capacity retention of the coated and pristine
LCO in half cells over 50 cycles. Adapted from reference 3.

Similarly, the lithium excess material Li[Lio.05Ni0.4Co0.15Mno.4]O2 (Li+xNiyCo,Mnj.x.
y-z02 with x=0.05, y=0.4 and z=0.15) was coated with Al,O3 using AIP in EtOH by slow
evaporation over 2 days at 80 °C under aerobic conditions.®? Two wt. %s of precursor
were used (0.23 wt. % and 2.5 wt. %) and both samples were calcined at 400 °C under

air. It was observed that the morphology and thickness of the resulting coatings depended
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strongly on the amount of precursor used with small amounts of precursor leading to a
thin homogeneous coating (5 nm) and large amounts producing a thicker coating (10 nm)
and large aggregates. The cathode material coated with a thin layer showed enhanced
capacity retention at 60 °C and high cycling rates in full cells. No Al,O3 reflections were
seen in the PXRD for both samples suggesting that the coatings were amorphous or in too
low amounts to be detected. In-situ PXRD did not show any significant change in the
evolution of the bulk structure with cycling between the coated and uncoated samples, so
it was concluded that the difference in cycling was due to interfacial reactions. This was
further confirmed by the lower impedance build-up measured for the coated materials and
the lower amount of HF detected after cycling due to the HF-scavenging properties of the
coating.®? Although the coating reactions described so far were carried out in organic
solvents, using water would be more desirable due to its lower environmental impact. By
reaction of a carboxylic acid with the mineral boehmite in water, carboxylate alumoxanes
can be prepared.” These precursors can be used to coat the LiCoO> (LCO) which is
suspended in an aqueous solution of the precursor by sonication followed by slow
evaporation. This treatment improves the capacity retention of LCO, especially after a
calcination step is introduced due to the surface Al doping and densification of the

coating.”

Al-l + MeOH 800 °C 8 h
Uncycled
After cycling

Al-N + MeOH 800°C 8 h |
Uncycled ' :
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Al-N + H,0800°C 8 h
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Figure 1.12. 2’ Al SSNMR spectra of NMC532 coated with aluminium oxide using aluminium isopropoxide
(AIP) in methanol, AI(NOs)3 in methanol, and AI(NO3); in water before and after galvanostatic cycling in

half cells. Reproduced from reference '%.
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A lot of the coating work has focused on improving the capacity of Li[NixMnyCo1x-
y]O2 materials (NMC) which are interesting as new generation cathode materials due to
their higher capacities and lower costs compared to LCO, which stem from their lower
cobalt content. To understand the effect of deposition conditions on the structure of the
coating and its effect on the performance of NMC, various combinations of precursor,
solvents, annealing temperatures and precursor wt. % were systematically tested for
AlLOs-coated Li[NigsMno3C002]02 (NMC532, Figure 1.12).1% Aluminium nitrate,
aluminium chloride, aluminium acetate, and aluminium isopropoxide (AIP) were tested
in water, methanol, ethanol, and xylene. The coated NMCs were characterised by
SSNMR, SEM, TEM and galvanostatic cycling in half cells and full cells. It was found
that coating in water produces a loosely attached layer that needs to be annealed to high
temperatures to condense and create better adhesion to the particles. Water also led to
more lithium extraction from the particles compared to organic solvents which had a
negative impact on the electrochemistry. Using organic solvents and Al nitrate led to
clusters of small particles after annealing at 400 °C in air although annealing at higher
temperatures led to more homogeneous, denser coatings. Interestingly, coating with AIP
either in MeOH or xylene produced a dense, homogeneous coating without annealing.
Higher temperatures led to better capacity retention in general due to the increased surface
coverage but lower specific capacities, probably due to the diffusion of inactive AI** ions
into the bulk of NMC532. Finally, the nature of the precursor also affected the amount of
a-LiAlOz and y-LiAlO2 formed with annealing at 800 °C. AIP produced mainly y-LiAlO2
but Al nitrate produce a mixture of both in H2O or MeOH as determined by SSNMR
(Figure 1.12).1%
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Figure 1.13. Reaction scheme for the coating of NMC701515 with Al,Os / LiAlO; using trimethyl

aluminium (TMA) as precursor and effect of the coating on the rate-capability of the cells. Adapted from

reference '°1.

More recently, trimethyl aluminium (TMA) has been used as a precursor to Al>O3
coatings in Ni-rich NMC (Ni > 70 %).1%"19 This work, which was inspired by ALD
AlOs3 coatings in which TMA is normally employed, shows that organometallic
precursors can be used to coat NMC with Al,O3 by reacting them with adsorbed water
and -OH bearing species present on the surface.!%” The coating reactions were carried out
under aerobic conditions by reacting TMA with NMC at 30 °C for 12 h in toluene
followed by drying under vacuum at room temperature,'°? 200 °C'%* or 600 °C.!°! SEM-

EDS and XPS confirmed the presence of an aluminium containing layer on top of the
NMC.

Performance improvements in terms of capacity retention and impedance build-up
were seen in full cells for NMC811'% without annealing and in half cells for NMC701515
with annealing.!® It should be noted that these studies were conducted using wet NMC
so the enhancement of performance caused by these coatings is compared to a previously
degraded NMC (therefore introducing a potential false-positive in the conclusions
concerning improved performance of the coated samples).!? In the case of NMC701515,
the effect of annealing at 600 °C for 8 h on the performance of the coated NMC was also
studied. XPS has shown that the annealing step increased the amount of Li on the surface
slightly and the growth of a 4-coordinate aluminium environment could be seen by
SSNMR. Based on this evidence, it was concluded that a LiAlO; phase (in which
aluminium occupies 4-coordinate sites) was forming. Electrochemical testing in half cells

showed that both the annealed and the as-coated samples had improved capacity retention.
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The annealed sample presented an improved rate capability (Figure 1.13), and the coating
/ annealing did not increase the activation energy for charge transport as determined by
temperature-dependent EIS which was explained by the better conductivity of the LiAlO>

compared to Al,053.!%!

Coating in hydrothermal conditions may lead to the low-temperature crystallisation of
a coating or the formation of different morphologies. In one example, a solution of AIP
in ethanol is hydrolysed by adding deionised water to produce a sol.!* Addition of
NMC532 and reaction of the mixture in hydrothermal conditions produces LiAlO:
nanosheets on the surface of the NMC.!% The Li impurities on the surface of the NMC
may dissolve in water, forming LiOH that reacts with AI(OH)3; forming LiAI(OH)4 that
then coats the NMC in the hydrothermal reaction. Further annealing steps allows the
diffusion of AI** into the material as determined by cross-section SEM-EDS. This
modified NMC532 showed better capacity retention and rate capability than the pristine
NMC in half cells.!® In another report, NMC622 coating was performed using a sol-gel
approach with aluminium(III) sec-butoxide, ethyl acetoacetate, water and ethanol. For the
synthesis of the Li-rich coating LiOMe was also introduced. The mixture is heated at 150
°C for 15 h in an autoclave and then dried without a calcination step. Similar capacity
retention was seen for the coated and uncoated materials in half cells usinga 4.5 -4.7V
upper cut-off voltage (UCV) but the presence of LiAlO2 could not be determined

unambiguously from the available XPS data.'%

Sublimation has also been used as a method to deposit coatings from molecular
precursors onto Ni-rich NMC. A LiAlO»/AI°@ALOs coating was prepared by
sublimation of (HA10'Bu), onto NMC851005.1% The as-formed AI°@Al>O; reacts with
surface Li species to form LiAlO> at 180 °C, temperature at which the sublimation process
takes place. The remaining Al-H bonded species present are oxidised under air. This
coating method resulted in an inhomogeneous coating and low specific capacities when
large amounts of precursor were used. However, reducing the amount of precursor led to

improved capacity retention and less resistance build-up.'%

Finally, some studies did not find Al>O3 coatings effective in increasing the lifetime
of the cathode material.’®!%” In one study, the effectiveness of Al,O3 coatings and Al
doping in increasing the lifetime of a Li-rich, Mn-rich layered oxide (LMR) was
investigated.'”” Al,Os was deposited using AI(OEt); in ethanol and the Al** was doped

using a dry-particle fusion process.!’” Similar capacity retention for the coated and
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uncoated material but higher bulk electrical resistance for the coated material were
measured. The coating could not prevent the voltage fade or the cycle-induced
transformation to spinel that this material undergoes and is one major cause of the loss in
capacity.!”” This contrasts with work from other groups that found LMR materials can
attain longer cycle life by coating with aluminium oxide and which showed by post-
mortem XRD that there was less spinel phase forming in the coated material after
cycling.!® However the coating conditions were quite different in this second report.
They used AIP in EtOH at 80 °C for 4 h followed by a hydrothermal treatment at 80 °C
for 20 h and a calcination step at 500 °C for 4 h.!%8

1.5.3. Other Coatings for Cathode Materials

Several studies have explored the use of niobium oxides as coatings for cathode
materials. In recent work, NMC811 was coated using Nb(OEt)s in ethanol (stirred
overnight and evaporated at 80 °C) followed by annealing under pure oxygen at
temperatures ranging between 400 and 800 °C.3%3! Synchrotron PXRD and neutron
diffraction showed that the coating is composed of LiNbO3 / LisNbO4 by reaction of the
Nb(OEt)s with Li-bearing impurities present on the surface of NMC.3*3! These lithium-
rich species should be good ionic conductors and not increase the polarization between
charge and discharge or damage the rate capability. When heating at T > 600 °C Nb
substitutes Mn in the lattice. It was found through electrochemical testing in half cells
that coating at low temperatures led to the stabilisation of the surface with better rate
capability and less first-cycle discharge capacity loss. On the other hand, doping led to
stabilisation of the lattice, which improved capacity retention (Figure 1.14)3%3!
Interestingly, LiNbO; coatings derived from alkoxide solutions have also been used to
stabilise the cathode-electrolyte interphase in solid-state batteries.'” In one study,
LiNbO3 was coated on NMC622 by reaction with Li(OEt) and Nb(OEt)s in a 2:1 molar
ratio in ethanol followed by annealing under air at 300 °C for 2h. This treatment led to
the formation of a homogeneous coating formed of 15 nm particles composed of an
amorphous LiNbOj3 core and a Li2COs shell. The coating improved the capacity retention
of the solid-state battery by suppressing the interfacial oxidation of the solid-state
electrolyte.!” LiTaOs outperformed LiNbO3 as a coating for NMC820612 in solid-state
batteries due to its better ability to suppress transition metal migration and reaction with
the sulphide decomposition products coming from the solid electrolyte at the interface.''

However, both Ta- and Nb-based coatings proved effective in increasing the cycling
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performance and rate capability of the battery, particularly when a combined coating and

doping approach was used.!!°
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Figure 1.14. Wet chemical method used to deposit a Li-Nb-O coating on NMC811 using Nb(OEt)s.
Sintering at 500 °C leads to the diffusion of Nb into the near surface regions of the particle. The first-cycle

capacity loss is reduced by coating, by physically separating the NMC811 from the electrolyte solution and

by the Nb-induced lattice stabilisation. Reproduced from reference *.

Zirconium oxides have also been employed to coat lithium-ion battery cathodes.
NMCS8I11 can be coated with ZrO, by reaction in a Zr(OEt)s solution followed by
annealing under oxygen.!!! It was found that annealing at T > 700 °C led to the full
diffusion of the coating into the NMC whereas annealing at lower temperatures produced
a surface coating layer with some Zr diffusion in the near-surface regions with the Zr**
ions preferentially substituting the Ni sites according to a DFT calculation.!'! Regardless
of the annealing temperature, the coated samples performed better in half cell
electrochemical cycling than the pristine NMC, showing less voltage hysteresis and less
impedance growth with cycling.!"! Finally, nanobeam electron diffraction studies
suggested that Zr doping may suppress the formation of spinel phases in the cycled
NMC."! Li[NiisMni;3Co13]02 was also coated with ZrO; using a sol-gel route with
Zr(O'Pr)4 as a precursors.!'? A thin 25 nm layer was formed with no doping observed in
this case after heating the NMC to 450 °C judging by the lack of change in the lattice
parameters.''? Cycling in half cells between 3—4.5 V showed improved capacity retention
and less impedance growth with cycle number. Finally, mixed Zr-La oxide coatings were
also synthesised by a dual-precursor route with a sol-gel process.!!> A conformal, 20 nm
thick coating layer was formed on NMC622 by mixing it with Zr n-butoxide and
La(NOs); in EtOH followed by evaporation. The coated NMC622 showed improved
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capacity retention in half cells using harsh cycling conditions (4.5 V upper cut-off

voltage).!!3

Another popular coating material is TiO,.!'* 7 Coating cathode materials with TiO>
using alkoxides has led to similar conclusions as those for the other coatings. For
example, NMC622 was stabilised at high voltages (4.4—4.6 V) by coating with TiO using
a Ti(OBu)4 solution in EtOH with slow hydrolysis by dropwise addition of a water / EtOH
mixture.''® Annealing at 500 °C for 5 h led to partial diffusion of the TiO> coating into
NMC622 as determined by Rietveld refinement and electron energy loss spectroscopy
(EELS). Leakage current curves showed that the coated material underwent less parasitic
reactions with the electrolyte when held at 4.2 V, explaining its better long-term cycle
stability.!'® Furthermore, in an interesting variation of the sol-gel coating synthesis, an
amorphous TiO; layer was deposited onto NMC622 from a Ti(O"Bu)4 solution in
anhydrous EtOH under inert atmosphere.!!” The dropwise addition of a H,O/NH3 mixture
modulated the heterogeneous nucleation of the TiO; film on the NMC surfaces allowing
conformal TiO; coatings to be synthesised. The amorphous nature of the coating allowed
good ionic conductivity and better rate capability in NMC622 / LisTi5012 (LTO) full

cells.'?®

1.6.  Conclusions and Outlook

Many of the challenges faced by electrochemical energy storage and conversion
technologies such as lithium-ion batteries and (photo)electrocatalysts are related to
interfacial phenomena. Lithium-ion battery cathodes are reactive with air and moisture
forming surface impurities, oxidise the electrolyte and undergo transitions to reduced,
inactive surface phases. Photoelectrodes are often chemically unstable at the required pH
for (photo)electrolysis and show poor kinetics. Synthetic methods to create more
favourable interphases through functional coatings are therefore urgently needed.
Fortunately, a large library of molecular precursors already exists, and different classes
of molecules can be used depending on the targeted deposition method, material, and
application. Furthermore, this introduction highlights the complex relationship that exist
between the structure of the molecule, the decomposition method, and the final properties

of the material.

Studies in the area of electrocatalysis have demonstrated the potential of molecular
precursors to produce functional catalytic films. The increased control over the phase,

morphology and crystallinity gained through this approach led to an improved
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understanding of the electrocatalysis in oxide, phosphide, sulphide, and arsenide
materials. Amorphous catalysts outperformed crystalline counterparts, nanoparticulate
materials deposited electrophoretically displayed superior activities owing to the large
surface areas, unstable photoanodes were protected from corrosion and their kinetic
properties enhanced through catalytic coating layers. These studies highlighted the need
to study the structural evolution of the catalysts during operation and found that it was

highly dependent on the preparation method.

In the battery area, coatings have been applied onto cathode materials to stabilise their
surfaces and improve their cycle life and rate capabilities. Using a wide variety of sol-gel
methods and alkoxide or organometallic precursors, optimised coatings have been
prepared. Furthermore, introducing an annealing step after coating has become a common
strategy to achieve surface doping by diffusion of the coating into the bulk of the material.
The dopant stabilises the lattice of the cathode and the coating limits the extent of parasitic
reactions between the electrode and the electrolyte. Exciting developments in the coating
of more unstable Ni-rich cathodes are taking place with heavier, more positive transition
metals (Nb, Zr) proving effective in the stabilisation of the Ni-rich NMC lattice.
Furthermore, the area is seeing impressive progress in the synthesis of conductive
coatings that can improve the rate capability as well as the application of coatings to solid-

state battery electrodes.

It is anticipated that this approach will continue to play an important role in the
development of future materials for photoelectrocatalysis. Furthermore, countless
opportunities to apply molecular precursors exists in the battery area. The synthesis of
electrode materials from SSPs is still in its infancy, however, it is highly interesting as it
could allow the large-scale preparation of thin-film and nanostructured electrodes that
could be less prone to mechanical cracking with electrochemical cycling or display
beneficial surface properties. Separators could be functionalised to scavenge damaging
electrolyte degradation side-products and interrupt deleterious crosstalk effects between

electrodes. Finally, HER and OER catalysts for metal-air batteries could be developed.'®

1.7.  Aims of the Thesis

Although significant work has been done in the area of solution coating of energy
materials, there are several problems that still need addressing. In electrocatalysis most
of the studies have focused on depositing active catalysts from molecular precursors.

Meanwhile, the deposition of co-catalyst and protective layers onto active
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(photo)electrodes has received much less attention. Most of this work has been done on
doped TiO> using Ti-oxo cages doped with various 3d-transition metal (TM) ions.
Therefore, while the role of different dopants on the electrocatalytic and optical properties
of TiO2 has been well explored, the effect of changing the host transition metal has been
less well so. Chapter 3 will address those issues by developing Zr-oxo alkoxy clusters
similar to the Ti analogues and a solution deposition method to obtain electrocatalytically
active 3d-TM doped ZrO: coatings as well as by testing the effect of these coatings on

the photoelectrocatalytic water oxidation activity of BiVOa.

In the Li-ion battery area, a current challenge is to increase the lifetime of Ni-rich
NMC cathodes such as NMCS811, with surface treatments being a promising strategy
towards this end. Although there have been examples of using molecular precursors for
the deposition of coatings these have been mostly confined to lower Ni-content NMC and
using sol-gel methods which lead to rough, thick coatings or organometallic ALD-like
solution deposition methods using flammable organometallic precursors. Furthermore,
existing methods to deposit ternary (heterobimetallic) oxides onto cathode materials from
solution use a dual-source approach which can lead to heterogeneous deposition of the
two oxides. Finally, there is some debate as to whether oxide coatings (such as Al2O;
coatings) have any beneficial effect on the capacity retention of high Ni-content NMC
materials such as NMC811. Since Al is widely abundant (and therefore cheap) and non-
toxic, these problems will be addressed in Chapters 3 and 4 by developing precursors and

deposition methods to obtain Al-based coatings for NMC811.

First a safe and scalable solution deposition method to coat NMC811 with Al,O3 using
aluminium isopropoxide will be developed in Chapter 3. The coated NMC811 will be
annealed at 200-800 °C to obtain coatings with varying degrees of crystallinity and
surface Al doping. Electrochemical testing of those will shed light on the effect of Al203
coatings on the capacity retention of NMC811. Following on from there, the use of SSPs
for the solution deposition of LiAlO; onto NMC811 will be explored in Chapter 4 as a
scalable route towards well-defined heterobimetallic coatings. The effect of LiAlO2 on
the capacity retention of NMC811 will be studied to ascertain if further gains in capacity
retention could be obtained by coating with LiAlO> compared to AlOs;. Different
NMCS811 surfaces (Al2O3 coated, uncoated-water treated and pristine) and NMC811 with
various morphologies (polycrystalline and monolithic NMC811) will be coated with
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LiAIO> to gain understanding of the underlying mechanism of action of these coatings

and of the best performance conditions.
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Chapter 2: Single-source Deposition of Mixed-metal
Oxide Films Containing Zirconium and 3d Transition

Metals for (Photo)electrocatalytic Water Oxidation

2.1. Abstract

The fabrication of mixed-metal oxide films holds promise for the development of
practical photoelectrochemical catalyst coatings but currently presents challenges in
terms of homogeneity, cost, and scalability. In this chapter, a straightforward and versatile
approach to produce catalytically active zirconium-based films for electrochemical and
photoelectrochemical water oxidation is reported. Mixed-metal oxide catalyst films are
derived from novel single-source precursors (SSPs) which are oxide cage compounds that
contain Zr and a 3d transition metal (TM) such as Co, Fe and Cu. Of all of the materials
explored, the Zr-based film doped with Co on fluorine-doped tin oxide (FTO) coated glass
exhibits the highest electrocatalytic Oz evolution performance in alkaline medium and an
operational stability of above 18 h. The deposition of this film onto a BiVO4 photoanode
significantly enhances its photoelectrochemical activity towards solar water oxidation,
lowering the onset potential by 0.12 V to 0.21 V vs. RHE and improving the maximum
photocurrent density by ~50% to 2.41 mA cm™ for the CoZr-coated BiVO4 photoanodes
compared to bare BiVOa.
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2.2. Introduction

Hydrogen gas is widely used in industry for petroleum refining, float-glass production,
and the synthesis of fertilizers. In the future, it is also considered as a more widespread
fuel for energy storage, transport and more sustainable manufacturing.'?® Therefore, it is
likely to hold an essential role in achieving a zero carbon economy, but there is a need to
develop clean and efficient ways to produce it at scale and at low cost. Water electrolysis
and photoelectrochemical (PEC) water splitting are promising technologies towards this
end,!?!"1?* but in order to work they require the use of an effective catalyst to improve
the kinetics of the water splitting process, particularly water oxidation, which otherwise
would suffer from large overpotentials. Currently, noble metals are used towards this end,
but their high cost is one of the main limitation to the development of this promising
technologies. In addition, the current efficiency of water electrolysers is only around 60-
80%,'?> meaning that a significant amount of electricity (generated in the future by
renewable infrastructure) is lost. It is possible to reduce the costs of electrocatalysis by
replacing the noble metals with more earth-abundant elements, such as first-row transition
metals (TM). However, this leads to low efficiencies due to the sluggish kinetics of the
four-electron water oxidation reaction as well as faster degradation.'?*!3% Although
significant progress in the fabrication of noble-metal free oxygen evolution reaction
(OER) catalysts has been achieved,'’!'"!3® the challenges of high overpotential, low
stability, and complex electrode fabrication techniques still persist. It is therefore
desirable to develop noble-metal free OER catalysts that show enhanced performance as
well as methods for their production at scale.

This development of OER catalysts has direct implications in the field of PEC water
splitting, where sunlight is used to drive the water splitting process thereby achieving an
integrated approach to sustainable hydrogen production. Towards this end, PEC catalysts
for light-driven water oxidation are being developed,'? n-type semiconductors with an
optimum band-gap for water oxidation being commonly used.!*!** The BiVOs
photoanode is particularly promising as it allows unassisted tandem PEC water oxidation
due to its early onset potential.'*!!*> However, it suffers from rapid charge recombination
that hampers its photoactivity.!**!* The deposition of a co-catalyst layer on top of BiVO4
overcomes this problem by allowing better charge extraction, decreasing recombination
losses, and increasing stability under operation.'4*!%° Integrating co-catalysts with BiVO4
is therefore emerging as a promising strategy to produce solar-driven water oxidation

devices with improved performance.'4-148

36



The limitations of the available deposition routes to the catalytic layer are a major
obstacle in the fabrication of these composite catalysts for PEC. These can be classified
as electrodeposition, photodeposition and wet chemistry routes. Electrodeposition!4%!%
suffers from sensitive voltage protocols, scalability issues, and inability for the direct
deposition on semiconductors. Photodeposition!! requires UV-irradiation and wet
chemistry'? is usually followed by high temperature treatments to obtain the desired
material. Furthermore, both photodeposition and wet-chemistry approaches typically
require the use of excess catalyst reagents. An easily scalable, simpler route towards the
fabrication of these films is therefore urgently needed.

In this context, the use of mixed-metal single-source precursors (SSPs) presents a
unique opportunity for the facile deposition of metal oxides onto a variety of substrates,
including photoactive semiconducting electrodes that show a high catalytic activity
towards water oxidation.!>*!>* The simple approach of drop-casting, spin-coating or
spray-coating the precursor solutions onto the substrate affords the formation of a
catalytic film providing a low-cost and easily scalable approach to the fabrication of
catalysts for the water-splitting reaction.!>* '3 This deposition process can be mediated
by labile groups such as alkoxy groups at the periphery of the precursor molecules.
Alkoxide groups hydrolyse in the presence of ambient air providing the means by which
thin films of material can be deposited directly from solution. This enables the single-step
deposition of a co-catalyst layer over semiconductors such as Si, WOs3, and BiVOs. The
deposited mixed-metal oxide films not only provide efficient electrocatalysts involving
active first-row TMs but can also protect the semiconductor electrode from corrosion.
Furthermore, the homogeneous distribution of the active dopants in the inert host material
can potentially improve the metal-atom utilization by increasing the number of available
active sites.!”’

Consequently, the applications of polyoxotitanium cages as SSPs for the deposition of
TM-doped titania has been previously explored, both in regard to their use in pollution
control and water splitting.!4134-156.138 Anajogous Zr-based SSPs, on the other hand, are
virtually unexplored for the fabrication of mixed-metal oxide coatings for
(photo)electrocatalysis. This is surprising given that Zr is non-toxic, forms a moisture-
stable oxide, and is the eleventh most abundant metal in the earth’s crust. Zirconia (ZrO3)-
based systems are therefore attractive hosts for redox-active first-row TMs. Furthermore,
the high charge-to-size ratio of Zr*" gives it a strong Lewis acid character,'> ! which

may help to stabilize reaction intermediates during catalysis, similar to the way in which
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Ca?" acts as a Lewis acid to stabilize water oxidation intermediates in the heterometallic
CaMny clusters in photosystem I1.1627166

Although the fabrication of 3d-TM-doped zirconia catalysts using SSPs has not been
explored previously, doping ZrO> is common in other contexts. In the area of structural
ceramics, small amounts of Y203 are incorporated during the synthesis of ZrO» to increase
its strength and fracture toughness by stabilising the cubic phase at lower temperatures,
avoiding the deleterious volume expansion and cracking associated with the tetragonal to
monoclinic phase transitions that takes place upon cooling pure ZrQ,.!¢”168 In the area of
electrocatalysis, Zr borides and phosphides containing 3d-TMs have been prepared and
tested as water-splitting catalysts in the context of intercalation of active species that act
as confined catalytic centers.!®!7* Oxides such as CoFe>Os have also been doped with
Zr accessing different morphologies with increased surface area.!’”* These methods for
the fabrication of Zr-based mixed-metal films usually require annealing at high

173,175

temperatures for the solid-state reaction of the precursors, or multi-step synthetic

routes for the incorporation of the dopant.!”>!7® Moreover, MOFs containing a variety of
transition-metals acting as active sites have also been employed in electrocatalysis.!””1"8
However, these usually present their own challenges, such as poor conductivity and
stability, and are difficult to scale-up. In contrast to all of these approaches, film
deposition from solution using SSPs allows the room-temperature deposition of mixed-
metal oxide films in a one-step process using scalable methods such as drop-casting or
spin-coating. '™}

With this background in mind, three different Zr-based mixed-metal SSPs have been
developed in the current study and their activity towards electrochemical water oxidation
and as co-catalysts for PEC water oxidation has been investigated. The precursors allow
a simple and scalable approach to the deposition of 3d-transition metal doped ZrO:
(Figure 2.1). A substrate can be coated simply by adding a precursor solution by drop
casting or spin-coating, followed by solvent evaporation and hydrolysis of the cages
leading to an amorphous Zr-based film. This one-step process is easy to scale-up and
more cost effective than instrumental film deposition techniques such as atomic-layer
deposition. The precursors are Zr-based cage compounds incorporating 3d TMs in their
structures. The drop-casting of the precursors affords the first examples of room-
temperature deposition of TM-doped amorphous ZrO; films (abbreviated as MZr where
M = Co, Fe, and Cu). The CoZr system on FTO-coated glass substrate (FTO|CoZr)
showed the highest electrocatalytic activity out of the three catalysts tested in alkaline

38



medium and improved the photoactivity of BiVO4 under neutral pH substantially. This
work demonstrates the suitability of the SSP approach for the facile synthesis of
technologically relevant complex metal oxides. Furthermore, it highlights the role of the

TM co-catalyst in the design of efficient water-splitting catalyst films.

2.3. Synthesis and Characterization of the Catalyst Precursors

We employed a one-step synthetic approach to the new complexes
[{Zra(us-O)(EtO)15} Co''Cl] (1), [{Zra(s-O)2(EtO)16} (Fe'Cl)2] (2) and
[{Zra(14-O)2(EtO)16} {(Cu"Cl)2(OEt)}2] (3), in which Zr(OEt)s is reacted with the
corresponding first-row TM salt (MCly; M = Co, Fe, Cu) in a 5:1 molar ratio in EtOH
under solvothermal conditions (see Chapter 6, section 6.1.1). The stoichiometry used was
based on previous studies of polyoxotitanium cage precursors of this type, but it was
found that the same cages are generated regardless of the stoichiometry used (but in lower
yields). The formation of oxo-cage compounds in these reactions has been ascribed to the
presence of trace water in the solvent or starting materials or to scavenging of O-atoms
from the EtOH solvent (with the formation of diethyl ether) under the solvothermal
conditions used.!” The products 1-3 were obtained as crystals after workup in 11-62%
yield and characterized by infrared (Figure 2.4), solution and solid-state UV-visible
spectroscopy (Figure 2.5), elemental (C, H) analysis and single-crystal X-ray diffraction
(SC-XRD) (Figures 2.1-2.3).

SC-XRD data were collected and analysed with help from Dr. Andrew Bond. The
resulting structures of 1, 2 and 3 are shown in Figure 2.1. Their compositions reveal a 4:1
ratio of Zr:Co in 1, 4:2 ratio of Zr:Fe in 2 and 1:1 ratio of Zr:Cu in 3, showing that the
reaction stoichiometry has little or no bearing on the molecular ratio or structure of the
complex formed. Instead, it appears that the coordination preference and ionic size of the
‘dopant’” metal ions (Co**, Fe*" and Cu®") have the greatest effect on the structure.
Previous work has led to similar conclusions regarding the structures of heterometallic

polyoxotitanium complexes containing Co?*, Cu*" and Fe?*.15%18
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Figure 2.1. Molecular structures of the SSPs. (a) [ {Zrs(us-O)(OEt);5} Co"Cl] (1). H-atoms and one of the
disordered CoCl sites (present in 50:50 ratio with the site shown) have been omitted for clarity. (b) [ {Zr4(ps-
0)2(EtO)16}(Fe™Cl)2] (2). H-atoms and the lattice THF molecules have been omitted for clarity. (c)
[{Zr4(ps-0)2(EtO)16} {(Cu'Cl)2(OEt)}2] (3). H-atoms and lattice EtOH molecules have been omitted for
clarity. For selected bond lengths and angles see Table 2.1.

Compound 1 (Figure 2.1a) is isostructural with the series of 3d-TM complexes
[{Tisa(1s-O)(OEt)15}MUCI] with M = Co, Cu, Fe.!8®!8! Its crystal structure is fully
isomorphous with the Co and Fe titanium complexes, and also with the zirconium-based
ZnCl complex [{Zra(1u-O)(EtO)15}Zn''ClI] (1_Zn) reported previously.!®? The SC-XRD
refinement of 1 _Zn was noted by the authors to be problematic, and the refinement of 1
in the present work was similarly problematic. For 1_Zn there was some ambiguity as to
the correct space group, and the refinement was quite poor with an R-factor of ca 15%.
The diffraction pattern of 1 showed similar features. The best description in this case was
produced with space group C2/c. The complex is situated on a crystallographic 2-fold
rotation axis (passing through atoms O1 and OS5), which necessitates 50% site occupancy
for atoms Col and CI1 (Figure 2.2). The ethoxide groups are in general poorly resolved
and the displacement parameters of all C atoms are large. The conclusion from detailed
analysis of the SC-XRD data for 1 and 1 _Zn is that this structural type is prone to
twinning/stacking disorder. However, the chemical identity of 1, and in particular the

presence of only one CoCl group per complex, is clear.
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Figure 2.2. Crystal structure of complex 1. Significant twinning/stacking disorder was observed, but the
average structure of the complex could be resolved using a C2/c space group with 50 % occupancy of the

atoms Col and Cl1 and a C; rotation axis passing through O1 and OS.

The complex can be regarded as being constructed from a [ {Zr4(1u4-O)(OEt)i5} ] anion
and a single [Co"CI]" fragment. The Co?" ion is coordinated by three of the EtO™ groups
of the anion together with a CI” ligand, resulting is a distorted tetrahedral metal geometry
(with all of the Zr*' centers having six-coordinate, distorted-octahedral geometries).

The structures of 2 and 3 (Figure 2.1b, ¢ and Figure 2.3) are unprecedented in relation
to the known family of related alkoxy first-row mixed-metal polyoxozirconium cages,

which generally contain Zr, or Zr; units'$31%

Refinement of [{Zrs(ps-
0)2(EtO)6} (Fe™Cl1)2]-2THF, denoted 2-2THF, was largely straightforward.. The THF
molecule (one in the asymmetric unit, two per centrosymmetric complex 2) is quite poorly
resolved. Eliminating this problematic THF molecule from the refinement model and
applying SQUEEZE led to some improvement in the R-factors (R1 =0.032, wR2 = 0.083),

but inclusion of THF was finally preferred for chemical clarity.

Figure 2.3. Crystal structure of 3. The complex consists in a [Zra(12-0)2(EtO)6]* rectangular unit with two
[(CuCl)2(1-OFEt)]" at either side leading to an overall charge of -2.

41



Data collection for 3 was carried out on several crystals taken from different batches,
in all cases giving comparable results. The crystals appear to be twinned, and the final
refinement is based on a 2-component refinement. The refinement produced good R-
factors and a  well-defined centrosymmetric  complex with  formula
[{Zra(ns-O)2(EtO)16} {(Cu''Cl)2(OEt)}2] (Figure 2.3). The X-ray data indicate that 3
consists of a [Zra(z-0)2(EtO)16]* anion, which coordinates two [(CuCl)2(z2-OEt)]" units
at either side of its rectangular Zrs unit. This leaves an overall 2— charge on the complex,
with no apparent charge-balancing cation(s) within the crystal structure. Possibilities for
charge balance include protonation of two of the ethoxide ligands, or exchange of CI°
/EtO” by H»0. The Cu?" ions have pseudo-tetrahedral coordination geometries, with all
the Zr*" centers having distorted octahedral environments. The structure contains
additional electron density in spaces between the complexes, which is modelled as one
disordered ethanol molecule per void. Detailed crystallographic analysis led to the
conclusion that any isolated charge-balancing cation in this site (e.g., Na" or H;O") is

unlikely on the basis of the clearly hydrophobic environment of the channels.
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Table 2.1. Selected bond-lengths for 1, 2 and 3.

Precursor Bond Bond length / A
ZreesZr 3.459(2)-3.525(2)
Terminal Zr-O(Et), Zr-bridging Zr-
O(EY) 1.866(10)-2.202(8)
Z1-Ooxo 2.213(3)-2.234(5)
CoZr (1) Co-O(Et) 1.965(10)-2.196(12)
Co-Cl 2.242(7)
ZreeZreZr 59.36(3)-61.29(4)
ZreZr 3.537(1)
Terminal Zr-O(Et), Zr-bridging Zr-
O(EY) 2.149(3)-2.287(3)
Zr-Ooxo 2.113(3)-2.173(3)
Fe-Ooxo 1.992(3)
FeZr (2) Fe-O(Et) 1.915(3)-1.967(3)
Fe-Cl 2.246(1)
ZreeZreZr 62.11(1)-117.89(1)
ZreZr [Z1r(13-0)Zr] 4.172(1)
ZreZr [Zr(p2-OEt):] 3.496(2)
Zr-O(Et) 1.905(6)-1.907(5)
Zr-bridging Zr-u-O(Et) 2.145(6)-2.158(7)
Zr-Ooxo 2.136(5)-2.152(5)
CuZr (3) Cu-Ooxo 2.051(6)-2.066(6)

Cu-O(Et)(bridging Zr)
Cu-OEt (bridging Cu)
Cu-Cl

Zree/ 1LY
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2.439(8)-2.490(8)
2.202(3)-2.208(3)
88.83(2)-91.17(2)



The three precursors 1, 2 and 3 show very similar FT-IR spectra (Figure 2.4). They
present a broad feature at 500—715 cm™ which corresponds to the metal-oxo framework
v(MO),'®” the region corresponding to C-O stretching shows distinct bands. One v(CO)
at ca. 950 cm™ which is assigned to the terminal -OEt ligands and one broader band at
1000-1250 cm™ which corresponds to pn2-OFEt ligands. The bending and stretching modes
of the C-H bonds are seen at 1250-1500 cm™ and 2750-3000 cm™, respectively (in
overlap with those of Nujol). Finally, IR bands corresponding to TM-CI bond, which
typically appear at 100-300 cm™ are not visible in the spectral window available.'®8

Overall, FT-IR supports the presence of metal-oxo alkoxy cages in good agreement with
the SC-XRD data.

Transmitance %

T T T T T T T T T T T T T |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm -

Figure 2.4. FTIR spectra of complexes 1-3. The three complexes show very similar features with bands

corresponding to v(C-0) and v(M-O) bonds as expected from the SC-XRD data.

The solution UV-vis and diffuse-reflectance spectroscopy (DRS) UV-vis spectra of
the solids are presented in Figure 2.5. DRS UV-vis allowed the observation of weak
absorptions that were not seen in solution UV-vis because of the low solubility of the
compounds. The absorption bands at 280-300 nm are attributed to the Zr-O cage
backbone.!® Direct evidence of the presence of Co®" in 1 is observed in the UV-vis
spectrum (Figure 2.5a), showing three bands in the visible region (561, 600 and 658 nm)
which correspond to the three allowed transitions from the “A ground state to the three *T
states for a tetrahedral d’ ion (i.e., in a tetrahedral coordination geometry). The presence
of Cu?" in 3 (Figure 2.1c¢) is supported by the observation of a single visible absorption
band at ca. 690 nm in the solid-state UV-DRS spectrum, which corresponds to the weak-

field 2T — °E for a tetrahedral d’ ion and is in agreement with previously reported
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titanium-oxo cages containing Ti*".'*® The Con-symmetric molecular structure of 2
contains a [Zra(u3-0)2(EtO)16]* anion with the same composition as the anion in 3, but a
very different arrangement. In 2, each of the oxo-anions bridge three of the four Zr*" ions
within the boundary of the rhombic Zrs unit (rather than being located at two opposite
edges of a rectangular metal framework). The Fe** cations have distorted trigonal
bipyramidal geometries, each being coordinated by an oxo-atom of the core, by three
terminal EtO” groups and by a terminal CI” ligand. This is consistent with the absence of
any absorption band in the visible region in the UV-vis spectrum of 2 due to the presence
of high-spin d®> Fe*" cations in a complex in which d-d electronic transitions are spin-

forbidden.
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Figure 2.5. Solution UV-Vis and DRS UV-Vis spectra of precursors 1, 2 and 3. The solution UV-Vis
spectra were recorded in dry EtOH (conc. 0.08 mmol/L). The data show the expected absorption bands for
tetrahedral d” and d° configurations, indicating the presence of Co?", and Cu?", respectively. Furthermore,
the lack of absorption bands in the visible region of 2 is consistent with the presence of trigonal bipyramidal

Fe** with a d° configuration.
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2.4. Coating Deposition and (Photo)electrocatalytic Testing

2.4.1. Fabrication of the Catalyst

Electrocatalyst films were prepared by drop-casting a SSP solution (60 puL, 0.26 mol/L)
onto a clean, preheated (40 °C) FTO-coated glass substrate. The resulting films are
designated as FTOMZr (M = Co, Fe and Cu). FTO-coated glass substrates were
thoroughly cleaned by sonication in MilliQ water, acetone, and isopropanol (20 minutes
in each), followed by UV-ozone treatment for 15 minutes. In order to obtain a uniform
deposition, 20 uL of the saturated catalyst solution (concentration 0.26 mol/L) was
carefully pipetted onto a clean preheated (40 °C) FTO-coated glass substrate (effective
area 1 cm?) and dried for 15 minutes under ambient conditions. This process was repeated
two more times, for a total of 60 puL of solution. Thereafter, 20 pL of a 1:1 Nafion:EtOH
mixture was uniformly pipetted over the catalyst layer and dried overnight under ambient
conditions (Figure 2.6). The amorphous nature of the films was confirmed by powder X-
ray diffraction (PXRD) which did not show any peaks between 5 to 80 26 degrees. The
same drop-casting procedure was followed when preparing the carbon-fibre paper,
graphite paper and indium tin oxide (ITO) coated glass substrates which were used to test

the effect of different substrates on the electrocatalytic activity of the materials.

Drop casting / Spin (:r.watinglv

09055 EtOH
o 0081%%8&380%000
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Solvent evaporation
Hydrolysis (ambient moisture)

Figure 2.6. Scheme of the coating deposition method used in this work. The electrocatalyst is prepared by
drop-casting a precursor solution over the surface of the substrate. For the deposition of the co-catalyst
layer on the photoanode for photoelectrolysis, the precursor solution was spin-coated onto BiVOj4 to obtain
a thin, homogeneous film. The solvent evaporates under air and the precursor is hydrolysed by ambient

moisture leading to an amorphous 3d-TM doped zirconium oxide coating.
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2.4.2. Electron Microscopy Study of the Deposited Films

Scanning electron microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS) maps presented in Figure 2.7 show the morphologies and elemental
compositions of the films deposited on FTO coated glass. SEM images show that the
deposition process leads to rough films on top of the substrate. The morphologies of the
films vary significantly depending on the region of the sample, being composed of
fragments of material that show large differences in size ranging from 1-250 um for each
of the electrodes. EDS maps confirm the presence of zirconium and the dopant element

evenly distributed throughout the deposited layer.

Figure 2.7. SEM images and corresponding EDS elemental mapping of the three systems: (a) FTO|CoZr,
(b) FTO|FeZr and (¢) FTO|CuZr.

To obtain quantitative information about the composition of the catalysts, multiple
EDS spectra were measured for each of the samples. The atomic ratios were calculated
from these data and are shown in Figure 2.8. The similar levels of dopant content detected
on different points of the sample confirm that this deposition approach leads to doped
zirconia films that are homogeneous in composition (See Tables B1-B7, Appendix B).
The catalysts have lower dopant (Co, Fe and Cu) content than the precursor molecules
used as SSPs, suggesting that a fraction of the dopant remains in solution during the
deposition process and is not incorporated into the films. Nevertheless, there is a
significant amount of dopant incorporated into the materials and a correlation between
dopant level in the precursor and the catalyst, with precursors containing higher dopant
content leading to a larger amount of dopant in the catalyst film. The presence of 3d-TMs
and the correlation between the amount of dopant on the catalyst film and the dopant : Zr

ratio of the parent precursor was further confirmed by inductively coupled plasma optical
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emission spectroscopy (ICP-OES) which showed values of 0.4 mol/cm? of Co, and 0.5
mol/cm? of Fe and Cu. Finally, the catalyst compositions after the chronoamperometric
(CA) water oxidation test (Figure 2.15¢) were studied following the same methodology
to investigate the stability of the catalysts and possible metal dissolution. Within error,
there are similar levels of dopant present before and after catalysis for the three materials.
For the FTO|CuZr system, a slight decrease in Cu content after catalysis is observed while
for the FTO|FeZr system the Fe content remains the same, within error, before and after
catalysis. The EDS analysis of the FTO|CoZr system showed a slight increase in the Co:Zr
ratio after catalysis. These results do not support Zr dissolution as similar Zr atomic %
values are detected before and after catalysis (for CoZr 12.2 £1.0 and 15.2 +1.8 atomic

% of Zr were detected, Table B1 and B2, Appendix B). Alternatively, this enrichment in

surface Co might be explained by a surface reconstruction process.!*%!!
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Figure 2.8. Dopant-to-zirconium atomic ratios for the molecular precursors, determined from their crystal
structure, and the catalyst films deposited onto FTO glass, determined by EDS. The dopant content of the
catalyst is lower but dependent on that of the precursor. The metal dissolution during operation is dependent

on the combination of elements present.
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2.4.3. Surface Characterisation by X-ray Photoelectron Spectroscopy (XPS)

2.4.3.1. Calibration of the XPS Spectra

The spectra were charge-corrected by setting the adventitious carbon alkyl (C-H, C—
C) peak to 284.8 eV (Figure 2.9). The calibration method followed conventional
practices.'®> Measured XPS binding energies were adjusted to compensate for the shift
that arises from accumulated electrostatic charge by setting the alkyl hydrocarbon C 1s
peak (from adventitious carbon) to the binding energy of 284.8 eV. This was performed
fitting four peaks corresponding to alkyl (C—H, C-C), ethers and alcohols (C—O—-C,C—
OH), carbonyl (C=0), and esters and carbonates (O—C=0); the peaks were constrained to
have equal width and their spacing was 1.5 eV, 3.0 eV and 4-5 eV, relative to the alkyl
peak, respectively.!> The C 1s region in the samples prepared in Nafion showed a larger
number of carbon chemical environments, as well as overlap with the K 2p peak from
potassium inclusions in the Nafion from exposure to KOH solution. A C—F peak was
added and its width was allowed to vary freely, while its position was set at ~8 eV above
the alkyl peak. The K 2p was fitted as a single peak with freely varied width and a position
set at ~11 eV above the alkyl peak (Figure 2.9b).
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Figure 2.9. (a) Fitted C 1s region of the CoZr sample, demonstrating the peaks used for charge
compensation of free-standing catalyst materials in this work. (b) Fitted C 1s region of the FeZr/Nafion
sample, demonstrating the peaks used for charge compensation of catalyst materials prepared with Nafion

and immersed in aqueous KOH.
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2.4.3.2. XPS Investigation of the Surface Species

After charge correction, XPS was applied to the deposited films to investigate the
chemical species present on the surfaces (Figures 2.10-2.12). The Zr 3d region was fitted
by constraining the 3ds» and 3ds/ spin-orbit pairs to have equal peak width and a fixed
area ratio of 3:2 (Figure 2.10). In all cases, it was found that the region fitted very well
using two chemical environments (i.e., four peaks in total). The lower binding-energy
3ds» components were centred at 182.2—182.3 eV for all three films and the spin-orbit
splitting was in the region 2.37-2.39 eV, consistent with reported values for the Zr(IV)
oxide, ZrO; (182.8 = 0.6 eV and ~2.43 eV, respectively).!”> The higher binding-energy
(BE) 3ds» component had more variability between samples and was centred at 183.81,
183.15, and 183.59 eV for the FTO|CoZr, FTO|CuZr, and FTO|FeZr samples,

respectively.

Table 2.2. XPS fitting parameters for the Zr 3d region, measured at a pass energy of 20 eV.

Sample Zr 3ds,.  FWHM 3ds2 — Zr 3ds,.  FWHM 3ds2 — Peak 2
Peak1 /eV 3ds2 Peak2 /eV 3ds2 Area
/ eV Splitting / /eV Splitting / %
eV eV
CoZr/Nafion 182.26 1.36 2.37 183.81 2.24 2.27 27.9
CuZr/Nafion 182.19 1.40 2.39 183.15 1.92 2.31 22.7
FeZr/Nafion 182.22  1.31 2.37 183.59 1.76 2.38 31.6

The higher BE peaks are above the binding energy range expected for a metal alloy
(e.g., Zr-Co alloys and alloy films, BE = 178.9 eV).!** Thus, they are attributed to mixed-
metal oxides, supported by the presence of the respective TM counterparts (Co 2p, Cu
2p, and Fe 2p spectra are shown in Figure 2.12). The fitted XPS peak parameters are

summarized in Table 2.2.
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Figure 2.10. High-resolution XPS of the Zr 3d region for (a) FTO|CoZr (b) FTO|CuZr and (c) FTO|FeZr

samples. The spectra were fitted using two spin-orbit 3ds;/3ds., pairs (i.e., four peaks total).

High-resolution F 1s and O 1s spectra of were also collected (Figure 2.11). The F 1s
spectra (Figure 2.11, a-c) shown a single chemical environment centred at 685 eV for all

95

the samples, as expected for fluorinated polymers like Nafion,'®> confirming that the

coating of the catalyst film with Nafion by drop-casting was successful.

Table 2.3. XPS fit parameters for the O 1s region, measured at a pass energy of 20 eV.

Lattice oxygen Hydroxides - Defects Organic species (C-O)
B.E./ Area  B.E./ Area B.E./ Area

Sample eV FWHM % eV FWHM % eV FWHM %
CoZr/

Nafion 530.50 1.95 28  532.05 1.67 48 532.63 1.67 24
CuZr/

Nafion 530.05 1.53 27 531.60 1.85 59  532.67 1.85 14
FeZr/

Nafion 530.48 1.93 27 532.01 1.61 49 532.54 1.61 24
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The O 1s spectra (Figure 2.11, d-f, and Table 2.3) was fitted to three components
corresponding to lattice oxygen (M-O) species, hydroxides and defects, and organic
species (C-O) following common practice and similarly to previous literature reports on
Ols fitting of ZrO,.'%® The lattice oxygen peak was allowed to vary between 531 and 528
eV, while the other two components were constrained to 533-531 eV. The FWHM of the
lattice oxygen peak was constrained between 0.5 and 3, and the other two peaks (which
were set to have the same FWHM) were allowed to vary between 1 and 2. The two lower
B.E. peaks are assigned to the lattice and hydroxide / defects contribution from the ZrO,.
These results show the presence of mostly hydroxides or oxides with high concentration
of defects, as expected for an amorphous ZrO: deposited by hydrolysis.!®” The surface
content of organic species bearing C-O groups is estimated to be between 14-24 % (Table
2.3), and is explained by the presence of Nafion and residual ethoxide groups from the

hydrolysis of the precursors.

Fis O1s

— M-O lattice oxide
— M-OH / defects
C-0 species

(a) CoZr/Nafion (d) CoZr/Nafion

(b) CuZr/Nafion (e) CuZr/Nafion

(c) FeZr/Nafion (f) FeZr/Nafion

694 692 690 688 686 684 536 535 534 533 532 531 530 529 528
Binding Energy / eV Binding Energy / eV

Figure 2.11. F 1s and O 1s spectra of the samples for (a, d) CoZr/Nafion, (b, ¢) CuZr / Nafion and (c, f)
FeZr / Nafion.

The high-resolution XPS regions of the 3d transition metal dopants Co 2p, Cu 2p and
Fe 2p was also measured (Figure 2.12). The low dopant content led to a poor resolution
which precluded fitting of the spectra. These results are consistent with the findings from
EDS, i.e., that the metal ratios in the deposited films are lower from those of the
precursors. It is important to note that the analysis depth of XPS is significantly lower
(order of a few nm) than EDS. The Co 2p spectrum presents one environment with two

peaks corresponding to the 2p1/2 and 2p32 components. The 2p32 component is centred at
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780 eV which is consistent with literature values for CoOx species and not with metallic
Co” which would appear at lower binding energies.!*® Inspection of the Cu 2p and Fe 2p

spectra led to similar conclusions; the position of the peaks falls in the expected values

for oxides.' %1%
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Figure 2.12. Transition metal regions of the XPS spectra. a) FTO|CoZr b) FTO|CuZr and ¢) FTO|FeZr

samples.
2.4.4. Electrochemical Characterisation

The deposited films were then tested for electrocatalytic activity towards the OER in
collaboration with Subhajit Bhattacharjee, Xinsheng Dong, Dr Virgil Andrei, and Prof.
Erwin Reisner. The electrochemical measurements were performed using an Ivium
Compactstat Electrochemical Analyzer and a two-compartment cell separated by a
Selemion anion exchange membrane in alkaline conditions. 1 M KOHq) was used as the
electrolyte solution, which was purged with N> before the experiments. The FTOMZr (M
= Co, Fe, Cu) catalyst, Ag/AgCls and platinum mesh were used as the working,
reference, and counter electrodes, respectively. Prior to the measurements (except in the
4 h chronoamperometric test, Figure 2.17), the working electrode was subjected to CV
scans between 0.8 V and 2.0 V vs. RHE at a scan rate of 100 mV s™! for 20 cycles in order
to activate it and remove surface impurities.”?® Linear sweep voltammetry (LSV)
measurements were performed at a lower scan rate of 5 mV s! for all the three systems
in order to minimize the capacitive current. Unless mentioned otherwise, all the potentials
reported have been converted from the Ag/AgClsa to the reversible hydrogen electrode
(RHE) scale using Equation 1, where pH of 1 M KOH (aq.) was estimated to be 14.2%!
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Ewugy = Eagjageny + E(OAg/AgCl) + 0.059 X pH (1)

The potential of the saturated Ag/AgCl electrode was taken as E®agagci = 0.197 VNgE.
To account for the uncompensated solution resistance and other Ohmic losses, the
measured potentials were /R-corrected using equation 2, where Ro was determined from

the Bode Plots of the respective catalysts (Figure D1) following Equation 2.
Elr_correctea = Eapplied —IRq (2)
The double-layer capacitance (Cy) was determined by performing CV scans at different

scan rates in the non-faradaic region (Figure 2.13). The slope of the current versus scan

rate plot yields the Ca;, according to equation 3:
av

The electrochemically active surface area (ECSA) was determined from the Cy by

dividing the Cu by the specific capacitance Cs (Cs = 40 puF cm?) known from

: 202,203
literature.”
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Figure 2.13. Electrochemically active surface area measurements. Top panel: CV plots of the (a) CoZr, (b)
FeZr and (c) CuZr systems recorded at different scan rates. Bottom panel: Plot of current (recorded at a

fixed potential) as a function of scan rate for (d) CoZr, (e) FeZr and (f) CuZr systems.

LSV measurements were taken in the direction of increasing potential (Figure 2.14
and 2.15 a-b). The CuZr film initially shows very similar behaviour to the blank FTO
glass substrate, whilst the FeZr film gives an anodic current that is significantly greater

than this ‘background’ level (by a factor on the order of 2—5 times). Meanwhile, the
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FTO|CoZr film shows a much higher current density at all potentials. Given that the data
in Figures 2.14 and 2.15 is normalized to the geometric area, it was considered whether
the differences are attributable to changes in the surface roughness and charges in the
surface electrochemical double layer. From the relative ECSAs evaluated using this
method (Figure 2.13), the CoZr has a surface roughness of approximately 25 times CuZr.
Therefore, the differences in current densities observed in the LSV between the CoZr
sample and the other two can be attributed to differences in surface area (Figures 2.14
and 2.15). Between the FeZr and CuZr there is much less difference in ECSA (FeZr shows
approximately 1.6 times the ECSA of CuZr). Surface roughness is therefore considered a
significant component of the differences in their electrochemical behaviour, but there are
likely additional factors. The presence of redox processes before the catalytic wave in the
cobalt and copper catalysts are consistent with the surface oxidation of the TM,133-203.204
These anodic waves are seen at ~1.15 Vryg for the CoZr film (Figure 2.14) and at ~1.4
VruE for the CuZr film (Figure 2.15). Interestingly, this feature was not observed in the
FeZr film.
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Figure 2.14. Linear sweep voltammetry (LSV) was measured on the untreated FTO glass (grey) and on the
FTO|CoZr (red), FTO|FeZr (green), and FTO|CuZr (blue) coatings (scan rate 5 mV s!). The CoZr film

presents an anodic wave at ~1.15 Vrug, below the OER standard potential.

The activity of the catalysts towards water oxidation was then evaluated in terms of
their onset potentials and Tafel slopes. The three catalysts are active towards water
oxidation with the FTO|CoZr film showing the best performance while FTO|CuZr and
FTOJ|FeZr showing lower activities. The potential vs. RHE of the FTO|CoZr film at
current densities of 1 mA ¢cm? is 0.3 V lower than that of the FTO|CuZr and FTO|FeZr
films which are both very close (Figure 2.15a). The FTO|CoZr film exhibits OER
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overpotentials of ~372 mV and ~430 mV vs. RHE at current densities of 1 mA ¢cm™ and
10 mA cm™, respectively. The FTO|FeZr and FTO|CuZr systems, however, fail to achieve
high current densities and show higher overpotentials of ~ 670 mV and 693 mV vs. RHE
at a current density of 1 mA cm. Furthermore, the Tafel slope of FTO|CoZr film was 54
mV dec’!, 15-20 mV dec™! lower than for the other two catalysts. The FTO|CoZr catalyst
also shows an activity comparable to some of the best-performing zirconium-based
systems reported that also show onset potentials below 1.6 V vs. RHE and Tafel slopes
of the order of 50 mV dec™! (Table 2.4).17>!7* Although it is worth noting that direct
comparison of catalysts based on these metrics can be difficult due to differences in the
measurement conditions,'?’” it is nevertheless an encouraging observation. More
importantly, these findings confirm the higher intrinsic activity of cobalt compared with
copper and iron as active sites for the water oxidation reaction. While this is in good
agreement with previous studies that have shown cobalt oxides to have a higher intrinsic
activity than other 3d TM oxides,'**?% this work represents a first examination of the role

of 3d TMs as catalytic sites incorporated in an inert host material.
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Figure 2.15. (a) Linear sweep voltammetry (LSV) was measured on the untreated FTO glass (grey) and on
the FTO|CoZr (red), FTO|FeZr (green), and FTO|CuZr (blue) coatings (currents normalized to geometric
surface area of the electrodes, i.c., 1 cm?; scan rate 5 mV s!) and the corresponding (b) Tafel plots and
linear fittings. (c) 18 h chronoamperometric (CA) tests were performed at a constant potential of 1.8 V for
the FTO|CuZr and FTO|FeZr and 1.6 V for FTO|CoZr owing to the earlier onset of oxygen evolution of the

later. Measurements were performed in degassed 1 M KOH ,q) solutions at room temperature.

At high potentials, a deviation from Tafel behaviour is observed (Figure 2.15b). This
is attributed to diffusion limitations and local pH changes that can take place near the
electrode under these conditions. Finally, the stability of the catalysts during operation
was tested (Figure 2.15¢). The stability tests for each catalyst were done using
chronoamperometry (CA) by applying a constant bias of 1.6 V vs RHE for CoZr and 1.8
V vs RHE for FeZr and CuZr, for 18 h. It was found that the choice of 3d-TM dopant has
an important effect on the stability of the catalyst. No significant degradation was found
in the FTO|CoZr and in FTO|FeZr systems which undergo an activation process showing
an increase in current density of 78 and 76%, respectively, during the first 18 h of
operation. On the other hand, a 7% decrease in current density for the FTO|CuZr system
1s seen which is explained by the dissolution of copper, as supported by EDS (Figure 2.8)

which shows a decrease in copper content after catalysis.

In order to gain a better understanding of the role of the substrate and versatility of
SSP deposition for the water oxidation reaction, CoZr films were drop-casted onto three
other substrates (graphite paper, carbon-fibre paper, and ITO-coated glass) and studied
for electrochemical activity as shown in Figure 2.16. The electrochemical performance
for FTO and graphite paper was found to be similar, whereas the ITO-coated glass
substrate showed lower activity. A lower onset potential and high current density was
observed in the case of the carbon-fibre paper as the three-dimensional porous network
provides a high surface area for catalyst deposition, resulting in a high ECSA value of

203.7 cm?.
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Figure 2.16. Substrate comparison experiments for OER: (a) LSV polarization curves recorded at a scan
rate of 5 mV s™! for the best performing CoZr system on different substrates in 1 M KOH (pH 14) at 25°C.
The overpotentials (vs. RHE) at 10 mA cm™ are estimated to be: ~430 mV (on FTO), ~453 mV (on graphite
foil), ~390 mV (on carbon-fibre paper) and ~469 mV (on ITO). (b) SEM image of CoZr drop-casted on
carbon-fibre paper. (c) ECSA measurements: CV plots of CoZr deposited on carbon-fibre paper recorded
at different scan rates. (d) Plot of current (recorded at fixed potential) as a function of scan rate for CoZr

on carbon-fibre paper.

The O2 quantification was then conducted for the best performing CoZr system in the
anodic compartment of a gas-tight (photo)electrochemical cell (Figure 2.17). A constant
potential was applied for 4 h. The Oz baseline was also recorded before and after the

chronoamperometry. The amount of oxygen in solution was obtained using Henry’s law.
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Figure 2.17. (a) Reproducibility plots of the best performing FTO|CoZr system with the (inset) OER LSV
polarization curves indicating the consistency in the OER onset potential and the overpotential at a current
density of 10 mA cm™. (b) Example of O, evolution on an FTO|CoZr sample and corresponding current
trace. Chronoamperometry is performed for 4 hat 1.6 V vs. RHE in a 1 M KOH aqueous solution, without

initial CV activation, with the grey areas indicating the O baseline measurements.

No initial CV catalyst activation was performed for the Oz evolution measurements,
to aid the product quantification by avoiding additional O, generation before the start of
electrolysis. Three separate FTO|CoZr samples produced 12.6 + 2.7 umol cm? O, over
4 hat1.6 Vvs. RHE, with an average Faradaic yield (FY) of 57 + 14% and a steady-state
current density of 0.59 £ 0.27 mA cm™ (recorded after 0.5 h under operation). The low
FY suggested secondary electrochemical processes (such as oxidation of low valent Co
species in the matrix, H>O> production, etc.) contributing to the overall current density.
The broader distribution in the values is due to morphological variations introduced

during catalyst drop-casting.
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Table 2.4. Comparison of synthesis procedures and performance metrics of literature bimetallic and

trimetallic catalysts with the materials reported in this work.

Onset Tafel
Potential O tential sl
Material Substrate  Fabrication / 2] ilsl 1 (n:]\e;s;). ;:;-11]2) j ::Rf
RHE dec!
CoFeZr nanosheet . Hydrothermal 264
Ni f ~1.46* 54.2
7 HOAM (160 °C; 15 1) @20 mA cm?
169 . 451
Co/ZrP RDE solution route ~ ~1.61* L, 19
@3 mA cm
Hydrothermal 410
Fe/Co-MOF 2% FTO ~1.55% 101
ero (120 °C; 24 h) @10 mA cm?
Co(Ox)P@PNC . .. PLD+NP 349
Co(0xP@ Si & Cu foil n 1.5 L 753
deposition @10 mA cm
Coo.goCao.11-CP 2% GC solution route ~ ~1.55% - 58.3
CoFeO, 2 FTO electrodepositi nr 240 Lo
on @10 mA cm
Hydrothermal
A h
pf?iiliiieg?o CFP +  annealing ~1.53* 25170 ez 60
Y (200 °C; 24 h)
. 240
C02.,V,04 2! GC solution route - @10 mA cm” 45
MW-assisted
FeC0,0421 GC Whassisted ) o . 83.2
solvothermal
Multi-
3DOM Ce- RDE so;1 Eosr:epro te ~1.56% 440 83
LaC003-0.05 213 on ot ' @10 mA cm?
+ calcination
372 @l mA
Drop-cast SSP cm?
Z FT 1.56 53
CoZr O solution 430 @10 mA
cm?
FeZr FTO Drop-cast SSP -, 2, 670 L 362
solution @1 mA cm
Cuzr FTO Drop-cast S5 ¢, 693 L 478
solution @1 mA cm

* Onset potentials estimated from the LSV curves.
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2.5. Photoelectrochemical Studies

In addition to their high electrocatalytic activity, SSPs also allow more facile
photoelectrode assembly compared to complex (photo)electrochemical deposition
procedures. Accordingly, the CoZr film was evaluated as a suitable co-catalyst for solar-
driven water oxidation by integrating it with the well-known light absorber BiVQa.!3%-140
The BiVOs photoanodes were prepared according to a previous report.'*! For the PEC
studies, 20 pL of a CoZr saturated solution were diluted using a 1:1 THF:EtOH mixture
to different concentrations, 0.13, 0.052, 0.026, 0.013, and 0.0065 mol/L, corresponding
to 1:2, 1:5, 1:10, 1:20 and 1:40 dilutions, respectively, and spin-coated over BiVOs at
2000 rpm for 10 s with an acceleration of 2000 rpm/s. The dilution and spin-coating were
necessary to yield a uniform thin-layer deposition and avoid light blockage leading to
poor light-absorption by the BiVO4. A 1:1 Nafion:EtOH mixture (20 uL) was then spin-
coated over the FTO|BiVO4|/CoZr photoanode and dried overnight under ambient
conditions. Spin-coating yielded a fine and uniform layer of CoZr over the BiVO4 without

compromising its ability to absorb light (Figure 2.18).

Figure 2.18. Images of (left) a bare BiVO, film and (right) a BiVO4 film over which CoZr (1:20) has been
spin-coated. The images reveal that the deposition of CoZr is uniform and does not occlude light

transmission.

BiVO4 is a photoanode with suitable onset potential for tandem water splitting
applications which operates under pH-neutral conditions. Therefore, a 0.1 M potassium
borate (KBi) buffer (pH 8.5) with 0.1 M K»>SO4 as supporting electrolyte was used for the
PEC measurements. FTOBiVO4 and FTO|BiVOs4/CoZr photoanode were used as
working electrodes. The PEC performance of the different samples produced by spin-
coating using different concentrations of 1 is shown in Figure 2.19. It was observed that
the PEC performance increases with dilution of the solution of 1, with photocurrent
densities (at 1.23 V vs. RHE) increasing from 1.64 mA cm™ for a 1:2 (0.13 mol/L) sample
to 2.41 mA cm? for a 1:20 (0.013 mol/L) sample. The FTO[BiVO4|CoZr (1:20) film
showed the highest PEC activity with an early onset potential of 0.21 V vs. RHE, while
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bare BiVO4 showed a maximum photocurrent density of only 1.62 mA cm™ at 1.23 V vs.

RHE and a higher onset potential of 0.33 V vs. RHE.
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Figure 2.19. PEC responses of the FTO[BiVO4CoZr system recorded in 0.1 M potassium borate (KBi),
0.1 M K»SOs4 (pH 8.5) buffer solution at 25°C without stirring. (a) Forward CV scans recorded under
chopped simulated solar light irradiation (AM 1.5G, 100 mW c¢m, 1 Sun) for the system with varying
dilution ratios of the CoZr precursor solution. (b) Light-driven O, evolution on a BiVO4|/CoZr (1:20, 0.013
mol/L) photoanode and corresponding photocurrent. The sample is maintained for 4 h at 1.23 V vs. RHE
ina 0.1 M KBi, 0.1 M K>SO (pH 8.5) buffer solution, under continuous irradiation. Grey areas indicate no

irradiation. (¢) Photograph of a typical FTO|BiVO4|CoZr working electrode in operation under illumination.

The PEC O> detection was conducted for the best performing 1:20 CoZr diluted sample
(Figure 2.19b). A triplicate of the BiVO4/CoZr (1:20) samples sustained a steady-state
photocurrent of 0.71 £ 0.06 mA cm™, producing 17.1 £ 0.3 umol cm? O, with a FY of
72 £ 6 % over the course of 4h at 1.23 V vs. RHE, with the smaller variation in
performance and improved Faradaic yield owing to the more homogeneous catalyst
deposition. The stepwise increase in the detected oxygen amount could be traced back to
O: bubble formation and release from the surface of the photoanode, which supports the
influence of gas trapping on the observed Faradaic yield. The presence of active Co sites
over the BiVO4 surface helps to reduce the onset potential for water oxidation and
facilitates the extraction of holes from the valence band of the BiVO4 generated upon
illumination. This improves the photocurrent density by significantly reducing the charge
recombination processes.!**!%6 However, spin-coating of more concentrated solutions
produced thicker CoZr layers, which results in poor light absorption by the BiVO4 layer
and reduces the efficiency of charge transport to the electrolyte interface. Moreover,
increasing the dilution to 1:40 reduces the photocurrent density owing to the decrease in

the Co active sites (Figure 2.20).
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Figure 2.20. EC responses of FTO|BiVO4/CoZr system recorded in 0.1 M KBi, 0.1 M K,SO4 (pH 8.5)
buffer solution at 25 C without stirring. CV scans under chopped, continuous and no artificial sunlight
irradiation (AM 1.5G, 1000 W m) of the photoanode with (a) 1:10 diluted CoZr, (b) 1:20 diluted CoZr
and (c) 1:40 diluted CoZr spin-coated over the BiVO, layer. The wave at approximately 1 V vs. RHE in (a)

is owing to the absence of stirring'*!.

2.6. Conclusions and Outlook

Three novel Zr-based cages containing copper, iron, and cobalt as “dopants” have been
synthesised and their structures are strongly dependent on the coordination characteristics
of the dopant atoms. These precursor molecules are versatile reagents for the low-cost
fabrication of catalytically active doped-zirconia films over a wide variety of substrates.
EDS and XPS analysis show that these films are indeed zirconia doped with 3d-TMs. All
of them show activity towards water oxidation with the FTO|CoZr system having lower
Tafel slopes and onset potentials compared to FTO|CuZr and FTO|FeZr. This
demonstrates the essential role of the dopant in the catalytic activity of these materials
and confirms the higher intrinsic activity of cobalt compared to iron and copper ions as
active sites in an inert zirconia matrix. Finally, the integration of the CoZr film with
BiVO4 by spin-coating led to a significant enhancement in the photoelectrocatalytic
performance of this material, lowering the onset potentials by 0.1 V and increasing the
photocurrent densities by 1.2 mA cm™, proving that SSPs represent a simple yet effective
approach for the deposition of catalytically active films that can act on their own or as co-
catalysts enhancing the activity of known materials. This method represents a step
forward in the development of large-scale multijunction devices that could incorporate
electrocatalysts, light absorbers and spectral converters that will allow an efficient

utilization of sunlight for chemical energy storage.
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Chapter 3: The Effect of Annealing on the Structure,
Composition and Electrochemistry of NMC811 Coated
with AL,O; Using an Alkoxide Precursor

3.1. Abstract

Nickel-rich layered oxides are promising positive electrode materials for lithium-ion
batteries due to their high capacity and decreased cobalt content. The application of
surface coatings is a common approach to slowing or potentially stopping deleterious
reactions at the electrode-electrolyte interphase of lower-Ni content layered oxides.
However, their efficacy on Ni-rich LiNiggMng.1Co0.102 (NMC811) is less certain and
knowledge on how to design effective coatings with favourable properties is sparse. In
this chapter, a convenient solution-based deposition method for the synthesis of
aluminium oxide coatings on NMC811 secondary particles is developed. This is followed
by an investigation of the effect of annealing temperature on the structure and
electrochemical lifetime of the coated materials. Using energy dispersive X-ray
spectroscopy (EDS) and X-ray fluorescence spectroscopy (XRF), the amount and
distribution of aluminium oxide on the cathode particles was determined. Changes in the
coating phase and composition as a function of annealing temperature are tracked with
solid-state nuclear magnetic resonance (SSNMR) and X-ray photoelectron spectroscopy
(XPS). 2’ Al magic-angle spinning (MAS) NMR spectroscopy at very high field (23.5 T)
provides direct evidence that after annealing up to 400 °C, 4-, 5- and 6-coordinate
aluminium is present, here assigned to an amorphous alumina coating, but after annealing
to 600 °C, a y-LiAlOx-like coating is observed. The critical temperature at which
aluminium doping into the bulk of NMC811 occurs is determined for the first time.
Surface/bulk doping starts to occur in the range 500-600 °C, with considerable bulk
doping being found at 800 °C. The onset of Al diffusion coincides with the decrease in
capacity retention, contradicting previous studies and giving new insight into the

relationship between lifetime and lithium-ion conductivity.
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3.2. Introduction

Developing cathodes with higher capacities and lower costs is a key challenge in
lithium-ion battery research. The strategy most widely used in batteries designed for the
electric vehicle (EV) market is to replace Co by Ni in the parent cathode material, LiCoO»
(LCO). LiNiO2 (LNO) achieves higher capacities at similar voltages compared to LCO,
and Ni is also cheaper and associated with fewer environmental/mining concerns than Co.
On the other hand, the stability of LNO is worse than that of LCO, particularly as more
Li is removed during battery operation. This has led to the development of a wide range
of Li[NixMnyCo,]O2 (NMC) compounds to improve upon the stability of LNO whilst
maintaining high capacities.>!*?!> For example, by synthesizing and testing NMC
materials with varying amounts of nickel, Noh et al. found that higher nickel content led
to higher capacity but at the cost of faster capacity fade and safety issues.?'® Subsequent
studies of Ni-rich materials such as NMC811 (Li[NixMnyCo,]O2 where x =0.8 andy =z
= 0.1) have shown that degradation becomes particularly pronounced when cycling to
upper cut-off voltages where more than 80% of Li is removed (above 4.2 V for NMC811
vs. graphite).2!72!® Accordingly, excellent lifetimes are achievable in NMC811/graphite
cells operated under more moderate conditions (e.g., 3.00-4.06 V and 20-30 °C).2"
Improvements in battery lifetime can also be attained by modifying the NMCs through

102,103.220-226 o by using electrolyte additives.”*”** Even with these

surface coatings
strategies, it is not yet clear whether it is possible to obtain satisfactory performance at

temperatures above 25 °C or with increased voltage windows for practical applications.

One proposed major mechanism for degradation of NMC materials is related to the
exergonic loss of lattice oxygen at delithiated states of charge and the formation of
densified phases such as spinel (M304, with M = Ni, Mn and Co) and rock-salt (MO) on
the surface of the cathode particles upon exposure to the electrolyte.?*?*! These
insulating and electrochemically inactive layers grow with cycling, particularly at high
voltages, leading to a decrease in capacity.?*? One potential strategy to tackle this problem
is to coat the surface of NMC, forming a new interphase able to prevent electrolyte
oxidation and rock-salt formation. Towards this end, a plethora of coating materials has
now been investigated. Some of the most common materials used to coat NMC cathode
particles include metal oxides such as Al,0s,'%193220 Ti0,,23 Zr0,%2° and Si02,?*! but
also metal phosphates and fluorides like AIPO4,2* FePOs,*?? AlF3,*? CaF,,%*° and

LiAlF4.2>* These coatings can be deposited using vapor-deposition techniques such as
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atomic layer deposition (ALD) 22>236237 or solution-based methods which do not require

sophisticated equipment and tend to be easier to scale-up,!01-103:220.238

Al>Oj3 has a number of desirable properties compared to other oxides that make it stand
out as a coating material. Aluminium is non-toxic and the most abundant metallic element
in the Earth’s crust. Al,Os coatings lead to the in situ formation of LiPOF», a well-known
electrolyte additive, by reaction with LiPF¢ and, in contrast to other oxide coatings such
as Nb2Os and TiO», it has been shown to inhibit the reactions involving ethylene carbonate
(EC), which limits a cascade of degradation mechanisms.?*%?° Despite Al,O3 being one
of the most extensively studied cathode coating materials, there is still a need for practical
methods to synthesize AlxOs-coated nickel-rich particles. There is also a limited
understanding of the effects of synthetic conditions, such as annealing temperature, on
the structural and electrochemical properties of the coated materials. Coatings are
proposed to mitigate the degradation of the outer surface of the cathode by scavenging
acidic species present in the electrolyte and by limiting transition metal dissolution, while
also decreasing the rate of electrolyte oxidation.?** Surface doping may suppress the near-
surface rearrangements that lead to rock-salt formation and growth without sacrificing
specific capacity, as bulk doping with aluminium increases the thermal stability and
capacity retention of lower nickel-content NMCs by delaying oxygen loss and retarding
transformation to spinel phases.?*'?* However, these hypotheses still need further
experimental verification. While some previous studies have found that the Al2O;
coatings improved capacity retention in NMCs with a 70% nickel content or lower, there
1s more divergence of opinions about the effect that Al,Os; coatings have on the
degradation of NMC cathodes with 80% nickel or higher. For example, Han et al. found
that AlO; coatings had a negative effect in the overall capacities and capacity retention
in NMC811 cathodes and that annealing further deteriorated performance, which they
ascribed to the diffusion of aluminium cations from the coating into the bulk of the

material.2*

Others, like Neudeck et al., observed an increase in capacity retention after
coating NMC811 with Al,O3; from solution using trimethyl aluminium (TMA) as a

precursor.'%?

Several coating methods have been developed to deposit AlbO3 coatings onto cathode
materials. Atomic layer deposition (ALD) is one of the most common methods to coat
NMCs and LCO with a layer of Al,O3 and generally leads to improvement in capacity

retention and stability.?2%23%-246247 Another possibility is to use solution-based coating
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methods (‘wet-chemistry’), with early work in this area showing that the deposition of
Al>03 coatings onto LCO has a positive effect on capacity retention. Cho et al. coated
LCO with AlbO3 using an alkoxide precursor (aluminium ethylhexanodiisopropoxide)
solution in isopropanol following a sol-gel route.””*** The coating process was explained
in terms of hydrolysis of the precursor either by ambient moisture or -OH groups present
on the surface of LCO. They found that annealing of the coated LCO led to the diffusion
of the coating into the particles as well as surface doping. Others used aluminium and
lithium salts to coat LCO. For example, Chen et. al. used an AI(NO3)3-9H>O and LiNO3
solution in ethanol to coat nano-LCO with LiAlO2/A1,03.2*° Similarly, Han et al. used an
aqueous AI(NO3);3 solution to coat both LCO and NMC523 and studied the evolution of
the coating layer as a function of annealing temperature.?>® Dogan and coworkers have,
in extensive and careful studies, built on this work and examined a variety of different
nitrate and alkoxide precursors dissolved in different solvents and have compared the
resulting coatings with those deposited with ALD.!%0238:243.250 Qther recent studies have
used TMA in organic solvents as the precursor solution.!”"1% TMA forms aluminium
oxide by reaction with water through cleavage of the Al-C bonds (hydrolysis) generating

methane.

In this chapter, a new method for coating cathode particles with Al,O3is presented. By
using a solution-deposition route and aluminium isopropoxide as a precursor, the cheap
and scalable deposition of Al,O3 onto NMCS811 is achieved. This precursor is deposited
over the surface of the NMCR811 particles and is decomposed by annealing, leading to a
layer of oxide coating. This coating method differs from previously reported ones: as
discussed above many previous studies have used conventional sol-gel approaches in
which aqueous solutions with aluminium nitrate or aluminium alkoxides in organic
solvents are used to coat cathode particles with Al,O3; by slow evaporation of the
solvent.??9-238:231.252 However, because NMCS811 is carbon dioxide- and moisture-
sensitive this can potentially lead to degradation during the deposition process if it is not
done under inert-atmosphere and dry conditions.?** In contrast, the method described in
this chapter allows deposition directly from solution by using a molecular precursor that
reacts with the surface of the NMC under nitrogen, and that can be decomposed later by
annealing leading to the metal oxide coating.*! In this way, the presence of water and
carbon dioxide can be avoided completely. Furthermore, this method should lead to

thinner and more homogeneous coatings since, unlike in other synthetic routes, we
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remove the solution containing the unreacted precursors. Here aluminium isopropoxide
(AIP) in toluene is used as the precursor solution. AIP is an aluminium alkoxide which
forms aluminium oxide by hydrolysis (e.g., by reaction with surface OH groups) or
thermolysis, but is not pyrophoric, making it safer than TMA and more suitable for large-
scale production. Compared to the aluminium ethylhexanodiisopropoxide used by Cho
et. al.’” AIP should hydrolyse more readily as alkoxide ligands are more basic than
carboxylates. Furthermore, our coating process is followed by annealing of the coated

particles.

The Al,O3 coatings deposited on NMC81 1 using the synthetic method described above
are characterised in detail, focusing especially on the effects of different annealing
temperatures on the structure and composition of the material. Scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and ?’Al nuclear magnetic
resonance (NMR) spectroscopy are applied to uncover the structural, morphological, and
compositional changes of the coatings that take place at different annealing temperatures.
Finally, these changes are related to the electrochemical performance of the coated
cathode materials by performing long-term galvanostatic cycling of half cells and the

results compared to previous coating studies.

3.3. Coating Deposition

The study of the effect of Al2Os coatings on the degradation of NMCS811 started by
developing a solution-based method for the deposition of Al,Os3 onto the surface of NMC
secondary particles, which were roughly spherical aggregates of the NMC811 primary
particles. Since AIP is known to react with water, the aim here was to exploit the trace
amounts of water or hydroxyl groups, present on the NMC811 particles, to deposit an
aluminium-based layer. The coating deposition was carried out under an inert, dry
nitrogen atmosphere. In a typical procedure, 10 g of NMC811 and 100 mg of aluminium
1sopropoxide (AIP) were loaded into two separate Schlenk tubes inside a glovebox. The
two flasks were connected to a nitrogen line and 50 mL of dry toluene was added to each
flask. The precursor solution was then added to the NMCS811 suspension, so that the
precursor weight amounts to 1% of the total solid weight. Other weight % of AIP (2 and
40 wt%, the latter primarily for NMR studies) were tested initially, but it was found that
the electrochemical performances of the 2 wt% and especially the 40 wt% precursor

samples were poor, so only the results for the 1 wt% samples are reported here. The
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mixture was left to react for 48 h at 80 °C stirring and then allowed to cool to room
temperature (Figure 3.1). The solvent was removed using a syringe and the resulting solid
was washed three times with dry toluene in order to remove any unreacted precursor by
adding 10 mL of toluene, stirring, and removing it with a syringe. The product was then
dried at 100 °C under vacuum (1072 atm, 1 h). Further control samples were synthesized

following the same procedure, but without the addition of AIP.

The next step was to anneal the coated particles to ensure the full decomposition of the
precursor, induce changes in the structure of the coating, and achieve surface doping by
diffusing aluminium ions into the sub-surface of the particles. This annealing step was
performed for 4 h under air or oxygen (Figure 3.1). Several temperatures were used for
the annealing step (200, 300, 400, 500, 600, 700 and 800 °C). Uncoated samples annealed
at 400 and 800 °C under air were also prepared to investigate the effect of annealing under
air on the structure and electrochemical cycling of NMC811, allowing the separation of
this contribution from the effect the coating on the degradation of the material. These
samples were treated with toluene at 80 °C for 48 h under nitrogen but without adding
AIP and then annealed at either 400 or 800 °C under air for 4 h. Finally, since NMC811

is synthesized under oxygen atmosphere,*'

a coated sample annealed at 800 °C under
oxygen was synthesized to test whether annealing under air at high temperatures may be
degrading the material, leading to faster capacity fade, and if the capacity retention of

coated NMCS811 can be improved further by annealing under oxygen.

|
(o)
\r A, Air

- ’
Toluene Annealing
80 °C, 2 days

NMC811 Coating Doping

Figure 3.1. The coating process consists of two steps, the deposition of the precursors onto the surface of

the NMCS811 secondary particles from solution and the annealing of the resulting product.
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3.4. Electron Microscopy Study of the Morphology and Composition of the
Coatings

Scanning electron microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM) were used to verify the presence of a coating and to study its
morphology as a function of annealing temperature. SEM images were taken in secondary
electron (SE) mode with beam voltages of 2 kV for the pristine NMC and of 5 kV for the
coated samples. The working distance was 6 mm for all SEM images and the samples
were coated with 10 nm of Cr before imaging using a Turbo-Pumped Sputter Coater.
Representative SEM images of the pristine and coated secondary particles are shown in

Figure 3.2 and in appendix B (B7-B15).

Pristine NMC811

Figure 3.2. SEM images of uncoated (pristine) NMC811 particles and of NMC811 particles coated with
AlLO3 and annealed at different temperatures, as given in the Figure. The sample labelled as “100 °C” was

only dried for 1 h under vacuum and not annealed under air.

From the SEM images it can be seen that the NMC811 primary particles are 100200
nm in diameter and that they are agglomerated into spherical secondary particles of 5-20
um in diameter. After coating and annealing up to 500 °C, the primary particles are
covered by a thin layer of material, with the surface becoming smoother and the primary
particles being no longer as clearly visible. Small coating particles of 0.5—1 um are also
observed on top of the thin layer. At higher annealing temperatures, there is a further
change in the surface morphology of the particles. The surface becomes rougher, and the

primary particles are more clearly resolved.
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Figure 3.3. High resolution TEM images of the pristine and coated NMCS811 particles annealed under air
and coating thickness measurements. (a) Sample annealed at 200 °C. (b) Sample annealed at 400 °C. (c)

Sample annealed at 600 °C. (d) Sample annealed at 800 °C.

To understand the morphological changes that the coating undergoes with increasing
annealing temperature in more detail and to determine its thickness, HR-TEM
measurements were carried out. The samples for TEM imaging were prepared by drop-
casting a suspension of the NMC811 particles in ethanol onto a lacey carbon coated
copper grid followed by solvent evaporation. Selected images and thickness
measurements for the samples annealed at 200, 400, 600 and 800 °C are shown in Figure
3.3 and appendix B (B16-B26). The measurements were performed using an operating
voltage of 200 kV and 5 pm aperture. The thickness of the coatings was estimated by
measuring the coating thicknesses from TEM images taken on different regions of the
sample and using both HR-TEM and STEM images. TEM shows the presence of a layer
of material on top of the coated particles regardless of the annealing temperature but not
in the pristine samples. It was found that the thickness varies greatly depending on the
region of the sample under examination, but overall, fewer thick coating regions were
found in the high-temperature annealing samples (Table 3.1). Both the SEM and HR-
TEM results show that densification of the coating layer occurs at higher temperatures

(>500 °C) and possible diffusion of the Al>O3 coating into the bulk of the NMCS811.
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Table 3.1. Measurements of coating thickness in different particles from TEM and STEM images. The
thickness of the coating varies significantly between regions of the sample, but the maximum values

observed decrease as annealing temperature is increased.

Thickness / nm

Measurement 200 °C 400 °C 600 °C 800 °C
1 63.2 98.5 34 34
2 116.4 47.0 19 36
3 43 38.3 - 20
4 9.6 47.4 - 17
5 84 150 - 13
6 24.5 18.5 - -
7 17.1 152 - -

8 106 112 - -
9 24.4 130 - -
10 67.9 - - -
11 45.5 - - -
12 52.5 - - -
13 30.4 - - -
14 16.7 - - -
15 18.4 - - -
16 36.4 - - -
17 19.4 - - -

Having studied the morphology of the coated NMCS811 as a function of temperature,
the changes in the composition of the coating with annealing temperature were then
determined by elemental analysis using a combination of X-ray fluorescence (XRF),
SEM-EDS point scans and scanning transmission electron microscopy (STEM) EDS
mapping. All three techniques confirmed the presence of aluminium on the surface of the
coated NMC811 and that the pristine NMC811 does not contain aluminium (Figures 3.4
and 3.5, Figures B27 and B28 and Tables B10-B14). To obtain Al : Ni ratios by SEM-

EDS, between 20 and 100 EDS spectra were measured at multiple positions for each
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sample (Figures B29-B38 and Tables B8 and B9). The Al : Ni ratios were calculated by
averaging the values from these spectra. All SEM-EDS measurements were performed
using a 15 keV electron beam and with a working distance of 15 mm. The XRF
measurements were performed using an XRF spectrometer equipped with an Ag anode
(X-ray energy of 50 kV) with help from Dr. Shutao Wang. The XRF Al : Ni ratios were
obtained directly from a duplicate of the XRF measurement, and they show ratios between
0.012 4+ 0.001 and 0.015 £ 0.002 (Table B15) for samples annealed at temperatures up to
500 °C (Figure 3.4b). The Al : Ni ratios derived from EDS for this temperature range lie
between 0.010 = 0.002 and 0.022 + 0.002, being generally larger compared with XRF
except for the sample annealed at 200 °C. This is not surprising considering that the
measurement depth of the XRF is larger and so the relative amount of aluminium is
lower.?>*2% The larger fluctuations in aluminium content between samples seen by EDS
are attributed to inhomogeneities in the samples at a microscopic level. At 600 °C, both
EDS and XRF show a decrease in aluminium content with XRF measuring an Al : Ni
ratio of 0.0079 £ 0.0001 at 600 °C and EDS of 0.014 + 0.001. The aluminium content
measured by both techniques decreases further as the annealing temperature increases
reaching comparable values for both techniques at 800 °C of 0.004 + 0.001 for XRF and
0.0052 + 0.0009 for EDS (Tables B8-9 and B15). This strongly suggests that the Al in
the coating is diffusing into the bulk of the particles beyond the depth of analysis of these

techniques.
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Figure 3.4. (a) EDS map and STEM image in bright field mode of the coated NMC811 annealed under air
at 200 °C. (b) Changes in aluminium to nickel atomic ratio as a function of annealing temperature as
determined by EDS and XRF. The error bars are the 95% confidence intervals of measurements taken
across several particles. Similar levels of aluminium content are detected up to a 500 °C annealing
temperature, but a decrease in aluminium content is seen at higher temperatures. Since both EDS and XRF
measure the near-surface composition of the sample, this provides evidence for diffusion of aluminium into

the bulk of the particles.

STEM-EDS maps were then obtained for samples annealed at 200, 400, 600 and 800
°C to gain more detailed information about the elemental composition of the coating and
the distribution of aluminium within the surface region of the particles (Figure 3.5 and
Figures B39-B45). EDS maps were collected with an operating voltage of 200 kV and a
spot size of 5 and 70 um aperture for the bright-field (BF) imaging. Between 1 and 3 maps
were collected in different regions of the sample for the as-coated and cycled samples
(Figure 3.5 and Figures B39-B45, Appendix B). In order to obtain the STEM-EDS
elemental quantification results, the Al : Ni ratios were calculated for each of the selected
areas shown in Figures B39-B45 (Appendix B). Average values were calculated from at
least two areas for each sample, and atomic errors were obtained from the fits of the EDS
spectra as given by the Thermo Fischer Scientific Velox software. These values are
tabulated in Tables B10-B13 and plotted in Figure 3.5. Of particular note, there is one
outlier in the EDS measurement of the surface in the sample annealed at 400 °C (Figure
B41, map 3, area 1). This region contained a significantly larger Al : Ni ratio (Al : Ni =
8) and is suggested to be a precipitated particle of aluminium oxide. This region was not
included when calculating the average surface composition shown in Figure 3.5. Surface

and bulk Al : Ni ratios were extracted from relevant areas of these maps. By measuring
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the aluminium content at the surface regions (20—100 nm), it was possible to confirm that
the aluminium signal seen in the SEM-EDS and XRF comes from the deposited layer,
which has a much higher aluminium content compared to the bulk (Figures 3.4 and 3.5).
Al : Ni ratios of 0.50 = 0.07 and 0.40 + 0.05 were calculated for the 200 and 400 °C
samples with a large decrease in aluminium content in the surface regions detected for
the 600 and 800 °C (0.02 = 0.04 and 0.02 + 0.05) samples, in agreement with the SEM-
EDS and XRF results (Figure 3.5). The Al : Ni ratios on the surface are found to decrease
after 400 °C, in line with the EDS study performed on the SEM as well as the XRF, XPS
and NMR results. At 600 and 800 °C, little difference in Al : Ni ratios was found between

the surface and bulk regions.
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Figure 3.5. Al : Ni ratios and atomic errors obtained from TEM-EDS measurements of the as-coated and
cycled samples annealed at various temperatures. (a-¢) EDS maps and areas (yellow boxes) from where
bulk and surface elemental information was extracted. (f) Scatter plot showing the change in Al : Ni ratio
in the bulk and surface of the samples measured with TEM-EDS. The results further confirm the presence
of a coating and its diffusion into the bulk with increasing annealing temperature. Furthermore, the analysis

of the cycled cells shows that surface aluminium is still present after 300 cycles, although in less quantity.

The changes in the coating after long-term galvanostatic cycling (3—4.3 V, 250-300
cycles) were also studied by electron microscopy. To understand the evolution of the
coating with cycling, SEM-EDS, TEM, and STEM-EDS were measured for the coated
materials annealed at 200 and 400 °C after 250 or 300 cycles in half cells, respectively.
The cycled active material was recovered by opening the coin cells inside an argon-filled
glovebox, washing the electrodes with dimethyl carbonate three times to remove the
electrolyte, drying under vacuum, and scraping the electrode material off the current
collector. SEM-EDS showed the presence of decomposed material (containing fluorine)
and fragments of glass fibre separator on the surface which made it difficult to
characterize the surface morphology of this material. SEM images of the samples
annealed at 200 and 400 °C after 250 and 300 electrochemical cycles show full secondary
particles that retained the smooth morphology observed for the non-cycled samples

(Figure 3.6 b and d, and B37-B38). However, less closely attached primary particles
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compared to the pristine samples were also seen in both the SEM (B37, image 3 and B38
image 1) and in TEM (Figure B21c and B22 a and c).

SEM-EDS shows similar Al : Ni ratios after electrochemical cycling, while TEM
shows lower Al : Ni ratios. Furthermore, less coated regions and thinner coatings were
found using TEM after cycling, suggesting that the thicker regions of the coating can
delaminate or detach after extensive cycling, or undergo chemical reaction during cycling
(Figures 3.5 and 3.6, Figures B21-B22 and Table B13). There were some regions that still
had a measurable surface coating and STEM-EDS elemental quantification was
performed to investigate changes to the coated regions. The aluminum content on the
surface was still greater than in the bulk but it was significantly decreased compared to

that of the as-coated materials (i.e., before annealing) (Figure 3.5).

200°C 400 °C

Figure 3.6. TEM (a, c¢) and SEM (b, d) images of the Al,O3 coated samples annealed at 200 and 400 °C
under air after 250 and 300 cycles.
3.5. Powder XRD Characterisation of A2O3 Coated NMC811 Materials

Powder X-ray diffraction (PXRD) was used next to determine whether the coating and
annealing processes have an effect on the long-range structure of the material (with
patterns and refinements reported in Figures 3.7 and 3.8, and Tables A2—-A9). The PXRD
data was collected on a Panalytical Empyrean powder X-ray diffractometer using CuKy
radiation (A = 1.541 A) over the 20 range of 5-80° for 1 hour. Rietveld refinements were
performed to obtain lattice parameters and site occupancies using the TOPAS program
(V6).2® NMC811 was refined in the R3m space group. The lattice parameters, cell
volume and z diffraction coordinate of the oxygen atoms were refined. The remaining
atomic coordinates are fixed by the symmetry conditions of the space group and were not
refined. The site occupancies were calculated in order to obtain cation mixing values.
This was done by fixing the total Ni occupancy to 80 % and then refine it between two
Ni positions (one in the transition metal layer and one in the lithium layer, Tables A2-

A9). Trials were made to carry this procedure using Co or Mn instead of Ni but no
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preference for substitution of a specific transition metal by aluminium could be identified

by PXRD, due to the similar scattering factors of the transition metals.
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Figure 3.7. Powder X-ray diffraction (PXRD) patterns of the pristine NMCS811 and the Al,O3; coated
NMCS811 materials annealed at 200, 500 and 800 °C under air. (a) View of the full PXRD pattern. (b)
Expansion of the 003 reflection. (c) the 101, 006/102 and 104 reflections. (d) and the 108 and 110

reflections.

Pristine samples and coated samples annealed at 200, 500 and 800 °C degrees (Figure
3.7) were compared with a coated samples annealed under oxygen at 800 °C and with
uncoated samples annealed under air at 400 and 800 °C (Figure 3.8). For all these samples
except for the coated NMC annealed under air at 800 °C, Rietveld refinement shows that
the reflections can be indexed to a single R3m phase with no significant differences in
lattice parameters. The degree of anti-site mixing was also similar, increasing at higher
annealing temperatures both for the coated and uncoated samples (Figure 3.9).

The coated sample annealed under air at 800 °C, however, shows splitting of the 003,
101 and 104 reflections and the XRD pattern could not be fitted to a single phase (Figure
3.7). Introducing a second Al-rich phase with larger cell parameters (a = b =2.88 A and
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c=1425A vs.a=b=2.89 A and ¢ = 14.38 A for the expanded phase) in which AI**

ions substitute into the transition metal sites>*?

gave good agreement with the measured
data. Previous coating studies reported a single phase and only an increase in unit cell
volume after annealing at 800 °C for A1,O; coated LCO and NMC532 in one report®>°
and NMC622 and 811 in another (this study seeing additional peaks that were ascribed to
stacking faults at high Al contents).?** This behaviour may be due to the lower solubility
of Al in high nickel-content materials.>*> The amount of this secondary phase was
estimated to be 5 % of the total in the material, suggesting that this new phase is likely a

near-surface modification and that the bulk of the NMC remains intact.
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Figure 3.8. PXRD patterns of the control samples soaked in toluene and then annealed under air at 400 or
800 °C as well as a coated sample annealed at 800 °C under oxygen. (a) View of the full PXRD pattern. (b)
Expansion of the 003 reflection. (c) Expansion of the 101, 006/102 and 104 reflections. (d) Expansion of
the 108 and 110 reflections.

PXRD measurements of uncoated control samples soaked in toluene at 80 °C for 48 h
and then annealed under air at 400 or 800 °C for 4 h were carried out to separate the
effects of the synthetic conditions on the structure of the material from those that may
result from the diffusion of the coating (Figure 3.8). No significant changes in (bulk)
lattice parameters were observed for any of the control samples and the PXRD pattern of
the control sample annealed at 800 °C could be described as a single NMC811 phase,
supporting the assignment of the secondary Al-doped NMCS811 phase (Figure 3.8). An
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increase in cation mixing was seen after annealing under air at 800 °C, with or without
the coating, indicating that annealing under air at 800 °C has, in itself, an effect on the
structure of the material (Figure 3.9). The degree of mixing could be reduced by annealing
under oxygen at 800 °C, (3.2% vs. 4.5% for O vs air, respectively; Tables A5, A6 and
A9). Annealing at 400 °C under air did not lead to an increase in cation mixing (1.5%,
Table A7). Finally, the coated NMC811 sample annealed under O; at 800 °C shows no
evidence of a secondary phase suggesting that the atmosphere in which the annealing is
performed has a significant effect on the diffusion of the coating. This was consistent with
the NMR results that show a larger amount of Al in paramagnetic environments for the

coated sample annealed at 800 °C under air compared to oxygen (Figure 3.16).
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Figure 3.9. Increase in cation mixing with temperature as determined from Rietveld refinement of the
powder XRD patterns of the Al,O3 coated NMC811 samples.
3.6. Investigating the Surface Chemistry of Coated NMC811 with XPS

In order to gain more detailed information on the chemical species present on the
surface of the coated NMC811, X-ray photoelectron spectroscopy (XPS) measurements
were carried out in collaboration with Dr. David S. Hall. These measurements were
performed to understand the composition and chemical environments present and the
temperature-induced changes in the coating in more detail. The XPS spectra were
measured using an Escalab 250Xi spectrometer with an aluminium Ko X-ray source. The
spot size was 500 um for all measurements. For the high-resolution spectra, 20 eV of pass
energy and 0.1 eV step size were used. A total of 60 and 20 scans were measured for the

Al 2p and the C 1s spectra, respectively. The spectra were corrected with respect to the
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carbon aliphatic peak for shifts in binding energies arising from the accumulation of
electrostatic charge. In order to do this, the C 1s spectra were fitted to five peaks
corresponding to aliphatic species (C-C, C-H), ethers and alcohols (C-OH, C-O-C),
ketones (C=0), esters (O-C=0) and carbonates (CO3>"). The peaks were constrained to
have equal width and their spacing was 1.5, 3.0, 4.1 eV and 4-5 eV, relative to the alkyl
peak and the aliphatic peak was set to 284.8 eV.

600 °C
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Figure 3.10. High-resolution C 1s spectrum of the sample annealed at 600 °C. The sample was in powder

Intensity (cps)

form, hence no signals corresponding to C-F bonds are seen.

Samples annealed at 400 and 600 °C were the as-coated/annealed powders. An
example of C 1s high-resolution spectrum and XPS fitting used for charge correction is
shown in Figure 3.10. Due to the consumption of all the available material during
characterization, the samples annealed at 200 and 800 °C were scraped from an electrode.
Although this does not affect the conclusions, it explains the presence of additional peaks
in the XPS spectra coming from the C-F chemical environment due to the PVDF binder.
This peak was constrained to the same FWHM of the aliphatic carbon peak and allowed
to fit freely in the 290-294 eV range while the other components were kept with the

aforementioned constraints (Figure 3.11).
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Figure 3.11. High-resolution C 1s spectrum of the sample annealed at 200 °C. Because this sample was an

electrode, a C-F peak from the PVDF binder is seen at higher binding energy.

The high-resolution XPS spectra of the aluminium 2p region which contains peaks
corresponding to the transition metals (Ni, Co and Mn), lithium, and aluminium is shown
in Figure 3.12. This region was hence fitted to eight components: Al 2p, Mn 3p, Li s,
Co 3p, Co 3p satellite, Ni 3p32, Ni 3pi2, Ni 3p satellite. Shirley background and
Lorentzian asymmetric line-shapes were used. Al 2p, Mn 3p and Li 1s regions were each
fitted to a single peak. The Ni, Co, and Mn peaks are split due to spin-orbit coupling into
the 3p32 and 3pi12 components. These two components appear in a 2:1 intensity ratio and
separated by 2.2 eV in the case of Ni 3p.%” Furthermore, a component corresponding to
the satellite transition due to ligand-to-metal charge transfer is added at + 6 eV with
respect to the 3p3;2 component in the case of nickel and +10 eV for cobalt.>>”-?3® It was
not possible to deconvolute the Co 3p and Mn 3p peaks into the 3p32 and 3p12 components
due to the low signal intensity but a peak corresponding to the Co 3p satellite transition
was required. The area of the Co 3p satellite was constrained to be 10 % of that of the Co
3p main peak. The Ni 3p region was fitted to three peaks corresponding to Ni 3ps2 , Ni
3p12 and Ni 3p satellite. The Ni 3p12 peak was constrained to be half of the area of the
Ni 3p32, with the same width and 2.2 eV above the position of the Ni 3p3.2 peak. The Ni
3p satellite was constrained to be 6 eV above the Ni 3ps/2 peak and with a FWHM of 3 to
5eV.%7238 (See Table 3.2 for details regarding the constraints applied in the fitting of the
Al 2p region).

Small variations were detected in the binding energies of the nickel, cobalt, and
manganese peaks between the samples, which are likely attributable to imperfect charge
correction (Table C1). Such minor variations are typical of powders and complex
nonuniform materials, where differential charging can occur.?>® That there are no clear

trends or significant changes in the binding energies indicates that the oxidation states of
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the transition metals on the surface remain the same after coating and annealing (Figure

3.12).

400 °C
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Figure 3.12. Al 2p region of the XPS spectra of Al,O3 coated NMC811 annealed at different temperatures,
see Table C1 for the intensities and binding energies obtained by fitting these spectra. The binding energies
of the Al 2p peak (purple) support the presence of aluminium oxide. Furthermore, the decrease in intensity

of this peak supports the diffusion of the aluminium ions into the bulk of the particles.

The binding energy of the main Al 2p peak (74.45 eV) confirms that the material
deposited onto the samples annealed at 200 and 400 °C is an aluminium oxide.?®® A shift
in the aluminium 2p peak to lower binding energies (approximately 73.09 eV) is observed
at 600 °C. This binding energy is only an approximation, because the overlap with the
nickel 3p satellite, which gives rise to a broad peak centred at 73.72 eV (blue) makes it
difficult to determine the exact position of the Al 2p peak in this sample. Nevertheless,
this value matches well with the Al 2p binding energies that Appapillai et al.>*' measured

for LiAlO2, suggesting that lithiation of the coating has taken place at 600 °C.
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Table 3.2. Constraints used in fitting the aluminium 2p spectra.

Peak BE / eV FWHM /eV Area constr.
Ni3p 3/2 66.0-67.0 2.04.0

Ni3p 1/2 A+22 A x1.0 A x0.50

Ni 3p satellite A + 6.0 3.0-5.0 A x0.31
Co3p 60.0-62.0 2.04.0

Co 3p satellite D+ 10.0 3.0-5.0 D x 0.1
Lils 53.0-55.0 2.04.0

Mn 3p 49.0-51.0 2.04.0

Al 2p 72.0-75.0 1.0-3.0

Relative to the intensities of the peaks corresponding to Ni, Mn, and Co 2p orbitals,
the Al 2p peak decreases in intensity with higher annealing temperature (Figure 3.12). In
contrast, the intensity ratio of the Ni, Mn, and Co 2p peaks remains approximately
constant, corresponding to the expected 8:1:1 elemental ratio. This is again consistent
with the diffusion of the Al from the coating into the bulk of the particles and is mirrored
by the lower aluminium contents detected at higher temperatures (600 and 800 °C) from
the survey scans (Table 3.3). As a result of the lower measurement depth of the XPS
measurement (as determined by the inelastic mean free paths of the photoelectrons), the
aluminium contents determined by XPS were two orders of magnitude higher than those
determined by SEM-EDS and XRF and an order of magnitude higher than the TEM-
derived values, with Al : Ni ratios of the order of 2.76-2.77 up to 400 °C (Table 3.3).
Above 400 °C, the Al : Ni ratio decreases sharply to 0.87, decreasing further at 800 °C to
0.14. This again shows that the proposed diffusion process does not occur below 400 °C
and that at 600 °C there is significant diffusion taking place with even greater diffusion at
higher temperatures (Table 3.3).
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Table 3.3. XPS-derived atomic percentage values. The quantification was performed using Scofield’s

relative sensitivity factors.

Annealing T

200°C 400°C 600°C 800 °C

Cls 322 323 31.9 59.7
O1s 46.6 58.0 59.1 16.3
F1s 9.7 0.77 0.94 20.6
At. % [ Mn2p | 1.5 1.4 2.6 0.63
Co2p | 0.7 0.5 0.6 0.28
Ni2p |24 1.9 2.6 2.1

Al2s | 6.8 52 2.2 0.3

Al:Ni | 2.8 2.76 0.87 0.14

Consistent with the XRF and EDS results, most of the aluminium has diffused past the
measurement depth of XPS into the NMC at 800 °C. The residual XPS signal found at
600 and 800 °C could arise from either small amounts of coating that has not diffused into
the particles or from surface Al-doped NMC phases. Lebens-Higgins et al. assigned the
Al 2p signal from a LiNigsAlo20> (LNA) electrode with a binding energy of 72.7 eV
to a doped nickel oxide phase of the form Li1.xN11.yAlyO2, suggesting that the signal from
our Al-doped NMC phase would be shifted to lower binding energies compared with Al
2p signal arising from a coating. This would increase the overlap with the Ni 3p peak

complicating the XPS analysis of aluminium species in this case.

3.7. Solid-state NMR Characterisation

By using a combination of electron microscopy and X-ray spectroscopy it was possible
to obtain accurate information on the composition and morphology of the coatings and
confirm the presence of Al,O3 formed at low annealing temperatures. The next step
involved the characterisation of the local structure and phase of the coatings using solid-
state NMR (SSNMR). Furthermore, while the techniques discussed so far provided
indirect evidence of diffusion of the coating into the bulk of the NMCS811 particles,
SSNMR is a direct probe for this process as it can distinguish between aluminium near
diamagnetic or paramagnetic species (surface. vs. bulk). The SSNMR measurements

were carried out in collaboration with Dr. Katharina Mérker. All samples employed in
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the NMR experiments were powders obtained after annealing, except for the one annealed

at 800 °C under air which was scraped from an electrode after cycling.

First, 'Li NMR measurements were performed to determine if coating and annealing
had any effect on the lithium local environments (Figure 3.13). The spectra are central

slices of projection MATPASS spectra®®’

which show only the isotropic resonance
without spinning sidebands. The spectra were recorded at 4.7 T (200 MHz 'H Larmor
frequency) with 60 kHz MAS frequency to reduce the line broadening. Two distinct
signals were identified in all the "Li NMR spectra for all annealing temperatures, a broad
signal centered at 570 ppm and a narrower peak at ~ 0 ppm. Lithium in a diamagnetic
environment is expected to resonate at about 0 ppm so the narrow peak is assigned to
lithium salts that are known to occur upon exposure to air on the surface of the NMCS811,
such as Li»CO3 and LiOH.?** The broad peak at 570 ppm originates from lithium
environments with paramagnetic ions such as Ni*" (d®), Ni** (d”) or Mn*" (d*) in their first
coordination shell. Fermi contact interaction is known to shift the lithium signal under
these circumstances by transfer of unpaired electron density from the transition metal ion
to the Li 2s orbital through a bridging oxygen atom.?** Due to the various possible
combinations of paramagnetic ions in the first coordination shell of lithium, many

overlapping resonances will be present that are seen experimentally as a broad peak

centered at 570 ppm in agreement with previous literature. 6>

The fact that the shape and intensity of the signal arising from paramagnetic lithium
environments is very similar between different samples suggests that there are no large
changes in the bulk structure of the material induced by the coating and annealing process,
in agreement with the PXRD experiments in which only small changes were seen between
samples in terms of lattice parameters or anti-site mixing (Figure 3.7). However, a subtle
broadening of this feature is observed as the annealing temperature is increased (Figure
3.13) which can be attributed to the formation of additional lithium local environments
due to cation mixing which was seen to occur at higher annealing temperatures in the
previous PXRD experiments. Finally, all the samples showed signals corresponding to
surface lithtum impurities. Although the relaxation delays used in these experiments were
too short to quantify them (30 ms), they are also observed in the XPS measurements
(Figures 3.10 and 3.11). This is expected for cathode materials of this type that were

annealed under air.
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Figure 3.13. "Li SSNMR spectra of Al,O3 coated NMC811 annealed at various temperatures, as indicated
in the Figure. The spectra were recorded at 4.7 T (200 MHz 'H Larmor frequency) with 60 kHz MAS

263

frequency and show the central slices of projection MATPASS spectra®®® in which the isotropic resonance

without spinning sidebands is seen.

27Al1 SSNMR measurements were next performed to examine the local structures of
the coatings in more detail. While ?’Al NMR is a useful technique to characterize local
structure, the interpretation of the results can be challenging due to the fact that 2’Al (I =
3/5) is a quadrupolar nucleus and broad signals are often observed. This, coupled to the
small amount of aluminium present in the alumina coated NMC811 particles, leads to
difficulties in extracting accurate structural information. Furthermore, analogously to "Li
chemical shifts, the >’Al peak positions are affected by the presence of transition metal
ions such as Ni*", Ni** and Mn*" in the first coordination shell which can cause shifts in
the aluminium signals via the Fermi contact interaction.?*> One way of overcoming these
problems is to measure the samples at different magnetic fields. At low fields the effects
of the paramagnetic ions is minimized which reduces the broadening of the signal,
allowing the examination of 2’ Al resonances that are shifted by paramagnetic ions through
Fermi contact interactions. On the other hand, at low magnetic fields the quadrupolar
broadening may dominate the line shape, which will cause signal broadening and
distortions, complicating the phase assignment. At high magnetic fields the second-order
quadrupolar interactions are reduced and the Boltzmann polarization increases, leading
to sharper lines and better signal to noise ratio, respectively. Consequently, measurements
at200 MHz (4.7 T), 700 MHz (16.4 T) and 1GHz (23.5 T) were performed for the samples
annealed at 200, 400, 600 and 800 °C to characterise temperature-dependent coating

diffusion processes via the chemical shifts induced by the paramagnetic TM ions at low
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magnetic fields and the structure of the coating layer present on the outer surface

(diamagnetic environment) at high magnetic fields.

— 200 °C
— 800 °C

2000 1000 O -1000 —2000
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Figure 3.14. 2’ Al SSNMR spectra of A,O; coated NMC811 annealed at various temperatures, as indicated
in the Figure. These measurements were performed at 4.7 T (200 MHz 'H Larmor frequency) with a
1.3 mm magic-angle spinning (MAS) NMR probe and 60 kHz MAS frequency, using a Hahn echo sequence
with a recycle delay of 25 ms, a total echo length of two rotor periods and experimental times of about 20

hours.

Low-field experiments (4.7 T, 200 MHz, 'H Larmor frequency) were performed on
the A1bO3 coated NMCS811 samples annealed at 200 and 800 °C under air (Figure 3.14)
using a 1.3 mm magic-angle spinning (MAS) NMR probe and 60 kHz MAS frequency, a
Hahn echo sequence with a recycle delay of 25 ms, a total echo length of two rotor periods
and experimental times of about 20 hours. With these measurement conditions, the signal
corresponding to Al ions near paramagnetic transition metals can be clearly distinguished
in the red spectrum (top) at -1200 ppm (Figure 3.14) with a linewidth of more than 600
ppm. This ?’Al resonance compares well with the literature 2’Al spectra of NCA (LiNii-
y-zCoyAl;,02), confirming that the aluminium observed here is located in the TM layer

2+/3+

largely nearby Ni ions in the 1°' cation coordination shell of Al**

, giving rise to
negative shifts.?®*67 Furthermore, a signal is seen at 1600 ppm due to Al metal from the
current collector. The peak in the blue spectrum (bottom) originates from diamagnetic
aluminium environments from alumina coating on the coated NMC811 sample annealed
at 200 °C. The absence of the signal from Al in paramagnetic environments in this sample

indicates that coating diffusion does not take place at such a low temperature.
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Figure 3.15. 27Al SSNMR spectra of Al,O3 coated NMC811 annealed at various temperatures in air,
recorded at a magnetic field strength of 16.5 T and a MAS frequency of 50 kHz. The spectra were scaled
by the sample mass and the number of scans acquired. Spinning sidebands are marked with asterisks in the
200 °C spectrum. All samples except 800 °C were as-coated/annealed powders. The 800 °C sample was
scraped from an electrode, the small residues of aluminium current collector in the sample leading to an
aluminium metal signal at 1636 ppm (the isotropic resonance and spinning sideband being marked with

filled and empty diamonds, respectively)?®®.

27A1 NMR spectra of Al,O3 coated NMC811 samples measured on a 16.44 T (700
MHz 'H Larmor frequency) spectrometer are shown in Figure 3.15. These measurements
were carried out using a 1.3 mm magic-angle spinning (MAS) probe at 50 kHz MAS
frequency, a Hahn-echo pulse sequence with a 100 ms recycle delay and experimental
times of between 14 and 17 hours. No difference in signal intensity in the diamagnetic
region is seen on going from an annealing temperature of 200 to 400 °C but changes in
relative intensity at 600 °C are seen and very little signal from the diamagnetic species
remains by 800 °C, again confirming that the diffusion process starts at temperatures
higher than 400 °C. Furthermore, a broad feature at -1200 ppm caused by aluminium near
transition metal atoms appears at 600 °C and grows in intensity at 800 °C mirroring the
results at 200 MHz and suggesting that the diffusion of Al starts at 600 °C (in agreement
with the EDS, XRF and XPS results). Dogan and co-workers have also observed a 2’Al
NMR signal from aluminium nuclei nearby paramagnetic ions in Al2O3-coated NMC811
annealed at 800 °C,** consistent with A’ incorporation into the bulk. In this earlier

work, the aluminium oxide coating was deposited by evaporation of an aqueous Al(NO3)3
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solution at 80 °C.2** In contrast to the present work, they observed an even broader signal
at low ppm with discrete resonances at less negative ppm values (between 0 and -1000
ppm), the peaks being assigned to local environments containing more Co>" ions in their
local coordination shells.?*® The presence of these environments was ascribed to Co
segregation at the surface of the NMCS811 particles in the pristine material. However, no

evidence for Co>" segregation was seen in the present work.

— Air
— 05

2000 1000 0 -1000 -2000
5(%’Al)/ ppm
Figure 3.16. >’Al solid-state NMR spectra of Al,O; coated NMC811 annealed at 800 °C under oxygen or
air, as indicated in the Figure (The sample annealed under air is the same one as in Figure 3.14 and 3.15).
The signals close to -1200 ppm correspond to Al ions near transition metal ions in the NMC and the signal
observed at 1600 ppm for the sample annealed under air (top, blue trace) is assigned to Al metal from the
current collector. The spectra were acquired at 50 kHz MAS frequency, using a Hahn echo sequence with
arecycle delay of 25 ms and a total echo length of two rotor periods. The spectra were scaled by the number

of scans and sample mass.

The 2’Al SSNMR spectrum of the sample annealed in oxygen at 800 °C was very
similar to that of the sample annealed under air, confirming migration of most of the Al
into the bulk (Figure 3.16). The intensity of the signal arising from AI** in paramagnetic
environments was greater for the sample annealed under air than under oxygen which
suggests that the oxygen atmosphere hinders the diffusion process to some extent. This is

supported by PXRD that did not show any secondary phase when annealing under oxygen
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at 800 °C (Figure 3.8). Furthermore, it is clear from the PXRD results that annealing in
less oxidising atmosphere (air) leads to more cation mixing than annealing under oxygen.
This effect has been seen by other researchers and is thought to be mediated by the
increase in oxygen vacancies when annealing under air.?%?7°

High-field NMR measurements were then performed on a 23.5 T spectrometer (1 GHz,
"H Larmor frequency) with a 1.9 mm MAS probe. All the samples were as-coated
annealed powders. Experiments were performed at 40 kHz MAS frequency for the
samples annealed at 200 and 600 °C and at 38 kHz MAS frequency for the sample
annealed at 400 °C. Again, a Hahn-echo sequence was used with a recycle delay of 100
ms and a total echo length of two rotor periods with experimental times of 21 - 23 hours.
In order to deconvolute the spectra and quantify the amount of #Al, BJAl and Al
aluminium present in the samples, the NMR spectra were fitted using the Czjzek model*”!
for each peak. This model accounts for the distribution of quadrupolar interactions present
in amorphous alumina due to its disordered structure, it describes the distribution of local
environments and thus quadrupolar interactions leading to characteristic NMR signals
with tails towards lower ppm values.?’! The central (isotropic) resonance of 2’Al SSNMR
spectra and fittings are shown in Figure 3.17 and the fitting parameters and results are
summarized in Table C6 in appendix C and in Figure 3.18. In these high field
measurements, the various coordination environments of the Al>O; coating are well
resolved, making it possible to determine the phase and crystallinity of the coating. Three
peaks are identified in this region which are assigned to the three possible coordination
environments for the aluminium atoms in Al>O3 (4-, 5- and 6-coordinate sites (denoted
MAL BIAL and '9Al, respectively)) that depend on the number of oxygen atoms
coordinating to the aluminium. These environments give rise to distinct resonances with
isotropic chemical shifts of approximately /Al = 60 ppm , °!Al = 30 ppm and [*/Al = 0

ppm?’? allowing the relative concentration of each site to be determined.
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Figure 3.17. Central resonance of the >’Al solid-state NMR spectra (black) of Al,Os-coated NMC811
annealed at various temperatures, as indicated in the Figure, along with fits applying the Czjzek model
(orange dotted line).?’! The three aluminium environments are plotted under the curve and correspond to
4-(green) , 5-(blue) and 6-(red) coordinated aluminium. The spectra were acquired at 23.5 T and at a MAS

frequency of 40 kHz for the samples annealed at 200 and 600 °C and of 38 kHz for the sample annealed at
400 °C.

There is a significant amount of aluminium in a five-coordinate environment in the
200 and 400 °C samples, which strongly suggests that the coating is amorphous, since
no crystalline phase of aluminium oxide contains this local environment.””® The
percentages and absolute integrated intensities of the observed signals assigned to the
AL, BJAL and [®Al sites are derived directly from the fit and shown in Figure 3.18.
Typical amorphous alumina materials contain peaks at approx. 0 ppm for [*/Al, 30 ppm
for BIAL, and 60 ppm for [*!A1.27>27* Furthermore, amorphous alumina generally react
first to form a y-ALOs-like phase, which contains both Al and YAl, and much higher
temperatures are required to form crystalline phases such as a-Al,O3, which are formed

of octahedrally coordinated aluminium sites only. An increase in [“JAl and [*'Al and a
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decrease in the /Al signals is observed going from 200 to 400 °C. A previous report on
temperature-dependent structural evolution of amorphous alumina grown by a chemical
vapor deposition method (CVD) also using AIP as a precursor shows a similar evolution
of the aluminium environments with increasing deposition temperatures.?’> The signal
intensity in the 200 and 400 °C spectra remain comparable, while at 600 °C a sharp
decrease is seen, suggesting that a significant amount of aluminium diffusion has
occurred at this temperature (Figure 3.18).

As the annealing temperature is increased, an increase in crystallinity of the aluminium
oxide is normally expected, generally leading to y-AlO3, a process which should be
accompanied by an increase in intensity of the [®!Al signal?” Instead, however, an
increase in the relative intensity of the [*/Al signal is seen in our study, which is coupled
to a marked decrease in [°/Al signal and a slight increase in PJAl at 400 °C. At 600 °C, the
relative intensity of the Al peak increases even further while the PIAl and ®Al
environments remain low, with BIAl decreasing and [$JAl increasing in relative intensity
with respect to the 400 °C spectrum. The Al and YAl peaks shift from 75 to 82 ppm
and 13 to 19 ppm, respectively (Table C6 in appendix C), supporting the formation of a
lithiated alumina that contains a large proportion of JAl. The low-pressure phase of
LiAlO,, y-LiAlO», contains tetrahedrally coordinated Al sites and gives rise to shifts
between 82 and 80 ppm.?’>?’® The monoclinic phase p-LiAlO; also contains “JAl and
gives rise to signals at 83 ppm,>’> while the high pressure phases a- and §-LiAlO; contain
[61A] sites with isotropic shifts of 15-17 ppm.2’® Our results are, therefore, consistent with
a disordered/nanoparticulate y-LiAlO> phase, or an amorphous phase with local structure
similar to that found in y-LiAlO» and a small amount of an a-alumina-like phases.?’>?7®
This formation of lithiated alumina phases after annealing Al2O3; coated NMCs to higher

245,101

temperatures has also been observed by others and could potentially lead to better

245 small amounts of AL,

lithium conductivity through the coating. In an earlier study,
[B1A] and 19Al were detected after heating NMC811 coated with Al,O3 using an aqueous
AI(NOs3); solution at 800 °C where the (YAl peak was observed at 69 ppm and thus cannot
be assigned to crystalline y-LiAlO2 (Al peak at 80-82 ppm).2’> On the other hand, this
shift is higher in ppm than expected for /Al in A1,03,%’>?’* and in the previous work the
authors assigned the peak to y-LiAlOz at grain boundaries.?*> The residual diamagnetic
species likely arise from the higher wt% Al contents of their films and the coating method,

which likely leads to a less uniform deposition.
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Figure 3.18. Evolution of the three aluminium coordination environments in the alumina coated NMC811
particles as a function of annealing temperature as obtained from the simulation of the 2’Al SSNMR spectra
shown in Figure 3.17. The signal integration is shown in the top panel, indicating the evolution of the total
quantity of AL, AL, and [®JAl sites in the samples, and the relative distribution of the three alumina sites

is shown in the bottom panel.

The formation of LiAlO> could be explained in part by the reaction of the Al,Os3
coating with surface impurities such as LioCO3; and LiOH, but it is unlikely that these
impurities would provide enough lithium for the conversion of Al>O; into LiAlO> on their
own. On the other hand, previous reports suggest that Al2O3 coating under a variety of
conditions extracts bulk Li* from NMCs to form LiAlO; after an annealing step.!%2>
The evidence presented in our study of diffusion of the coating into the bulk of the NMC
suggests that diffusion of Li* from the bulk into the coating also occurs. If this lithiation
of the coating proceeds by delithiation of the NMC, there are at least two possible reaction
pathways: The NMC could be oxidized (Eq.1) or densified at this high annealing
temperature (Eq. 2). While the lithtum removal from the NMC bulk (Eq.1), might explain
any lower capacity of a sample on the first charge, it should not result in a decrease in
capacity on discharging in a half-cell. Furthermore, the XPS provides no clear evidence
for any change of oxidation state of the transition metal ions. Thus, the reaction likely
occurs via Eq. 2, but reactions with surface lithium carbonates may also occur in this
temperature regime, providing another source of Li". Annealing in O, may favour
reaction 1, perhaps explaining why no secondary phase is seen on annealing at 800 °C in

O».
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xALO; + LMO, + x20, — = 2xLiIAIO, + Lig9MO, (1)

X A|203 + L|M02 —_— 2X L|A|02 + L|(1 —2X)MO(2—X) (2)

Previous SSNMR studied carried out by Dogan et. al. led to different conclusions
regarding the evolution of Al,O3 coatings on Ni-rich NMCs deposited using aqueous wet-
chemistry. In contrast to this work, where a large fraction of aluminium ions is in Al
and PJAI sites, indicating the amorphous nature of the coatings, their Al,Os coatings of
NMC532, 622 and 811 annealed at 400 °C showed a broad peak between 0 and
approximately 25 ppm which was assigned to (Al in an A1,O3 phase or a-LiAl02.%*° This
suggests that aqueous processing and the use of AI(NO3); as the precursor leads to very
different coating structures. The deposited coatings likely contain [®/Al ions coordinated
to hydroxyl groups and water molecules before drying and evolves differently on
annealing. Perhaps more surprisingly, the same researchers observed only Al
environments in coatings prepared when using 2 wt% AIP dissolved in either xylene or
methanol as solvents and annealed at 400 °C,'® albeit on NMC532, suggesting that the
removal of excess AIP (as in our method) may also be important in controlling the

evolution of the AI** environments within the coatings.
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3.8. Electrochemical Testing

After characterising the effect of temperature on the morphology, structure, and
composition of the coated NMC811, the materials were tested as battery cathodes to
understand how the coating phase, crystallinity (amorphous vs. y-LiAlO) and surface
Al doping affects electrochemical cycling. For this, galvanostatic cycling was performed
for the coated and uncoated materials using a half-cell configuration (Figures 3.19-3.21,
Table 3.4, and Figure D2). Cells were cycled between 3.0 and 4.3 V at C/2 for 250 cycles.
The upper cut-off voltage of 4.3 V was chosen since cycling above 4.2 V results in more
aggressive battery degradation.?!” Two slow cycles at C/20 were included every 50 cycles
to assess if the observed capacity loss was intrinsic to the material or caused by slow
kinetics. Electrochemical testing of the 700 °C sample was inconclusive due to the much
faster degradation observed for this sample, possibly in part due to the lower amount of
active material available (approximately 50% less) meaning that it was difficult to
produce good films for the electrochemistry and the results are therefore not reported
here. A selection of representative specific capacity vs. cycling data is shown in Figure
3.19 (See Figure D2 and Table 3.4 for the full data). In this work, 1 C refers to the current
needed to charge or discharge the cell in 1 h with an upper cut-off voltage of 4.3 V
(corresponds to a cathode capacity of ~200 mA h / g). After electrochemical testing, the

cells were stored in the discharged state for post-mortem analysis.
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Figure 3.19. Selected long-term cycling data. After two formation cycles at C/20, the cells were cycled at
C/2 between 3.0 and 4.3 V, with two slow cycles at C/20 every 50 cycles. Similar discharge capacities and
capacity fade are observed for the pristine NMC811 and the coated samples up to 400 °C, while lower
capacities are observed at higher annealing temperatures.

The pristine NMC and the samples annealed at 200 and 400 °C show similar initial
discharge capacities ranging from 188.5 to 181.4 mA h g™ at C/2. The sample annealed
at 600 °C has a slightly lower initial capacity of 175.5 mA h g'! while the sample annealed
at 800 °C shows a significantly lower initial capacity of 147.3 mA h g!. The rate of
capacity fade also changes as a function of annealing temperature. At slow rates (C/20),
the capacity fade is similar for the pristine NMC811 and for the coated electrodes
annealed at 200 and 400 °C, while at faster rates (C/2), the coated sample annealed at 400
°C shows slightly better capacity retention compared to the pristine sample which loses
47 % of its specific discharge capacity after 250 cycles, samples annealed at 200 and 400
°C losing 50% and 37% of their capacity, respectively. The samples annealed at higher
temperatures show noticeably lower capacity retentions, the samples annealed at 600 and
800 °C losing 77 and 66 % of their C/2 specific discharge capacity, respectively.
Furthermore, the fade rate seems to be accelerated substantially after 25 cycles in the
samples annealed at 600 °C while for the samples annealed at 800 °C there is a more
gradual decay. The capacity of the 800 °C sample fades at a similar rate to the pristine

sample up to cycle 150 at which point it starts degrading faster than the pristine sample.

The rapid degradation even at slow rates for the 600 °C sample is tentatively ascribed
to the formation of a more crystalline y-LiAlO»-like coating phase, as seen in the SSNMR

spectra. The crystalline y-LiAlO> phase is a poor Li* conductor;?’ and given the coating

98



thicknesses of 19—-34 nm observed by TEM it is possible that transport through the poorly
conducting phase is impacting the capacity. Furthermore, the 600 °C particle surfaces are
rougher and the primary particles appear more distinct in the SEM images (Figure 3.2),
and this morphology change may be associated with the y-LiAlO> crystallization process.
One hypothesis, that requires further experiments to confirm is that the morphological
changes which may increase surface area could promote electrolyte degradation reactions
and possibly more mechanical degradation. The fact that capacity at both high and low
rates is only slightly worse than the uncoated electrode in the first 20 cycles further
supports this idea. What is clear is that the y-LiAlO»-like coating formed here does not

prevent significant growth in the Ohmic resistance during cycling.

When the aluminium from LiAlO; is incorporated into the transition metal layers of
the NMC at 800 °C, a recovery in the capacity retention is observed at low cycling rates.
Both pristine NMC811 and the sample annealed at 800 °C in air retain 91-92 % of their
initial C/20 capacity after 203 cycles. The drop in the first and second capacity retention
seen in the coated sample annealed at 800 °C can be ascribed to Al substitution as the
aluminium-doped NMC phase will have lower capacity than the pristine NMC because
aluminium is electrochemically inactive. This is consistent with essentially all the
literature on alumina-coated NMC samples heated to 800 °C.%*>?%* However, the Al
substitution into the bulk and the formation of a second phase (as seen by XRD) again
does not prevent the gradual increase in Ohmic resistance and reduced capacity seen at
higher rates with cycle number, also consistent with prior work.?*> This suggests that AI**
substitution into the bulk does little to reduce the extent of rock-salt formation in these

high-nickel materials, which is one source of NMC degradation.!

Given the very different electrochemical performance of the samples annealed at 400,
600 and 800 °C, samples annealed using smaller temperature steps of 100 °C were studied
and their voltage profiles and dQ/dV plots are plotted in Figure 3.20. Since there are only
small differences in the dQ/dV profiles of the pristine sample and the samples annealed
between 100 and 300 °C, only the samples annealed at 400 to 800 °C are compared in this
Figure 3.20. The decrease in specific capacities is negligible in cycle 2 for the 200 and
400 °C samples and small for samples annealed from 500 up to 600 °C, but a much larger
decrease in specific capacity is seen for the sample annealed at 800 °C. By cycle 203, the
poor performance of the 600 °C sample is clearly visible in the voltage profile, along with

a partial recovery in capacity for the 800 °C sample.
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Figure 3.20. Voltage profiles and dQ/dV vs. voltage for half cells made with pristine NMC811 or Al>O;
coated NMC811 annealed at different temperatures. Cycles 2 (left), 103 (middle) and 203 (right) are shown,
which were all performed at C/20.

A slow cycle rate data (C/20) was used to carry out the dQ/dV analysis and to separate
the different electrochemical features and minimize impedance effects on the observed
profiles. All samples show four peaks (labelled 1-4) on charge and discharge in their
dQ/dV, as expected for NMC811.2% The dQ/dV profiles are quite symmetric between
charge and discharge in cycle 2, showing good reversibility of the charge/discharge cycle.
Peak 4, which is associated with the flatter voltage process at close to 4.2 V, shifts to
higher voltages on charge, and decreases in intensity as the annealing temperature
increases, especially at 800 °C where it almost vanishes. It is particularly clear from the
dQ/dV plot of cycle 2 that much of the loss in capacity comes from the capacity associated
with peak 4. This trend is observed also at higher cycle numbers. This peak is only
observed in the nickel rich NMCs and LNO and has been associated with lattice collapse
which occurs for NMC materials at high states of charge. It is at and above this voltage

where much of the degradation is observed.?’” Interestingly, the sample annealed at 800

100



°C shows a recovery of capacity retention and a partial merging of peaks 1 and 2 in its
dQ/dV.

Having analysed the electrochemistry of the coated samples as compared to pristine
NMCS811, the effect on the electrochemistry of the conditions under which these coatings
are synthesised was then explored. PXRD results revealed that the annealing step affected
the structure of the NMCS811 materials by increasing cation mixing so clearly the
annealing step has an effect on the structure of the NMCS811. It was therefore important
to perform electrochemical testing on control samples that have been soaked in toluene
and annealed at various temperatures and atmospheres to separate the effect of the
solvents and heat treatments from those of the coating and surface doping. The results of
these control experiments are shown in Figure 3.21 and Table 3.4. The uncoated NMC811
sample annealed at 400 °C has similar initial capacities compared to the pristine NMC811,
with an average of 186 and 179.9 mA h g’ at C/2 and 206 and 199.9 mA h g'! at C/20 for
the pristine and control samples, respectively (Figure 3.21 and Table 3.4). However, the
control sample has a better capacity retention than the pristine material at C/2 current
rates after 200 cycles (19.7 % less C/2 capacity loss, Table 3.4), suggesting that washing
with dry toluene and heating to 400 °C under air has a beneficial effect on the capacity
retention. In contrast to the 400 °C control sample, the 800 °C control sample showed a
substantial decrease in initial capacity, both at C/2 (30.9 less mA h g'!) and at C/20 (29.6
less mA h g!), which could result from the 2.9 % increase in Ni occupancy in the Li layer
seen between control samples annealed at 400 and 800 °C under air (Tables A7 and
A8).27® Nevertheless, better capacity retention than the pristine NMC811 (4.5 % less
capacity loss at C/2) is still observed for this sample, again consistent with the idea that
the coating process in itself (rather than the coating per se) results in better capacity
retention. These improvements could be caused by the washing step, or by the heating, as
it has been shown that surface Li,CO3; decomposes forming CO; at temperatures below
400 °C for NMC811.27

By comparison with the uncoated sample annealed at 800 °C, it is clear that the poor
capacity and capacity retention observed for the coated sample annealed at 800 °C cannot
be attributed only to the heating under air and that the Al doping has a negative effect on
the initial capacity and capacity retention of the material: there is nearly 10 mA h g! less
initial capacity at C/2 and C/20 for the coated material and 22.7 % more capacity loss at
C/2 after 200 cycles for the coated vs. non coated materials annealed in air at 800 °C. The

fact that the coated sample annealed at 800 °C shows less capacity retention than the
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pristine sample at C/2 rates but not at C/20 suggests that the capacity loss observed at
high rates is a kinetic effect. This is surprising, given that at this temperature a large
fraction of the AI** ions have diffused into the particles, but it may be associated with the

secondary phase seen by XRD.
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Figure 3.21. Long-term cycling data of NMC811/Li half cells, using pristine, Al,O3 coated, or control
NMCS11 electrodes. The coated samples were annealed in air (red) or oxygen (green), the control samples
(blue) were treated with the same synthesis protocol as the coated samples and annealed in air, but without

addition of aluminum isopropoxide. The annealing temperatures are given in the Figure.

To test if better capacity retention can be accessed by annealing under oxygen, a coated
sample annealed under oxygen at 800 °C was synthesized. The PXRD results (Figure 3.8
and Table A9) showed no secondary phases. Furthermore, less cation mixing was found
compared to the sample annealed at 800 °C under air (3.2 % of Ni in Li sites for the O>
annealed sample and 4.5 % for the air-annealed sample, Tables A8 and A9, Appendix A).
Electrochemically, this sample showed higher initial capacity than the coated sample
annealed at 800 °C under air (21.4-26.5 mA h g! difference) (Figure 3.21 and Table 3.4),
which is attributed to the lower amount of cation mixing and possibly the lack of
secondary phase. Both samples show similar rates of degradation at C/2, but 10% more

degradation is seen at C/20 for the sample annealed under oxygen.
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Table 3.4. Summary of initial capacities and capacity retention values for the pristine NMC811, coated

NMCS811 annealed at 400 and 800 °C under air, 800 °C under oxygen and control samples.

Uncoated samples

Coated samples

Pristine ~ 400°C-  800°C-  400°C-  800°C-  800°C-
NMC811  Air Air Air Air 0,
N ) average 206 199.9 176.4 208.5 169.8 191.2
'C”/';g'(;aﬁaﬁ';{) max 208.6 200.3 179.1 211.6 169.8 192.1
min 203.3 199.5 171.3 204.5 169.8 189.9
% Capacity loss average 5.6 4.2 9.2 8 5.8 15.9
o max 5.8 46 9.3 8.3 5.8 16.9
min 5.3 3.7 7.6 7.6 5.8 7.6
N ~ average 186 179.9 155.1 187.6 147.3 173.8
g';'?:nCAapha;'_g max 188.4 188.4 157.1 190.2 188.4 174.6
min 183.6 179.1 151.2 184.1 147.3 172.6
_ average  33.8 14.1 29.3 245 52 48
oy 1058 hax 355 15.1 30.6 28 52 50.8
min 32.1 131 28 22.4 52 43.9

These electrochemical trends can be partially explained by considering the insulating
nature of the coating and the electrochemistry of aluminium-doped NMC phases. The
coating is an electronic and ionic insulator and may hinder the extraction/insertion of
lithium ions during the first charge/discharge. However, the NMC811 electrodes with
amorphous coatings formed on annealing at 200 °C and 400 °C show good
electrochemical performance both at high and low rates, the 400 °C coating process
resulting in marginally improved capacity retention over the uncoated at higher rates. This
suggests that the amorphous alumina coating is better able to support Li" transport through
it. By comparison, the AIP coatings formed in MeOH and xylene in earlier work at the
same temperature, which contained [®/Al only, were associated with poor capacity
retention.'” We note, however, that these results were obtained for NMC532, and the
materials were cycled to 4.5V, a higher voltage being needed to extract a similar amount
of Li.

1.192 who saw

Finally, we should compare our coating method to that of Neudeck et a
an improvement in capacity retention after coating wet (1000—1200 ppm of water)
NMCS811 with TMA in toluene, removing unreacted precursor before drying, but with no
annealing step. Neudeck et al. tested their material in full (NMC811/graphite) pouch cells
at 1C cycling rate and 45 °C, and obtained impressive behaviour, extending the lifetimes
of their batteries from 600 to over 1100 cycles (based on an 80% capacity retention). They

speculate that their process removes water from the surface of the NMCs improving
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capacity retention. Their coating must similarly be amorphous, their work motivating
further studies of our 200 and 400 °C annealed samples in full cells. More recent work on
TMA coatings on Li(Nio.70C00.15Mno.15)O2 by Negi et. al. has also seen good performance
for amorphous alumina coatings, but they see improved performance for a mixed
amorphous Al,O3/LiAlO> coating layer, which they ascribed to increased lithium-ion
conductivity.'®! These authors similarly use NMR to characterize their coatings, and the
broadness of their 2’Al signals is consistent with an amorphous coating and the formation

of LiAlO; at 600 °C.

3.9. Conclusions

Although alumina coatings have been shown to increase the lifetime of a range of
lower-nickel content NMCs, their efficacy for Ni rich materials such as NMC811 is less
clear with various studies producing contradictory results. Since this could be a
consequence of the different coating methods used in these studies, which result in
different phases and uniformity of the alumina coatings, a new wet-chemistry method to
deposit alumina on NMC811 is developed in this chapter. The result was a 30-100 nm
thick coating, whose structure and electrochemistry was explored as a function of
annealing temperature. High-field SSNMR spectroscopy, supported by XPS and
microscopy was used to track the development of the alumina coating with temperature,
an amorphous alumina-like coating being seen at low temperatures and a y-lithium
aluminate-like coating at 600 °C. Essentially all the Al migrated into the bulk on annealing
at 800 °C. This evolution differs from a previous report on alumina coating of NMCS811,
albeit using a different wet-chemistry coating method, which found the presence of (Al
environments at lower annealing temperatures, assigned to AI(OH)s or a-LiAlO> and the
presence of Al environments with lower frequency ?’Al NMR shifts than found in y-
LiAlO; at 800 °C, which they tentatively assigned to environments in grain boundaries.?*®

The electrochemical findings were linked to the evolution of the coating induced by
the annealing step by identifying the critical temperature at which doping of aluminium
ions occurs in NMC811 and comparing samples that were not coated but still underwent
the same annealing and washing steps. Annealing at 200400 °C resulted in similar
capacity fade to pristine NMC811 on cycling the coated NMC materials in half-cells to
4.3V, with the washing and annealing steps but without the coating yielding similar
results. Higher annealing temperatures led to faster degradation in half cells, with

annealing at 600 °C resulting in the greatest capacity fade. Interestingly, the degradation
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at 800 °C was slower than at 600 °C but the overall capacity was reduced. This work
highlights the fact that different coating conditions (solvents, precursor, wt.% of
precursor, reaction times, atmosphere, temperatures, and the surface chemistry of the
substrate) can have a noticeable effect on the structure of the resultant coating and its
degree of crystallinity and the need to control the whole coating processes and suggests
that alumina coatings do little to prevent degradation in half cells, motivating further
studies of full cells and the role that coatings play in cross-over phenomena. Overall, our
study provides fundamental information which should be of value in the development and
analysis of NMCS811 coatings. One implication of this work is that bimetallic oxide
coatings with better lithium-ion conductivity should be of particular interest, motivating

the next chapter of this thesis.
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Chapter 4: Recovery of Long-term Capacity of
NMCS811 by Coating with Lithium Aluminate Using
Mixed-metal Alkoxides

4.1. Abstract

Ni-rich LiNixCoyMn,O, (NMC) materials such as NMC811 (80% Ni) are one of the
most promising candidates for next generation cathodes in Li-ion batteries due to their
high energy densities and low costs. However, their reactive surface and poor
mechanochemical properties pose a challenge for their practical handling and storage,
due to their fast degradation under operation or storage in air. To solve these problems
surface treatments such as coatings and washing as well as different morphologies with
better mechanical integrity and lower surface area such as single-crystal NMC materials
have been explored. In this chapter, a single-source precursor approach is applied for the
first time to coat NMC811 with LiAlO;. Three heterobimetallic alkoxides
(LifAI(OCH2Ph)4], Li[Al(O'Pr)s] and Li[Al(O'Bu)s]) are synthesised and their
thermolysis and reactivity with NMC are studied by solution and solid-state nuclear
magnetic resonance spectroscopy (NMR), thermogravimetric analysis (TGA), elemental
analysis, powder X-ray diffraction (PXRD) and energy dispersive X-ray spectroscopy
(EDS). The -OR group has a major influence on the properties of the precursors,
Li[AI(O'Bu)4] resulting in the best coating deposition characteristics in terms of
solubility, thermal decomposition, phases formed and reactivity with NMC. The effect of
different morphologies and surface treatments on the solution deposition of LiAlO2 onto
NMCS811 using these precursors is carefully evaluated by testing two different substrates:
Pristine polycrystalline NMC811 (PC-NMC811) and ALOs; coated single-crystal
NMC811 (SC-NMCS811). Furthermore, by studying the effect of soaking in water and
coating on the surface, bulk structure, and electrochemistry of NMC811 it is found that
the deposition reaction proceeds via a hydrolytic route, in which the precursor reacts with
TM(O)-OH surface groups and adsorbed water. Finally, significant improvements in
capacity retention and specific capacity were seen for the LiAlO> | AbO3 | SC-NMCS811
and the LiAlO: | H20 soaked PC-NMC811 systems, which were attributed to the better
Li-ion conductivity of LiAlO,, surface Li enrichment and regeneration of degraded

surfaces.
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4.2. Introduction

In order for lithium-ion batteries to successfully replace fossil-fuels in transportation,
their energy density and cycle life needs to increase and their cost should be reduced
without compromising on safety.?®® Towards this end, Ni-rich LiNixCo,Mn,0, (NMC)
cathode active materials (CAM) were developed from the parent LiCoO> (LCO) material
by partial substitution of Co by Ni and Mn. High Ni content NMC such as
LiNio8Co00.1Mng.102 (NMC811) show high energy density, thermal stability and low
cobalt content, which should reduce costs and ethical mining concerns making it a

promising candidate for applications in electric vehicles.?!®

The main obstacle for the use of NMCS811 is its poor stability which leads to poor
capacity retention and difficulties with practical handling, storage, and transportation.
The underlying reasons for this decreased stability with increased Ni content have been
investigated in great detail. Its surface is chemically active which leads to a host of surface

27,281

reactions such as electrolyte oxidation, reaction with CO> and moisture forming

283,284 and reduction

surface impurities (Li2COs3 and LiOH),?®? transition metal dissolution,
of the surface with the formation of an insulating rock salt layer (NiO) with oxygen
evolution.?!8%31:232 [n addition to the surface reactivity, Ni-rich NMC materials have
problematic chemomechanical properties. They display large anisotropic volume changes
in the unit cell at high states of charge (SoC), which causes mechanical strain and leads
to secondary particle cracking exposing fresh surfaces to electrolyte which aggravates the

surface degradation,?%->77-285:286

As noted above, when NMCS811 is exposed to air it reacts with CO2 and moisture
forming surface impurities such as LiCO; and LiOH.?®* This leads to a decrease in
specific capacity and capacity retention by depletion of surface Li which in turn

282,287 and

encourages reduction of Ni** to Ni** and the formation of rock salt layers,
increased gassing during cycling.?®? Furthermore, these surface impurities can increase
the pH of the slurry during electrode preparation which prevents gelation and leads to
poor casting properties.?*® To fully prevent the formation of these impurities, the exposure
to air should be minimised. However, this is not always feasible for the storage and
transportation of these materials in practical applications where large amounts will be

used in electrode manufacture.

To mitigate surface degradation, synthetic modifications of the cathode surface have

been developed with coating and surface doping being popular approaches towards this
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end.??%2% However, it is still unclear whether coating with monometallic oxides or
surface doping can effectively mitigate the interfacial processes that lead to a loss of

capacity in Ni-rich NMC materials.?*!

Washing and annealing steps have also been explored as strategies to eliminate the
surface impurities and regenerate the surfaces of air-exposed CAM.?$%2923% The most
common approach to remove surface impurities is to wash the CAM with water, which
was shown to be effective in improving capacity retention in LiCoO2 (LCO).?** However,
it is unlikely that this method will work for NMCs, because of their sensitivity to water.?%
A large number of studies have addressed the effect of washing with water and annealing
on the electrochemical properties of Ni-rich CAMs, but leading to very different
conclusions due to the different conditions under which the CAM were synthesised,
washed and tested. Some researchers have reported enhanced capacity retention after
washing in water. In one study, an increase in the interlayer spacing and reduced cation
mixing was seen after washing LiNio.ssCo0.11Alo0102 (NCA) in water which led to
enhanced structural stability with cycling.?”” Others claimed that washing NCA that was
exposed to air with water followed by annealing at 700 °C led to improved capacity
retention by removal of LiOH/LiCOs3.*** Similarly some have reported an improvement
in capacity retention after washing NMC811 in water for 20 min and then heating at 700

°C, although with a loss in initial specific capacities.?*

In contrast to those reports, Hofmann et al. carried out a systematic study of the effect
of water soaking and aqueous electrode processing on the metal leaching and
electrochemical properties of NMC111, 622, 811 and NCA.?***%! They found that
increasing Ni content led to more lithium leaching under the same conditions and further
deteriorated the capacity retention. Interestingly, NCA was far more sensitive to water
soaking than any NMC composition, due to more Li and Al leaching.?***! It is now
becoming clear that treating Ni-rich NMC with water leads to a decrease in capacity
retention due to lithium extraction by Li*/H" exchange forming LiOH and TM(O)-OH
species on the surface.?®® The delithiated surface is more reactive with the electrolyte,>%?
which leads to more electrolyte degradation and rock-salt formation on cycling and the
removal of surface impurities by washing creates more exposed surfaces.?”” Adding an

annealing step after soaking NMC in water only leads to the formation of a NiO rock-salt

layer which further deteriorates the long-term capacity retention.?®® However, if excess
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lithium 1s added during this annealing step (for example in the form of LioCO3), a more

favourable surface which is less reactivity with the electrolyte can be obtained.>*?

Washing NMC811 with water also affects the mechanical properties of the material.
In one study, washing for prolonged periods of 6 h in deionised water stirring led to
significant particle cracking.?”® Furthermore, immersion in water for 6 h without stirring
did not cause cracking but led to a decrease of the compressive load for failure to half of
the value of pristine NMC811. Since water treatments are known to cause Li leaching in
NMCS811, the authors suggested that Li depleted surface regions and surface
reconstruction produced a mismatch strain at grain boundaries, which decreased the
mechanical integrity of the material.>*® It is also possible that the water treatment without
stirring decreased the physical cohesion between the primary particles (through transition
metal dissolution, for example), without causing cracking, which would also decrease the

compressive load for failure.

Although other less damaging solvents such as alcohols have been used,> these are
less effective in removing impurities (Li2COs particularly), less environmentally friendly
and would need to be used dry to avoid water exposure.’? Being able to wash Ni-rich
NMCs in water and/or prepare water-based slurries is therefore an important research
goal and although it has been shown that, by optimising the pH and mixing times, the
damage caused to the materials can be limited,*” effective surface treatments are still
needed for the post-processing of water-washed NMC811 and the preparation of aqueous

slurries.

Another strategy to mitigate degradation is to change the morphology of the particles.
Monolithic Ni-rich NMCs, the so-called ‘single-crystal’ NMCs have received significant
attention in recent years and they show promise of slower degradation compared to
polycrystalline NMC.3® Generally, single-crystal NMC811 (SC-NMC811) materials
show more favourable properties such as less gassing with cycling, higher thermal
stability and better capacity retention which stems from their reduced surface area
compared to polycrystalline NMC811.3%3% They also show less tendency to crack upon
cycling which is proposed to be one of the degradation mechanisms of high Ni content
NMC.3% Some of the biggest challenges in developing viable SC-NMC materials are
related to the difficulty of synthesising high-Ni content single-crystal particles with large

(>1 um) diameter.*’ Furthermore it is unclear whether fast charge/discharge rates will be
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possible with SC-NMC due to the longer diffusion lengths of lithium caused by the larger
size of the primary particles.*%

Recently, there has been interest in ternary oxides,!9>24%3%311 flyorides,*

2 313,314

phosphates,®'? and silicates as coating materials for Ni-rich NMC due to the
prospect of adding lithium-rich coatings which may display further advantages compared
to the binary counterparts. In one study, ZrxPOy and LixZryPO, were deposited on
NMCS811 by ALD, showing that, while both increased capacity retention at low cycling
rates, the lithium-rich coating allowed higher initial capacities and improved rate
capabilities.>'? Li,ZrO; coating has also been tested on a NMC with 70 % Ni.*!? Despite
the fact that using two separate lithium and zirconium sources led to an inhomogeneous
distribution of the elements on the surface, both by sol-gel and co-precipitation methods,
improved capacity retention and rate capability were observed.’!® LiAlFs was also
deposited by ALD onto NMCR811 and it showed a good stability and improved capacity
retention over 300 cycles in half cells without compromising rate capability.”** Ternary
oxides were also coated onto Ni-rich NMCs using mechanical mixing of nano-powders
of the coating material with the CAM, generally obtaining positive results in capacity
retention and rate capability.3®>!! In a recent report, improvements in cycle life of an
NMC with 85% Ni content and LNO were seen by solution deposition of an
aluminosilicate using trimethyl aluminium (TMA) and tetraethylorthosilicate (TEOS) as

precursors.’!'* However, it was necessary for the CAM to be wet in order for the coating

reaction to take place, limiting the use of this method.>!*

Clearly the deposition of ternary coatings poses a synthetic challenge for conventional
methods such as ALD, sol-gel, mechanical mixing, and co-precipitation. Most
importantly, the need to use two precursors as the source of each of the metals leads to
inhomogeneous composition of the coating. This is particularly true for ALD, were the
two elements have to be deposited sequentially, in two separate cycles.>'?> A suitable
single-source precursor (SSP)*!"° for the solution deposition of mixed-metal oxides onto
NMCS811 would be a step forward in solving this problem. The SSP must display a series
of properties: It should decompose at a temperature below the diffusion of Al into
NMCS811 (T < 500-600 °C), should be reactive with -OH groups or adsorbed water
molecules present on the surface, and it should be soluble in innocent solvents (which do

not react).
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In this chapter, ternary metal oxide coatings are explored as a strategy to improve the
capacity retention of NMC811 by developing mixed-metal alkoxides that are used as
SSPs for coating deposition. In the previous chapter, it was shown that an Al,O3 coating
deposited by a solution-based method was ineffective at improving the capacity retention
in half cells. This was due to the insulating nature of Al,Os; which led to kinetic
limitations, the extraction of Li from the NMC811 during annealing and the formation of

13" ions. Furthermore, the

a secondary phase containing electrochemically inactive A
polycrystalline NMC811 (PC-NMCS811) that was used in this previous chapter is
expected to undergo significant cracking upon cycling, exposing fresh CAM surfaces to
electrolyte and limiting the effects of the coating. These challenges prompted the search
for other coating materials with more favourable properties. In this context, LiAlO;
emerges as a promising option. Like Al>O3, it contains cheap, non-toxic, and abundant
elements. However, it is a much better Li-ion conductor than Al;Os, specially in its
amorphous form.*'® More importantly, since it already contains lithium, it is unlikely to
extract Li from the surface of the NMCS811 during annealing. Furthermore, recent
research has shown that it may be possible to reverse rock-salt formation by a surface
lithium treatment followed by annealing-induced lithium diffusion and oxidation of Ni**
to Ni** 317 Therefore, by annealing NMC811 coated with a lithium-rich layer, it may be
possible to recover some of the capacity that has been lost due to exposure to air or water
while also benefiting from having a surface coating. Furthermore, since SC-NMCS811 is
less prone to cracking than PC-NMCS811, the effect of coating particles with different
morphologies is investigated. This should provide more accurate information on the role
of the coating in increasing the lifetime of the battery, as less fresh CAM surfaces are
exposed to electrolyte during cycling SC-NMCS811 potentially allowing further
improvements in capacity retention. Finally, coating a pristine NMC surface vs. an Al2O3
coated surface will be explored to gain insight into the reactivity of the precursor with
different oxide surfaces and clarify whether adding surface lithium can yield further

benefits in terms of capacity retention compared to coating with Al>Os.
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4.3. Precursor Synthesis

Heterobimetallic alkoxides have been used extensively in other areas for the synthesis
of ternary oxide coatings.?!®> This class of molecule is attractive due to their often simple
synthesis, and favourable properties as SSPs such as the tendency to hydrolyse in the
presence of water or thermolyze at relatively low temperatures. Consequently, lithium
aluminium alkoxides were prepared by reaction of LiAlH4 with different alcohols in dry
THF. This was done to test the effect of different alkoxy groups (-OCH>Ph, -O'Pr, -O'Bu)
on the properties of the resulting molecules as precursors to LiAlO» coatings. By changing
these groups, it is possible to change critical properties of the precursor such as solubility,
decomposition temperatures and coating properties. The synthetic route employed in the
current work was first used by Pauls et al. to synthesise Li[Al(OCH>Ph)4] (1),*'® and in
this work, is extended to two other heterobimetallic alkoxides: Li[Al(OPr)4] (2) and
Li[Al(O'Bu)4] (3). The products are obtained by exothermic reaction (Scheme 4.1) of
LiAlH4 (1 M solution in THF) and the alcohol, dissolved in THF at room temperature
giving H» and the mixed-metal alkoxide. This simple, one-step reaction is attractive from
a practical perspective; it generates useful heat, requires simple and widely available
starting materials and yields Ha(g) as the only side-product, which is essential for many

industrial processes such as the synthesis ammonia and methanol.'?°

LiAH, + 4ROH ——— LIAIOR); + 4 H,

With RO- = PhCH,0- (1), 'PrO- (2) and '‘BuO- (3)

Scheme 4.1. Synthesis of the three lithium aluminate precursors used in this work. A 1 M solution of
LiAlHy4 in THF is reacted with 4 equivalents of the alcohol to give hydrogen gas and the heterobimetallic
alkoxide containing Li and Al

It was found that the steric bulk of the alkoxy ligand (-OR) has a significant influence
on the solubility of the precursors. The reactions to form 1 and 2 led to a white suspension
that was filtered and the product was obtained by solvent evaporation under vacuum.
Compound 1 was fully soluble in THF after filtration, but 2 was poorly soluble even after
the filtration step. Synthesis of 3 led to a clear solution and required no filtration step, so
the product was obtained directly by removing the THF solvent under vacuum. The
resulting white powders were further dried under vacuum at 40 °C for 1 h and then stored
for further analysis. The use of bulkier groups such as 'BuOH or PhCH>OH led to products

that were soluble in THF, but not fully soluble in any other solvents tested. This indicates
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that THF coordination to Li* is playing an important role in solubilising these compounds

(most likely by forming Li(THF)4" counterions to the AI(OR)4™ anions).

Compounds 1 - 3 were characterised by elemental analysis and nuclear magnetic
resonance (NMR) spectroscopy (both in solution, Figure 4.1 and in the solid state, Figures
4.2 and 4.3). Furthermore, many attempts to grow single crystals of 3 for X-ray diffraction
were made, always resulting in the formation of white particles that did not diffract.
Elemental analysis (Chapter 6, section 6.3.2.) indicates that the formulae of complexes 1-
3 is LiAI(OR)4 (with OR = OCH,Ph, O'Pr or O'Bu) without any THF from the synthesis
remaining after drying. The H content for compound 3 was consistently too high by
around 0.7 % weight relative to the H content expected for Li[Al(O'Bu)4]. It is unclear
what the reason for this is - possibly the presence of some unreacted Al-H bonds from the
LiAlH4 used in its synthesis. However, bearing in mind the air sensitivity of all of the
complexes 1-3 some hydrolysis occurring during isolation and/or analysis is the most
likely explanation for this. To confirm that the reaction led to the desired bimetallic
alkoxides, solution NMR measurements in ds-THF were performed for compounds 1 and
3 (P’ AINMR, Figure 4.1, and Appendix C Fig. C3—C12 for the 'H, '*C, and Li solution
NMR of the compounds 1-3). 'H and '*C solution NMR spectra of 1 and 3 are consistent
with the presence of the expected alkoxy groups in the products (-OCH2Ph and -O'Bu
groups respectively). Furthermore, there is no evidence of THF from the synthesis
coordinating to the compounds suggesting that the drying step at 40 °C under vacuum
fully removes all the coordinating THF molecules, in agreement with the elemental
analysis results (See Appendix C, Figures C4-6 and C8-C11 for 'H and '*C solution NMR

spectra).
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Figure 4.1. Al solution NMR of 1 and 3. The compounds were dissolved in ds-THF, and the NMR
measurements were performed at room temperature using a 9.4 T magnet (400 MHz 'H Larmor frequency)
and a solution of AI(NOs); in DO at 0 ppm was used as an external reference. The lack of solubility of

compound 2 prevented its characterisation by solution NMR.

Li (Figures C3, C7 and C12, Appendix C) and ?’Al solution NMR measurements
(Figure 4.1) confirmed the presence of both elements in 1 and 3, thereby proving that
bimetallic alkoxides were synthesised. 2’Al NMR spectra were background-subtracted to
eliminate the contribution from the probe to the observed spectra (Figure 4.1). 2’Al NMR
is a useful tool to investigate the structure of Al containing compounds because the
chemical shift of the peaks can be related to the coordination number and chemical
environment present. Aluminium is typically found in 4-, 5- or 6- coordination
environments (denoted Al PJAl and [®!Al in this Chapter). No peaks from LiAlH (sharp

peak at 98 ppm)*"’

were observed in these samples indicating that the LiAlH4 is fully
consumed during the synthesis. For precursor 1, 2’Al solution NMR shows a single
resonance centred at 69.76 ppm indicating the presence of a single */Al environment in
solution.**® The "Li solution NMR spectrum of 1 (Appendix C, Figure C3) shows the
presence of a main peak at -0.23 ppm and a broad peak at 0.35 possibly indicating
dynamic behaviour. In contrast with 1, compound 3 shows a single sharp resonance in the
solution "Li NMR spectrum (-0.26 ppm, Appendix C, Figure C12) but three aluminium
environments (77.68, 60.26 and 53.1 ppm, Figure 4.1) indicating the presence of two [*1Al
and one *JAl environment in solution.*?° The multiple aluminium or lithium environments
suggest the presence of complicated equilibria in d3-THF solutions, which are not

uncommon for aluminates of this type (e.g., involving ion-pairing of Li(THF)," with

AI(OR)4, and potentially coordination of THF to A1*").3!?
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Figure 4.2. Solid-state NMR (SSNMR) spectra of the pristine precursors 1 (red), 2 (blue) and 3 (green).
The "Li (a), 2’Al (b) and 'H (c) NMR spectra are shown. The rotors were packed inside a N,-filled glovebox
to avoid hydrolysis of the precursors under air. The spectra of 3 were recorded at a magnetic field strength
of 16.4 T and a MAS frequency of 50 kHz. The spectra of 1 and 2 were collected at a field strength of 11.7
T and a MAS frequency of 30 kHz. Only the central (isotropic) peaks are shown here.

Due to the insolubility of compound 2, and to further characterise 1 and 3, solid-state
NMR (SSNMR) measurements were carried out on the three compounds (Figures 4.2,
4.3 and in Appendix C, Figures C23 and C24). The "Li SSNMR spectra are shown in
Figure 4.2. Compounds 1 and 2 showed single resonances at -0.73 and -0.65 ppm,
respectively. The main 'Li NMR resonance of 3 was shifted to higher frequency
compared to the other two (0.23 ppm). Furthermore, a broad feature centred at ca. 0 ppm
and with a linewidth of 3 ppm is observed in the 'Li NMR of compound 3. The ?’Al
SSNMR spectra also shows clear differences between the three compounds. The spectra
were fitted as quadrupolar line shapes (Figure 4.3 and Appendix C, Figures C23 and C24)
to obtain information about the number of environments present, their quadrupolar
parameters (quadrupolar coupling constant, Cq and the asymmetry parameter, 1q) as well
as the isotropic shift (8iso). Compound 1 has one Al environment at 72.9 ppm with a Cq
of 4.56 MHz and an ng of 0.111 while for 2, the /Al environment is centred at 65.9 ppm
with a Cq of 4.47 MHz and an ng of 0.108 (Table C7, Appendix C). The similar Cq and
1o of the Al peak in 1 and 2 suggest similar structure around the nucleus, while the
isotropic shifts are consistent with Al coordinating to four oxygens.*'*3?° Furthermore,
compound 1 presents an additional peak at 6.4 ppm which corresponds to a single [¢/Al
environment with an isotropic shift of 6.12 ppm and a Cq of 0.055 MHz; the low Cq
suggesting a close to ideal octahedral geometry. Finally, the '"H SSNMR spectra are
consistent with the presence of the expected alkoxy groups for each compound.

Compound 1 shows two resonances at 3.9 (-OCHz-) and 6.9 ppm (-Ph). Meanwhile, 2
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presents two resonances at 4.12 (-OCH-) and 1.23 ppm (-CH3) as expected for the -O'Pr
group and compound 3 showed only one proton peak at 1.45 ppm as there is only one

proton environment in the -O'Bu ligand.

The 2’Al SSNMR spectrum of compound 3 can be deconvoluted to two [“Al
environments centred at 79 and 61.2 ppm (Figure 4.3). This matches well with the
solution NMR in which one intense peak is observed at 77.6 ppm and two smaller peaks
are present at lower shifts, suggesting that the solid-state structure is at least partially
retained in solution. The environment at higher shift is the major environment in this
sample and it has a high Cq of 6 MHz which indicates significant deviation from the ideal
tetrahedral geometry, more so than the *JAl environments found in 1 and 2. The second
1Al in 3 has a much lower Cq of 0.055 MHz suggesting a tetrahedral geometry. Based
on the chemical shifts and the Cq values, the two peaks are assigned to [Al(O'Bu);H] and
[AI(O'Bu)4]’, respectively. Aluminium hydride peaks appear at higher shifts than
aluminium alkoxides,*!” and the substitution of one (O'Bu)” group by an H" would change
the charge distribution (electrostatic interaction) around the aluminium nucleus thereby
changing its Cq value.*?! Furthermore, atmospheric solid analysis probe mass
spectrometry (ASAP-MS) results (Chapter 6, Section 6.3.2.) confirmed the presence of
the two anions [Al(O'Bu)4] and [AIH(O'Bu)s]  in the solid state. Finally, deconvolution
of the "Li spectrum shows that there are five lithium environments, one of them much
more intense than the others. Simultaneously, 5 peaks are present in the '"H NMR in the
area corresponding to AI-H environments.’!® This suggests that all the possible
combinations of Li(O'Bu)s.nHn (with n = 0-4) are present, although one of them in much
larger proportion. Based on the elemental analysis results this species could be n=0 i.e.,

Li[AI(O'Bu)4].
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Figure 4.3. SSNMR and fittings for the 2’Al (a), Li (b) and 'H (c) spectra of precursor 3. The spectra were
acquired at a magnetic field strength of 16.4 T and a MAS frequency of 50 kHz. The circles mark the peaks
arising from the five hydridic environments, and the asterisk marks the proton peak corresponding to
vacuum grease.
4.4. Precursor Thermolysis

As in chapter three, the coating process involves the deposition of the precursors onto
the surface of NMC811 particles from solution and the annealing of the coated materials
to form LiAlO; by thermolysis of the precursors. Therefore, the thermolyses of the
precursors 1-3 were studied first to determine their decomposition temperatures using
thermogravimetric analysis (TGA) and to characterise the products formed by a

combination of powder X-ray diffraction (PXRD) and SSNMR.

4.4.1. Thermogravimetric Analysis

TGA was performed to determine the decomposition temperature of the precursors,
establish if the decomposition occurs in a single or multiple steps and to determine the
weight loss during thermolysis which should provide evidence of LiAlO> formation.
These measurements, shown in Figure 4.4, were performed under synthetic air flow as
the annealing of the coated NMC811 samples after deposition is performed under air. To
minimise precursor hydrolysis, a small amount of sample was quickly transferred from
the glovebox to the TGA instrument where it was kept under synthetic (dry) air. The
precursors were heated from 25 to 800 °C at a rate of 10 °C / min and the changes in

sample masses were recorded.
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Figure 4.4. TGA curves of precursors 1 (a), 2 (b) and 3 (c) measured in air atmosphere between 25 and

800 °C with a heating rate of 10 °C/min.

TGA curves (Figure 4.4) show that the decomposition occurs in two steps for 1 with
70% of the mass is lost during the first step with an onset temperature of 236 °C and an
additional 8% is lost in a second decomposition step at ca. 470 °C. Compounds 2 and 3
show TGA profiles with single decomposition steps at 302 and 283 °C, respectively.
Significant mass loss has already taken place before the main decomposition events for 2
and 3 (approx. 20%). This loss of mass starts at the beginning of heating and although
some of this can be attributed to the desorption of THF molecules, it is unlikely that this
accounts for 20 % mass loss as THF was not detected in the solution NMR. Therefore, it
is likely that compounds 2 and 3 are quite sensitive to heat under dry air and start
decomposing at temperatures below their main decomposition step. Finally, it should be
noted that the % mass loss for the three compounds at 800 °C corresponds to the formation
of LiAlO: (Table 4.1), suggesting that all three of them can successfully form the desired
coating material. The thermolysis could proceed by either elimination (LiAI(OR)s >
LiAlOz + 20R2) in dry atmosphere although in ambient conditions this is likely to occur
by reaction with ambient moisture (following the equation LiAl(OR)4 + 2H,0 = LiAlO;
+ 4ROH). The aluminium and lithium content in samples after thermolysis was
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES).
The ICP-OES results clearly show that precursors 3 forms a solid with 1:1 Al to Li ratio,
as expected for LiAlO2. Compounds 1 and 2, however, shows a Li : Al ratio of slightly
less than 1 (0.876 - 0.976). Since the lithium does not sublime under these conditions for
3, the Li deficiency could come from the precursor which could have a lower Li : Al ratio,

or the formation of volatile Li(OR), (OR=0'Pr, OCHPh) species.
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Table 4.1. TGA decomposition temperature, % mass loss and Al : Ni ratios after decomposition. The
decomposition temperatures were calculated from the extrapolated onset temperatures obtained from the

main decomposition step. ICP-OES measurements were carried out on samples annealed at T>Tj.

Precursor Ta/°C Expected Measured Li : Al ratio
mass loss (%) mass loss (%) (ICP)

. 0.876 (400 °C)
Li[AlI(OCH2Ph)4] (1) 236 86 86 0.914 (800 °C)
Li[Al(O'Pr)4] (2) 302 76 75 0.976 (400 °C)
Li[Al(O'Bu)4] (3) 283 80 82 1.003 (500 °C)

4.4.2. Powder X-ray Diffraction

Samples for PXRD, SSNMR and elemental analysis were prepared by annealing the
precursors in an alumina crucibles at 400-800 °C for 4 h under air. Powder X-ray
diffraction (PXRD) analysis was used to study the phases formed upon heating and the
degree of crystallinity of the resulting materials (Figures 4.5 and 4.6).

Precursor 1 Precursor 2 Precursor 3

800 °C
\J 800 °C ﬂ
800 °C
0 °C X0 AN A e
400°C \_/
300 °C 400 °C
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
20/, CuKa) 26/(°, CuKa) 26/, CuKa)

400 °C

Figure 4.5. PXRD patterns of compounds 1-3 decomposed by annealing under air for 4 h at 300, 400, 500
and 800 °C for compound 1 and 400, 500 and 800 °C for compound 2 and 3.

Generally, the PXRD patterns show broad peaks below 800 °C, indicating significant
disorder (Figure 4.5). However, annealing 3 to 500 °C led to the formation of sharper
peaks in the PXRD pattern compared to 1 and 2, suggesting that 3 starts to crystallise at
this temperature. To determine the structure of the crystalline phases prepared at 800 °C,

Rietveld refinements of the PXRD patterns were performed.
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Figure 4.6. PXRD patterns of the 1-3 annealed under air at 800 °C for 4 h together with the fittings obtained
from Rietveld refinement.

There are three confirmed polymorphs of LiAlO2; a-, 8, and y-LiAlO2 which crystallise
forming hexagonal (R3m), tetragonal (I4i/amd), and tetragonal (P4,2:2) structures,
respectively.?’6322 Out of these, y- LiAlO, is particularly interesting as a lithium-ion
conductor owing to the diffusion channels created by the 3D network of edge-sharing
MOy tetrahedra.?? Li-ion diffusion experiments have shown that the presence of defects,
or even a mixture of amorphous and crystalline LiAlO,, leads to an increase in lithium
conductivity.?’®3?2 Rietveld refinement of the PXRD patterns confirmed the formation of
v-LiAlO; after annealing compounds 1-3 at 800 °C (Figure 4.6). Materials 1 and 3 could
be indexed to a single P4,2,2 y-LiAlO> phase while for 2, a secondary a-LiAlO> phase in
the R3m space group (1.4 % by weight) was detected (Table 4.2). For the refinement of
the y-LiAlO> phase, the Li and Al atoms occupy the same site (4a) while the oxygen atoms
are in a separate site (8b). Since Li and Al occupy the same site, the x and y coordinates
were constrained to the same value and the z coordinate fixed to 0, as demanded by the
Wyckoff positions of the P4,2,2 space group. The coordinates of the oxygen atom (8b
site) were allowed to vary freely. The a-LiAlO; phase is described by a R3m space group
and presents three different atomic positions 3a (Li), 3b (Al) and 6¢ (O). Only the z
coordinate of the oxygen atom is refined, while the other atomic coordinates and site
occupancies are fixed (see Appendix A, section A3 and Table 4.2). The occupancies were

fixed to 1 in these refinements.

TGA and PXRD results show that the three precursors can be used to synthesise y—
LiAlOz by a simple thermolysis route at 800 °C (See Table 4.2 for refined phases, and
lattice parameters). This is in contrast to more conventional synthetic methods using

alkoxide precursors via sol-gel or using ceramic synthesis which generally proceeds at
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900—1000 °C.*?*-326 This presents advantages in the synthesis of pure LiAlO2 samples,
which is usually hampered by lithium sublimation at the temperatures at which the solid-
state reaction takes place.>?® The lower temperature of y-LiAlO, formation seen here can
be attributed to the use of single-source precursors in which there is atomic mixing of Li
and Al in the required 1:1 ratio before the start of the annealing process which should
eliminate diffusion limitations. Not only can the desired composition be pre-formed in
the SSP but also the structure. For example, 3 shows well defined /Al environments in
its pristine state (Figures 4.2 and 4.3). It also showed greater crystallinity at 500 °C
compared to 1 and 2, demonstrating that the structure of the precursor can have a
noticeable impact on the temperature at which the desired oxide phase starts to crystallise,
which for 3 is ca. 500 °C. Finally it was observed in further PXRD measurements (not
shown here) that after prolonged exposure to air, y-LiAlO; formed by thermolysis of 3 at
800 °C partially decomposes forming LiAl;(OH)7(H20), and Li,CO3, showing that this
material is air-sensitive.>?” This has implications for the processing of the coated NMC
particles, which should be carried out under dry atmosphere to prevent the conversion of
the y-LiAlO; coating into hydrated lithium alumina phases.
Table 4.2. Structure parameters obtained from Rietveld refinement of the PXRD patterns. The samples are
compounds 1-3 annealed at 800 °C for 4h.
Refined Space

Sample Rwp/ %  phases group Wt% a/A b/A c¢/A

Precursor1 5.564 v-LiAlO2 P4,2:2 100 5.169 5.169 6.276

Precursor 2 4.767 v-LiAlO2 P4,2:2  98.6 5.174 5174  6.276

o-LiAlO,  R3m 1.4 2.809 2.809 14.211
Precursor3  4.796 v-LiAlO> P412:2 100 5.149 5.149  6.346

4.4.3. Solid-state NMR

The structures that 1-3 form below 800 °C are of interest since these are the
temperatures at which the annealing of the coated NMCS8I11 particles will proceed.
However, the fact that these materials are at least partially amorphous when annealing at
these temperatures prevented the study of their structure by PXRD. For this reason,
SSNMR spectroscopy was next used to determine their structures after annealing 1-3 at
500 °C (Figure 4.7). Furthermore, since compound 3 showed the most promising

properties as a precursor to y-LiAlO2, 2’ AI-NMR of the sample annealed at 400 °C was
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also measured (the temperature at which annealing of the coated particles was carried
out).

—— Precursor 1
—— Precursor 2
—— Precursor 3

500 °C
A
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Figure 4.7. Solid-state 2’ AI-NMR spectra of the annealed compounds 1-3 at 500 °C and of 3 at 400 °C are
shown. The spectra of 3 were recorded at a magnetic field strength of 16.4 T and a MAS frequency of 50
kHz. The spectra of 1 and 2 were collected at a field strength of 11.7 T and a MAS frequency of 30 kHz.
Only the central (isotropic) peaks are shown.

Compounds 2 and 3 form materials with very similar aluminium local environments.
Both have mostly /Al with a small amount of [JAl as expected for the formation of y-
LiAlO; type material. The lack of any P!Al peak, suggests the absence of amorphous
Al>03/LiAlO,. On the other hand, the tailing of /Al peaks to lower frequencies is a clear
signature of disorder, in agreement with PXRD results, which showed broad peaks at
annealing temperatures below 800 °C. The [®/Al environment in 2 can be assigned to the
a-LiAlO, phase observed in the PXRD which may be already forming at 500 °C. The
amount of ) Al in 3 is lower compared to 2, nevertheless it is possible that a small amount
of a-LiAlO,, which cannot be detected by laboratory PXRD is forming. Alternatively, it
could be due to the LiAl>(OH)7(H20)2 impurity which can form by contact with moisture.
Heating 3 to 400 °C leads to a clearly amorphous phase with a distribution of Al PIAl
and '®JAl environments similar to those found in amorphous Al,Os, although at higher

temperatures.”®! Finally, the product of decomposing 1 at 500 °C has a very different

123



structure from that of the other two. It forms [*JAl environments that only convert to the
(41A] characteristic of y-LiAlO> at higher temperatures, which are not being used here in
order to avoid coating diffusion into the NMCS811. The phase formed cannot be assigned
to either of the high-pressure phases of a- or 6-LiAlO due to the low crystallinity of the
sample (Figure 4.5). Instead, it could be an amorphous LiAlO, with Al atoms in an

octahedral geometry.

4.5. Coating NMC811 with LiAlO2

4.5.1. Coating Deposition

In the previous sections, the structures of compounds 1-3 were studied in solution and
in the solid state using NMR spectroscopy. Their thermolysis was also compared using
TGA, PXRD and SSNMR. These studies showed that the three precursors can form a
phase with composition LiAlO> when heated above their decomposition temperature
(236-302 °C) and that different structures and degrees of crystallinity can be obtained
depending on the annealing temperature. The low solubility of 2 should in principle
preclude its use in the solution deposition of LiAlO: coatings. Meanwhile, the two-steps
decomposition mechanism of 1 (as observed by TGA) and the formation of a material
containing mostly [®!Al at 500 °C are less desirable properties compared with 3, with its
one step decomposition at 283 °C and lower-temperature crystallisation of y-LiAlO». In
any case, the three compounds will be tested in this section as coating agents to produce

LiAlOz coatings onto NMC811 to see how the properties discussed affect the deposition.

A solution deposition method similar to the one employed in Chapter 3 was used to
prepare the LiAlOz-coated NMC811 with the whole process carried out under inert
atmosphere. The same procedure was used to coat all the NMC811 materials discussed
in this chapter, that is Al2O3 coated single-crystal NMC811 and uncoated polycrystalline
NMCS8I11. First, the precursor and NMC811 were loaded in a Schlenk flask so that the
weight of the precursor corresponds to 1 % of the total solid weight. Dry THF was added,
and the reaction mixture stirred under N, for 2 days at 60 °C. To remove any unreacted
precursor, the solvent was taken out by syringe, after which the sample was washed three
times with dry THF (Figure 4.8). Finally, the coated NMC811 was dried under vacuum
at 100 °C for 2h and then annealed at 400 °C under air for 4 h. This temperature was
selected as it was found to lead to the best performing coatings in Chapter 3, due to the

formation of an amorphous oxide layer, which should help with Li-ion conductivity
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without increasing the cation mixing of the material or diffusing the coating in the near

surface region.

H,0 (2h)
—

NMCB811

i) Precursor in THF
60 °C, 2 days
i) 400 °C in air 4h

LiAIOQ, coated

Figure 4.8. Scheme of the coating reactions. The pristine and water-treated NMC811 materials are coated
by reaction with precursors 1-3 in dry THF for 2 days followed by annealing at 400 °C under air for 4 h.
NMCS811 with different morphologies and surface chemistries are used to test the
scope of this coating procedure. In particular, single-crystal NMC811 (SC-NMCS811)
particles of 1 - 4 pm and polycrystalline NMC811 (PC-NMCS811) particles of 10-20 pm
are used. While the PC-NMCS811 materials were pristine, EDS (Figure 4.10), and SS-
NMR (Figure 4.16) showed that the SC-NMCS811 used in this work was already coated
with an AbOs layer (see Chapter 6 (experimental), section 6.3.1. for more information
about the materials). Finally, SC- and PC-NMC811 samples that have been soaked in
deionised water for 2 h while stirring and then dried under vacuum for 2 h at 50 °C were
coated following the same procedure (Figure 4.8). Electrochemical testing of these
samples was then performed to help clarify if coating chemically degraded NMC811 with
a lithtum rich coating (LiAlO2) could improve performance and how a pre-soaking step

in water affects the coating deposition (Section 4.5.5.).

125



Pristine NMC811 Coated with 1

3 ]

1]

0.00

1 2 3 4 5 6 7 8
Particle Number

tio
=)
=3
-

(e

“

T

s lt
)/
>

oot ittty

0 5 10 15 20 25
Particle Number

Figure 4.9. High-magnification SEM images of particles corresponding to pristine PC-NMC81 (a), PC-
NMCS811 coated with 1 (b), PC-NMC811 coated with 2 (c) and PC-NMCS811 coated with 3 (e). The EDS
Al : Ni ratios measured for individual particles are also shown for the PC-NMC811 coated with 2 (d) and

3 (D).

The SEM images in Figures 4.9 and 4.10 show that the pristine PC-NMC811 material
is formed of 10-20 pum secondary particles that contain smaller 0.5-1 pm primary
particles (same as Chapter 3). The surface morphology of the sample remains unchanged
after coating PC-NMCS811 with 1. Furthermore, no aluminium signal could be observed
by EDS. Coating with 2 on the other hand, led to significant coverage of some of the
polycrystalline NMC811 secondary particles with chunks of material of 0.5-5 um (Figure
4.9, c). Since 2 was not soluble in THF it can only be assumed that the dispersed particles
of 2 aggregate on the surface of PC-NMCS811 during the coating step. However, the EDS
results of PC-NMCS811 coated with 2 showed that the aluminium is localised in specific
regions of the sample and that homogeneous deposition did not take place (Figure 4.9, d).

Finally, coating with 3 led to subtle differences in the morphology of the of the
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polycrystalline NMC811 particles with some areas covered by “patches” of coating
(Figures 4.9¢ and 4.10b). The EDS measurements of PC-NMC811 coated with 3 showed
that there is a consistent, although small, level of aluminium across different samples

suggesting that the coating process was successful (Figure 4.91).

Having characterised the thermolysis and solution deposition properties of compounds
1 - 3 in detail, it is now possible to compare them and decide which one has the best
properties as a precursor to coat NMC811 with LiAlO>. Compound 1 can be easily ruled
out as it does not produce a coating on the surface of NMC811 as determined by
SEM/EDS. Despite being fully soluble in THF, it did not react with NMC811 suggesting
that the chemical stability of the precursor is also an important parameter that needs to be
tuned by the choice of ligand. In this case benzoxy ligands lead to a precursor that does
not react with the surface of the NMC811. This is presumably explained by the lower
basicity of the alkoxide group due to the greater electron-withdrawing ability of the
PhCHa-group compared to aliphatic groups. Between 2 and 3 the choice is also clear
based on the poor solubility of 2, which leads to an uncontrolled, inhomogeneous
deposition. It was therefore decided to continue with 3 for the water soaking / coating

experiments, coating of SC-NMCS811 and battery testing.
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Pristine Coated with 3 Coated with 3 0.0200
IS ¢ : s 1

U7/ Polycrystal g
[ISingle - crystal

0.0175
0.0150
Polycrystal

0.0125

0.0100

Al : Ni ratio

0.0075

0.0050

Single-crystal 0.0025

0.0000

Pristine THF  Coated H,O/
with 3 Coated with 3

Figure 4.10. Representative SEM images of (a) pristine polycrystalline NMC811, (b) polycrystalline
NMCS11 coated 3, (c) polycrystalline NMCS811 soaked in water and coated with 3, (d) Pristine single-
crystal NMCS811, (e) Single-crystal NMC811 coated with 3, (f) Single-crystal NMC811 soaked in water
and coated with 3, (g) Bar-chart showing the Al : Ni ratios determined for each of the samples using energy-
dispersive X-ray spectroscopy (EDS) data.

Figure 4.10 shows SEM images of PC-NMC811 and SC-NMCS811 coated with 3 with
and without a pre-soaking step in water. From the SEM images it can be seen that SC-
NMCS8I11 is formed of monolithic 1-4 um primary particles that do not form secondary
aggregates. PC-NMCS811, on the other hand, is formed of smaller (<1 pum) primary
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particles aggregated forming 10—20 um secondary particles. This should make the SC-
NMCS811 more resistant to intergranular cracking while reducing the surface area. In
comparison with the PC-NMCS811, the SC-NMC811 material showed less obvious
changes in morphology after coating with 3. This could be an indication that the coating
step was unsuccessful for SC-NMCS811 or that, due to its smoother morphology, changes
resulting from coating are more difficult to distinguish by SEM. The most striking change
in morphology is seen for the PC-NMC811 sample soaked in water and coated with 3.
The surface of the particles is clearly covered by a thick surface layer and the primary
particles of NMC811 can no longer be distinguished. This suggests that the pre-soaking
in water is promoting coating deposition either by increasing the moisture levels on the
surface of the NMCS811 or by forming surface TM(O)-OH species that are more reactive
with the precursor. This change in morphology was not as clear for the pre-soaked SC-

NMCB8I11.

Next, EDS was used to determine the changes in aluminium content after coating with
3 for the samples shown in Figure 4.10. First the Al : Ni ratios in the pristine materials
were measured to determine the baseline levels. No Al was detected using EDS in the
pristine PC-NMC&811. On the other hand, the SC-NMC811 showed an aluminium signal
(Al : Niratio 0.012 £ 0.019) suggesting that this commercial SC-NMC811 material was
already coated or doped with aluminium during its synthesis process. Coating PC-
NMCS811 with 3 led to a consistent, small increase in aluminium content (Al : Ni ratio of
0.009 +0.001). For the SC-NMC&811, similar Al : Ni values were observed for the pristine
and coated with 3 materials. However, it should be noted that soaking SC-NMCS811 in
THEF led to a decrease in the aluminium content on its own, so the Al : Ni ratio of the SC-
NMCS811 coated with 3 is greater than that of the SC-NMC811 soaked in THF suggesting
that coating material has been deposited. The increase in Al content after coating is greater
for PC-NMC811 than SC-NMC811 which could be due to the fact that the SC-NMC811
surface contains aluminium, probably in the form of a coating, hindering further

deposition.

The EDS analysis of the coated samples pre-soaked in water showed that, compared
to the coating of the pristine materials, a larger amount of aluminium is deposited for the
soaked samples (both for the SC-NMC811 and the PC-NMC811) under the same
conditions. In the case of the single-crystal NMC811, the changes in morphology after

coating SC-NMCS8I11 initially soaked in water are not as clear due to the smoother
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morphology of the pristine SC-NMCS81 1 material. Nevertheless, the Al : Niratio is clearly
higher (0.013 = 0.001) compared to the coated SC-NMCS811 that has not been soaked in
water. These SEM/EDS results suggest that the soaking in water and drying at 50 °C under
vacuum modifies the surface of the NMC811 and makes it more reactive with 3. This
could be a consequence of water molecules that are still adsorbed after the drying step
and react with the precursor or the formation of additional reactive TM(O)-OH sites on

the surface of the NMC811 after soaking in water.

4.5.2. XPS Characterisation

X-ray photoelectron spectroscopy (XPS) was next used to obtain a more detailed
picture of the chemical species and elemental compositions of the surfaces. The XPS
spectra were calibrated from the C 1s spectra (Figure 4.11), which were fitted following
the procedure described in Chapters 2 and 3. In brief, the C 1s spectra were fitted to five
components corresponding to aliphatic (C-C, C-H), ethers and alcohols (C-OH, C-O-C),
ketones (C=0), esters (O-C=0) and carbonates (CO3>") and the aliphatic peak was set to
284.8 eV. Unlike previous chapters, in this case all the samples were as-coated powders

and so no contribution from a PVDF binder was seen in the C 1s spectra.
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Figure 4.11. C 1s and O 1s high-resolution XPS spectra and fittings measured for the pristine PC-NMC811,
PC-NMCS811 soaked in water and annealed at 400 °C, PC-NMC811 coated with 3, and pre-soaked PC-
NMCS811 coated with 3. All the coated samples undergo a post-annealing treatment at 400 °C for 4 h after
solution deposition of the coating.

Apart from being used for calibration, information about the surface chemistry of the
samples can be extracted from the C 1s XPS spectra, especially when combined with the
O 1s spectra (Figure 4.11). The O 1s spectra were fitted to three components for the case
of pristine PC-NMC811 and PC-NMCS811 soaked in water and annealed at 400 °C: Lattice
oxygen, hydroxides, and organic species. By comparing the O 1s and C 1s spectra it is
possible to determine that the main oxygenated organic species contributing to the O 1s
spectra is Li2CO3. An additional component was added for the coated samples to account
for the presence of LiAlO:. The organic species and LiAlO2 components were constrained
to the same full-width half maxima (FWHM). Since the lattice oxygen component tends
to be narrower,'?® it was set as 0.6 times the FWHM of the other two as this gave the best
fit for NMC811 soaked in water (Figure 4.11). Finally, the hydroxide component was
allowed to vary freely in FWHM between 1 and 2. The position of the components was
also constrained to the regions in which these peaks are expected to appear (values for

the position constraints can be found in Table C2, Appendix C).!*

The O 1s and C 1s spectra of the pristine PC-NMC811 show the presence of organic
species on the surface. The lack of a lattice oxygen peak and the high intensity of the

organic component of the O s spectrum suggest that the surface of the pristine NMC811
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is significantly covered by Li2COs. From the C 1s spectrum of the pristine PC-NMC811
we can conclude that the carbon species are mainly aliphatic with Li>2COs3 also present in
smaller amounts. After washing with water and annealing at 400 °C under air, a decrease
in organic species is observed in the O 1s XPS which also shows the emergence of a
lattice oxygen peak, suggesting that this treatment cleans the surface of impurities.
Furthermore, the C 1s spectrum shows that there is no Li2COj3 on the surface of the PC-
NMCS811 washed with water, confirming that the water treatment is decreasing the
amount of Li2COs3 on the surface. The C 1s and O 1s spectra of the NMC811 coated with
3 are quite similar to those of the pristine NMC811 suggesting that the surface chemistry
of the material was not affected by the coating step (low amounts of coating are present).
On the other hand, the O 1s spectrum of the PC-NMC811 soaked in water and then coated
using 3 is very different from that of the pristine PC-NMC811 or the pre-soaked NMC811
annealed without a coating step. Since these differences cannot be attributed to the change
in measurement parameters, they must be due to the coating deposition. In fact, the
position of the main O 1s component is 531.4 eV, close to literature values for LiAIO>

Ols peak position (530.6 eV).38

Al2p Soaked in water - Coated with 3

80 70 80 50
Binding Energy / eV

Figure 4.12. The Al 2p region of the XPS spectra of pristine PC-NMC811 and LiAlO; coated NMC (with
and without a pre-soaking in water). The coating step results in the simultaneous deposition of aluminium
and lithium on the surface of the particles as shown by the increased intensity of the Li 1s signal and the
appearance of an Al 2p signal. The aluminium content of the coated NMC that was soaked in water is
larger.

The Al 2p region of the XPS spectra (8545 eV) is of particular interest as it contains
information of the transition metals (N1, Co, and Mn) as well as the aluminium and lithium
bearing species present on the surface. Consequently, high-resolution spectra of the Al

2p region were recorded for pristine PC-NMC811, PC-NMCS811 coated with 3 and PC-
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NMCS811 soaked in water and coated with 3 (Figure 4.12). The Al 2p region was fitted to
8 components. Al 2p, Mn 3p, Li 1s regions were fitted to a single peak each. The Co 3p
was fitted to two peaks corresponding to the main peak and the satellite. The area of the
Co 3p satellite was constrained to be 10% of that of the Co 3p main peak. The Ni 3p
region was fitted to three peaks corresponding to Ni 3p3»2, Ni 3pi12 and Ni 3p satellite.
The Ni 3p12 was constrained to be half of the area of the Ni 3p3/2, same width and 2.2 eV
above the position of the Ni 3ps2 peak. The Ni 3p satellite was constrained to be 6eV
above the Ni 3ps2 peak and with a FWHM of 3 to 5 eV.2>73%

The TM peaks remain in the same positions and relative intensities across the different
samples indicated that there has not been any significant change in transition metals
content or oxidation state induced by the washing or coating procedures. The Al 2p
component is present in the sample coated with 3 further confirming the EDS results that
the coating procedure results in the deposition of an aluminium-containing layer. The

1> oxide

binding energy of the Al 2p peak is 74.18 eV, confirming the presence of A
species which typically appear at 73 - 74.5 eV.193:316:328.330 The Jiterature values for the Al
2p binding energy of LiAlO: coatings on NMC materials vary between 73.2 - 74.2 eV,
whereas the values of A1Os3 coatings range between 73 - 73.5 eV. 103316328330 Thege small
differences in binding energy are typical for non-ideal surfaces where imperfect charge
correction can occur. Nevertheless, LiAlO; tends to show at higher binding energies than
Al>03,'%330 which suggest that the signal seen here (74.18 eV) could be from a lithiated
alumina. More importantly, a sharp increase in the intensity of the Li 1s peak is observed
for the sample coated with 3 compared to the pristine NMC811 material. This provides
direct evidence that this precursor can successfully deposit Li and Al simultaneously,
owing to its bimetallic nature.

The coated PC-NMCS811 that has been soaked in water shows a much higher
aluminium content compared to the coating of the untreated PC-NMCS811. This is in line
with the SEM/EDS measurements which showed that the soaking step induces the
deposition of a thicker, more homogeneous coating layer. The binding energy of the Al

2p is 74.28 eV in this sample, indicating that the same Al**

bearing material is deposited
regardless of water pre-treatment. Finally, it is observed that the lithium content of the
coated PC-NMCR811 soaked in water is lower than that of the coated, untreated PC-
NMCS8I11 and similar to that of the pristine PC-NMC811. This may appear surprising
considering that this precursor should lead to the simultaneous deposition of Li and Al.

However, it should be remembered that the previous water treatment removed most of
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the Li-bearing impurities from the surface, so the Li signal observed in this case comes
solely from the coating whereas in the case of the coated, untreated PC-NMCS811 the
lithium signal had contributions from both the coating and the impurities. Furthermore,
surface water could induce the preferential deposition of Al, leading to an Al,O3 / LiAlO;

coating in which the Al : Li atomic ratio is higher than one.

4.5.3. Solid-state NMR Characterisation

A multinuclear SSNMR approach was then used to investigate the changes occurring
in the surface and bulk of the material after soaking, annealing, and/or coating. First, 'H
and 'Li SSNMR spectra of the pristine PC-NMC811 and PC-NMC811 soaked in water
with and without an annealing step were measured to study how the proton environments

change after the water-soaking treatment and if Li is extracted during soaking (Figure

4.13).
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Figure 4.13. SSNMR spectra of pristine PC-NMC811 (black), PC-NMC811 soaked in water and dried at
50 °C under vacuum (red), and PC-NMC811 soaked in water, dried at 100 °C under vacuum and then
annealed at 400 °C under air for 4 h (green). The '"H NMR (a) and "Li (b) spectra of these samples are shown
in the Figure. Four different surface proton environments are seen: (A) 11.9 ppm and (B) 10.5 ppm, assigned
here to carbonic acids, and (C) 8.9 ppm and (D) 7.1 ppm which are assigned to diamagnetic TM(O)-OH
species. Additionally, a water environment is present in the soaked samples at ca. 5 ppm. The "Li spectra
(b) show a peak at 6 ppm which is assigned to surface Li species. The spectra were recorded at a magnetic
field strength of 16.4 T and a MAS frequency of 50 kHz and normalised to the sample mass and the number
of scans. The recycle delay used for the “Li experiments is 100 ms whereas for the 'H-NMR measurements,
the optimal recycle delay was determined from a T1 measurement using a saturation recovery experiment
for each sample. All the spectra are normalised to the number of scans and mass of the sample. The slope
in the baseline in (b) is due to the overlapping peak corresponding to bulk Li, which appears as a broad
peak centred at 290 ppm with a linewidth of 1400 ppm due to shifting of the Li signal caused Fermi contact
shift, induced by the various paramagnetic environments present in the bulk of NMC811 (See Appendix C,
Figures C17-21 for the full spectra).

The 'H SSNMR spectrum of the pristine PC-NMC811 is shown in Figure 4.13. All the
proton NMR spectra showed a broad feature centred at 0 ppm and with a linewidth of
approximately 200 ppm due to the probe background (Appendix C, section C6.1).
Narrower peaks are due to protic surface species. The most likely surface species are
water, LiOH, carbonic acids (such as LiHCO3) and diamagnetic TM(O)-OH species.
Since LiOH appears at negative ppm (-1 to -1.5 ppm),**! the peaks observed here could
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only be water, hydroxyl groups or carbonic acids. Water on oxide surfaces has a 'H

chemical shift of ca. 5 ppm,33233

and it is present in both soaked samples (with and
without an annealing step, Figure 4.13). The peaks at higher shifts A and B are likely to
be LiHCO3, and the remaining peaks C and D are attributed to diamagnetic TM(O)-OH
species where the TM are low-spin Co(III) and Ni(IV). These drastic changes in the 'H
NMR spectrum seen when the material is soaked in water and then dried at 50 °C for 2 h
suggest that water soaking promotes the formation of TM(O)-OH sites and that drying at
50 °C under vacuum for 2 h does not fully remove adsorbed water from the surface.
Furthermore, an increase in Li-containing surface species is seen after soaking in the "Li
NMR, suggesting that the soaking step extracts Li from the particles forming surface Li
species. After heating the PC-NMC811 soaked in water at 400 °C, the 'H and "Li spectra
become less intense, suggesting that most of the surface water has been desorbed and that
the surface lithium species have been re-incorporated in the lattice. These findings support
previous literature which suggested that NMC811 forms TM(O)-OH surface species and
LiOH upon exposure to water.?3® The authors observed that the heating step after washing
had the biggest influence in the capacity retention of the material and proposed, through
careful TGA-MS measurements, that the formed Ni(O)-OH evolves into NiO with H,O

and O; as side products.?®
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Figure 4.14. 2’Al NMR of PC-NMC811 coated with precursors 1, 2 and 3. (a) Full view of the spectra (b)

Zoom-in on the isotropic region. The spectra were recorded at a magnetic field strength of 16.4 T and a
MAS frequency of 50 kHz and normalised to the sample mass and the number of scans. The spinning-
sidebands are marked with asterisks.

27A1 SSNMR spectroscopy was then used to investigate the coatings produced with 1-
3 (Figure 4.14). Coating with any of the three precursors leads to the deposition of
aluminium but the amount and structure of the coating changes significantly depending
on the precursors used. Coatings from precursors 1 and 3 show low signal intensity while
coating with precursor 2 leads to a more intense signal. Since precursor 2 was not soluble
and the coating in this case was the result of the agglomeration of precursor particles on
the NMC, it is expected that this uncontrolled deposition will result in higher aluminium
content, although less homogeneously distributed throughout the sample surface as
demonstrated in the EDS section. In contrast with the EDS results, which showed no Al
content for the sample coated with precursor 1, SSNMR shows the presence of two weak
Al resonances at 67.6 and 11.9 ppm which are assigned to JAl and ®/Al environments,
respectively. The fact that no aluminium was detected by EDS for coating with 1 suggests
that the aluminium species observed here are not a surface coating but a more localised
precipitate. Finally, coating with 3 leads to the deposition of a coating layer with a single
(1Al environment at 68.2 ppm. Although the presence of [*Al is indicative of y-LiAlO»,
this compound would show a [*!Al signal at 80-82 ppm,?’>?7® so the coating seen here is

assigned to an amorphous LiAlO; phase bearing mostly /Al environments.
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Figure 4.15. 27Al NMR of coated polycrystalline NMC811 materials. The spectra were recorded at a
magnetic field strength of 16.4 T and a MAS frequency of 50 kHz and normalised to the sample mass and
the number of scans. The spinning sidebands are marked with asterisks.

Next the ? A1 NMR spectra of the coated PC-NMC811 with and without a pre-soaking
step in water are discussed. Compared to the coated PC-NMC811, the coating of the PC-
NMCS811 soaked in water showed a much more intense aluminium signal which is in
good agreement with the EDS and XPS results. The distribution of A1, PIAI and Al
environments is very different from previous AlO; coating materials formed by
annealing at the same temperature (400 °C) that were discussed in Chapter 3. Two
aluminium environments are seen at 72.6 and 14.1 ppm which are assigned to Al and
BIA], respectively. A weak PJAl signal is seen in this material and the predominant
coordination environment is /Al (Figure 4.15). This is assigned to an amorphous LiAlO>
/ Al,O3 with the aluminium occupying /A1, P'Al and [¢'Al sites with PIA1 < PIA] < 4IA],
The assignment is based on the peak positions, the fact that annealing the precursor under
air at this temperature led to an amorphous phase as determined by PXRD, and the higher
Al content detected by XPS in the pre-soaked sample.
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To investigate if long-term cycling had any effect on the coating structure, 2’Al
SSNMR was measured on cycled electrodes (Figure 4.15). These were obtained after 300
charge-discharge cycles in half cells (more details on the electrochemical cycling in
section 4.5.5.). The ’Al SSNMR spectra of the cycled samples is almost identical to that
of the as-coated materials both in intensity and in chemical shift and distribution of
aluminium environments suggesting that the coating is quite stable under cycling
conditions. The only difference was the appearance of a /Al environment in the cycled
PC-NMC8I11 coated with 3 (not soaked) which could be the result of scrapping some
AlOs3 from the current collector or the deposition of some Al that was dissolved from the

current collector into the electrolyte during cycling. In any case, the *IAl peak remains

unchanged.
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Figure 4.16. 2’Al SSNMR of the SC-NMC811 materials. (a) Full spectra, (b) zoom-in on the isotropic
region. The spectra were recorded at a magnetic field strength of 16.4 T and a MAS frequency of 50 kHz
and normalised to the sample mass and the number of scans. The spinning sidebands were marked with

stars.

Pristine and coated SC-NMC811 materials were also studied by 2’Al SSNMR. In
agreement with the EDS results, SSNMR shows that the pristine SC-NMC811 material
contains aluminium. The line shape of the pristine SC-NMCS811 spectrum is dominated
by the YAl environments at 9.4 ppm, consistent with the presence of a crystalline form
of aluminium oxide, most likely boehmite (y-AIOOH) based on the chemical shift.’*®

Furthermore, an extremely broad resonance centred at -800 ppm is present. The position
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and width of the peak is very similar to the one observed in Chapter 3, which resulted
from diffusion of AI** ions from the AlO3 coating into the NMC811 induced by high-
temperature annealing. These results show that aluminium is present both in the surface
of the pristine SC-NMCS811 as a coating and in the bulk as dopant, suggesting that the as-
received SC-NMCB811 may have undergone a post-annealing treatment similar to the one
developed in Chapter 3. The 2?A1 SSNMR of the SC-NMC811 coated with 3 and dried at
100 °C under vacuum shows a new [*/Al environment at 67.4 ppm that was not observed
in the pristine SC-NMC811 material. This, combined with the EDS results which showed
a uniform increase in surface aluminium content compared to the SC-NMC811 washed
in THF, confirms that the coating deposition has taken place successfully. When the
coated SC-NMCS811 is heated under air at 400 °C for 4 h, the paramagnetic Al signal
increases in intensity indicating growth of the Al-doped NMC811 phase. It should be
noted that this is below the temperature at which AbOs3 starts to diffuse into NMC811 (T
> 500 °C), however, this is a different case as the pristine NMC811 material already
presented surface doping which may show a lower activation energy for this diffusion
process with further annealing.
4.5.4. Powder XRD Characterisation of the Pristine and Coated Materials

PXRD measurements were performed on the pristine and coated SC-NMC811 and PC-
NMCS811. The aim of this was to characterise the long-range structure of these materials,
to see if a secondary Al-doped NMCS811 phase could be observed in the pristine SC-
NMCS811 and to determine whether the coating or soaking steps had any influence on the

long-range structure of the materials.
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Figure 4.17. Synchrotron powder XRD patterns and Rietveld refinements of (a) pristine SC-NMC811, (b)
pristine PC-NMC811, (c) zoom-in on 108 and 110 reflections of pristine SC-NMC811, (d) zoom-in on 108
and 110 reflections of SC-NMCS811 coated with 3 and annealed at 400 °C under air for 4 h. (e) zoom-in on
108 and 110 reflections of PC-NMCS811.

The refinement of the PC-NMC811 structure showed the pattern of a single-phase
material with a well-defined layered structure that could be indexed in the R3m space
group. Furthermore, a low level of anti-site mixing (2.21% of Ni is Li sites) was observed.
After coating with 3 and annealing, the PC-NMC&811 structure shows a modest increase
in cation mixing (3.58%) and a slight broadening of the peaks suggesting that the heat
treatment induces some disorder. The pristine SC-NMC811 material showed splitting of
all the reflections, particularly clear in reflections 108 and 110 showed in Figure 4.17.
This is indicative of the presence of two phases and becomes more pronounced after
coating and annealing at 400 °C for 4h under air. Previous work has shown that doping
NMC with increasing amounts of aluminium leads to an increase in the c lattice
parameter.>*® The experimental data of SC-NMC811 obtained here was fitted to two
phases by Rietveld refinement, and since one of the phases had a larger c lattice parameter
they were assigned to NMC811 and an Al-doped NMCS811 as in Chapter 3. The Al-doped
NMCS811 phase is formed by substituting TM sites with Al ions and has larger c
parameters compared to the undoped phase (Table 4.3). In contrast to the Al-doped PC-
NMCS811 of Chapter 3, which showed 5% weight of secondary phase (which was
assigned to Al-doped NMC), these SC-NMCS811 materials show much larger extent of
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doping according to the Rietveld refinement. Both the pristine SC-NMC811 and the
coated SC-NMCS811 dried at 100 °C under vacuum show the same amount of Al-doped
NMCS811 phase (57% weight ) but that annealing at 400 °C under air for 4h leads to the
growth of the Al-doped NMC phase which becomes 62% weight of the materials weight
(Table 4.3), in good agreement with the SSNMR data which shows a growth in the signal
from the paramagnetic Al environments. The cation mixing results for SC-NMC811
showed that the Al-doped NMCS811 phase had generally a larger amount of Ni in Li sites
compared to the undoped phase, which is consistent with the idea that the aluminium is
displacing some of the Ni atoms. However, no clear differences in the cation mixing were
seen before and after annealing for the SC-NMC811 material. Finally, no LiAlO> phase
was observed in the synchrotron PXRD of the coated materials. This is not surprising,
despite the high sensitivity of synchrotron PXRD, given the amorphous nature of the

coatings at 400 °C and the small amount in which they are present (< 1 wt%).

Taken together, the SSNMR and PXRD results suggest that the pristine SC-NMC811
was synthesised following a similar procedure to the one shown in Chapter 3. The
material was probably first synthesised as SC-NMC811 without aluminium and then
coated and annealed. This would explain why the synchrotron PXRD shows two phases;
If the aluminium was introduced as a dopant during the synthesis of the SC-NMCS811
then it would likely be a single Al-doped NMC811 phase. Furthermore, the higher weight
percentage of the Al-doped NMC phase in the SC-NMC811 suggests that a higher Al>,O;3

wt % was used with longer annealing times or higher temperatures.
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Table 4.3. Summary of the phases refined and lattice parameters and Ry, (%) obtained for each of the

Rietveld refinements. All the phases were indexed to the space group R3m.

Refined
Sample Rwp/ %  phases Wt% a/A b/A c¢/A
Polycrystalline (PC)
NMCS811 3.541 NMCS811 100 2.87 2.87 14.188

PC-NMCS811 coated
with 3 /400 °C (air) 4.898 NMC811 100 2.869 2.869 14.187

Single-crystal 4.204 Al-NMC 57 2.875 2.875 14.205
(SC)-NMC811 NMC 43 2.873 2.873 14.196
SC-NMCS811 coated

with 3 4.114 Al-NMC 57 2.875 2.875 14.207
100 °C (vacuum) NMC 43 2.873 2.873 14.196
SC-NMCS811 coated

with 3 3.118 AI-NMC 62 2.876 2.876  14.206
400 °C (air) NMC 38 2.872 2.872  14.192

In addition to the synchrotron PXRD data, other samples were measured using an in-
house diffractometer (PC-NMC811 coated with 1 and 2, soaked in water, and soaked in
water / coated with 3). The results are summarised in Table 4.4 and the PXRD patterns
are shown in the (Appendix A, section A3.2). No differences in the lattice parameters
were observed between the pristine sample and samples coated with precursors 1-3,
suggesting that the coating process did not affect the bulk structure significantly. No
significant difference was observed in the cation mixing values between the pristine PC-
NMCS811 and the PC-NMC811 coated with 1-3 which had values between 1.47 and
1.74% (Appendix A, section A3.2.2). This further confirms that the structure of the
NMCS811 is not being affected by this treatment although it contradicts the previous
synchrotron PXRD results which showed a modest increase in cation mixing after heating
PC-NMC811 at 400 °C under air in the presence of a coating. The reasons for this
difference could be the lower resolution of the laboratory-based diffraction data and the
well-defined peak shapes used in the refinement of the synchrotron-based data which

allows detection of small changes in cation mixing.
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Soaking NMCS811 in water (both with and without a post-annealing step) did not lead

to significant changes in lattice parameter (Table 4.4). This is consistent with the "Li

SSNMR results that did not show any change in ‘bulk lithium’ signal in the 'Li NMR

spectra (Appendix C, section C6.2), suggesting that this delithiation is confined to the

surface of NMCS811 and does not disrupt the bulk of the material.

Table 4.4. R, and lattice parameters obtained from Rietveld refinement of laboratory data.

Sample Rwp/ % a/A b/A c/A
NMCS811 1.906 2.873 2.873 14.212
Coated with 1 /400 °C (air) 5.076 2.874 2.874 14.213
Coated with 2 /400 °C (air) 5.112 2.874 2.874 14.212
Coated with 3 /100 °C (vacuum)  2.723 2.873 2.873 14.212
Soaked in water 4.873 2.874 2.874 14.207
Soaked in water / 400 °C (air) 4.802 2.874 2.874 14.206
Soaked in water - Coated with 3 /

400 °C (air) 3.032 2.874 2.874 14.214
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4.5.5. Electrochemical Testing

The effect of soaking in water and coating with LiAlO> on the bulk and surface of
NMCS811 materials with different morphologies was investigated using multiple
characterisation techniques (SEM-EDS, XPS, PXRD and SSNMR). These findings are

now related to their electrochemical performance by testing in half cells (vs. Li).
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Figure 4.18. Long-term electrochemical cycling data (Specific Discharge Capacity/ mA h g™ vs. cycle
number). Results for the pristine PC-NMC811, PC-NMCS811 coated with 3 and control uncoated sample
(a). Results of PC-NMCS811 soaked in water with and without a further coating step (b). These
electrochemical measurements were carried out in half cell configuration (vs. Li) between 3 and 4.3 V. The
cycling was performed at C/2 rate and slow C/20 cycles were included every 50 cycles.

Long-term galvanostatic cycling of PC-NMCS811 treated under the various conditions
described in this study is shown in Figure 4.18. First, the trends in capacity retention at
slow (C/20) and fast (C/2) cycling rates will be discussed. The PC-NMC811 soaked in
THF was a control in which PC-NMC811 was subjected to the same treatment as in the
coating process but without addition of precursor, i.e., it was stirred in THF at 60 °C for
2 days and then dried under vacuum at 100 °C and annealed under air at 400 °C for 4h.
This was done to determine what the effect of THF soaking and annealing under air on
its own is (without the coating). This showed consistently (four repeats, Appendix D,
section D3) that the capacity retention is lower at C/2 (13.7% less) and C/20 rates (10%
less) after THF treatment compared to the pristine NMC811 material. This is in contrast
to the previous toluene washing experiments (Chapter 3) which showed that washing in
toluene leads to a small improvement in capacity retention which was attributed to the
removal of surface impurities. Unlike toluene, THF is a coordinating solvent with high

affinity towards lithium so it may be extracting some of the lithium from the material.
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Another possibility is that it is forming a passivating organic layer on the surface. The
"Li SSNMR results do not support the lithium extraction hypothesis (Appendix C, Figure
C17) as the surface lithium peak does not change in intensity after soaking in THF. On
the other hand, XPS results for the sample coated with 3 showed an increase in surface
organic species (Figure 4.11) which could not be attributed to the precursor as TGA
analysis showed that the ethoxide ligands come off at temperatures below 400 °C.
Furthermore, 'H SSNMR of the THF-soaked PC-NMC811 shows that an additional
surface proton environment appears in between the TM(O)-OH signals after soaking in
THF (ca. 10 ppm) and that the spinning sidebands increase in intensity suggesting that a
new protic species has been deposited on the surface after THF washing (Appendix C,
Figure C13). After annealing at 400 °C under air, there is an increase in proton signal
which was not seen for the water soaked samples. Heating THF at 500 °C leads to
decomposition to form aldehydes, and ethylene.*” However, other studies have revealed
that a range of metal-mediated ring-opening reactions of THF can occur at room
temperature.>*® Although the precise species formed at 400 °C over an NMC811 surface
by THF decomposition are beyond the scope of this study, what is clear is that soaking in
THF and heating at 400 °C under air leads to an increase in protic surface species
suggesting that the loss in capacity retention seen for the THF-soaked NMC811 comes

from the deposition and decomposition of THF on the surface.

Coating PC-NMC&811 with 3 led to more variable results in three repeats in terms of
absolute capacity and capacity retention (see Appendix D, section D3). Nevertheless, in
all the repeats the capacity retention at C/2 and C/20 was higher than or equal to that of
pristine NMCS811. For the data shown in Figure 4.18, similar capacity retention is seen at
C/20 for the coated and pristine sample (82.7 and 86.2% respectively) whereas a small
improvement in capacity retention is seen at C/2. Compared to the control THF samples,
there is a clear improvement in capacity retention for the coated materials which showed
6.5% more capacity retention at C/20 and 5.3% at C/2. These results provide evidence
that coating polycrystalline NMC811 with LiAlO: has a positive effect on the long-term

capacity retention of the material during cycling in Li-ion half cells.
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Compared to the coating and THF soaking experiments, water soaking and coating of
the water soaked NMCS811 led to a larger change in the capacity retention of the materials.
Soaking PC-NMCS811 in water for 2h at room temperature, followed by drying at 50 °C
under vacuum led to a decrease in initial capacities (Appendix D, section D3). Including
an annealing step further decreases the capacity retention of the material with a 70.2%
loss at C/2 and 47.3% at C/20 (Figure 4.18). These changes have been observed in

288,298,299 and can be understood based on the lithium extraction that was seen

literature,
by SSNMR. The long-term effect in the capacity retention indicates that the lithium
extraction is accompanied by an irreversible structural change in the NMCSII.
Furthermore, although the rate of degradation is substantially increased both at C/2 and
C/20 after soaking in water, it is much more marked at C/2 indicating that this loss of
capacity is at least in part a kinetic effect, pointing at the formation of a resistive NiO
layer on the surface. If water-soaked PC-NMC811 is then coated (mixed with a THF
solution of 3 for 2 days at 60 °C and annealing at 400 °C under air), an impressive recovery
of the capacity is observed (37.8 vs 78.8% capacity retention at C/20 and 22.8 vs. 58.2%
at C/2). To ensure reproducibility, a duplicate of the measurement was performed in two
different batches of PC-NMCR811 materials subjected to the same soaking and coating
treatment, and the same results were obtained (Appendix D3). Previous work has shown
that mixing NMC622 with LiOH and annealing at 800 °C under oxygen for 2h leads to
the recovery of surface layered structure with Li insertion and oxidation of Ni** to Ni*"
which led to an increased specific capacity and capacity retention.’'” In order to see a
recovery of capacity, the coating treatment must reverse some of the structural changes
happening during the water soaking and annealing. It is proposed that the improved
capacity retention seen in the LiAO> coated PC-NMCS811 that has been pre-soaked with
alumina proceeds by the same mechanism (NiO oxidation and Li re-insertion) although
at lower annealing temperature (400 °C) and with the simultaneous formation of a LiAlO>
coating. Finally, although the performance recovery is not complete, it is possible that by
optimising the precursor amounts and annealing step, further capacity retention can be

regained.
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Figure 4.19. Voltage profiles measured for the slow cycles of PC-NMC811 samples. (a) Pristine PC-
NMCS11, (b) PC-NMCS811 coated with 3, (c) PC-NMC811 soaked in water and then annealed at 400 °C
under air. (d) PC-NMC811 soaked in water, coated with 3 and annealed under air at 400 °C.

The voltage profiles at C/20 give insight into the electrochemical differences observed
between samples in the long-term cycling plot (Figure 4.19). Compared to the pristine
PC-NMCS811 material, PC-NMC811 coated with 3 delivers higher capacity on charge and
discharge on the second cycle without an increase in overpotential. The coating process
allows more Li to be extracted and re-inserted in the NMC811 without showing any sign
of interfacial resistance in the C/20 cycling profile of cycle 2. In cycle 106 and 210, the
coated material displays more charge capacity loss than the pristine and requires a CCCV
step to access the full charge capacity. Soaking in water followed by annealing under air
leads to a very significant change in the voltage profiles. Generally, lower capacities are
obtained from the first and second cycles, long CCCV steps at the end of charge and
higher overpotentials are required both at charge and discharge (3.7 V start of charge vs.
3.6 V for the pristine PC-NMCS811). The capacity loss is much more severe with almost
half of the discharge capacity lost at cycle 108. The shape of the curves at cycles 108 is
also different from the expected electrochemical cycling of NMC811 (without the 4
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plateaus on charge and 3 on discharge), suggesting that the material is fully degraded.
Coating a water soaked NMCS811 (not annealed) leads to a recovery in capacity retention.
The lower capacities and need for a CCCV step in cycle 2 indicate that the surface of the
material has not been fully regenerated by the coating treatment. Nevertheless, higher
capacities can be achieved in cycled 2 compared to the pre-soaked PC-NMC811 and
voltage profiles with the expected features for NMC811 are observed also later in cycling,

showing a significant improvement in cycling stability compared to the uncoated
NMCS811 soaked in water.
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Figure 4.20. dQ/dV profiles measured for the slow (C/20) cycles of PC-NMC811 samples. (a) Pristine PC-
NMC811, (b) PC-NMCS811 coated with 3, (c) PC-NMC811 soaked in water and then annealed at 400 °C
under air. (d) PC-NMC811 soaked in water, coated with 3 and annealed under air at 400 °C.
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The pristine PC-NMC811 shows good reversibility in the dQ/dV profile with highly
symmetric charge-discharge curves. Clearly, most of the capacity fade in pristine PC-
NMCS811 comes from processes 2 and 4 (Figure 4.20). These coincide with the start and
end of charge states, which are characterised by a lower Li mobility.?*> The dQ/dV plot
of cycle 2 of PC-NMCS811 coated with 3 shows very similar features to the pristine PC-
NMCS811 suggesting that the coating treatment has not changed the electrochemistry of
the material significantly on the first cycles. The dQ/dV peaks are more intense in cycle
2 (particularly processes 1 and 4, Figure 4.20) compared to the pristine NMC811 sample
meaning that more capacity is obtained out of these processes. These regions are more
susceptible to capacity loss from the formation of insulating surface layers due to their
inherent low Li mobility. The LiAlO2 coating may be enhancing this Li transport across

the NMCl/electrolyte interface thereby allowing higher specific capacities.

Further differences between the coated and pristine PC-NMC811 electrochemistry can
be observed upon cycling. Process 4 is suppressed to a greater extent after 210 cycles in
the coated sample and the profile becomes less symmetric with the discharge peaks
shifting to lower voltages. These results suggest that the coating is doing little to prevent
the rock-salt formation which occurs spontaneously upon cycling. In fact, the greater
polarisation seen for the coated sample suggests that a less ionically conductive surface
forms after prolonged cycling. The improvements in capacity retention are likely to come
from an initial rearrangement of the structure, with Li re-insertion and possibly less

electrolyte oxidation, as the surface of the CAM is at least partially covered by LiAlO,.

The dQ/dV analysis of the PC-NMC&811 soaked in water and annealed under air shows
that the loss in capacity comes mainly from the suppression of the high voltage process
while process 1 is shifted to higher voltages (Figure 4.20). Furthermore, significant
polarisation is observed even at cycle 2. This is all consistent with the hypothesis of the
washing treatment creating a thick rock-salt layer on the surface. At cycle 214, a
completely different dQ/dV profile is observed, suggesting that the material is fully
degraded at that point. The peaks corresponding to processes 1 and 4 are almost fully
suppressed on charge and presence of a broad peak only at low voltages on discharge.
Coating the PC-NMCS811 soaked in water using 3 leads to a recovery of the capacity and
an electrochemistry that is again much closer to that of the pristine PC-NMCS811. The
recovery of capacity comes from processes 2 and 4 which were suppressed after soaking

in water but reappear after coating with 3. Like in the other cases, the discharge peaks
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shift to lower voltages in cycle 210, and lower voltages need to be applied to achieve full
discharge capacity (low-voltage discharge peak tailing towards the left). Nevertheless,
reversible electrochemical behaviour with the expected NMC811 peaks is observed at

cycle 210, in contrast to the water-soaked, uncoated PC-NMCS811.
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Figure 4.21. Long-term cycling of SC-NMC81 1 materials over 100 cycles. Pristine, soaked in THF, soaked
in water, coated with 3 and soaked in water/coated with 3 (all annealed at 400 °C) are shown in the Figure.
The y axis (Specific capacity / mA h g!) starts at 100 mA h g in this Figure to better visualise the
differences in capacity retention between the samples.

Finally, the electrochemical cycling performance of the pristine SC-NMC811, SC-
NMCS811 coated with 3 and the soaked in water / coated SC-NMC811 were also
compared in half cells (Figure 4.21). Specific discharge capacities as a function of cycle
number are shown in Figure 4.21. The y-axis has been changed to 100 - 250 mA h g'! (as
opposed to 0 - 300 mA h g! in the previous Figure) to visualise the changes in specific
capacity and capacity retention better. Due to the fact that the SC-NMCS811 is surface
coated with Al,O;3 and also because of the differences in morphology, the response to the

soaking and coating treatments is quite different from that observed for PC-NMCS811.

In contrast to PC-NMCS811, soaking in THF does not harm the capacity retention of
the SC-NMCS811. The capacity retention was the same at C/20 (84.3-84.4%) for the
pristine and THF-soaked SC-NMCS811 and slightly higher for the THF soaked SC-
NMCS8I11 at C/2 (78.2 vs. 75.6%). Since SC-NMC811 was already coated and surface
doped, it is possible that it has a surface that is less reactive towards THF. The specific

discharge capacities were ca. 10 mA h g™ higher for the THF soaked SC-NMC811 over
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three repeats (Figure D3, Appendix D). The EDS results (Figure 4.10) shown lower Al
content in SC-NMCS811 after washing in THF suggesting partial removal of the insulating
AL Os3 layer, which may be helping with the cycling performance.

More surprisingly, soaking SC-NMCS811 in water following the same procedure as for
the PC-NMC811 did not lead to a deterioration of the cycling performance. There was a
larger gap in between the C/20 and C/2 first cycles indicating that the surface of the SC-
NMCS811 has become more resistive after soaking in water therefore kinetically limiting
the discharge capacity at C/2. Nevertheless, the capacity retention improved after soaking
in water compared to pristine SC-NMC811, both at C/2 and C/20 C-rates (87.9 and 85.9
% for the soaked SC-NMCS811 at C/20 and C/2 vs. 84.4 and 75.6% for the pristine SC-
NMCS811). It is thought that the mechanism of degradation of PC-NMCS811 by soaking
in water proceeds by a combination of lithium leaching from the particles, mechanical
damage and cracking.”®® It is therefore possible that SC-NMCS8I11 is less prone to
degradation by soaking in water due to its better mechanical integrity. Furthermore, the
AlOj3 coating and surface doping of the as-received SC-NMC811 may be preventing
delithiation by H>O and formation of TM(O)-OH sites therefore reducing the degree of
degradation caused in this soaking step. Finally, soaking in water may be removing some
of the soluble surface lithium salts (Li2COs, LiOH) which are known to cause capacity

fade in NMC materials.

The SSNMR studies showed that coating SC-NMC811 with 3 leads to the deposition
of the amorphous LiAlO> layer on top of the Al2O3 coating. This double coating is
expected to cause a kinetic limitation during cycling owing to the two interphases present
(SC-NMCS811|AL>O3|Li1AlO7) and the resulting increase in coating thickness. This is what
is seen experimentally in the cycling data, where a larger gap between the first C/2 and
C/20 cycles (similar to the soaked in water SC-NMC811) is seen for the material coated
with 3 compared to the pristine material. Interestingly, the capacity retention improves
both at C/2 and C/20 compared to both the pristine SC-NMCS811 and the SC-NMCS811
soaked in water (6.9% more capacity retention at C/2 and 6.1% more at C/20 compared
to the SC-NMCS811 soaked in water). It is possible that the coating deposition is covering
regions of the particles that were not originally coated improving the surface coverage.
Furthermore, the addition of surface Li may stabilise the structure improving the
performance. Finally, in the same way as with PC-NMCS811, soaking SC-NMCS811 in

water induces more coating deposition (as shown by EDS). This thick coating deposited
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on a coated NMCS811 material leads to a very substantial kinetic limitation in the
electrochemical cycling with a large gap in C/2 - C/20 discharge capacity. This material
still showed 3% more capacity retention than the pristine SC-NMC811 and the SC-
NMCS8I11 soaked in water at C/20, but similar capacity retention and lower specific
capacities at C/2, owing to the thick double coating present.
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Figure 4.22. Voltage profiles obtained from the slow (C/20) cycles of the SC-NMC811 samples. (a) 2"
cycle of the pristine SC-NMC811, SC-NMC811 coated with 3 and SC-NMC811 soaked in water and coated
with 3. (b) 106" cycle of the pristine SC-NMC811, SC-NMC811 coated with 3 and SC-NMC811 soaked
in water and coated with 3. (¢) 2" cycle of pristine SC-NMC811, SC-NMC811 soaked in water and
annealed at 400 °C under air, SC-NMC811 soaked in THF and annealed at 400 °C under air. (d) 106" cycle
of pristine SC-NMC811, SC-NMC811 soaked in water and annealed at 400 °C under air, SC-NMC811

soaked in THF and annealed at 400 °C under air.

The voltage profiles obtained on the second and last (106™) C/20 cycles for the SC-
NMCS811 samples are analysed to determine the processes responsible for the differences
in capacity retention. Comparing the voltage profiles of cycle 2 (Figure 4.22a) reveals
that both the coated and soaked/coated SC-NMCS811 display larger overpotentials
compared to the pristine SC-NMC811. However, the pre-soaked and coated SC-NMC811
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is able to deliver higher discharge capacities than the other two samples at C/20. In cycle
106 (Figure 4.22b), the pristine SC-NMC811 shows some signs of degradation as the
overpotential grows more compared to the coated SC-NMC811 and is overlapping now
with the pre-soaked and coated SC-NMC811 which still delivers the highest discharge
capacity. This suggest that the coating is enhancing the cyclability of the material at
higher cycle number by decreasing the resistance growth on the cathode which causes the

overpotential increase with cycle number.

The effect of soaking in water or THF and annealing under air on the C/20 voltage
profiles of the SC-NMCS811 can be seen in bottom panels of Figure 4.22 (¢ and d). The
THF-soaked SC-NMCS811 shows lower overpotential in cycle 2 whereas the water soaked
shows a higher overpotential compared to the pristine SC-NMCS811. As discussed
previously, THF soaking removes some of the aluminium from the surface, which should
hinder lithium transport (Chapter 3). Meanwhile, the water treatment is expected to form
some surface rock-salt. Although the SC-NMCS811 is less affected by the water soaking
than the PC-NMCS811 (as determined from the long-term capacity retention) it still shows
a higher resistance in its first cycles, indicating that the Al,Os3 coating does not fully
prevent the formation of rock-salt and suggesting that the gains in capacity retention
observed are likely due to the removal of surface impurities and the better mechanical
stability of SC-NMCS811. At cycle 106 the voltage profile of pristine SC-NMCS811 and
SC-NMCS811 soaked in water are almost superimposable, due to the greater degradation
rate of the pristine sample. Meanwhile, the THF treated SC-NMC811 degrades slightly

but continues to show higher capacities and lower overpotentials.
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Figure 4.23. dQ/dV profiles obtained from the slow (C/20) cycles of the SC-NMC811 samples. (a) 2"
cycle of the pristine SC-NMC811, SC-NMC811 coated with 3 and SC-NMC811 soaked in water and coated
with 3. (b) 106" cycle of the pristine SC-NMC811, SC-NMC811 coated with 3 and SC-NMC811 soaked
in water and coated with 3. (c) 2™ cycle of pristine SC-NMC811, SC-NMC811 soaked in water and
annealed at 400 °C under air, SC-NMC811 soaked in THF and annealed at 400 °C under air. (d) 106" cycle
of pristine SC-NMC811, SC-NMC811 soaked in water and annealed at 400 °C under air, SC-NMC811
soaked in THF and annealed at 400 °C under air.

The dQ/dV profiles of the pristine SC-NMC811 and the SC-NMC811 coated with 3
are very similar (Figure 4.23 a, b), with the lower capacity of the coated material on the
second cycle mainly coming from the high voltage process on discharge. In cycle 106 the
symmetrical shape of the dQ/dV curve is mostly retained both for the pristine and the
coated SC-NMC811 confirming the good cycling stability of both materials. The higher
discharge capacity of the coated material at cycle 106 comes both from the high voltage
charge process (4) and the low voltage discharge process (1). The SC-NMCS811 soaked
in water shows greater polarisation of its dQ/dV profile at cycle 2 and 106 compared to
the other two, consistent with the findings of PC-NMCS811 and the rock-salt formation
hypothesis. The effect of water and THF soaking on the dQ/dV of the SC-NMC811 is
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also considered (Figure 4.23 c, d). In general, the dQ/dV of the soaked samples have
similar shape and are symmetric, like that of pristine SC-NMC811, confirming that
neither soaking in water or THF has a negative effect on the cyclability of the SC-
NMCS8I11. The higher capacity of the sample soaked in THF comes from the high voltage
process 4 which shows a more intense peak in the dQ/dV compared to the pristine SC-

NMCS8I11.

4.6. Conclusions

In this chapter, the surface of NMC811 is coated with LiAlO> to mitigate NMC811
degradation under electrochemical cycling conditions. LiAlO is an excellent coating
material, as it creates a lithium-rich surface and is a Li-ion conductor composed of cheap,
non-toxic elements. However, current methods to deposit ternary oxides present
limitations in terms of scalability, and homogeneity of the deposited layer. To overcome
these problems, a new solution deposition method using heterobimetallic SSP is
developed. First, the synthesis of the known alkoxide Li[ Al(OCH2Ph)4] was extended to
two new compounds: Li[Al(O'Pr)4] and Li[Al(O'Bu)4]. A study of the structure of the
precursors as they thermolyze was then undertaken using solution and solid-state nuclear
magnetic resonance (NMR), thermogravimetric analysis (TGA), powder X-ray
diffraction (PXRD), elemental analysis and energy-dispersive X-ray spectroscopy (EDS).
The -OR group (-OCH2Ph, -O'Pr and -O'Bu) was found to have a decisive influence on
properties of the precursors such as solubility, thermal decomposition mechanism,
crystallisation temperature, phases formed upon decomposition and reactivity with the
NMC surface. Although the three precursors formed y-LiAlO; at 800 °C and amorphous
phases below this temperature, only Li[Al(O'Bu)4] had the required properties to act as a
precursor to LiAlO: coatings of NMC811.

The coating method was tested on NMC811 materials with different morphologies
(single-crystal vs. polycrystalline NMC) and surface chemistries (Al2O3; coated vs.
pristine surface). By a combination of X-ray photoelectron spectroscopy (XPS),
synchrotron PXRD and solid-state nuclear magnetic resonance (SSNMR), the changes in
the surface and bulk of the material with soaking in THF and H>O, and after annealing at
400 °C under air were systematically investigated, in parallel to the surface changes due
to the coating. 'H and "Li SSNMR measurements showed that the surface of NCM811 is
delithiated after soaking in water and that the number of TM(O)-OH sites increases. This

surface change increased the amount of LiAlO: deposited under the same conditions
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providing direct evidence that LiAlO; deposition proceeds via hydrolysis of the alkoxides
with surface TM(O)-OH groups and adsorbed water. Finally, the electrochemical
properties of the materials were evaluated in Li-ion half-cells by long-term galvanostatic
cycling. It was found that the coating improved the specific capacity and capacity
retention of Al,O3 coated single-crystal NMC811 significantly (17.2% more capacity
retained at C/2 after 100 cycles), while having only a small effect on the polycrystalline
material. Interestingly, coating polycrystalline NMC811 that was soaked in water allowed
an impressive recovery of 50% of the capacity retention while also showing higher
specific capacities, possibly by regeneration of the surface layered structures that were
reduced to rock-salt by the water treatment. This work represents the first example of
using heterobimetallic precursors to coat battery materials with LiAlO», providing a
straightforward and scalable route to solution deposition of LiAlO2 coatings that can
increase cycle life and recover degraded NMC811. Furthermore, it provides insight into
the complex relationship between morphology, surface chemistry and electrochemical

lifetime in Ni-rich cathode materials for Li-ion batteries.
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Chapter S: Conclusions and Future Work

Rapid action is needed before climate change, caused by anthropogenic greenhouse
gas emissions, becomes irreversible.! Since chemical synthesis underpins the
development and improvement of emerging materials for renewable energy storage, great
research efforts and resources are being directed towards the synthesis of materials that
allow the transition to a sustainable society.>*’ Nevertheless, many of the limitations of
these materials, which are preventing their commercialisation, are not related to their
intrinsic performance and bulk properties but have to do with their surface
chemistry.?”-?3!3% These surfaces can be optimised by applying coatings, which is the

topic of this thesis.

Coating deposition using instrumental vapor deposition techniques such as atomic-
layer deposition (ALD) and chemical vapor deposition (CVD) rely on metalorganic
precursors, which react with the substrate of interest. The coatings are typically binary
oxides, due to the limitations of the currently available precursors.??>2**" Solution
deposition methods can rely on salts (nitrates, carbonates, etc.) or in alkoxide precursors
for the sol-gel deposition of the coating and are often an attractive alternative to
instrumental methods due to their low cost and ease of scalability.®® However, rough and
inhomogeneous coatings are often obtained by solution methods due to the lack of control
of the deposition reactions (the coating is usually precipitated onto the surface of the
particles by solvent evaporation).’* Regardless of the deposition route, accessing
homogeneous ternary oxides is challenging but could be the key to improve the surface
properties of energy materials, due to the synergistic roles of the two metals in a

heterobimetallic coating.®!?

The lack of suitable single source precursors (SSP) containing both metals and
optimised coating deposition procedures are severely limiting research in ternary oxide
coatings. Furthermore, the incomplete understanding of the relationship between
molecular structure, deposition conditions, and coating structure is hampering their
rational design. In this thesis, new precursors and deposition methods have been
developed for the areas of Li-ion batteries and photoelectrocatalytic water electrolysis.
The deposited coatings are characterised using a combination of surface and bulk
techniques to understand the effect of the precursor and coating deposition conditions on
the properties of the coating, and the link between those and the performance of the

materials.
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This general idea of using SSPs was first applied to the area of photoelectrocatalysis
for water electrolysis in Chapter 2. The key process to optimise was the water oxidation
reaction, which happens at the photoanode (see Chapter 1). In this context, BiVOy is a
promising candidate because its band-gap energy allows it to absorb a significant part of
the visible spectrum, its conduction band edge is at the thermodynamic potential for H»
evolution and it is stable under neutral pH.**! However, it suffers from surface charge
recombination between the photogenerated holes and the electrons in the conduction band
which sharply decreases its efficiency.®” Adding a first-row (3d) transition metal (TM)
catalyst coating has been shown to increase the performance of BiVO4 by reducing charge
recombination.®® However, the use of heterobimetallic oxide coatings for this purpose has
not been previously explored. In Chapter 2, the effect of coating BiVO4 with a ternary
3d-TM doped ZrO> using a SSP was studied. Three novel Zr-oxo alkoxy precursors
containing Cu, Co, and Fe were synthesised and used for the deposition of
electrocatalytically active 3d-TM doped ZrO:> films. In a linear-sweep voltammetry
(LSV) test of the three catalysts, deposited on FTO by drop casting, the Co doped ZrO»
(CoZr) was the best performing in terms of onset potentials, current density and Tafel
slope. Therefore, CoZr was selected as co-catalyst for photoelectrochemical water
oxidation. By spin-coating a solution of CoZr onto BiVO4, an improvement in the
performance of the photoanode was observed, lowering of the onset potentials by 0.1 V

and increasing the photocurrent densities by 1.2 mA cm™.

Further improvements could potentially be obtained by optimising the fabrication of
the CoZr|BiVO4 composite. Post-annealing treatments could change the structure of the
coating and improve the integrity of the film leading to better passivation of the surface
electrons in the conduction band, increase the fraction of the dopant that is incorporated
into the ZrO> matrix, and improved stability. Furthermore, although substrates with
different surface areas were tested (carbon fibre paper, graphite paper and ITO-coated
glass), optimising the morphology of the catalyst itself may lead to higher water oxidation
activity.*>>® This could be achieved for example by synthesising Co-doped ZrO:
(nano)particles using a solvothermal, controlled hydrolysis or hot injection methods that

then are deposited on FTO by drop casting with a binder or by electrophoresis.*°

Many potential applications of SSP derived heterobimetallic coatings, beyond the ones
discussed in this Thesis remain underexplored in the area of electrocatalysis. Due to the

unique properties of SSP-derived coatings, they could be useful for other relevant

158



electrocatalytic transformations. For example, the activity of CO» reduction catalyst is
strongly influenced by the local environment of the active metal sites,*** but these effects
have been studied primarily in polymeric organic systems and MOFs.?*>3** However,
isolated 3d-TM sites in an amorphous oxide catalyst can be obtained by single-source
deposition, but the effect of the oxide host on the CO» reduction activity of the catalytic
site remains unexplored. Another potential application is in the fabrication of
multijunction devices incorporating a photon conversion layer, coupled to a
photoelectrode. This layer could convert photons that would normally be lost as thermal
energy because of the energy mismatch with the bandgap of the semiconductor into usable
photons, thereby increasing the quantum efficiency of the device.*** Coating like
lanthanide doped metal-oxides, can act as a spectral converter, and have been deposited

from SSPs.%

In Chapters 3 and 4, it was considered whether oxide and heterobimetallic oxide
coatings could be applied in the area of Li-ion batteries. Here new cathode materials with
higher energy densities and lower costs, such as Ni-rich LiNixMnyCo,0, (NMC) suffer
from surface instability with leads to side reactions with the battery electrolyte, surface
degradation and rapid loss of battery capacity. Unlike the area of electrocatalysis, where
coatings derived from SSPs have been extensively studied, the field of Li-ion batteries
had not seen any previous applications of this surface coating approach. Therefore, a
coating deposition method, driven by the reaction of an alkoxide with surface hydroxyl
groups or adsorbed water is first developed in Chapter 3. First, the method was used to
deposit Al,Os, one of the simplest, most widely studied coatings materials before

extending it to heterobimetallic systems.

In Chapter 3, Al2O3 is deposited by reacting the Ni-rich NMC811 material with
aluminium isopropoxide (AIP). Afterwards, the materials are annealed at temperatures of
100-800 °C to achieve changes in the coating structure and surface Al-doping by coating
diffusion into the NMC811. A clear relationship between the extent of doping and
decrease in specific capacity of the NMC811 is found and no improvement in capacity
retention were seen in half-cells, even for the samples annealed at low temperature.
Although it is possible that subtle differences in long-term capacity retention are not being
seen due to the use of half cells (vs. Li) in which the capacity loss due to the Li chip may
be masking the capacity loss of the NMC. It is clear that neither Al,O3 coatings, nor Al

doping are very effective strategies to increase the lifetime of polycrystalline NMC811.
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The ionically insulating nature of Al,O3 and the Al-doped NMC layers, as well as the
cracking of secondary NMCS811 particles with cycling were considered important factors

explaining the results.

Following on from these findings, LiAlO> was used in Chapter 4 as a coating for
NMCSI11. In contact with air and moisture, NMC811 forms surface impurities such as
Li>COs and LiOH.?? This creates a Li-depleted surface region that is more prone to
degrade by forming NiO.?#> By coating with a Li-rich coating and annealing at low
temperatures, it is in theory possible recover the surface lithium increasing capacity
retention. Furthermore, LiAlO has higher Li-ion conductivity than Al,Os. Finally, using
single-crystal NMC811 can improve the capacity retention by reducing particle cracking
with cycling,’® but the interplay between particle morphologies and coatings are not yet
well explored. In Chapter 4, these ideas were tested experimentally by developing new
SSP molecules for the deposition of LiAlO: coatings onto NMC811. Coating Al,O3
doped single-crystal NMC811 with LiAlO: leads to an improvement in capacity retention,
suggesting that the enrichment in surface lithium plays an important role in improving
the stability of the surface. Furthermore, the specific capacity and capacity retention of a
polycrystalline NMC811 that was artificially degraded by soaking in water, could be
partially recovered by coating with LiAlO,, supporting the idea that the formation of a

surface rock-salt layer can be reversed by coating with a lithium-rich material.

The approach followed in Chapter 4 was limited by the poor solubility of the SSP,
Li[Al(O'Bu)s], which wasn’t fully soluble in solvents other than THF. This solvent was
shown to have a negative effect in the capacity retention of NMC811 so it would be
desirable to design other SSPs containing ligand groups that increase solubility. For
example, organometallic complexes with less polar AI-C bonds which would also be
more reactive towards water,** or alkoxides with bulkier organic ligands (although this
last strategy may lead to poor thermolysis properties). Moving forward, it would be
interesting to test the effects of coatings with higher Li content by using precursors with
an Li : Al ratio higher than 1. It might be possible to prepare these by adapting the reaction
conditions used in Chapter 4, using less sterically bulky alcohol groups or/and different
stoichiometry of the reagents. Another option is the controlled hydrolysis of
Li[Al(O'Bu)4] (with or without solvothermal conditions) which could result in the
formation of higher nuclearity heterobimetallic clusters with different ratios of the two

metals.4¢
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Further work in the coating deposition of LiAlO> may also lead to improvements in
capacity retention. Although the coating conditions used in Chapter 4 were borrowed
from the previous Chapter, it is possible that small adjustments in annealing temperature
and time or weight % of precursor could further improve the electrochemistry by allowing
more Li to diffuse into the NMC811. Now that the role of water in the coating-deposition
reaction has become clearer, it would be possible to optimise the surface water content
while minimising the degradation. For example, by decreasing the water soaking time, or
by adding stoichiometric amounts of water to a NMC811 suspension in THF before the
addition of the precursor. Finally, LiAlO> coating of pristine (uncoated) single-crystal
NMCS8I11 could be explored as they may lead to further improvements in capacity
retention compared to the LiAlO2/Al2O3; coated NMC811.Looking beyond the coating
applications discussed in this Thesis, there are many other potential uses of SSP coatings
in the battery area. So far, most coatings applied to battery electrodes were not redox
active. On the other hand, SSPs for the synthesis of cathode materials such as LCO have
already been prepared.®® It should then be possible to coat a Ni-rich cathodes with another
layered oxide that is more stable obtaining coatings that conducts Li, contribute to the
capacity of the material and have a more compatible crystal structure, while still

passivating the surface of the Ni-rich cathode.

An obvious intersection between the area of electrochemical energy storage (batteries)
and electrocatalysis is the oxygen electrochemistry, which 1is the key to
(photo)electrocatalytic water splitting and plays an important role in the development of
lithium-air batteries.>*’” The later are usually formed of a lithium metal anode, an organic
electrolyte, and a porous cathode material. The working principle of these batteries is the
reversible oxygen reduction to peroxide species at the cathode on discharge that combine
with Li from the electrolyte to form Li,O and Li>O, species.**® Addition of an oxygen
evolution reaction (OER) or oxygen reduction reaction (ORR) catalysts to the cathode
has been shown to increase the capacity of the cell by enhancing the kinetics of the
cathodic processes. However, there are only a handful of examples of this, mainly using
noble metals.>* On the other hand, bifunctional catalysts based on more abundant

55

elements can be obtained from SSPs,>” and they could be easily integrated in Li-O>

cathodes by solution deposition.

In summary, this Thesis demonstrates the potential of molecular precursors to create

new functional interphases in energy materials. This rapidly evolving field is always
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presenting us with new surfaces to passivate and reactions to catalyse. The design
possibilities allowed by molecular chemistry mean that new precursors and coating
materials will emerge to meet these challenges. This, coupled to an improved
understanding of solution coating deposition, the effects of morphology, crystallinity, and
synergies in ternary and quaternary oxide coatings, is sure to contribute significantly to

the development of new-generation energy technologies.
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Chapter 6: Experimental Details

6.1. Experimental Details for Chapter 2

6.1.1. Synthesis and Characterisation of Precursors 1, 2 and 3

Precursor Reagents: Zirconium(IV) ethoxide (Zr(OEt)s4, Sigma-Aldrich, 98%), iron(II)
chloride (FeCly, Sigma-Aldrich, 98%), cobalt(Il) chloride (CoCl,, Sigma-Aldrich,
> 97%), copper(Il) chloride (CuCla, Sigma-Aldrich, > 97%), dimethyl sulfoxide (DMSO,
Alfa Aesar, >99%), anhydrous ethanol (EtOH, Sigma-Aldrich), dry tetrahydrofuran
(THF, Sigma-Aldrich), potassium hydroxide (KOH, Sigma-Aldrich, semiconductor
grade, > 99%), Nafion® 117 solution, bismuth nitrate pentahydrate (Bi(NO);-5H2O,
Sigma-Aldrich, 98%), sodium iodide (Nal, laboratory reagent grade, Fischer Scientific),
p-benzoquinone (= 98%, Sigma-Aldrich), vanadyl acetylacetonate (> 97%, Fluka).

Precursor Synthesis: Strict inert-atmospheric conditions were used throughout all of
the syntheses of 1-3. Anhydrous chloride salts M''Cl, with M = Co, Cu, Fe and ZrOEt4
(98%) were acquired from Aldrich chemical company. EtOH was distilled over Mg
turnings and tetrahydrofuran (THF) over sodium/benzophenone under nitrogen
atmosphere. Teflon-lined (23 mL capacity) autoclaves (model 4749, Parr) were used for
all experiments. Autoclaves were heated using a Binder ED53 53 L oven with natural
convection. The reactions were loaded with the solvents and reagents inside a Saffron
Scientific (type B) glovebox, equipped with a closed loop recirculation system for the
removal of moisture and oxygen (operating at ca. 0.1-0.5 ppm O). Storage of the
products, and analytical and spectroscopic samples were prepared inside the glovebox.

Synthesis of [Zr«O(EtO)5Co''Cl] (1): Zirconium(IV) ethoxide (1.132 g, 4.18 mmol),
cobalt(II) chloride (102 mg, 0.78 mmol), and anhydrous EtOH (5 mL, 85.7 mmol) were
placed in a Teflon-lined autoclave and heated at 100 °C for 1 day. After cooling down to
room temperature, the EtOH was evaporated, and residue was crystallized from 5 mL dry
THF at -14 °C, to produce purple crystals of 1 which were dried under vacuum (0.53 g,
27 % yield on the basis of CoCl, supplied). Elemental analysis found C 29.9, H 5.7, calc.
for1 C31.3,H6.5.

Synthesis of [Zrs(0)2(EtO)sFe™;Cl] (2): Zirconium(IV) ethoxide (1.132g, 4.18
mmol), iron(Il) chloride (99 mg, 0.78 mmol), and anhydrous EtOH (5 ml, 85.7 mmol)
were placed in a Teflon-lined autoclave and heated at 100 °C for 1 day. After cooling to
room temperature, the EtOH was evaporated, and the residue was crystallized from 5 mL

dry THF at -14 °C to produce pink crystals of the solvate 2-:2THF which were dried under
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vacuum (0.13 g, 11% yield on the basis of providing FeCl»). Elemental analysis found C
29.0, H 5.9, calc. for 2 C 29.5, H 6.1. The elemental analysis shows that the THF present
in the crystalline lattice is completely removed under vacuum, which also leads to the
loss of crystallinity.

Synthesis of [Zr4(0)2(EtO)1sCu4Cly] (3): Zirconium(IV) ethoxide (1.132g, 4.18
mmol), copper(Il) chloride (105 mg, 0.78 mmol), and anhydrous EtOH (5 mL, 85.7
mmol) were placed in a Teflon-lined autoclave and heated at 100 °C for 1 day. After
cooling to room temperature, the EtOH was evaporated, and the residue was crystallized
in 5 mL of dry THF at -14 °C to produce blue crystals of 3-EtOH (0.41 g, 62 % yield on
the basis of CuCl, provided). Elemental analysis found C 25.7, H 5.3, calc. for 2 C 26.9,
H 5.6. The elemental analysis shows that the EtOH present in the crystalline lattice is
completely removed under vacuum, which also leads to the loss of crystallinity.

IR spectroscopy measurements: IR spectra were recorded as Nujol mulls using a Perkin-
Elmer 1000 spectrophotometer with a universal ATR using NaCl windows.

UV-VIS spectroscopy measurements: The spectra were measured using a Varian Cary
50 spectrophotometer at 25 °C using quartz crystal cells. UV-diffuse reflectance
spectroscopy (UV-DRS) was measured using a Harrick Scientific Video Barrelino probe.
Elemental Analysis: Elemental CHN analysis was obtained using an Exeter Analytical,
Inc. CE-440 Elemental Analyzer with a combustion temperature of 975 °C.

ICP-OES measurements: An iCAP 7400 Series ICP Spectrometer from Thermo Fisher
Scientific was used to detect the Co, Cu, Fe content in the film samples. Samples for
analysis were dissolved in 2% HNOs3 to an estimated 1 ppm (mg/L) concentration (5 to
10 mL total volume).

Single-crystal X-ray diffraction: All single-crystal X-ray data were collected at 180(2)
K using a Nonius KappaCCD diffractometer equipped with MoKa radiation (A = 0.7107
A). Crystallographic data in CIF format have been deposited with the Cambridge
Crystallographic Data Centre (CCDC 2011723-2011725).
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6.1.2. Characterisation of the Catalysts

Materials Characterization: Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS) were obtained using a TESCAN MIRA3 FEG-SEM (FEG =
field emission gun). SEM images were acquired at 5 kV or 15 kV acceleration voltages,
and EDS spectra were acquired at a 30 kV acceleration voltage. X-ray photoelectron
spectroscopy (XPS) was measured on a ThermoFisher Scientific Escalab 250Xi
equipped with a monochromatic Al Ko X-ray source (hv = 1486.68 e¢V) and a spot size
of 500 um x 500 um. Survey spectra were measured at a pass energy of 100 eV and high-
resolution spectra were measured at a pass energy of 20 eV. On account of closures due
to the pandemic, the free-standing CuZr was measured at another facility, using a
ThermoFisher Scientific K-Alpha XPS system, also equipped with a monochromatic Al
Ka X-ray source (hv = 1486.69 V). The survey spectrum was measured at a pass energy
of 160 eV and the high-resolution spectra were measured at a pass energy of 20 eV.

Electrochemical and Photoelectrochemical Measurements:

The PEC measurements were performed with a Newport Oriel 67005 solar light
simulator with an AM 1.5G solar filter. The irradiance (i.e., flux density) was calibrated
to 100 mW m™ using a Newport 116-R optical power meter. Since BiVOj4 is not stable
under alkaline conditions, 0.1 M potassium borate (KBi) buffer (pH 8.5) with 0.1 M
K>SOy4 as supporting electrolyte was used for the PEC measurements. Prior to the PEC
measurements, the electrolyte solution was purged with N> for 20 minutes. The CV scans
(chopped, light and dark) were run between 0.1 V and 1.4 V vs. RHE at a low scan rate
of 10 mV s’'. The scans were performed under back-illumination to ensure efficient light
absorption. The O, quantification was conducted for the best performing system CoZr in
the anodic compartment of a gas-tight (photo)electrochemical cell using an Ocean Optics
fluorescence oxygen probe (Forpor-R). A constant potential was applied for 4 h. The O2
baseline was also recorded before and after the chronoamperometry. The amount of

oxygen in solution was obtained using Henry’s law.
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6.2. Experimental Details for Chapter 3

6.2.1. Reagents and Materials
NMCS811 (Targray), aluminium isopropoxide ( Sigma-Aldrich, > 98%), toluene was

dried under nitrogen over sodium and freshly distilled before use.

6.2.2. Characterisation of the Pristine and Coated NMCS811

6.2.2.1. Electron Microscopy and Elemental Quantification by EDS/XRF

Images were taken with a TESCAN MIRA3 Field emission gun (FEG)-SEM in
secondary electron (SE) mode with beam voltages ranging from 2 kV for the pristine
NMC and 5 kV for the coated samples. The working distance was 6 mm for all images.

All samples were coated with 10 nm of Cr before imaging using a Quorum Technologies

QI150T ES Turbo-Pumped Sputter Coater/Carbon Coater.

TEM images, Scanning Transmission Electron microscopy (STEM) and Energy
Dispersive X-ray spectroscopy (EDS) spectra and maps were collected using a Thermo
Scientific (FEI) Talos F200X G2 TEM operating at 200 kV with a spot size of 5 and 70
um aperture for the bright-field (BF) imaging. TEM images were acquired using a Ceta
16M CMOS camera. EDS was performed in STEM mode with images acquired using the
High Angle Annular Dark Field (HAADF) and Bright Field (BF) detectors and EDS
spectra/maps collected using the Super-X EDS detector system which consists of 4

windowless silicon drift detectors.

X-ray Fluorescence Measurements were performed using an Epsilon 4 Malvern
Panalytical XRF spectrometer with an Ag anode (X-ray energy of 50 kV) and a SDD30

silicon drift detector.
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6.2.2.2. Solid-state NMR (SSNMR) Measurements

Sample quantities ranged between 7.6 and 9.3 mg.

a) "Li NMR Measurements at 200 MHz

The spectra were recorded on a 4.7 T Bruker Avance I1I spectrometer (200 MHz 'H
Larmor frequency), using a Bruker 1.3 mm magic-angle spinning (MAS) NMR probe and
spinning at 60 kHz MAS frequency. The spectra are central slices of projection
MATPASS spectra,’®® which show only the isotropic resonance without spinning
sidebands. Eight #1 increments were recorded for each spectrum, with a recycled delay of
30 ms and 5120 transients acquired per #1 increment. LioCO3; was used as external

reference for these measurements (0 ppm).

b) 27A1 NMR Measurements at 200 MHz

A 4.7 T Bruker Avance III spectrometer (200 MHz 'H Larmor frequency), with a
Bruker 1.3 mm magic-angle spinning (MAS) NMR probe was used. The spectra were
acquired at 60 kHz MAS frequency, using a rotor-synchronized Hahn echo pulse
sequence with a recycle delay of 25 ms. 1127040 transients were acquired per spectrum,
leading to an experimental time of about 20 hours. AlF3 was used as external reference (-

17 ppm relative to 1 M AI(NO3)s3 in D20 at 0 ppm).

¢) 2’A1 NMR Measurements at 700 MHz

Measurements were carried out on a 16.4 T Bruker Avance III spectrometer (700 MHz
"H Larmor frequency), using a Bruker 1.3 mm magic-angle spinning (MAS) probe.
Experiments were performed at 50 kHz MAS frequency, using a rotor-synchronized
Hahn-echo pulse sequence with a 100 ms recycle delay. Between 372,000 and 402,000
scans were acquired, leading to experimental times between 14 and 17 hours. AlF3 (-17.0
ppm relative to 1 M Al(NO3); in D>O at 0 ppm) was used as an external reference to
calibrate the 2’ Al chemical shift. For the sample annealed under air, which had a mass of
5.8 mg, 308,832 scans were recorded leading to a measurement time of 5 h. The sample
annealed under oxygen had a mass of 7.33 mg and was measured for 20 h (1293,168 scans

were measured).
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d) 27A1 NMR Measurements at 1 GHz

The high-field NMR measurements were performed on a 23.5 T Bruker Avance Neo
spectrometer (1 GHz 'H Larmor frequency) with a Bruker 1.9 mm MAS probe. All
samples were as-coated powders. Experiments were performed at 40 kHz MAS frequency
for the samples annealed at 200 and 600 °C and at 38 kHz MAS frequency for the sample
annealed at 400 °C. A rotor-synchronised Hahn-echo sequence was used with a recycle
delay of 100 ms. Between 684,416 and 715,520 transients were collected, leading to
experimental times between 21 and 23 hours. The spectra were simulated and fit using a

Czjzek distribution.?”!

6.2.3. Electrode Fabrication and Cell Assembly

Electrodes were prepared by mixing 88 wt % NMC811 powder with 6 wt % carbon
black (Super-P Carbon, Timcal) and 6 wt % PVDF binder (Kynar, HSV-900). The total
amounts of the coated and uncoated solids ranged between 250 and 400 mg. The solid
mixture was ground for 5 minutes under air using a pestle and mortar. Then 0.85 mL of
N-methyl-2-pyrrolidone (NMP) per gram of solid was added, the slurry was mixed in a
planetary centrifugal mixer (Thinky, ARM/310 CE) at 2000 rpm for 10 minutes and
transferred to a nitrogen-filled glovebox. Here, the slurry was cast on aluminium foil with
a doctor-blade to 150 um thickness. The cast electrode was then dried under vacuum at
room temperature overnight and cut into electrode disks of 12.7 mm diameter. These were
dried under vacuum at 120 °C for 24 h before being transferred to an argon-filled
glovebox with oxygen and water levels below 10 ppm. The resulting electrodes had active

mass loadings of 6.4 = 1.4 mg / cm?.

Coin cells were assembled inside an argon filled glovebox with water and oxygen
levels below 10 ppm. The cell components were a lithium disk of 16 mm diameter,
purchased from LTS Research Laboratories, Inc. as the counter electrode, one 0.5 mm
thick spacer, a steel spring, a glass fibre separator (GF/B, Whatman,16 mm diameter)
soaked with 100 pL of electrolyte and the cathode disk. The electrolyte used was 1.0 M
LiPFs in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) mixed in a 3:7 w/w
ratio (SoulBrain, USA).

168



6.3. Experimental Details for Chapter 4

6.3.1. Reagents and Materials

Polycrystalline NMCS811 (Targray), Single-crystal NMC811 (Li-FUN), 1.0 M LiAlH4
solution in THF (Sigma-Aldrich). Benzyl alcohol (Sigma-Aldrich > 99 %), isopropanol
(Sigma-Aldrich > 99 %), tert-butanol (Alfa Aesar > 99 %).

6.3.2. Synthetic Procedures
General synthetic considerations: All the solvents were dried over activated molecular
sieves for 48 h before used and all the operations were carried out under strict inert

atmosphere.

Synthesis of Lif[Al(OCH>Ph)4] (1): Addition of 4 mL of a 1M LiAlH4 solution in THF
over 1.66 mL of a benzyl alcohol solution in 10 mL of THF (4 equivalents) led to
evolution of Hz(g) and the formation of a white suspension. After 1h, a clear solution is
obtained by removing the solids by filtration and the product (white powder) is obtained
by removing the solvent under vacuum. The product is then dried under vacuum at 40 °C

for 1h. Yield: 500 mg, 1.08 mmol, 27 %.

'H NMR (400 MHz, ds-THF, 295K) &/ppm: 7.34 (s, 1H, Ph-H ortho), 7.19 (s, 1H, Ph-H
meta), 7.09 (s, 1H, Ph-H, para), 4.81 (s, 2H, -CH2Ph). 3C{'H} NMR (400 MHz, d-
THF, 295K) 8/ppm: 146.6 (1C, Ph(C)-C), 128.6 (2C, Ph(C) meta), 128.2 (2C, Ph(C)
para), 127.1 (2C, Ph(C) ortho), 65.6 (1C, -CH,Ph). Li NMR (400 MHz, ds-THF, 295K)
&/ppm: 0.35 (s, b), -0.23 (s). 2’Al NMR (400 MHz, ds-THF, 295K) &/ppm: 69.76 (s).
CHN analysis LiAlC23H2304: 72.73; H, 6.06; N, 0.0. Found: C, 71.93; H, 6.08; N, 0.0.

Synthesis of LifAl(O'Pr)4] (2): Addition of 4 mL of a 1M LiAlH4 solution in THF over
1.22 mL of isopropanol solution in 10 mL of THF (4 equivalents) leads to H> (g)
formation and the precipitation of a white solid. After 1h, the solid is filtered and the

solvent is removed from the resulting white suspension under vacuum. A white powder

is obtained and dried under vacuum at 40 °C for 1h. Yield: 300 mg, 1.11 mmol, 12.3 %.

"Li NMR (400 MHz, ds-THF, 295K) 8/ppm: -0.27 (s). CHN analysis LiAIC12H2304: C,
50.06; H, 10.01; N, 0.0. Found: C, 50.32; H, 9.91; N, 0.0.
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Synthesis of Li[Al(O'Bu)4] (3): Addition of 4 mL of a IM LiAlHj4 solution in THF over
1.52 mL of tert-butanol solution in 10 mL of THF (4 equivalents) leads to H2(g) formation
and a clear solution (no precipitate is observed). After 1h, the solvent is removed under

vacuum and the resulting white powder is dried under vacuum at 40 °C for 1h. Yield: 1.08

g, 3.31 mmol, 83 %.

TH NMR (400 MHz, ds-THF, 295K) 8/ppm: 1.23 (s, -C(CH3)3, 9H), 1.21 (s, -C(CH3)s,
9H). 3C{'H} NMR (400 MHz, d3-THF, 295K) &/ppm: 68.32 (s, -C(CH3)3, 1C), 34.16
(s, -C(CHa)s, 3C), 34.05 (s, -C(CH3)3, 3C). "Li NMR (400 MHz, ds-THF, 295K)
8/ppm: -0.26 (s). 2’Al NMR (400 MHz, ds-THF, 295K) 8/ppm: 77.86 (s), 60.26 (s), 53.1
(s). CHN analysis LiAICi16H3604: C, 58.91; H, 11.04; N, 0.0. Found: C, 58.1; H,11.74;
N, 0.0. HRMS (ASAP") m/z calculated for [M] [CisH36Al104] : 319.240 found:
319.2422. [C12H28A1105]: 247.190, found: 247.1855.

Thermolysis of compounds 1-3. The precursors were loaded in alumina crucibles and
heated under air with a heating rate of 10 °C / min to 300, 400, 500 or 800 °C (1) or 400,
500 or 800 °C (2 and 3) for 4 h and then allowed to cool down to room temperature.

Water soaking step. NMC811 is loaded in a Schlenk flask inside the glovebox and
transferred to a Schlenk line and put under nitrogen. Deionised water is then added (10
mL water / g of NMC) and stirred for 2h at room temperature. The water is then removed
by syringe and the sample is dried under vacuum at 50 °C for 2h. The resulting product is
kept under inert atmosphere for the coating deposition step. Part of this sample is annealed
under air at 400 °C to study the effect of annealing on a water soaked NMC without a

coating (control experiment).

Coating deposition. The coating was deposited onto NMC811 using this same
procedure regardless of the precursor used (compounds 1-3) or the NMC sample (Al2O3
coated single-crystal NMC811 or uncoated polycrystalline NMC811). The precursor and
NMCS8I11 are loaded in a Schlenk flask inside the glovebox (precursor wt. is 1 % of the
total solid wt %). The reaction vessel is connected to a Schlenk line and put under
nitrogen. Dry THF (10 mL / g of NMC) is added, and the reaction proceeds at 60 °C for
48 h stirring. After that, the solvent is removed by syringe and the product is washed three
times with 10 mL of THF each. Finally, the product is dried under vacuum at 100 °C for
2h. The same procedure was employed for the NMCS811 that was pre-soaked in water
(water soaking step) and for the control samples but without the addition of precursor for

the control experiments.

170



6.3.3. Characterisation of the NMC811 Materials

6.3.3.1. Electron Microscopy
Details of the SEM/EDS are the same as in chapter 3, see section 6.2.2.1. for more

information. Details of the XPS measurements can be found in the main text.

6.3.3.2. XPS Characterisation

The XPS spectra were collected using a Phi Versaprobe instrument with Al Ka
radiation using a facility from the Henry Royce institute. A spot size of 100 um, a step
size of 0.1 eV and a pass energy of 55 eV were used. Due to the relatively short amount
of time for the measurements available in the previous facility, the XPS data of the pre-
soaked PC-NMC811 coated with 3 was measured in a HarwellXPS facility using a Kratos
SUPRA instrument with a pass energy of 40 eV, a spot size of 700 x 300 pm and a step
size of 0.1 eV.

6.3.3.3. Powder XRD Characterisation

The laboratory diffraction measurements were performed using a diffractometer
equipped with a Cu Ka radiation source (A = 1.541 A) and over the 10-100° 20 range of
for 1 h. The synchrotron PXRD patterns were measured at I11 (Diamond Light Source,
UK). For the synchrotron measurements, samples were packed in a quartz capillary and
sealed with epoxy resin before shipping and the peak-shapes were obtained directly from

a silicon refinement. All the refinements were performed using the TOPAS program (V6).

6.3.3.4. SSNMR Measurements of the Precursors

Most of the spectra were recorded on a 11.7 T Bruker Avance III spectrometer (500
MHz 'H Larmor frequency), using a Bruker 2.5 mm magic-angle spinning (MAS) NMR
probe and spinning at 30 kHz MAS frequency. Only the pristine compound 3 annealed at
400 and 500 °C samples were recorded using a 16.4 T Bruker Avance III spectrometer
(700 MHz 'H Larmor frequency), with a Bruker 1.3 mm magic-angle spinning (MAS)
probe and spinning at 50 kHz MAS frequency. The spin lattice relaxation time constant
(T1) was determined for each sample using a saturation recovery experiment. The spectra
shown in this work were acquired using a rotor-synchronized Hahn-echo pulse sequence.
The recycle delay (di) was determined directly from the T; values (di = T1*5). Sample
quantities ranged between 1.15 and 14.15 mg for the 500 MHz measurements and

between 1.84 and 8.53 mg for the 700 MHz measurements.
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74I-NMR measurements. AlF; (-17.0 ppm) was used as an external reference to
calibrate the 2’Al chemical shift, between 256 and 376,320 scans were recorded.
H-NMR measurements. Adamantane (CioHis, 1.9 ppm) was used as an external
reference to calibrate the 'H chemical shift, between 16 and 256 scans were recorded.
’Li-NMR measurements. Li»CO3 (0 ppm) was used as an external reference to calibrate

the "Li chemical shift and between 16 and 32 scans were recorded.

6.3.3.5. SSNMR Measurements of the NMC811 Materials

The spectra were acquired using a 16.4 T Bruker Avance III spectrometer (700 MHz
'H Larmor frequency), with a Bruker 1.3 mm magic-angle spinning (MAS) probe and
spinning at 50 kHz MAS frequency. Sample quantities ranged between 4 and 8.53 mg.
The spin lattice relaxation constant (T1) for the 'H measurements was determined for each
sample using a saturation recovery experiment. The spectra were then acquired using a
rotor-synchronized Hahn-echo pulse sequence. The recycle delay (di) was determined
directly from the Ty values (di = T1*5) in the case of the '"H measurements. For the 2’Al
NMR measurements, the d; was set to 25 ms and for the 'Li NMR to 100 ms. Same
references were used for external calibration as in the previous section. To prepare the
SSNMR samples of the cycled electrodes, the cycled cells were transferred to an argon-
filled glovebox, opened and the electrode was washed one time with dimethyl carbonate
(DMC) and dried under vacuum for 15 minutes. The material was then scrapped from the

aluminium current collector and packed in 1.3 mm SSNMR rotors.
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6.3.4. Electrode Fabrication, Cell Assembly and Electrochemical Cycling

Electrodes were prepared by mixing 90 wt % NMC811 powder with 5 wt% carbon
black (Super-P Carbon, Timcal) and 5 wt % PVDF binder (Kynar, HSV-900). The total
amounts of the coated and uncoated solids ranged between 250 and 400 mg. The solid
mixture was ground for 5 minutes under air using a pestle and mortar. Then 0.5-0.8 mL
of N-methyl-2-pyrrolidone (NMP) was added, the slurry was mixed in a planetary
centrifugal mixer (Thinky, ARM/310 CE) at 2000 rpm for at least 10 minutes and
transferred to an argon-filled glovebox. Here, the slurry was cast on aluminium foil with
a doctor-blade to 150 um thickness. The cast electrode was then dried under atmospheric
pressure overnight at room temperature and then under vacuum for 4-5h at room
temperature. The electrodes were then cut into disks of 12.7 mm diameter. These were
dried under vacuum at 120 °C for 24 h before being transferred to an argon-filled
glovebox with oxygen and water levels below 10 ppm. The resulting electrodes had active
mass loadings of 6.7 + 1.7 mg / cm?. Coin cells were assembled inside an argon filled
glovebox with water and oxygen levels below 10 ppm. The cell components were a
lithium disk of 16 mm diameter, purchased from LTS Research Laboratories, Inc. as the
counter electrode, one 0.5 mm thick spacer, a steel spring, a polypropylene separator
(Celgard 3031) soaked with 60 pL of electrolyte and the cathode disk. The Celgard
separators had been previously cut into 16 mm disks, washed with ethanol, and dried
under vacuum at 50 °C overnight. The electrolyte used was 1.0 M LiPFs in ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) mixed in a 3:7 w/w ratio (SoulBrain,
USA). Details on the charge-discharge protocols can be found in Chapter 4. The
electrochemical cycling was performed using an Arbin LTB or a LAND CT2001A cycler.

All the NMC811 materials in Chapter 4 were tested using the same conditions. The
voltage window was 3 to 4.3 V vs. Li with a constant current, constant voltage (CCCV)
step at the end of charge. The testing was done at C/2 rate with two C/20 formation cycles
and then two C/20 cycles every 50 cycles. In this work, 1C refers to the current needed
to charge or discharge the cell in 1 h with an upper cut-off voltage of 4.3 V (corresponds
to a cathode capacity of ~200 mA h/g). The purpose of the slow cycles was to test if the
observed decrease in specific capacity was caused by kinetic limitations which could be

eliminated at slow rates.
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Appendix A: X-ray Diffraction

Al. Refinements of the Single-Crystal XRD Data (Chapter 2)
Al.1. Precursor 1: [{Zri(ns-O)(OEt)15}Co"'Cl]

A space group C2/c was used to describe the complex. The structure is
situated on a crystallographic 2-fold rotation axis (passing through atoms O1 and O5) and
necessitates 50% site occupancy for atoms Col and Cll. This was confirmed by
refinement of the site occupancies. Lowering the symmetry to Cc or P2i/n does not
resolve this disorder, so the C2/c description is retained. An anisotropic model with
geometrical and ISOR restraints was applied. Alternative trials with the displacement
parameters linked to common isotropic values led to quite significant increases in the R-

factors, so the restrained anisotropic model was finally preferred.

A1.2. Precursor 2: [{Zri(pns-0)2(EtO)16}(Fe'Cl)2]

Geometrical and ISOR restraints were applied to all ethoxide groups, some of which
are modelled as disordered. Assignment of the O atom within the 5-membered ring was
based on initial indications from the displacement parameters, but it is highly uncertain.
The geometry of the ring is restrained, and isotropic displacement parameters are

constrained to a single common value in the final refinement.

A1.3. Precursor 3: [{Zri(ps-0)2(EtO)16} {(Cu'Cl)2(OEt)}2]

The final structure was obtained by a 2-component HKLF-5 refinement using
PLATON/TWINROTMAT (A. Spek, Utrecht University). The additional electron
density found in spaces between the complexes was modelled as one disordered ethanol
molecule per void. Omitting this molecule and applying SQUEEZE corrects for 130
electrons per unit cell, which gives ca. 32 electrons per void space, broadly consistent
with the 26 electrons expected for EtOH. Since the obtained structure is a dication with
no balancing anions, three possibilities were considered for charge balancing within the

crystal structure:

1. Two H" associated with the complex: there is no clear location to accommodate
these protons. In the SQUEEZE result (which provides the highest precision for the
main complex), the two non-bridging EtO™ ligands have Zr—O = 1.907 (6) and 1.917
(6) A, compared to protonated examples in the CSD with mean Zr-O =~ 2.25 A.
Likewise, the geometry of the bridging EtO™ ligands and the central [O] atoms do

not indicate any protonation sites.
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2. Exchange of some Cu—Cl groups for Cu—HO: although the solvents used were
nominally dried, it is possible that H>O could be present. Cu—CI/H20 exchange is
quite commonly seen in crystal structures, with the Cl and O atoms occupying
essentially the same atomic site. However, the X-ray data do not support this
hypothesis. Producing mixed Cl/O sites and refining site occupancy factors
invariably produced fully occupied Cl atoms. The displacement ellipsoids of Cl

show no indication of partial occupancy.

3. Exchange of some EtO™ ligands for H»>O: this seems the most probable mechanism
for charge balance, given the X-ray data. In the X-ray refinement, the coordinated
O atoms would be largely unaffected (although Zr—OH; bond distances would be
longer than Zr—OE?), but the displacement parameters of the C atoms of EtO™ should
indicate partial site occupancy. This is very difficult to assess, since the EtO™ ligands
are anyway poorly resolved, and the displacement parameters of the C atoms are all
large. Some are clearly larger than others, but it is difficult to distinguish potential
fractional occupancy from positional disorder. Short contacts do exist between
some EtO™ ligands in neighbouring complexes (most notably atoms C82 and C102).
Bridging Zr-H>O—Zr units are rare in the CSD (only one example), while non-
bridging Zr—OH> is common. It is possible that some terminal EtO™ ligands are
replaced by water in a manner that does not produce crystallographic order.
Replacement of the ethoxide ligand in Cu—OEt—Cu might also be possible; this is
difficult to assess from the geometry (since 5-coordinate Cu' is highly variable),
and the displacement ellipsoids are not clearly larger than any of the other EtO™

ligands.
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A1.4. Crystallographic Data and Refinement of Complexes 1, 2 and 3.

Table Al. Details of the refinements performed on the single-crystal X-ray diffraction (SC-XRD) data

obtained for complexes 1,2 and 3.

1 2 3
CCDC number 2011723 2011724 2011725
Cambridge data | DW_K1 0004 DW K1 0007 DW K1 0006
number
Chemical formula | C30H75CIC0016Zr4 | C40HosCl2Fe2020Zrs | C3gHosClaCusO21Z14
Formula weight 1151.16 1444.64 1649.98
Temperature / K 180(2) 180(2) 180(2)
Crystal system monoclinic triclinic monoclinic
Space group C2/c P-1 C2/c
alA 22.2252(6) 10.8605(4) 27.6397(7)
b/ A 11.1515(4) 11.8055(4) 13.3575(4)
clA 22.8685(8) 13.4100(5) 18.1081(6)
o/ deg 90 95.6906(13) 90
B/ deg 118.2860(13) 92.7536(13) 101.0883(12)
v/ deg 90 112.3541(15) 90
Unit-cell volume / A | 4991.0(3) 1575.42(10) 6560.7(3)
3
zZ 4 1 4
Calc. density / gem™ | 1.532 1.523 1.670
3
F(000) 2348 742 3344
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Radiation type MoKa MoKa MoKa
Absorption 1.241 1.231 2.103
coefficient / mm’!

Crystal size /mm® | 0.35x0.23x0.12 [0.32x0.28x0.06 |0.28x0.18x0.14
20 range / deg 7.05-43.93 7.03-50.00 7.36-43.97
Completeness  to | 0.986 0.982 0.991

max 20

No. of reflections | 11821 13683 14557
measured

No. of independent | 3000 5421 14557
reflections

R(int) 0.0403 0.0461 0.0636
No. parameters /| 250/120 316/ 160 335/159
restraints

Final R1 values (I > | 0.0868 0.0409 0.0526
20(1))

Final wR(F?) values | 0.1001 0.0568 0.0774

(all data)

Goodness-of-fit on | 1.079 1.029 0.977

F2

Largest difference | 1.097, -0.605 0.724, -0.506 0.931, -0.477
peak & hole /e A
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A2. PXRD Rietveld Refinements (Chapter 3)

All Rietveld refinements of NMC811 materials were carried out in the R3m space group.

A2.1. Pristine NMCS811

Table A2. Atom positions and occupancies of the pristine NMC811 used in this work. Fitting quality: Ry,
=1.883 %, Rexp = 1.461 %, goodness of fit = 1.288. Lattice parameters: a=b = 2.87327 A, ¢ = 14.2122.

Site Atom X y V/ Occupancy
3a Nil 0 0 0 0.015
Lil 0 0 0 0.985
3b Ni2 0 0 0.5 0.785
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 0] 0 0 0.24232 1

A2.2. Al2O3 Coated NMC811 Annealed at 200 ° C
Table A3. Atom positions and occupancies of Al,O3; / NMC811 annealed at 200 °C. Fitting quality: Ry, =
2.191 %, Rexp = 1.491 %, goodness of fit = 1.469. Lattice parameters: a=b = 2.87399 A, ¢ = 14.2151 A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.019
Lil 0 0 0 0.981
3b Ni2 0 0 0.5 0.781
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.2432 1
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A2.3. NMCS811 AL2O3 Coated and Annealed at 500 ° C

Table A4. Atom positions and occupancies of Al,O3 / NMCS811 annealed at 500 °C. Fitting quality: Ry, =
2.137 %, Rexp = 1.449 %, goodness of fit = 1.469
Lattice parameters: a=b =2.87347 A, ¢ =14.2132 A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.031
Lil 0 0 0 0.969
3b Ni2 0 0 0.5 0.769
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c 01 0 0 0.24394 1

A2.4. NMCS811 Al2O3 Coated and Annealed at 800 ° C
Phase 1: NMC811 (94.64 %)

Table AS. Atom positions and occupancies of Al,O3/NMC811 annealed at 800 °C for the pristine NMC811
phase. Fitting quality: Rwp =2.969 %, Rexp = 1.795 %, goodness of fit = 1.654. Lattice parameters: a=b =
2.88418 A, c =14.2457 A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.045
Lil 0 0 0 0.955
3b Ni2 0 0 0.5 0.755
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c Ol 0 0 0.23719 1
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Phase 2: Al-doped NMC811 (5.36 %)

Table A6. Atom positions and occupancies of Al,O3 / NMC811 annealed at 800 °C for the aluminium-
doped NMCS811 phase. Fitting quality: Rwp = 2.969 %, Rexp = 1.795 %, goodness of fit = 1.654. Lattice
parameters: a=b =2.89199 A, ¢ = 14.3845 A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.0
Lil 0 0 0 1.0
3b Ni2 0 0 0.5 0.8
Col 0 0 0.5 0.011
All 0 0 0.5 0.089
Mnl 0 0 0.5 0.1
6¢ Ol 0 0 0.52802 1

A2.5. Uncoated NMC811 Annealed at 400 °C under Air
Table A7. Atom positions and occupancies of uncoated NMC811 annealed at 400 °C. Fitting quality: Ry,

=1.915 %, Rexp = 1.309 %, goodness of fit = 1.462. Lattice parameters: a =b = 2.87326 A, c=14.20989
A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.0152
Lil 0 0 0 0.985
3b Ni2 0 0 0.5 0.785
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.24253 1
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A2.6. Uncoated NMC811 Annealed at 800 °C under Air

Table A8. Atom positions and occupancies of uncoated NMCS811 annealed at 800 °C. Fitting quality: R,
= 1.99147 %, Rexp = 1.33093 %, goodness of fit = 1.49629. Lattice parameters: a =b = 2.87746 A, ¢ =
14.22219 A.

Site Atom x y V/ Occupancy
3a Nil 0 0 0 0.044
Lil 0 0 0 0.956
3b Ni2 0 0 0.5 0.77
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 0] 0 0 0.24254 1

A2.7. A2O03 Coated NMC811 Annealed at 800 °C under Oxygen

Table A9. Atom positions and occupancies of uncoated NMC811 annealed at 800 °C. Fitting quality: Ry,
= 1.92709 %, Rexp = 1.32253 %, goodness of fit = 1.45712. Lattice parameters: a=b = 2.87509 A, ¢ =
14.215 A.

Site Atom X y z Occupancy
3a Nil 0 0 0 0.03
Lil 0 0 0 0.97
3b Ni2 0 0 0.5 0.78
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.24252 1
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A3. PXRD data and Rietveld Refinements (Chapter 4)

A3.1. Precursor Thermolysis: Rietveld Refinement Parameters

Table A10. Atomic coordinates and site occupancies of precursor 1 annealed at 800 °C.

Site Atom X y // Occupancy
4a Lil 0.795 0.795 0 1

All 0.186 0.186 0 1
8b Ol 0.353 0.295 0.778 1

Table A11. Atomic coordinates and site occupancies of the y-LiAlO, phase formed after decomposition

of precursor 2 at 800 °C under air.

Site Atom X y z Occupancy
4a Lil 0.838 0.838 0 1

All 0.178 0.178 0 1
8b 01 0.338 0.286 0.779 1

Table A12. Atomic coordinates and site occupancies of the a-LiAlO; phase formed after decomposition

of precursor 2 at 800 °C under air.

Site Atom X y z Occupancy
3a Lil 0 0 0 1
3b All 0 0 0.5 1
6¢ 01 0 0 0.249 1

Table A13. Atomic coordinates and site occupancies of precursor 3 annealed at 800 °C.

Site Atom X y z Occupancy
4a Lil 0.815 0.815 0 1

All 0.184 0.184 0 1
8b 01 0.351 0.282 0.783 1
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A3.2. Diffraction Patterns and Refinements of NMC811 Materials (Chapter 4)
A3.2.1. Laboratory PXRD data

Pristine polycrystalline NMC811

Measured + Measured
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1 [ 1 1 I
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26/, CuKa) 20/(°, CuKa)
Figure Al. Polycrystalline NMC811 (pristine).
Polycrystalline NMC811 coated with 3 - Not annealed
*  Measured *  Measured
a — Caloulaled b — Caloulated
~— Difference ~— Difference
| Bragg position | Bragg position
_— ]
1 " (I} 1 [ | ]
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—— Calculated —— Calculated
C —— Difference d — Difference
| Bragg position | Bragg position

ISR

36 38 40 42 44 46 630 635 640 645 650 655 66.0
28/(°, CuKa) 28/(°, CuKa)

Figure A2. Polycrystalline NMC811 coated with 3 not annealed.
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Polycrystalline NMC811 coated with 1
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Figure A3. Polycrystalline NMC811 coated with 1.

44 46 630 635 640 64.5 650 655 66.
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Polycrystalline NMC811 coated with 2

*  Measured
a —— Calculated

—— Difference
| Bragg position

Measured
— Calculated
—— Difference

| Bragg position

20 40 60 80
28/(°, CuKa)

+  Measured
—— Calculated C
—— Difference

| Bragg position

A N

4 18.6 18.8 19.
26/(°,CukKa)
d . Measured
—— Calculated
—— Difference
| Bragg position

36 38 40 42 44 46 630 635 640 645 650 655 66.

26/(°, CuKa)

Figure A4. Polycrystalline NMC811 coated with 2.
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Polycrystalline NMC811 soaked in water and coated with 3
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Figure AS. Polycrystalline NMC811 soaked in water and coated with 3.

Polycrystalline NMC811 soaked in water
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Figure A6. Polycrystalline NMC811 soaked in water (not annealed).
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Palycrystalline NMC811 soaked in water and annealed at 400 °C under air
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Figure A7. Polycrystalline NMC811 soaked in water annealed at 400 °C.

A3.2.2. Refinement Results for the Laboratory PXRD data

.0 635 64.0 645 650 655 66.

Table A14. Pristine polycrystalline NMC811 atomic coordinates and site occupancies.

Site Atom b ¢ y z Occupancy
3a Lil 0 0 0 0.985
Nil 0 0 0 0.0152
3b Ni2 0 0 0.5 0.785
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.242 1
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Table A15. Atomic coordinates and site occupancies polycrystalline NMC811 coated using precursor 1

and annealed under air at 400 °C.

Site Atom X y // Occupancy
3a Lil 0 0 0 0.984
Nil 0 0 0 0.0164
3b Ni2 0 0 0.5 0.784
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ Ol 0 0 0.243 1

Table A16. Atomic coordinates and site occupancies polycrystalline NMC811 coated using precursor 2

and annealed under air at 400 °C.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.985
Nil 0 0 0 0.0147
3b Ni2 0 0 0.5 0.785
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.243 1

Table A17. Atomic coordinates and site occupancies polycrystalline NMC811 coated using precursor 3

and dried under vacuum at 100 °C.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.983
Nil 0 0 0 0.0174
3b Ni2 0 0 0.5 0.783
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c Ol 0 0 0.242 1
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Table A18. Atomic coordinates and site occupancies NMC811 soaked in water and dried under vacuum

at 100 °C.

Site Atom X y // Occupancy
3a Lil 0 0 0 0.984
Nil 0 0 0 0.0158
3b Ni2 0 0 0.5 0.784
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ Ol 0 0 0.243 1

Table A19. Atomic coordinates and site occupancies NMC811 soaked in water and annealed under air at

400 °C.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.978
Nil 0 0 0 0.0216
3b Ni2 0 0 0.5 0.778
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.242 1

Table A20. Atomic coordinates and site occupancies NMC811 soaked in water, coated with 3 and

annealed under air at 400 °C.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.98
Nil 0 0 0 0.0202
3b Ni2 0 0 0.5 0.78
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c Ol 0 0 0.244 1
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A3.2.3. Synchrotron PXRD data

Pristine polycrystalline NMC811
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Figure A8. Polycrystalline NMC811
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Figure A9. Polycrystalline NMC811 coated with 3 and annealed at 400 °C under air.
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Single-crystal NMC811
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Figure A10. Single-crystal NMC811.
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Figure A11. Single-crystal NMC811 coated with 3 and dried at 100 °C under vacuum.
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Single-crystal NMC811 coated with 3 - 400 °C air
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Figure A12. Single-crystal NMC811 coated with 3 and annealed at 400 °C under air.
A3.2.4. Refinement Results for the Synchrotron PXRD data

Table A21. Ry, and lattice parameters from Rietveld refinement of laboratory data.

Rwp /

Sample % Refined phases Wt% a/A b/A  c¢/A
Polycrystalline (PC)

NMC811 3.541 NMCS811 100%  2.87 2.87 14.188
PC-NMCS811 coated

with 3 /400 °C (air) 4.898 NMCS8I11 100% 2.869 2.869 14.187
Single-crystal 4.204 AI-NMC 57%  2.875 2.875 14.205
(SC)-NMC811 NMC 43%  2.873 2.873 14.196
SC-NMC811 coated with 3 4.114 Al-NMC 57%  2.875 2.875 14.207
100 °C (vacuum) NMC 43% 2.873 2.873 14.196
SC-NMC811 coated with 3 3.118 AI-NMC 62% 2.876 2.876 14.206
400 °C (air) NMC 38% 2.872 2.872 14.192
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Table A22. Polycrystalline NMC811

Site Atom X y // Occupancy
3a Lil 0 0 0 0.978
Nil 0 0 0 0.0221
3b Ni2 0 0 0.5 0.778
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ Ol 0 0 0.242 1

Table A23. Polycrystalline NMC811 coated with 3 and annealed under air at 400 °C.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.964
Nil 0 0 0 0.0358
3b Ni2 0 0 0.5 0.764
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c 01 0 0 0.242 1

Table A24. Aluminium-doped NMCS811 phase in the pristine single-crystal NMC811.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.957
Nil 0 0 0 0.0434
3b Ni2 0 0 0.5 0.738
Mnl 0 0 0.5 0.1
Col 0 0 0.5 0.1
All 0 0 0.5 0.0188
6¢ 01 0 0 0.243 1
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Table A25. NMC811 phase in the pristine single-crystal NMCS811.

Site Atom X y // Occupancy
3a Lil 0 0 0 0.998
Nil 0 0 0 0.002
3b Ni2 0 0 0.5 0.798
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ Ol 0 0 0.238 1

Table A26. Aluminium-doped NMCS811 phase in the single-crystal NMC811 coated with 3 and dried at

100 °C under vacuum.

Site Atom b ¢ y z Occupancy
3a Lil 0 0 0 0.957
Nil 0 0 0 0.0434
3b Ni2 0 0 0.5 0.743
Mnl 0 0 0.5 0.1
Col 0 0 0.5 0.1
All 0 0 0.5 0.0134
6¢ 01 0 0 0.243 1

Table A27. NMCS811 phase in the single-crystal NMC811 coated with 3 and dried at 100 °C under

vacuum.

Site Atom X y z Occupancy
3a Lil 0 0 0 0.998
Nil 0 0 0 0.00178
3b Ni2 0 0 0.5 0.798
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6c Ol 0 0 0.238 1
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Table A28. Aluminium-doped NMC811 phase in the single-crystal NMC811 coated with 3 and annealed
at 400 °C under air.

Site Atom X y // Occupancy
3a Lil 0 0 0 0.983
Nil 0 0 0 0.0165
3b Ni2 0 0 0.5 0.73
Mnl 0 0 0.5 0.1
Col 0 0 0.5 0.1
All 0 0 0.5 0.0536
6¢ 0] 0 0 0.24 1

Table A29. NMCS811 phase in the single-crystal NMC811 coated with 3 and annealed at 400 °C under

air.

Site Atom b ¢ y z Occupancy
3a Lil 0 0 0 0.993
Nil 0 0 0 0.00711
3b Ni2 0 0 0.5 0.793
Col 0 0 0.5 0.1
Mnl 0 0 0.5 0.1
6¢ 01 0 0 0.24 1
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Appendix B: Electron Microscopy and Elemental
Analysis by X-ray Spectroscopy

B1. Characterisation of the Catalyst Films using SEM-EDS (Chapter 2)

To analyse the elemental composition and distribution of elements in the catalysts, EDS
point scans were taken across the sample. The normalized atomic percentage of each of
the elements detected by EDS is presented and the dopant : Zr ratio is calculated. Outliers
were removed using a Dixon’s Q test with 80 % confidence. The 95 % confidence

intervals were calculated.

B1.1. EDS Analysis of CoZr Electrode before Catalysis:

Figure B1. Location of the point scans measured on the CoZr electrode before catalysis.
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Table B1. Normalized atomic percentages of the elements detected in the CoZr electrode before catalysis.

Atomic %

Spectrum (0) C Zr Cl Co Co:Zr
1 63.7 17.2 11.9 5.4 1.8 0.15
2 63.5 15.3 13.2 5.9 2.0 0.15
3 63.6 15.0 13.4 6.1 1.9 0.14
4 62.8 21.8 9.7 4.2 1.5 0.15
5 59.5 15.8 15.5 6.7 2.5 0.16
6 58.4 16.7 15.8 6.7 24 0.15
7 59.2 23.6 10.8 4.7 1.6 0.15
8 59.7 19.2 13.5 55 2.1 0.16
9 58.1 21.7 12.7 5.7 1.9 0.15
10 69.1 21.4 6.9 2.3 0.2 0.03
11 61.1 17.5 14.0 4.8 2.5 0.18
12 75.6 15.7 6.6 2.1 0.1 0.02
13 66.9 19.1 9.7 3.7 0.6 0.06
14 62.7 16.1 14.2 5.7 1.3 0.090
15 70.1 17.4 8.8 3.2 0.4 0.05
16 65.9 17.4 11.1 4.3 1.2 0.11
17 59.8 16.8 15.5 6.0 1.8 0.12
18 61.9 18.0 13.5 4.7 1.9 0.14
19 62.8 15.0 14.5 6.0 1.6 0.11
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20 60.6 19.8 12.6 4.7 2.3 0.18
21 58.6 22.8 12.5 4.4 1.7 0.14
Average 63.0 18.3 12.2 4.9 1.6 0.10
Confidence interval 1.67 1.00 1.0 0.49 0.27 0.02
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B1.2. EDS Analysis of CoZr Electrode after Catalysis

.
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Figure B2. Location where the point scans were measured on the CoZr electrode after catalysis.
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Table B2. Normalized atomic percentages of the elements detected in the CoZr electrode after catalysis.

Atomic %

Spectrum 0] C Zr K F Co Co Zr
1 48 19.5 18.8 4.9 55 3.4 0.18
2 33.7 0 11.1 5.2 47.1 2.7 0.24
3 34.4 0 12.4 6.1 41.9 4.5 0.36
4 25.1 0 10.5 4.1 58.4 1.9 0.18
5 40.1 31.5 8.7 3.5 15 1.2 0.14
6 69.8 11.3 14.9 1.8 0 2.2 0.15
7 64.4 17 10.4 34 0 4.8 0.46
8 53.5 28 14.1 2.1 0 24 0.17
9 68.1 10 17.2 2.1 0 2.6 0.15
10 63.6 16.5 15.4 2.2 0 23 0.15
11 53.9 26.4 13.5 2.8 0 34 0.25
12 46.8 31.3 16.5 2.5 0 2.8 0.17
13 62.2 10.3 21.2 2.9 0 33 0.16
14 64.5 12.3 18.2 2.3 0 2.7 0.15
15 56.7 11.3 24.4 3.1 0 4.5 0.18
16 62.5 16.9 15.9 2.2 0 2.6 0.16
Average 53 15.1 15.2 3.2 10.5 3 0.2
Confidence interval 5.88 4.47 1.81 0.55 19.8 0.43 0.04
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B1.3. EDS Analysis of CuZr Electrode before Catalysis

Figure B3. Location where the point scans were measured on the CuZr electrode before catalysis.
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Table B3. Normalized atomic percentages of the elements detected in the CuZr electrode before catalysis.

Atomic %

Spectrum o C Zr Cl Cu Cu:Zr
1 64.9 25.6 6.5 1.2 1.8 0.28
2 69.6 15.6 10.6 2.1 2.2 0.21
3 23.8 65.1 8.7 1.7 0.6 0.07
4 49.4 37.4 9.6 1.7 1.9 0.2
5 70.0 17.6 8.6 1.6 2.2 0.26
6 47.8 42.5 7.1 1.1 1.5 0.21
7 47.3 46.4 4.1 0.6 1.7 0.41
8 60.6 23.5 11.6 2.2 2.1 0.18
9 333 57.7 6.9 1.0 1.1 0.16
10 73.2 15.2 8.5 1.8 1.2 0.14
11 69.3 19 8.3 1.6 1.9 0.23
Average 55.4 33.2 8.2 1.5 1.7 0.2
Confidence interval  8.88 9.58 1.1 0.26 0.28 0.04
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B1.4. EDS Analysis of CuZr Electrode after Catalysis

Figure B4. Location where the point scans were measured on the CuZr electrode after catalysis.
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Table B4. Normalized atomic percentages of the elements detected in the CuZr electrode after catalysis.

Atomic %

Spectrum 0) C Zr K Cu Cu:Zr
1 57.9 30.1 6.6 4.8 0.5 0.08
2 57.9 20.6 14.1 6.1 1.2 0.085
3 57.4 24.4 11.8 53 1.2 0.10
4 59.7 28.7 7.6 2.7 1.3 0.17
5 54.7 25.8 13.2 5.0 1.3 0.10
6 75.1 0 17.6 53 2.0 0.11
7 58.6 27.7 12.4 0 1.3 0.10
8 543 243 14.5 5.8 1.1 0.076
9 59.0 15.9 17.9 59 1.4 0.078
Average 59.4 21.9 13 4.5 1.0 0.10
Confidence interval 3.87 5.84 24 1.3 0.3 0.04
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B1.5. EDS Analysis of FeZr Electrode before Catalysis

Figure B5. Location where the point scans were measured on the FeZr electrode before catalysis.
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Table BS. Normalized atomic percentages of the elements detected in the FeZr electrode before catalysis.

Atomic %
Spectrum o Cl Zr Fe Fe: Zr
1 63.7 7.2 25.1 4.0 0.16
2 74.4 6.0 17.1 2.5 0.15
3 78.1 5.7 14.8 1.4 0.095
4 66.1 6.7 23.0 4.2 0.18
5 64.7 7.5 24.4 3.4 0.14
6 67.2 7.3 22.5 2.9 0.13
7 79.6 5.6 13.5 1.3 0.096
8 77.3 5.9 15.3 1.5 0.098
9 73.8 6.2 17.9 2.1 0.12
10 69.2 7.3 20.8 2.7 0.13
11 69.5 7.0 21.4 2.1 0.098
Average 71.2 6.6 19.6 2.6 0.13
Confidence
intervals 3.06 0.39 2.2 0.54 0.031
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B1.6. EDS Analysis of FeZr Electrode after Catalysis

Figure B6. Location where the point scans were measured on the FeZr electrode after catalysis.

Table B6. Normalized atomic percentages of the elements detected in the FeZr electrode after catalysis.

Atomic %
Spectrum O Zr C K Fe Fe: Zr
1 71.8 21.0 0 4.9 2.4 0.11
2 60.6 16.3 17.5 3.8 1.8 0.11
3 60.2 15.6 18.8 3.7 1.7 0.11
4 61.5 15.5 17.9 3.6 1.5 0.10
5 56.9 16.2 21.3 3.7 1.9 0.12
6 59.6 14.8 20.3 3.6 1.6 0.11
7 62.7 16.5 15.3 3.8 1.7 0.10
Average 61.9 16.6 15.9 3.9 1.8 0.11
Confidence
intervals 3.38 1.46 5.20 0.33 0.21 0.016
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B1.7. Summary of the EDS Results and Dopant : Zr Ratio

Table B7. Summary of EDS-derived dopant : Zr ratios

Sample TM : Zr ratio Confidence interval
Co : Zr precursor 0.25 -

Co : Zr before 0.12 0.02

Co : Zr after 0.2 0.04

Cu : Zr precursor 1 -

Cu : Zr before 0.2 0.04

Cu : Zr after 0.1 0.04

Fe : Zr precursor 0.5 -

Fe : Zr before 0.13 0.031

Fe : Zr after 0.11 0.016
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B.2. Characterisation of the Pristine and Al2O3 Coated NMC811 (Chapter 3)
B2.1. SEM Images

Figure B7. SEM images of pristine NMCS811.
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Figure B9. SEM images of Al,O3 coated NMCS811 dried and then annealed under air at 200 °C.
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Figure B10. SEM images of Al,O3 coated NMCS811 dried and then annealed under air at 300 °C.

400 °C

Figure B12. SEM images of Al,O3 coated NMC811 dried and then annealed under air at 500 °C.
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Figure B14. SEM images of Al,O3 coated NMC811 dried and then annealed under air at 700 °C.
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Figure B15. SEM images of Al,O3; coated NMC811 dried and then annealed under air at 800 °C.
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B2.2. High-resolution TEM Images

Pristine NMC811

4
Aa '
H '

Figure B16. High-resolution TEM images of the pristine NMC811.
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Figure B17. High-resolution TEM images of the Al,O3 coated NMC811 annealed at 200 °C under air.
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Figure B18. High-resolution TEM images of the Al,O3; coated NMC811 annealed at 400 °C under air.
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Figure B19. High-resolution TEM images of the Al,O3; coated NMC811 annealed at 600 °C under air.
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Figure B20. High-resolution TEM images of the Al,O3; coated NMC811 annealed at 800 °C under air.

200 °C - Cycled

Figure B21. High-resolution TEM images of the Al,O3; coated NMC811 annealed at 200 °C under air after
250 cycles.
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400 °C - Cycled

Figure B22. High-resolution TEM images of the Al,O3 coated NMC811 annealed at 400 °C under air after
300 cycles.
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B.2.3. Coating Thickness Measurements with TEM
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Figure B23. TEM images and EDS maps from where the coating thicknesses of the 200 °C annealed sample
were obtained, the locations where the thickness measurement were taken, and the thicknesses measured

are indicated in the Figure.
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Figure B24. TEM images and EDS maps from where the coating thicknesses of the 400 °C annealed sample
were obtained, the locations where the thickness measurement were taken, and the thicknesses measured

are indicated in the Figure.
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Figure B25. TEM images from where the coating thicknesses of the 600 °C annealed sample were obtained,
the locations where the thickness measurement were taken, and the thicknesses measured are indicated in

the Figure.

Figure B26. TEM images from where the coating thicknesses of the 800 °C annealed sample were obtained,
the locations where the thickness measurement were taken, and the thicknesses measured are indicated in

the Figure.
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B.2.4. SEM-EDS Characterisation
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Figure B27. Three EDS spectra and location of the point scans taken on the pristine NMCS811 sample. No

aluminium signal can be detected within the limits of this technique.
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Figure B28. Three EDS spectra and location of the point scans taken on the as-coated (not annealed)

NMC811 sample. Significant aluminium signal can be detected in all the measurements (0.6—1 weight %).
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100 °C image 2

Figure B29. SEM images and EDS point scans of the Al,O3; coated NMC811 dried under vacuum at 100
°C.
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200 °C image 2

Figure B30. SEM images and EDS point scans of the Al,O3 coated NMC811 annealed at 200 °C.

300 °C image 3

300 °C image 1 300 °C image 2
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Figure B31. SEM images and EDS point scans of the A1,O3 coated NMC811 annealed at 300 °C.
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400 °C image 1 400 °C image 2 400 °C image 3

Figure B33. SEM images and EDS point scans of the Al,O3 coated NMC811 annealed at 500 °C.
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600 °C image 1 600 °C image 2

Figure B34. SEM images and EDS point scans of the A[,O3 coated NMC811 annealed at 600 °C.

700 °C

Figure B35. SEM images and EDS point scans of the A1,O3 coated NMC811 annealed at 700 °C.
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Figure B36. SEM images and EDS point scans of the Al,O3 coated NMC811 annealed at 800 °C.

200°C cycledimage 1 200°C cycledimage 2 200°C cycledimage 3

Figure B37. SEM images and EDS point scans of the Al,O3; coated NMC811 annealed at 200 °C after 300

galvanostatic cycles.
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400°C cycledimage 1 400°C cycledimage 2

Topm

Figure B38. SEM images and EDS point scans of the Al,O3; coated NMC811 annealed at 400 °C after 250

galvanostatic cycles.
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Table B8. EDS-derived atomic percentages of the representative elements, Al : Ni rations, the 95 %

confidence intervals and the number of spectra taken for each sample.

Number

Annealing of
T/°C C O Al Mn Co Ni Al:Ni spectra
100 At% |30 49 025 188 200 15 0.016 43

CIl 3 3 0.03 011 0.14 1 0.002
200 At% |34 40 030 230 265 20 0.010 50

Cl 5 3 004 020 023 2 0.002
300 At% |20 55 035 234 257 20 0.018 76

Cl 2 2 0.03 011 0.13 1 0.002
400 At% |17 57 045 227 262 203 0.022 91

CI 2 1 0.03 008 0.10 0.8 0.002
500 At% |13 59 040 249 28 21.7 0.018 81

CI 1 1 0.02 008 0.1 08 0.001
600 At% |29 49 025 2.15 231 179 0.014 100

CI 2 2 0.02 009 012 09 0.001
700 At% |9 52 026 33 40 32 0.008 21

CI 1 6 004 04 06 5 0.002
800 At% |6 31 027 55 6.6 51 0.0052 21

CI 1 2 004 02 02 2 0.0009
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Table B9. EDS-derived atomic percentages for aluminium and nickel as well as the Al : Ni ratio with 95

% confidence intervals and the number of spectra taken for the Al,O3 coated NMC811 annealed at 200 °C

and 400 °C after 250 or 300 cycles.

Annealing Temperature / °C Ni Al Al:Ni Number of spectra
200 - cycled At% | 17.4 020 0.02 15

CI 3.10 0.10 0.01
400 - cycled At% | 17.1 0.20 0.01 20

CI 3.54 0.08 0.004
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B2.5. STEM-EDS Characterisation

Pristine NMC811

Area #1

Figure B39. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of pristine
NMCS811. The areas used for the EDS quantification are shown.
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200 °C

Area #1

Figure B40. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al>O;
coated NMCS811 annealed at 200 °C. The areas used for the EDS quantification are shown.
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400 °C

600 am

Figure B41. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al>O;
coated NMC811 annealed at 400 °C. The areas used for the EDS quantification are shown.
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600 °C

Map 1

100 nm 960 Am

Figure B42. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al>O;
coated NMCS811 annealed at 600 °C. The areas used for the EDS quantification are shown.
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800 °C

Area #2

Figure B43. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al>O;
coated NMC811 annealed at 800 °C. The areas used for the EDS quantification are shown.
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Figure B44. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al,O;
coated NMC811 annealed at 200 °C under air which has been cycled 250 times. The areas used for the EDS

quantification are shown.
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400 °C cycled

Figure B45. EDS map and high-angle annular dark field (HAAD) / bright field (BF) images of the Al>O;
coated NMC811 annealed at 400 °C under air which has been cycled 300 times. The areas used for the EDS

quantification are shown.

B2.5.1. Atomic Percentages Determined by STEM-EDS Mapping

Table B10. TEM-EDS atomic % of aluminium, manganese, cobalt and nickel and error in the atomic %

and the fitting for the pristine NMC811 sample taken on representative bulk and surface areas of the sample.

Sample Area Al Ni
pristine NMC811 map 1 1 (Bulk) Atomic Fraction (%) 0.09 |77.16
(Figure B39) Atomic Error (%) 0.02 17.47
2 (Surface) | Atomic Fraction (%) 0.11 78
Atomic Error (%) 0.03 17.76
Pristine NMC811 map 2 1 (Bulk) Atomic Fraction (%) 0.14 78.6
(Figure B39) Atomic Error (%) 0.03 17.97
2 (Surface) | Atomic Fraction (%) 0.11 78.82
Atomic Error (%) 0.02 18.04
200 °C map 1 1 (Bulk) Atomic Fraction (%) 0.38 76.28
(Figure B40) Atomic Error (%) 0.07 17.17
2 (Surface) | Atomic Fraction (%) 40 47
Atomic Error (%) 5 9
200 °C map 2 1 (Surface) | Atomic Fraction (%) 22 60
(Figure B40) Atomic Error (%) 3 12
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2 (Surface) | Atomic Fraction (%) 22 63

Atomic Error (%) 4 13
3 (Bulk) Atomic Fraction (%) 0.29 78
Atomic Error (%) 0.06 18

Table B11. TEM-EDS atomic % of aluminium, manganese, cobalt and nickel and error in the atomic %

for the coated NMC811 sample annealed at 400 °C measured on representative bulk and surface areas of

the sample.

Sample Area Al Ni
400°Cmap 1 | 1 (Surface) Atomic Fraction (%) 27.15 53
Figure B41 Atomic Error (%) 4.1 10
2 (Bulk) Atomic Fraction (%) 0.36 81
Atomic Error (%) 0.07 19
400 °C map 2 | 2 (Surface) Atomic Fraction (%) 22 61
Figure B41 Atomic Error (%) 3 13
3 (Bulk) Atomic Fraction (%) 0.45 77
Atomic Error (%) 0.09 17

400 °Cmap 3 | 1 (Surface) Atomic Fraction (%) 84.6 10.6
Figure B41 Atomic Error (%) 5.6 1.8
2 (Bulk) Atomic Fraction (%) 0.64 77
Atomic Error (%) 0.12 17

3 (Surface) Atomic Fraction (%) 24 60.2

Atomic Error (%) 4 12.5
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Table B12. TEM-EDS atomic % of aluminium, manganese, cobalt and nickel and error in the atomic %
and the fitting for the coated NMC811 annealed at 600 and 800 °C measured on representative bulk and

surface areas of the sample.

Sample Area Al Ni
600 °C map 1 1 (Surface) Atomic Fraction (%) 0.89 81.1
Figure B42 Atomic Error (%) 0.23 18.9
2 (Bulk) Atomic Fraction (%) 0.35 82.4
Atomic Error (%) 0.07 19.3
600 °C map 2 1 (Bulk) Atomic Fraction (%) 2.08 86.3
Figure B42 Atomic Error (%) 0.49 20.9
2 (Surface) Atomic Fraction (%) 2.08 87.5
Atomic Error (%) 0.44 214
3 (Surface) Atomic Fraction (%) 1.64 87.8
Atomic Error (%) 0.39 21.5
800 °C map 1 2 (Surface) Atomic Fraction (%) 0.73 79.6
Figure B43 Atomic Error (%) 0.24 18.4
3 (Bulk) Atomic Fraction (%) 0.55 80.4
Atomic Error (%) 0.11 18.6
800 °C map 2 1 (Surface) Atomic Fraction (%) 1.84 79.7
Figure B43 Atomic Error (%) 0.36 18.4
2 (Bulk) Atomic Fraction (%) 0.52 80.2
Atomic Error (%) 0.1 18.5
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Table B13. TEM-EDS atomic % of aluminium, manganese, cobalt and nickel and error in the atomic %
and the fitting for the cycled NMC811 samples coated and annealed at 200 and 400 °C measured on

representative bulk and surface areas of the sample.

Sample Area Al Ni
200 °C cycled map 1 | 1 (Surface) | Atomic Fraction (%) 3.58 76.2
Figure B44 Atomic Error (%) 0.92 33
2 (Surface) | Atomic Fraction (%) 2.11 79.0
Atomic Error (%) 0.68 3.0
3 (Bulk) Atomic Fraction (%) 0.46 82.1
Atomic Error (%) 0.06 2.6
400 °C cycled map 1 | 4 (Bulk) Atomic Fraction (%) 0.65 80.8
Figure B45 Atomic Error (%) 0.09 2.8
2 (Surface) | Atomic Fraction (%) 36.0 48.0
Atomic Error (%) 4.6 5.2
5 (Surface) | Atomic Fraction (%) 9.0 67.2
Atomic Error (%) 4.9 6.1
3 (Bulk) Atomic Fraction (%) 0.52 80.6
Atomic Error (%) 0.13 2.8
1 (Surface) | Atomic Fraction (%) 7.0 75.2
Atomic Error (%) 4.1 5.5
6 (Surface) | Atomic Fraction (%) 2.8 76.2
Atomic Error (%) 1.4 3.5
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B2.6. XRF Characterisation

Table B14. Atomic percentages of manganese, cobalt, nickel, and aluminium for the pristine NMC811

sample used in this work as determined by XRF.

Element Mn Co Ni Al

atomic % 0.14 0.19 1.36 0

Table B15. The atomic percentages of aluminium and nickel as determined by XRF. A duplicate of each

measurement was performed, and the mean and 95 % confidence interval (CI) are reported.

Annealing T / °C Al Ni Al : Ni

200 At% 097 79.19 0.012

CI 0.09 0.02 0.001

300 At% 1.2 78 0.015
CI 0.1 1 0.002
400 At% 1.2 79 0.015
CI 0.1 1 0.002
500 At% 097 774 0.013

CI 0.08 0.5 0.001

600 At% 0.622 79.1 0.0079

CI 0.007 0.7 0.0001

700 At% 034 79.2 0.0043

CI 0.0 05 0.0002

800 At% 035 79 0.004

CI 0.08 2 0.001
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B3. Characterisation of the NMC811 Materials Discussed in Chapter 4
B3.1. Scanning Electron Microscopy Images

B3.1.1. Polycrystalline NMC811
Pristine NMC811
'  \ q AN b

Figure B47. SEM images of NMC811 coated using precursor 1 and then annealed at 400 °C under air.
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Figure B48. SEM images of NMC811 coated using precursor 2 and then annealed at 400 °C under air.

Coated with 3 / Not anneled

L

Figure B49. SEM images of NMC811 coated using precursor 3.
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Coated with 3 /400 °C - Air

Figure B51. SEM images of NMC811 coated using precursor 3 and then annealed at 400 °C under oxygen.
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NMC811 soaked in water

Figure B52. SEM images of NMC811 soaked in water.

NMC811 soaked in THF

Figure B53. SEM images of NMC811 soaked in THF.
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NMC811 soaked in water coated with 3 / Not annealed

Figure B55. SEM images of NMC811 soaked in water, coated using precursor 3 and annealed at 400 °C

under air.
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NMC811 soaked in water coated with 3 /400 °C - O,

Sea RO A () .. @ N « X
>

Figure B56. SEM images of NMC811 soaked in water, coated using precursor 3 and annealed at 400 °C

under oxygen.

B3.1.2. Single-crystal NMC811

Pristine Single-cristal NMC811

b /4 c

Figure B57. SEM images of pristine (Al,O3 coated) single-crystal NMC811.
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Figure B58. SEM images of (Al,O3 coated) single-crystal NMC811 coated with 3 without a pre-soaking

in water.

Single — crystal NMC811 soaked in water,
coated with 3/ Air —400 °C

Figure B59. SEM images of (Al,O3 coated) single-crystal NMC811 soaked in water and coated with 3.
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Figure B60. SEM images of the control (Al,O3 coated) single-crystal NMC811 sample soaked in THF and

annealed at 400 °C under air.
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B3.2. EDX Analysis
B3.2.1. Polycrystalline NMC811

NMC811 coated with 2 / Air - 400 °C

1 2 3 4 5 6 7 8
Particle Number

Figure B61. (a) SEM images and locations of the EDS point scans taken for NMC811 using precursor 2

and annealed at 400 °C under air. (b) Al : Ni ratios calculated for each of the particles.

NMC811 coated with 3 / Air - 400 °C

0.09

5

10 15 20
Particle Number

Figure B62. (a, b) SEM images and locations of the EDS point scans taken for NMC811 using precursor 3

and annealed at 400 °C under air. (¢) Al : Ni ratios calculated for each of the particles.
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NMC811 soaked in water coated with 3 / Not annealed

0 5 10 15 20

Particle Number

25

Figure B63. (a-c) SEM images and locations of the EDS point scans taken for NMC811 soaked in water

and coated using precursor 3. (d) Al : Ni ratios calculated for each of the particles.

NMC811 soaked in water coated with 3 / Air - 400 °C

0 2 4 6 8 10 12 14 16
Particle Number

Figure B64. (a-b) SEM images and locations of the EDS point scans taken for NMC811 soaked in water,
coated using precursor 3 and annealed at 400 °C under air. (c) Al : Ni ratios calculated for each of the

particles.
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B3.2.2. Single-crystal NMC811

Pristine Single-crystal NMC811 )
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Figure B65. (a, b) SEM images and locations of the EDS point scans taken for the pristine (Al,O3 coated)
single crystal NMC811. (c) Al : Ni ratios calculated for each of the particles.
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Figure B66. (a) SEM images and locations of the EDS point scans taken for the pristine (Al,O3 coated)
single crystal NMC811. (b) Al : Ni ratios calculated for each of the particles.
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Figure B67. (a, b) SEM images and locations of the EDS point scans taken for (Al,O3 coated) single crystal
NMCS811 coated with 3. (c) Al : Ni ratios calculated for each of the particles.
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Figure B68. (a, b) SEM images and locations of the EDS point scans taken for (Al,Oj3 coated) single crystal

NMCS811 soaked in water and coated with 3. (c) Al : Ni ratios calculated for each of the particles.
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Appendix C: Spectroscopy

C1. XPS Survey Spectra of the Catalysts Discussed in Chapter 2

. (a) CoZr/Nafion

G } } f f 1 f f }
S b (c) CuZr/Nafion .
e |
8
& [ ]
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o
c L : . I ' L ! :

(d) Cuzr l

- (e) FeZr/Nafion -

1000 500 0
Binding Energy (eV)

Figure C1. XPS survey spectra for the materials characterized in this work. Note that (d) was measured on
a different instrument. During the fabrication of the electrocatalyst film, a 1:1 Nafion : EtOH mixture was
drop-casted over the catalytic films to improve their adherence to the FTO glass. For the XPS
measurements, samples with and without Nafion were used. The Zr 3d spectra shown in the main text

correspond to the samples treated with a 1:1 solution of Nafion in ethanol.
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C2. XPS Survey Scans and Fitting Parameters for the High-resolution Al 2p
Region (Chapter 3)

Electrode

Powder
= 600 °C
©
S—
>
e
=
Powder
o 400 °C
<
Electrode 01s

1000 500 0
Binding energy / eV

Figure C2. XPS survey scans of the samples discussed in Chapter 3.
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Table C1. Position and area of the peaks used in the fitting of the Al 2p spectra.

200 °C 400 °C 600 °C 800 °C

Component B.E./eV Area B.E./eV Area B.E./eV Area B.E./eV Area
Al2p 74.45 757.4 74.52 632.5 73.09 168.2 72 99.51
Mn 3p 50.63 204 50.52 203.3 49.81 288.1 50.11 254.3
Lils 55.31 311.1 5535 458.2 54.9 527.2 54.99 328.5
Co3p 61.94 230.8 62.24 142.8 62.51 166.2 61.35 135.3
Co3psat 7194 23.08 72.24 14.28 72.51 16.62 71.35 13.53
Ni3p32 67.72 1371 67.55 1293  67.5 1313 67 728.7
Ni3p1/2  69.92 686  69.75 646.7 69.7 656.4 69.2 364.4
Ni 3p sat 73.72 4253 73.55 401  73.5 407 73 226
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C3. Fitting of the High-resolution XPS Spectra in Chapter 4

Table C2. Position and area of the peaks used in the fitting of the C 1s spectra.

Pristine Soaked annealed Soaked coated coated
Component B.E./eV  Area B.E./eV  Area B.E./eV  Area B.E./eV  Area
C-C,C-H 284.78  1334.25 284.8 1175.5 284.81 217654 284.8 2566.22
C-OH, C-O-C 286.28 130.79 286.3 0 286.31 1400.37 286.3 0
C=0 287.78 0 287.8 116.17  287.81 264.93 287.8 19.39
0-C=0 289.08 0 289.1  12.51 288.61 1347.75 289.1 53.48
LiCO3 289.78  250.66 289.8 217.62 289.81 1983.69 289.8  602.99
Table C3. Position and area of the peaks used in the fitting of the O 1s spectra.
H>0 soaked/
Pristine annealed Coated with 3 Soaked coated
B.E./e B.E./e

Component B.E./eV  Area B.E./eV Area A% Area A% Area

Lattice

oxygen 529.35 4183  529.39 3091.16 5293  287.67 529.52 7710.16

50945.7

Hydroxides 531.09 123229 53131 487.18 530.69 2774 531.45 2

Organic 15757.6

species 531.93  5697.1 531.76 1970.38 532.12 6127.19 532.94 7

42971.2
LiAlO» - - - - 530.99  584.18 531.42 5
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Table C4. Position and area of the peaks used in the fitting of the Al 2p spectra.

H>0 soaked / coated with3 ~ Coated with 3~ Pristine NMC811
Component B.E./eV  Area B.E/eV Area  B.E./eV Area
Al 2p 74.28 2974.24 74.18 166.47 - -
Mn 3p 50.63 435.7 50.63 56.6 50.63  85.13
Lils 55.4 1055.5 55.33 317.63 55.61 230.68
Co3p 61.65 229.62 63.63 10.4 63.07 91.28
Co 3p sat 71.65 22.96 73.63 1.04 73.07 9.13
Ni 3p 3/2 67.63 2499.81 67.77 241.01 68.39 625.76
Ni3p 1/2 69.83 1249.9 69.97 120.5 70.59 312.88
Ni 3p sat 73.63 774.94 73.77  74.71 74.39  193.98

Table C5. Constraints used to fit the O 1s spectra.

Component FWHM Position / eV
Lattice Oxygen = Hydroxides 529.6-528.5
Hydroxides 1-3 531.5-530
Organic Species = Hydroxides 533.7-531.5
LiAlO2 = Hydroxides 531.5-530
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C4. Fitting Parameters 1 GHz Solid-state 2?’Al NMR Measurements (Chapter 3)

Table C6. Parameters used in the fitting of the high-field NMR measurements (Figures 3.17 and 3.18 in
Chapter 3) using a Czjzek distribution (Gaussian Isotropic Model, d = 5). dis, is the isotropic chemical shift,
Acs is the full width at half maximum of the isotropic chemical shift Gaussian distribution, and Cq is the

peak value of the quadrupolar coupling of the Czjzek distribution.?”!

T /°C | Al coord. number | diso / ppm Acs/ppm Co/kHz

4 75.5 15.6 9504
200 5 43.8 12.7 11490

6 13.4 9.1 6786

4 75.3 16.8 10227
400 5 42.6 13.8 10126

6 14.4 11.1 8019

4 82.4 4.3 6242
600 5 354 11.6 3918

6 18.6 12.2 2010
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CS5. Solution NMR Spectra (Chapter 4)
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Figure C3. Li NMR (400 MHz, THF, 295 K) spectrum of LiAI[OCH,Ph)4] (1).
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Figure C4. 'H NMR (400 MHz, THF, 295 K) spectrum of LiAl[OCH,Ph)4] (1). The peak due to silicone

grease is marked with (*). Peaks marked with an # are assigned to unreacted alcohol.
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Figure C5. *C NMR (400 MHz, THF, 295 K) spectrum of LiAl[OCH,Ph)4] (1). Peaks marked with an #

are assigned to unreacted alcohol.
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Figure C6. '3*C NMR DEPT 135 (400 MHz, THF, 295 K) spectrum of LiAl[OCH,Ph)4] (1).
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Figure C7. "Li NMR (400 MHz, THF, 295 K) spectrum of LiAI[(O'Pr)4] (2).
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Figure C8. 'H NMR (400 MHz, THF, 295 K) spectrum of LiAl[(O'Pr)s] (2).
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Figure C9. '"H NMR (400 MHz, THF, 295 K) spectrum of LiAI[(O'Bu)s] (3). In addition of the THF solvent

peaks, one signal arises due to the presence of silicone grease (¥) and one due to unreacted tert-butanol (#).
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Figure C10. *C NMR (400 MHz, THF, 295 K) spectrum of LiAl[O'Bu)4] (3). Apart from the THF solvent
peaks found at 67.21 and 25.12 ppm, one signals arise due to the presence of silicone grease (*) and two

due to unreacted tert-butanol (#).
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Figure C11. 3C NMR DEPT 135 (400 MHz, THF, 295 K) spectrum of LiAl[0'Bu)s] (3).
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Figure C12. 'Li NMR (400 MHz, THF, 295 K) spectrum of LiAl[0'Bu)s] (3).
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C6. Solid-state NMR Spectra from Chapter 4

The spectra shown in this section were recorded at a magnetic field strength of 16.4
T and a MAS frequency of 50 kHz and normalised to the sample mass and the number of
scans. The spinning side-bands are marked with stars. The recycle delay (D1) used for
the 'Li and 2Al experiments is 100 ms and 25 ms respectively whereas for the 'H-NMR
measurements it was determined from a saturation recovery experiment for each sample.

All the spectra are normalised to the number of scans and mass of the sample.

C6.1. 'TH SSNMR Measurements
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Figure C13. 'H SSNMR of the pristine PC-NMC811, PC- NMC811 soaked in THF and dried at 100 °C
under vacuum for 2 h and THF soaked NMC811 annealed under air. Full spectra and zoom-in on the central

transition are shown. The spinning sidebands are marked with stars.
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Figure C14. 'H SSNMR of pristine PC-NMC811, PC-NMC811 coated with 1, PC-NMC811 coated with

2 and PC-NMC&811 coated with 3. Full spectra and zoom-in on the central transition are shown. The

spinning sidebands are marked with stars.
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Figure C15. 'H SSNMR of pristine PC-NMC811, PC-NMC811 soaked in water and drying under vacuum
at 50 °C for 2h, PC-NMCS811 soaked in water, dried under vacuum at 50 °C for 2h and the annealed at 400

°C under air for 4 h. Full spectra and zoom-in on the central transition are shown. The spinning sidebands

are marked with stars.
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Figure C16. '"H SSNMR of pristine SC-NMC811, SC-NMC811 coated with 3 before annealing, SC-

NMCS811 coated with 3 and annealed at 400 °C under air for 4 h. Full spectra and zoom-in on the central

transition are shown. The spinning sidebands are marked with stars.

C6.2. 'Li SSNMR Measurements
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Figure C17. 'Li SSNMR of pristine PC-NMC811, PC-NMC811 soaked in THF, PC-NMC811 soaked in

THF and then annealed at 400 °C for 4 h. Full spectra and zoom-in on the central transition are shown.
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Figure C18. "Li SSNMR of pristine PC-NMC811, PC-NMC811 soaked in water, PC-NMC811 soaked in

water and then annealed at 400 °C for 4 h. Full spectra and zoom-in on the central transition are shown.
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Figure C19. ’Li SSNMR of pristine PC-NMC811, PC-NMC811 coated with 1, PC-NMC811 coated with

2 and PC-NMC811 coated with 3. Full spectra and zoom-in on the central transition are shown.
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Figure C20. "Li SSNMR of pristine PC-NMC811, PC-NMC811 soaked in water and coated with 3.
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Figure C21. "Li SSNMR of pristine SC-NMC811, SC-NMC811 coated with 3 and dried under vacuum at
100 °C and SC-NMC811 coated with 3 and annealed at 400 °C under air.
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C6.3. 27A1 SSNMR Measurements
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Figure C22. 2’ Al SSNMR of pristine PC-NMC811, PC-NMC811 coated with 3, PC-NMC811 coated with
3 after 300 cycles, PC-NMCS811 soaked in water and coated with 3, PC-NMCS811 soaked in water and

coated with 3 after 300 cycles.
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C6.4. Fittings of the SSNMR Spectra of the Precursors
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Figure C23. SSNMR spectra and fittings obtained for compound 1. (a) ?’Al SSNMR spectrum and fitting.
(b) "Li SSNMR spectrum and fitting.
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Figure C24. SSNMR spectra and fittings obtained for compound 2. 2?A1 SSNMR spectrum and fitting. (b)
"Li SSNMR spectrum and fitting.
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Table C7. SSNMR fitting parameters (Chapter 4)

Nucleus Compound Site Oiso Co/kHz vo/kHz 1o
27Al 1 1 72.9 4559 684 0.111
2 6.12 55 8 0.058
2 1 65.9 4471 671 -0.108
3 1 79.0 5961 894 -0.912
2 61.2 55 8 0.152
Li 1 1 -0.803 78 39 0
2 1 -0.499 533 266 0.02
3 1 1.53 75 38 0.06
2 0.926 73 37 0.019
3 0.232 0 0 0
4 -0.221 140 70 0.09
5 -0.807 71 35 0.07
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Appendix D: Electrochemistry

D1. Determination of Ohmic Resistance, Ro, for IR Correction in Chapter 2
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Figure D1. Electrochemical impedance spectroscopy data for CoZr (blue), FeZr (red) and CuZr (green)
systems. (a) Bode plots showing the variation of log |Z| vs. log (frequency) with the (inset) equivalent circuit
(R indicates resistance, C indicates capacitance). (b) Variation of the phase angle with log (frequency) for
the respective systems. Measurements were performed in degassed | M KOH(q solutions at room

temperature.

To account for solution resistance and other Ohmic contributions to the applied potential

the following correction was applied:

(1)

Eir—_correcteda = Eapplied —IRq

Ro was set to be the same as the R1 values from the fitting of the electrochemical
impedance spectra represented in Figure D1. The following series of resistance and
capacitors connected in parallel (R2/C1) and (R3/C2) represent the electrode-catalyst and

the catalyst-solution interfaces. The value of R1 was of the order of 10 Q for all samples.
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D2. Long-term Galvanostatic Cycling of Al2O3-coated NMC811 in Chapter 3
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Figure D2. Full set of long-term cycling data of NMC811/Li coin cells, using pristine or Al,O3 coated

Specific capacity / mAh g

5

(=]

NMC811 electrodes. The coated samples were annealed under air at the temperatures given in the Figure.
Data of multiple cells is plotted for each sample. Cells were prepared with 1.0 M LiPFs in a 3:7 mixture of
ethylene carbonate and ethylmethyl carbonate. Cells were cycled at room temperature (~25 °C) and at a

nominal rate of C/2, with two slow diagnostic C/20 cycles every 50 cycles.
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D3. Long-term Cycling of the NMC811 Materials Discussed in Chapter 4
D3.1. Polycrystalline NMC811 Materials
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Figure D3. Full long-term cycling dataset for polycrystalline NMC811 materials. (a) Pristine NMC811. (b)
NMCS811 soaked in THF and annealed at 400 °C under air. (¢) NMC811 soaked in water. (d) NMC811
coated using precursor 3 and annealed under air at 400 °C. (e) First batch of NMC811 soaked in water and
annealed under air at 400 °C. (f) Second batch of NMC811 soaked in water and annealed under air at 400
°C. (g) First batch of NMC811 soaked in water and then coated with precursor 3 and annealed under air at
400°C. (h) Second batch of NMC811 soaked in water and then coated with precursor 3 and annealed under
air at 400°C.
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D3.2. Single-crystal NMC811 Materials
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Figure D4. Full long-term cycling dataset for single-crystal NMC811 materials. (a) Pristine NMC811. (b)
NMCS811 soaked in THF and annealed at 400 °C under air. (¢) NMC811 soaked in water. (d) NMC811
coated using precursor 3 and annealed under air at 400 °C. (¢) NMC811 soaked in water and annealed under

air at 400 °C.
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