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Abstract 
 

The growing threat of climate change has sparked a shift in societal norms surrounding the 

reliance on fossil fuels for our energy and transportation sectors. Driven by this shift, the global 

demand for sustainable energy sources and advanced energy storage technologies has seen a 

considerable increase over the last decade. In particular, electrification of the automotive industry 

coupled with the continued growth of the consumer electronics market and the need for 

stabilization of intermittent energy sources at the grid level has caused an unparalleled increase in 

utilization of lithium-ion batteries.  

 

Electric vehicle sales in 2016 represented only 0.2% of the market share but is anticipated to reach 

over 86% by 2060. Further market penetration of electric vehicles is currently inhibited by the 

battery pack performance and cost, due to the limitations of modern batteries and the use of 

expensive raw materials. The potential growth of this market has galvanized research efforts to 

improve the cost-to-range ratio of lithium-ion batteries for use in next-generation electric vehicles.  

 

The focus of these efforts has primarily been in the development of new electrode materials and 

the improvement of those already commercialized. Disordered rocksalts are an emerging class of 

positive electrode material for lithium ion batteries that offers high energy density (~1000Wh.kg-

1) capable of meeting range targets set for future electric vehicles. Although this material has 

promising energy metrics, DRX cathodes suffer from low electrochemical stability and poor rate 

performance that inhibit their deployment in modern applications.  
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This thesis focuses on improving the cycling stability of a DRX cathode, Li1.25Mn0.5Nb0.25O2, 

through the modification of particle morphology. This work presents an optimized synthesis 

pathway for the formation of single crystal particles with increased structural stability. The use of 

surface coatings is also examined as a strategy to improve the rate performance and surface level 

stability of the DRX material. Physical and electrochemical results for the series of prepared 

cathodes are detailed and new insight into the potential of these strategies to push DRX materials 

towards commercialization is discussed. 
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1. Introduction  

1.1 Motivation 

Over the past decade, the threat of climate change has become an increasingly relevant global 

issue, with media attention causing pressure on governments worldwide to adjust their 

environmental policies. In an effort to reduce the harmful effects of climate change on our planet, 

the need to decrease our reliance on conventional fossil fuels has made way for the promotion of 

renewable, ecofriendly energy sources (e.g. wind, solar, geothermal). However, the grid level 

exploitation of these energy sources has been limited due to the intermittency in energy production 

causing a disparity between supply and demand. The use of rechargeable batteries, lithium-ion 

batteries (LIBs) in particular, as a means to stabilize the deliverable supply of these sources is seen 

as one possible solution; however, the energy density of conventional LIBs is not high enough to 

make this a practical option. This imposes the need to develop high-energy density, inexpensive 

battery materials for grid level energy storage.  

 

A more prominent use of LIBs in the past several years is due to the electrification of the 

automotive industry following a shift away from the use of internal combustion engine vehicles 

that rely on fossil fuels in favor of hybrid and fully electric vehicles (HEV/EVs). Globally, EV 

sales have increased from <10,000 automobiles in 2010 to 774,000 in 2016 with cumulative sales 

surpassing 2 million, giving EVs a market share of 0.2%.1 Continued growth of the EV market 

share is anticipated in order to conform to the Beyond 2 Degrees Scenario set by the International 

Energy Agency as a pathway to limiting global temperature increase to 1.75oC.2 This scenario calls 

for 1.8 billion cumulative EV sales by 2060 corresponding to an 86% market share and near 

complete electrification of the automotive industry. Following this growth, battery utilization has 
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increased by 30% annually from 2010 to reach a volume of 180 GWh in 2018 and is anticipated 

to continue growing at 25% annually in accordance with the aforementioned EV market share to 

an estimated 2600 GWh by 2030 as shown in Figure 1.3  

 

 

Figure 1 - Comparison of actual and anticipated global battery demand per year based on application and 

region.3 

 

The combination of high energy and power density have made LIBs the most promising energy 

storage technology for EVs; however, further development of commercialized LIBs is required in 

order to meet the performance targets set for the next generation of EVs. Future adoption of EVs 

necessitates the improvement of cost-to-range ratio, safety rating (EUCAR scale), and charging 

time of modern EVs, with a particular emphasis placed on increasing the electric driving range 

above 300 miles.1,4,5 Subsequently, this potential industry growth has galvanized research effort 

on conventional LIB cathode materials particularly those that have already been adopted by EV 
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manufacturers (e.g. Tesla Inc., BMW, Nissan, etc.).6–9 Despite the performance advancements 

being made, the cost of LIBs remains a major barrier to further EV adoption. The reliance on 

expensive raw materials in conventional LIBs such as cobalt ($13.09 USD/lb) is a primary 

contributor to this issue and the need for cheaper materials is apparent.10 Additionally, the 

utilization of cobalt is associated with socioeconomic concerns owing in part to the instability of 

the monopolistic nature of the supply chain and the lack of regulatory standards in primary mining 

and manufacturing locations.3 In 2017, the European Union listed cobalt as a critical raw material 

with a potential supply risk due to the low substitution and recycling rates as well as an increasing 

production capacity for cobalt containing LIBs.11,12 In response to these concerns increased efforts 

have been made to develop cobalt-free LIB technologies that not only reduce the cost of the battery 

but improve upon its performance to meet the targets set for next-generation EVs.  

 

This thesis focuses on an emerging class of high-energy density, cobalt-free cathode for LIBs by 

providing insight to cation-disordered rock-salt (DRX) materials. The objective of this project is 

to optimize the electrochemical performance of the battery by modifying the synthesis 

methodology and applying various surface treatments/coatings to the cathode material. The focus 

of this thesis will be on the Li1.25Mn0.5Nb0.25O2 cathode composition, which is referred to as LMNO 

throughout the rest of the report. The effects of milling technique, sintering temperature, time, and 

lithium content during synthesis of the LMNO material will be investigated as well as the impact 

that the direct substitution of Mn for Ni has on the capacity and stability of the battery. A 

systematic analysis of surface treatments and coatings including solvent casting of 

polyacrylonitrile (PAN), atomic layer deposition (ALD) of alumina (Al2O3), and solid-state 

synthesis of an Li2O-B2O3 (LBCO) composite on the cycling performance and rate capability of 
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the battery will also be conducted. Performance of the materials is evaluated using a range of both 

physical and electrochemical characterization techniques with the results detailed herein. 

 

1.2 Lithium-ion Batteries 

Batteries are a type of electrochemical power source that facilitate the conversion of 

chemical potential to electrical energy either irreversibly (primary battery) or reversibly 

(secondary battery).13 Primary batteries are designed to be discarded after a single use as they 

completely deplete the initial material in order to produce electricity. In contrast, the reactions that 

occur within secondary batteries are reversible, enabled by the application of an external power 

source to pass electricity through the battery, otherwise known as charging. Both types of batteries 

have a unique set of advantages and disadvantages; however, this thesis will focus only on 

secondary batteries as LIBs fall within that classification. 

 

1.2.1 Operating Principles and Components 

 LIBs are composed of a positive electrode (cathode) and negative electrode (anode) placed 

in series with one another acting as an insertion host network for Li+ ions. The electrodes are 

separated by an ionically conductive material known as an electrolyte and a polymeric separator 

layer. During charging the battery stores energy from an externally applied source through an 

oxidation reaction, or loss of electrons, at the positive electrode to enable the diffusion of Li+ ions 

through the electrolyte towards the negative electrode which then undergoes a reduction reaction, 

or gain of electrons, storing the Li+ ions within its structure. When discharging, the battery 

produces a useable electric current driven by the reverse process with a reduction reaction at the 

positive electrode and oxidation reaction at the negative electrode.14–16 An example of this process 
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using LixCoO2 as the cathode is shown in Eqn (1.1) below, where the crystal lattice is oxidized 

when charging and reduced when discharging. The corresponding reaction for a carbon-based 

anode is shown in Eqn (1.2).  

 

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−    (1.1) 

 

𝑥𝐿𝑖+ + 𝑥𝑒− + 6𝐶 ↔ 𝐿𝑖𝑥𝐶6     (1.2) 

 

Conventional cathode active materials responsible for intercalation of Li+ are mixed with a 

polymeric binder (e.g. polytetrafluoroethylene, polyvinylidene fluoride) to increase structural 

stability, and a carbon based additive to improve the electrical conductivity of the electrode.  

Furthermore, in order to properly apply or utilize electric current within the battery, both the anode 

and cathode are coated onto an electrically conductive current collector (e.g. aluminum, copper).  

 

Electrolytes are typically liquid, being composed of lithium salts (e.g. LiClO4, LiAsF6, LiPF6) 

dissolved in a single or mixture of non-aqueous solvents (e.g. ethylene carbonate, diethyl 

carbonate, ethyl methyl carbonate). Electrolytes have a high ionic conductivity and facilitate the 

diffusion of Li+ ions between electrodes during charge and discharge.17 Although solid-state 

electrolytes are attracting considerable interest for use in batteries for thin, flexible devices, the 

technology is not widely considered for use in modern EVs.18,19 When a liquid electrolyte is used 

a physical separator is needed to prevent direct contact of the cathode and anode, which would 

short-circuit the battery, while still allowing for the transport of Li+ ions. Figure 2 illustrates the 

components and operation of a conventional LIB. 
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Figure 2 - Schematic of lithium-ion battery operation 

 

1.2.2 Performance Characterization  

Battery performance is characterized through several quantifiable metrics. In terms of 

electrochemical performance, the capacity of the battery is the total amount of charge stored in the 

material and is measured as the amount of time that the battery can deliver a current equal to the 

discharge rate at the nominal voltage of the battery with units of ampere-hours (Ah). In research, 

the capacity of the battery is commonly measured in terms of the active material mass  (mAh.g-1). 

The energy density, measured in watt-hours per kilogram (Wh.kg-1), is a quantification for the 

deliverable electrical energy and is calculated by taking the product of the capacity and nominal 

voltage of the battery. The stability of the battery is measured as the number of cycles that it can 

be charged and discharged without considerable loss of capacity; in commercialized batteries the 

end-of-life is usually defined to occur when the discharge capacity drops below 70-80%. The rate 
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performance or rate capability of the battery is a measure of how quickly it can be charged or 

discharged. This metric is reported in terms of the deliverable capacity at a given current (mA) or 

C-rate, where 1C is the current required to fully charge or discharge the battery in 1 hour. In 

addition to the electrochemical performance, the safety of the battery is key especially for use in 

consumer electronics or EVs. The safety of the battery can be evaluated in many way (e.g. puncture 

tests, forced short-circuits, high voltage or elevated temperature cycling, etc.); however, the most 

common is to measure the maximum self-heating rate of the battery components (oC.min-1), as the 

temperature is increased over a given range. A lower rate at an elevated temperature corresponds 

to better battery safety, while a rate that increases exponentially at lower temperature is a sign of 

thermal runaway. These characteristics are all critical in determining the viability of the battery 

for commercialization in EVs and their improvement is necessary for further electrification of the 

automotive industry as a whole. 

  

1.2.3 Lithium-ion Battery Cathodes  

A common method of classification for LIBs is based on the atomic composition and lattice 

structure of their positive electrode material. Despite having different compositions, the ion 

diffusion pathways for conventional lithium insertion compounds are limited to layered, spinel, or 

olivine type lattice structure as illustrated in Figure 3. Several compositions that do not fall into 

one of these lattice types have recently emerged and will be discussed in section. 

 

Layered structures often have the form LiMO2 (M = Ni, Co) and separate lithium and transition 

metal oxides into a stack of alternating slabs. Layered cathodes are a part of the rhombohedral 

structural family (R3m space group) with oxygen ions forming a cubic closed packed (ccp) 
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arrangement and lithium and transition metal ions occupying octahedral sites of the alternating 

layers. The position of oxygen in parallel layers (stacking) is responsible for the local environment 

of the lithium and transition metal ions. For example, a common stacking arrangement is 

ABCABC which forms an O3-type oxide packing and forces the ions into octahedral sites. 

However, if the stacking sequence is ABAB then a T1-type oxide packing is formed denoting the 

presence of two tetrahedral sites instead.20 The most prominent layered oxide cathodes in modern 

applications are LiCoO2 (LCO), Li[NixMnyCoz]O2 (x + y + z = 1) (NMC), and Li[Ni1-x-yCoxAly]O2 

(x + y <0.2) (NCA).21 Layered cathodes allow for Li-ion diffusion in two dimensions through the 

interlayer space while spinel cathodes differ by enabling the diffusion of Li-ions in three 

dimensions through a 3D network. Spinel compounds are often Mn-based (e.g. LiMn2O4), 

crystallizing into the Fd3m space group with oxygen ions forming a ccp lattice arrangement. 

LiFePO4 (LFP) is the most notable example of an olivine type cathode material due to its 

commercialization in electric buses and stationary energy storage systems. LFP is a part of the 

orthorhombic structural family (Pnma space group) with oxygen ions forming a hexagonal closed 

packed (hcp) framework that contains Li and Fe atoms in octahedral sites and P atoms in 

tetrahedral sites.22 Unlike the layered and spinel type cathodes, lithium-ion diffusion in olivine 

structures occurs only in one dimension due to the formation of rod-like channels within the lattice 

network.  
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Figure 3 - Schematic of the dimensionality and structure for three types of lattice structure of LIB cathodes. 

Left: layered LiCoO2; Mid: spinel LiMn2O4; Right: olivine LiFePO4
23 

 

1.2.4 Battery Degradation  

The initial performance of a battery is often associated with its highest possible performance. 

Throughout charge and discharge operation, the components of the battery will degrade in different 

ways detrimentally affect its performance; however, to remain within the scope of this thesis, only 

degradation mechanisms associated with the electrodes will be discussed. In general, degradation 

can be categorized as either capacity fade or impedance growth, although both lead to the 

inevitable loss of performance. Capacity fade is typically associated with the disintegration of the 

cathode material or the loss of lithium inventory, while impedance growth factors in the formation 

of passivated surface layers and contact deterioration.  
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Surface Reconstruction 

Electrolytes used in LIBs are typically composed of a Li-based salt (e.g. LiPF6) and an 

organic solvent. Reduction of this electrolyte at the surface of the electrode during the first charge 

causes the formation of a passivated film known as the solid electrolyte interphase (SEI). The 

formation of an SEI is a regular phenomenon when charging the battery; however, the stability of 

this phase is critical to the longevity of the battery as degradation of the SEI can cause dissolution 

of the cathode active material leading to a loss of capacity.17 Furthermore, parasitic reactions 

during cycling lead to the immobilization of Li+ within the SEI and an increased polarization 

causing a virtual potential, raising the charge voltage and decreasing the discharge voltage of the 

battery, that reduces its overall energy density.24,25  

 

In layered structures the transition metal and lithium ions are located in specific sites within the 

lattice making up the distinct layers. However, this can be disrupted when transition metal ions 

such as Ni2+ are used in the composition as magnetic frustration within the lattice gives rise to 

instability of the structure and forces the intermixing of non-magnetic Li+ to alleviate the 

frustration.26 The similar radius of  Li+ (0.76Å) and Ni2+ (0.69 Å) allow an interchange of the ions 

within their lattice sites causing an irreversible loss of capacity due to loss of useable Li+ inventory. 

As degree of delithiation is increased, the material reversibly transitions from a layered R3m to a 

spinel Fd3m structure; however, with increased mixing the surface of the particles can irreversibly 

transition from spinel Fd3m to a NiO-type rocksalt Fm3m structure.27–29 As NiO is known to have 

low ionic and electrical conductivity, this transformed phase acts as a resistive layer that 

contributes to impedance rise within the system and a decreased deliverable capacity.30 
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Lattice Expansion and Contraction 

Insertion and extraction of Li+ ions from a layered oxide cathode structure causes 

expansion and contraction of the unit cell. The amount of volumetric change in the unit cell is 

dependent on the Li content in the cathode which changes during charge and discharge. At a higher 

degree of (de)lithiation (i.e. 100% DOD), which is required to achieve improved energy density in 

LIBs, the strain on the lattice is much greater. In particular, a phase change from the hexagonal 2 

(H2) to hexagonal 3 (H3) phase that occurs around 4.2V vs. Li+/Li is responsible for sharp 

contraction of the unit cell. This sharp anisotropic strain on the lattice and the poor reversibility of 

this phase transition can lead to the generation of microcrack defects at the particle surface.30,31 As 

the battery is cycled, these cracks propagate into the bulk of the particle enabling electrolyte 

infiltration and increasing the surface area available for passivation through one of the surface 

reconstruction mechanisms discussed previously. Particle cracking causes an increased 

consumption of lithium that leads to an irreversibly reduced capacity and has been reported as a 

precursor mechanism to lattice collapse, and inevitably the complete degradation of the material 

(Figure 4). Additionally, intergranular cracking causes a loss of contact between the grains of 

secondary particles giving rise to an increased impedance in the battery.32 
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Figure 4 - Schematic of particle cracking in Ni-rich cathode materials during charge/discharge with depth 

of discharge (DOD) at 60% and 100%. 30 

 

Oxygen Loss  

During the cycling operation of an intercalation cathode, lithium vacancies are regularly 

created and filled resulting in temporary point defects. Although the formation of these vacancies 

is desired in LIBs, the generation of unwanted vacancies within the lattice can also occur.33 The 

tendency for unwanted vacancy formation increases as the battery is operated at an elevated 

voltage (>4.5V vs. Li+/Li). As the delithiation continues and the voltage increases beyond 4.5V 

anionic oxidation (O2-
→O2

2-) occurs to charge compensate diffusion of excess Li+, this allows for 

elevated capacity but also generates a reactive oxygen (O-/O2
2-) species. This species initiates the 

formation of a resistive interfacial layer on the particle surface through electrolyte decomposition 

and oxygen gas evolution, leaving an oxygen vacancy on the surface.34,35 Further degradation is 

induced during cycling as these vacancy defects are injected into the particle bulk ultimately 

resulting in structural deterioration and lattice collapse, and rapid decrease in battery 

performance.36 
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1.2.5 Single and Polycrystalline Morphology 

Conventional cathode materials for LIBs are made up of large secondary particles (~5-

15µm diameter) that are agglomerates of small grains (~200-500nm) and are considered 

“polycrystalline”. Polycrystalline materials have different size and orientation to each grain or 

crystallite determined by the local (short-range) atomic periodicity within the crystal.  In contrast, 

“monocrystalline” or single crystal materials have infinite (long-range) atomic periodicity within 

the crystal leading to a large particle with the absence of grain boundaries. Figure 5 shows a 

schematic of the differences between a single crystal and polycrystalline particle. 

 

 

Figure 5 - Schematic diagram of atomic and microscopic differences between single crystal and 

polycrystalline particle. 

 

 The lack of a faceted appearance in the single crystal particle is associated with the growth of the 

particle with long-range atomic ordering which is in direct contrast to the polycrystalline particle 
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which clearly exhibits a well faceted surface. The development of single crystal cathode materials 

for LIBs has attracted considerable interest over the past several years and notable improvements 

to the structural stability of the batteries have been attributed to this adjusted morphology.9,37,38  

 

1.3 Positive Electrode Materials for Lithium-ion Batteries 

This section will highlight several well commercialized layered, spinel, and olivine cathode 

compositions that are used in modern consumer electronics and passenger or commercial EVs, 

detailing the specific advantages and disadvantages of each material in terms of performance or 

socioeconomic status. 

 

1.3.1 LiCoO2 (LCO) 

LiCoO2 (LCO) is a type of layered oxide positive electrode material first developed in 1980 

by Goodenough et al. 39 Due to its performance in comparison to other batteries, LCO attracted a 

considerable amount of attention and was used by Sony in 1990 in the first commercial LIBs.40 

LCO continues to dominate the modern consumer electronics market, having the most success 

with portable devices, such as in the majority of smart phones. 

 

The alternating Li and CoO2 layers form two-dimensional diffusion channels allowing for high Li+ 

ion diffusivity (5x10-9 cm.s-1) contributing to the  rate capability of the material.14 LCO typically 

operates over the voltage range of 3.0-4.2V vs. Li+/Li with the cathode being fully lithiated, 

LiCoO2, in the discharged state (3.0V) and half-lithiated, Li1-xCoO2 (x=0.4, 0.5) in the charged 

state (4.2V). Despite the high theoretical capacity of LCO at 270mAh.g-1, the practical capacity is 

limited to 130-150mAh.g-1 as delithiation of x>0.5 will cause irreversible structural change and 
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accelerated degradation of the electrode. Recent studies have developed modified LCO through 

ion-doping that improves the deliverable capacity to 190mAh.g-1; however, further research is 

needed to enhance the performance of the material for higher energy density applications such as 

EVs.41 The high cobalt content is another disadvantage of LCO as the raw material cost leads to a 

more expensive battery. When coupled with the poor cycle life and low thermal stability of the 

material it is clear that its current state is not ideal for EV applications. Battery recycling can 

partially offset the cost of the material as recycling 1 metric ton of LCO can produce up to $8900 

in value, over 10 times the amount yielded from recycling LiMn2O4 batteries at $890.42,43 

However, further incentives are needed in order for current recycling plants to be profitable which 

is limiting the global adoption of battery recycling infrastructure. 

 

1.3.2 LiFePO4 (LFP) 

LiFePO4 (LFP) is an olivine type material that makes use of large phosphate (PO4
3-) groups 

for charge compensation during delithiation of the material.44 LFP was first developed by 

Goodenough’s research group in 1997 as a low cost, environmentally friendly alternative cathode 

for LIBs.45 LFP is a considerably cheaper positive electrode material than cobalt-containing 

alternatives, particularly LCO, owing to the use of naturally abundant elements.  

 

The practical capacity of commercialized LFP batteries is typically ~120-160mAh.g-1 at a 100% 

depth of discharge (DOD), which is slightly lower than the theoretical capacity of 170mAh.g-1.  In 

contrast to the single-phase lithiation of LCO, LFP experiences a two-phase lithiation at 3.5V vs. 

Li+/Li offering an extremely stable, flat charge/discharge profile. The cycling stability of LFP 

coupled with low-cost and increased thermal stability due to the covalent phosphate moieties make 
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it a promising candidate for application in EVs. However, poor ionic conductivity intrinsic to 

olivine materials and the low electronic conductivity of the composition are responsible for the 

rate capability issue of LFP that is a barrier for its further use in EVs. Several strategies for 

improving the conductivity have been investigated including carbon-coating surface of primary 

particles,46 and reducing the average particle size.47 Smaller particle size improved electrical 

percolation but decreased the tap density of the material giving the electrodes a low volumetric 

capacity. The carbon-coating strategy has been more promising, with studies reporting LFP 

electrodes capable of delivering a capacity well beyond the theoretical limit (208mAh.g-1), enabled 

by the reversible reduction-oxidation reaction between Li+ ions and the exfoliated graphene coated 

on the particle surface.48  

 

LFP has generated interest in the public transportation sector and for stationary energy storage 

where cost, safety, and stability are more relevant factors than energy density.49 Electric buses in 

particular utilize LFP batteries. Although not yet widely adopted in North America, they have seen 

successful deployment in China leading to idea that LFP will be an important material for the 

complete electrification of the automotive industry.50 

 

1.3.3 LiNixMnyCozO2, x + y + z = 1 (NMC) 

LiNixMnyCozO2 (NMC) is a family of layered transition metal oxide materials originally 

developed in 2001 by Ohzuku et al. after investigating lithium nickel manganese oxide materials 

with cobalt substitution as an alternative to the expensive LiCoO2 cathode that dominated the LIB 

market.51,52 NMC consists primarily of Ni2+, Mn4+, and Co3+ cations in varying proportions, the 

most popular of which are LiNi1/3Mn1/3Co1/3O2 (NMC111) and LiNi0.5Mn0.3Co0.2O2 (NMC532); 
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however, as higher energy densities and lower reliance on cobalt are necessary for next-generation 

LIBs Ni-rich compositions such as LiNi0.6Mn0.2Co0.2O2 (NMC622), and LiNi0.8Mn0.1Co0.1O2 

(NMC811) are becoming more relevant.21,53 

 

The fraction of Ni in the structure affects the deliverable capacity as charge compensation for Li+ 

extraction and insertion are primarily due to Ni oxidation and reduction (redox) processes. The 

Mn4+ ions are electrochemically inactive in this composition serving to improve thermal and 

structural stability over that of LiCoO2 cathodes. The presence of Co3+ contributes to the stability 

of the cathode structure through the suppression of cation mixing between Ni2+ and Li+ ions, as 

well as increases the electrical conductivity leading to a high rate capability. NMC111 has the 

greatest fraction of Mn4+ giving it the greatest thermal stability; however, its practical capacity is 

limited to 160 mAh.g-1 when cycled over the voltage range of 2.7-4.3V vs. Li+/Li.  Increasing the 

Ni content allows for a greater degree of delithiation resulting in higher capacity over the same 

voltage range in materials such as NMC622 (180 mAh.g-1) and NMC811 (200 mAh.g-1).54 This 

highlights an important trade-off between capacity and stability for NMC-type materials, Ni-rich 

compositions offer promising performance metrics but struggle with accelerated capacity fade and 

lower thermal stability. 

 

Layered oxide cathodes currently dominate the EV market and NMC-type materials comprised 

33% of the total 275 MTon of cathode materials produced in 2017 and is anticipated to grow to 

over 70% of cathode production by 2025.43 NMC cathodes are currently being used in Chevy Volt 

and the BMW i3 vehicles; however, Ni-rich compositions are expected to see wider utilization in 

next-generation EVs.55  
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1.3.4 LiNi1-x-yCoxAlyO2, x + y < 0.2 (NCA) 

LiNi1-x-yCoxAlyO2 (NCA) is another transition metal layered oxide type cathode material 

that has been of considerable interest for use in EVs, notably the composition of 

LiNi0.80Co0.15Al0.05O2 finding application in the Tesla Model S and Model 3 vehicles. The 

development of NCA originated from the idea that a hybridization of LiNi1-xCoxO2 and LiNi1-

xAlxO2 could have synergistic effects as both materials had been previously reported as having 

acceptable electrochemical performance.21 The Ni2+ and Co3+ cations have a similar function to 

their use in NMC; however, the addition of electrochemically inactive Al3+ now contributes to the 

structural rigidity and thermal stability of the material during lithium insertion and extraction 

instead of Mn4+. Since Al3+ is inactive, a high fractional component will decrease the available 

capacity of the material. The Al content in NCA is typically low (y≤0.05) such that the Co3+/4+ 

redox which is possible on the range of 2.5-4.3V vs. Li+/Li can compensate for the slight capacity 

reduction (~5%).56,57  

 

LiNi0.80Co0.15Al0.05O2 can deliver 200mAh.g-1 on the same voltage range and good cycling stability 

has been reported. A study by Watanabe et al. compared the stability of NCA and LCO cathodes 

with a 60% DOD condition and it was found that the NCA cathode performed considerably better 

than LCO, retaining over 90% of their initial capacity after 2500 cycles.30 Although the 

performance is promising, considerable research effort is still needed to improve the thermal 

stability (safety) of the material and the capacity retention (lifetime) when cycling at higher DOD 

conditions. These are both considered key factors to successful commercialization in next-

generation EVs. Many strategies to resolving these issues have been investigated, including a  
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recent report by Li et al. that focused on adjusting the particle morphology to mitigate the capacity 

fade in LiNi0.88Co0.09Al0.03O2 at higher DOD.9  

 

 

Figure 6 - A, Number of EV sales globally. B, Price of valuable metals in LIBs in 2018 from the US 

Geological Survey. Projection of LIB market share based on (C) application and (D) cathode composition.58 

 

1.3.5 Cation Disordered Rocksalts (DRX) 

As advancements to the performance and safety of these conventional battery materials 

continue to be made, further concerns for their sustainability have emerged with particular focus 

placed on the over-utilization of cobalt. Olivetti et al. describe a conservative scenario based on 

36% compound annual growth rate (CAGR) for EVs by 2025, with the assumption that LIB 

utilization in EVs will comprise 50% NMC622, 35% NMC111, and 15% NMC811 taking into 

consideration further commercialization of Ni-rich NMC by 2025.59 An aggressive scenario 

projecting 10 million EV sales in 2025 (10% all passenger vehicle sales) is also reported, with 

these scenarios corresponding to 136kt and 330kt of cobalt demand, respectively. The problem 

arises when comparing the projected supply growth for conservative (180kt) and aggressive 
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(290kt) scenarios to the demand, clearly illustrating that a cobalt supply deficit is possible if the 

aggressive scenario is met even with increased use of low-Co cathodes (e.g. NMC622, NMC811) 

in EVs. As such, it is clear that these low-Co materials are not a complete enough solution and the 

development of high energy, Co-free materials is needed if EV sales targets are to be met without 

incurring a supply deficit. Improvements to Ni-rich NMC and NCA cathodes that reduce cobalt 

content are still necessary as the transition from existing commercial LIBs to Co-free next-

generation LIBs will be a gradual process. This section will highlight the advantages of two 

emerging classes of Co-free cathodes as well as the barriers for their commercialization.  

 

Conventional cathode materials typically possess a well-ordered layered, spinel or olivine type 

lattice, with particular attention given to layered transition metal oxides with the α-NaFeO2 

structure shown in Figure 7b. In contrast, disordered materials have been largely overlooked for 

use in LIBs. As previously discussed, the Li sites and diffusion channels within ordered materials 

are separated from the transition metal sublattice and the prevention of intermixing within the 

lattice is considered critical to achieving a stable electrochemical performance. A major reason 

that layered NMC or NCA cathodes must contain Ni, Mn, or Co as a main component is due to 

the fact that these transition metals are among the few that do not shift to Li sites at high degree of 

delithiation.60 As disordered structures are based on an intermixed network, they are therefore 

primarily considered electrochemically inactive or associated with an inactive phase in 

conventional cathode materials. DRX materials crystallize into a ccp oxygen lattice with lithium 

and transition metal ions located at octahedral sites in a theoretically random arrangement forming 

an α-LiFeO2 structure illustrated in Figure 7a. Instead of leading to degradation or an inactive 

phase, the disordered structure results in lower volumetric change of the lattice during charge and 
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discharge that is commonly associated with detrimental phase changes that occur in layered oxide 

cathodes. As Ni, Mn, and Co are no longer required as majority elements, this class of electrodes 

effectively expands the chemicals available for these next-generation LIBs.61 

 

 

Figure 7 - Common rocksalt-type lithium transition metal oxide crystal structures: (a) the disordered 

rocksalt a-LiFeO2 structure, (b) the layered a-NaFeO2 structure, (c) the spinel-like low-temperature 

LiCoO2 structure, (d) the g-LiFeO2 structure. White circles indicate oxygen, small gray/black circles 

indicate lithium and transition metal sites, respectively.62  

 

Experimentally, many compositions have been tested for their propensity to form a DRX material. 

It was suggested by Urban et al.63 that the physics of disorder is determined by the fill level of the 

d-orbital of the transition metals, as each fill level has a preferred octahedral distortion. It was 

found that transition metals with an empty d-orbital (e.g. Nb5+, Ti4+) are able to best stabilize the 

disordered structure despite the possibility of a large difference in ionic radius of the cation species. 

Numerous DRX compositions have been reported to deliver higher gravimetric capacities than 

conventional LIB cathodes, including Li2-xVTiO4 (300mAh.g-1),64 Li1.3Nb0.3V0.4O2 (270mAh.g-

1),65 Li1.2Ni0.33Ti0.33Mo0.133O2 (230mAh.g-1),66 and Li2Mn2/3Nb1/3O2F (300mAh.g-1).67 The high 
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capacity of DRX materials is enabled by two main factors. Firstly, the inclusion of high valence 

transition metal cations allows for a greater fraction of low-valent, redox active transition metals 

(e.g. Ni2+, Mn2+) to exist within the cation sublattice and therefore a greater theoretical capacity 

available from transition metal redox. Secondly, the charge compensation for Li+ extraction in 

DRX cathodes is due not only to the oxidations of transition metal ions but also to the O2-/O2
2- 

process. Although the reversible oxygen participation to the redox reaction is not unique to DRX 

cathodes, it is an important factor in attaining the elevated capacities listed above.68,69  The 

combination of these two factors allow for enriched lithium content in the cathode leading to an 

exceptionally high theoretical capacity (>300mAh.g-1) and energy densities approaching 1000 

Wh.kg-1 on the voltage range of 1.5-5.0 V vs. Li+/Li.67,70 

 

However, despite the promising nature of these materials numerous barriers exist to their 

commercialization that require further research, including poor rate performance, low cyclability, 

and low discharge voltage with <250mAh.g-1 capacity above 3.0V vs. Li+/Li. Unlike ordered 

materials with clear Li+ diffusion channels with at least one face-sharing transition metal ion (1-

TM), Li+ ions in DRX materials can diffuse through pathways with no face-sharing transition metal 

ions (0-TM) as well. The 1-TM pathways in conventional layered oxides offer high ionic mobility; 

however, within disordered rock-salts these 1-TM pathways become practically inactive. Li+ 

diffusion occurs through a repeated process of hopping from octahedral site to octahedral site 

within the lattice via an intermediate tetrahedral site (o-t-o diffusion). In the case of 1-TM channels 

in DRX cathodes the height of this tetrahedron is compressed causing an increased electrostatic 

repulsion between the transition metal and Li+ ion, increasing the mean energy barrier required for 

the hopping process to occur (~500meV). 0-TM channels do not encounter this repulsion and 
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typically have an energy barrier similar to that of 1-TM channels in layered oxide cathodes 

(~300meV); however, the fraction of 0-TM channels within DRX materials is often too low to 

form a percolating network. Due to this issue, Li+ has a low macroscopic diffusion rate in DRX 

cathodes leading to poor rate performance of the battery.71 The cycling instability of DRX cathodes 

originates from the participation of anionic species in the redox processes for charge 

compensation. Specifically, at high voltages (>4.5V vs. Li+/Li) oxygen vacancies at the cathode 

surface are realized through oxygen evolution due to cathode-electrolyte interfacial side reactions. 

The surface level vacancies are able to migrate towards the bulk and over time form nano-voids 

within the particle causing rapid capacity fade.36  

 

This thesis focuses on the development of a DRX material and the optimization a synthesis 

methodology to improve cycling performance by mitigating the effects of oxygen loss, and surface 

modification to improve the rate capability of the cathode.  

 

1.4 Surface Coatings 

Surface treatments and modifications have attracted a considerable amount of research 

attention as a means of improving the electrochemical performance of LIB cathode materials. 

Many researchers have used surface coatings (e.g. Al2O3, AlPO4, SiO2 or ZrO2) to assist with 

structural and thermal stability in layered oxide cathode materials. The numerous coatings all aim 

to minimize degradation caused from solid-electrolyte interaction through several mechanisms. 

Primarily this is accomplished by providing a protective barrier layer on the surface of the active 

material, acting as a scavenger to reduce acidity of non-aqueous electrolytes, or reducing the 

dissolution of metallic ions within the cathode structure. Surface coatings can also be used to 
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increase the rate capability of the battery by providing improved ionic or electrical conductivity to 

the active material, lowering surface contact resistance between particles facilitating faster 

transport of electrons from the cathode to the current collector.72–74 

 

Several strategies exist to apply surface coatings to a positive electrode material including atomic 

layer deposition (ALD) which provides precise control over the film enabling nanometer 

thicknesses and uniform surface coverage. ALD is typically used for inorganic, oxide coatings 

such as alumina or titanium dioxide and can take place with a powdered active material or prepared 

electrodes as substrate.75,76 Solvent casting is a technique primarily used for polymer-based 

coatings such as polyacrylonitrile (PAN) whereby the polymer is dissolved in an organic solvent 

with the active material precursor and forms a composite material upon evaporation of the 

solvent.77,78  

 

1.5 Thesis Framework 

Chapter 1 provided detailed information on the fundamentals of LIB operation, including 

the basic working principles and individual components as well as a brief discussion on common 

mechanisms of degradation. Examples of conventional and emerging cathode compositions for 

LIBs were examined, focusing on the advantages and disadvantages of each along with the 

complex socioeconomic challenges that are potential barriers to their future use.  

 

Chapter 2 of this thesis provides detailed information on the experimental scope of the project 

including the processes for synthesis, electrode preparation, coin-cell fabrication and the operation 

of techniques frequently used for LIB characterization. The physical characterization 
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methodologies of scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and 

powder x-ray diffraction (XRD) will be discussed as well as electrochemical characterization 

through electrochemical impedance spectroscopy (EIS), and cycling techniques used for 

determination of charge/discharge rate capability, and long-term cycling stability.  

 

Chapter 3 describes the development of a performance-optimized Li1.25Mn0.5Nb0.25O2 cation-

disordered rock-salt cathode material. The effects of the variation in synthesis methodology 

including sintering temperature, time, and lithium content will be discussed alongside variations 

in electrode preparation methodology. Surface modifications/treatments used for this study are 

elucidated including the use of a Li2O-B2O3 composite and ALD of alumina (Al2O3). Physical 

characterization of the materials/electrodes will be included where applicable. Furthermore, a 

comparative analysis of the electrochemical performance of the samples including reversible 

capacity, cycling stability, and rate capability is performed.  

 

Chapter 4 broadens the scope of this thesis by providing considerations for extensions of the work 

reported and directions for future research. Limitations of the study will be discussed as well. 

Finally, Chapter 5 concludes this thesis with a summary of results and a brief discussion on the 

outlook of this material for commercialization. 
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2. Experimental 

2.1 Experimental Scope of Research 

As mentioned, the motivation for this research was to investigate the disordered rocksalt 

class of positive electrode materials for lithium-ion batteries and to study the effects of a modified 

synthesis methodology and surface coating on the electrochemical performance of the battery. The 

cathode active materials were prepared using a multi-phase synthesis technique and formed into 

electrodes through a slurry coating process, both of which will be detailed in this chapter. The 

select coating films were applied to the oxide powders after synthesis or the prepared electrode 

surface through atomic layer deposition or solvent casting methods. Half-cell coin-cells were 

prepared with the synthesized material and used for measuring the electrochemical performance. 

During each step of synthesis, the morphology and structure of the materials were characterized 

through several techniques including scanning electron microscopy (SEM) and powder x-ray 

diffraction (XRD). Electrochemical data including first cycle deliverable capacity and coulombic 

efficiency (CE) were also measured for each material, while cycling performance and rate 

capability were studied only for select cells. This section will focus on the experimental procedures 

used for synthesis and characterization of all materials covered within the scope of this project. 

 

2.2 Precursor Materials 

The synthesis of precursor materials for lithium-ion battery cathodes is typically 

accomplished through one of two methods.79 The first being the co-precipitation of a mixed 

transition metal hydroxide or carbonate that acts as a template structure for the active material 

particles. The precursor is then mixed with a lithium source, typically lithium hydroxide (LiOH) 

or lithium carbonate (Li2CO3) in the desired stoichiometric ratio and then heat-treated. The 
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precipitation process is sensitive to the temperature, pH, and mixing rate leading to several studies 

focused on optimizing the yield and quality of the precursors prepared through this process.80,81 

Co-precipitation has been reported over the last decade as a synthesis method for many well 

commercialized materials (e.g. NMC111).82  

 

The second method is the mechanochemical grinding of oxides, carbonates, and hydroxides of the 

desired elements (i.e. Li, Ni, Mn, Al, Co, Nb, etc.) in stoichiometric proportion. The homogenously 

mixed precursor is then heat-treated to yield the final positive electrode product. To compensate 

for the potential loss of lithium during high temperature sintering, the addition of excess lithium 

oxide is sometimes added to the mixed powder before heat treatment.67 

 

In this project we utilized precursor materials prepared through both solid-state and co-

precipitation methods. 500g of Mn0.66Nb0.33CO3 prepared by co-precipitation was obtained from 

Hunan Zoomwe New Energy Science & Technology Co., LTD and used as a precursor material 

throughout this study. Mechanochemical grinding was also done to prepare precursor materials 

with stoichiometric amounts of Mn2O3 (Sigma-Aldrich, 99.0%), Nb2O5 (Sigma-Aldrich, 99.9%), 

NiO (Sigma-Aldrich, 99.9%) and a lithium source of Li2CO3 (Sigma-Aldrich, 99.0%), LiOH 

(Sigma-Aldrich, 98.0%), or LiF (Sigma-Aldrich, 99.9%) dependent on the desired composition. 
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2.3 Solid-State Synthesis 

2.3.1 Mechanical Pre-treatment 

The preparation of the precursor materials falls into the pre-sintering treatment phase of 

the synthesis methodology. Various techniques were used during this phase in an effort to optimize 

the performance of the prepared material after sintering. Each technique will be described in detail 

below.  

 

Manual Grinding  

As prepared Mn0.66Nb0.33CO3 was mixed with lithium source (e.g. Li2CO3, LiOH) and ground 

using mortar and pestle for 15-20 minutes until the mixture was homogenous (i.e. no observable 

white powder from lithium source). This method was also examined for the mechanochemical 

preparation of the precursor from oxides.  

 

Ball-Milling (Dry)  

 A Nanjing University QM-WX04 planetary mixer was used for the mechanochemical preparation 

of the precursor material. Manganese (III) oxide (Mn2O3) or nickel (II) oxide (NiO) was added 

with niobium (V) oxide (Nb2O5) to a stainless-steel container along with either lithium carbonate 

(Li2CO3), lithium hydroxide (LiOH), or lithium fluoride (LIF) in desired proportions. Between 5-

15 stainless-steel or ceramic balls (0.5cm diameter) were added to the container before being 

sealed and placed into the mixer. The powders were milled at 200rpm, 600rpm, or 1200rpm for 5, 

10, or 24 hours.  
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Ball-Milling (Wet)  

In some cases, a small amount of solvent was added to the dry powders to facilitate a more 

homogenous mixing process. For this purpose, acetone or de-ionized water was added to the oxide 

powder with a ratio of 5 ml (solvent) : 1 g (powder). The slurry was then milled at 100rpm, 200rpm, 

and 600rpm for 1, 2, or 5 hours. After milling, the sample was dried at 80oC for 24 hours under 

vacuum.  

 

2.3.2 High-Temperature synthesis  

The formation of the disordered rocksalt material for use as a lithium-ion battery cathode 

requires lithiation of the precursor powders through a high temperature sintering process that 

enables a solid-state reaction. A sample of the two-phase reaction for the formation of the 

Li1.25Mn0.5Nb0.25O2 is shown in Eqn 2.1 and 2.2.  

 

5𝐿𝑖2𝐶𝑂3 + 2𝑀𝑛2𝑂3 + 𝑁𝑏2𝑂5 → 4𝐿𝑖𝑀𝑛3+𝑂2 + 2𝐿𝑖𝑁𝑏5+𝑂3 + 2𝐿𝑖2𝐶𝑂3 + 3𝐶𝑂2 ⇑   (2.1) 

 

4𝐿𝑖𝑀𝑛3+𝑂2 + 2𝐿𝑖𝑁𝑏5+𝑂3 + 2𝐿𝑖2𝐶𝑂3 → 8𝐿𝑖1.25𝑀𝑛0.5𝑁𝑏0.25𝑂2 + 2𝐶𝑂2 ⇑ (2.2) 

 

The sintering temperatures for this study exceed the levels required for fusion and decomposition 

of the lithium source, which is ~720oC for Li2CO3 and ~470oC for LiOH. The specific advantages 

of using LiOH for low-temperature synthesis of disordered rocksalts were not investigated in this 

thesis.  
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The preparation of single crystal particles was achieved through two different methods. The first 

of which is well reported for synthesis of layered oxide type positive electrode materials 

(NMC532, NMC622, NCA) and required an elevated sintering temperature (≥900oC) and longer 

sintering time to allow for increased growth of the primary particles.9,38,83 A lithium-to-transition 

metal mass ratio (Li/TM) ~1.20 is needed for this process as excess lithium carbonate has been 

reported to increase the particle grain size as well as account for the loss of lithium due to the 

elevated temperature. Flux-mediated synthesis was also used as a method to prepare single crystals 

of the disordered rocksalt material.84,85 For this method, the addition of a KCl or LiCl non-

oxidizing salt in considerable excess to the active material powder has been reported to assist in 

homogenous growth resulting in single crystal micron-sized particles.86–88  

 

 

Figure 8 - Active material powder (A) before sintering (left: pelletized precursor, right: powder precursor); 

(B) after sintering (polycrystalline); (C) after sintering (single crystal) 
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2-10g samples of the milled precursor powders were added to an alumina heating crucible and 

tapped down with a stainless-steel scoopula to ensure a loose packing. For flux-mediated synthesis, 

KCl was mixed with the transition metal oxides in a 5:1 mass ratio and manually ground in a 

mortar and pestle for 10-20 min until homogenous before being added to the crucible.  Some 

samples were pressed into a compact pellet using a powder die press prior to transfer to the alumina 

crucible (Figure 8A). Sample pelletization was investigated for improved efficiency during 

sintering, requiring lower time at a higher temperature. The crucibles were then transferred to 

either a Lindberg TF55035A-1 tube furnace or an Across GCF1100 atmosphere furnace for heat 

treatment. The heating and cooling rate, dwell temperature, and dwell time could be programmed 

for both furnaces. The heating and cooling rates were programmed to be the same at 10oC.min-1
 

with a max dwell temperature of 800-1000oC and a dwell time of 6h, 12h, 24h, or 36h. A constant 

flow of argon or nitrogen gas was used to maintain an inert environment during the sintering 

process and prevent unwanted oxidation of the material. For the carbonate precursor prepared by 

co-precipitation (Mn0.66Nb0.33CO3), an additional heat treatment at 550oC for 6h under constant 

oxygen gas flow was done before the high temperature sintering. The samples were removed from 

the furnace after cooling to 100oC and transferred to a glass scintillation vial for post-sintering 

treatment. 

 

2.3.3 Post-Sintering Treatment  

The material resulting from the sintering process at lower temperatures (<900oC) or 

without the molten salt flux was a loose powder (Figure 8B) that was then manually ground using 

a mortar and pestle for 5-10 min to break up any large agglomerates. The samples prepared with a 

KCl salt flux formed into a solid “brick-like” block (Figure 8C) after sintering that was first 
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manually ground using a mortar and pestle until a coarse powder was formed, and then ball-milled 

in the planetary mixer at 1200rpm for 10 min to achieve a loose powder without any agglomerates. 

An additional washing step was required for the single crystal samples after ball-milling in order 

to remove any excess Li2CO3 or KCl that might remain on the surface. The loose powder was 

added to a 50mL beaker with ~20mL of DI water and stirred at 200rpm for 4h. The solution was 

transferred to a 50mL conical tube and centrifuged at 8000rpm for 5min to separate the powder 

before decanting and drying the powder at 80oC for 24h. Finally, the dried material was then 

manually ground for another 5-10 min to form a homogenous powder. The powders were then 

stored in an 80oC oven under vacuum to prevent the absorption of any moisture into the structure 

which could negatively impact the performance of the electrodes. 

 

2.4 Electrode Preparation 

The preparation methods for lithium-ion battery electrodes have been attracting more 

research attention due to the potential benefit that higher active material loadings have on the 

volumetric energy density of the battery.89 The electrode microstructure is a direct consequence of 

the fabrication method, which is a series of complex individual steps that influence each other and 

require a high degree of quality control. Conventionally electrodes are prepared by dissolving the 

powder active material with a binding agent (e.g. polyvinylidene fluoride, polytetrafluoroethylene) 

and conductive additive (e.g. carbon black) into of an organic solvent (e.g. 1-methyl-2-

pyrrolidone) mixing until homogeneous to form an electrode slurry. This slurry is then coated onto 

a thin, metallic current collector and the solvent is evaporated. This process was promoted and 

optimized by Marks’ et al. in a study examining a large number of coin-cells and the impact that 
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parameters such as active material to binder/conductive additive ratio, coating thickness, drying 

temperature and calendar pressure have on the electrochemical performance of the battery.90  

 

Recently, a “binder-free” electrode preparation method was proposed by Park et al. that utilizes 

single-walled carbon nanotubes (SWCNT) to form an electrically conductive segregated 

nanocomposite.91 The advantage of this material is the ability to achieve a thicker electrode layer 

without structural collapse or losing adhesion to the metallic current collector which are problems 

of the preparation method described by Marks et al. Electrodes are prepared in this way by mixing 

an aqueous dispersion of SWCNT (~0.2 wt%) with the powder active material until uniform and 

coating the composite onto a metallic current collector. Stable electrode layers as thick as 800μm 

with a high electrical conductivity (104 S.m-1) and areal capacity of 30mAh.cm-2 have been 

reported. One limitation of this method is the necessity for particle size to be larger than the length 

of the nanotube filler, as the excluded volume of the particles tends to cause segregation of the 

nanocomposite. 

 

For this thesis, synthesized active material was fabricated into positive electrodes for 

electrochemical testing through three different methods including both of the works of Marks et 

al and Park et al. 

 

Electrode Preparation I (E1) – PVDF, Carbon black, NMP 

 

Electrodes were formed in a mass ratio of 90:5:5 of active material, poly(vinylidene fluoride) 

(PVDF) (Sigma-Aldrich), and Super-P carbon black (Alfa Aesar, 99%). Samples were prepared 
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with a total mass of 1-2g and manually mixed in a mortar and pestle with 1-methyl-2-pyrrolidone 

(NMP) (Sigma-Aldrich, 99% anhydrous). The amount of NMP added was adjusted per sample 

depending on the resultant viscosity of the slurry; a mass ratio of ~1.5:1 NMP to active material 

was typically utilized. The slurry was mixed until homogenous and smooth to ensure all 

agglomerates had been separated. A sheet of aluminum (~150µm thick) was cut to 20cm x 15cm 

and flattened to a glass plate using a small amount of ethanol. The slurry was then poured (assisted 

by scoopula) into a uniform line on the top of the aluminum sheet and an angled metal blade 

(200µm gap) was pulled across the length of the sheet. The electrode was then transferred to an 

evaporating oven and dried at 100oC for 3 hours. Electrodes were punched into circles using a 

15mm diameter manual die cutter and stored at 100oC under vacuum for 24h to remove any excess 

moisture.  

   

Electrode Preparation II (E2) – PTFE, Carbon black, EtOH 

 

The second method to prepare electrodes from the synthesized active material was used when 

precise control over the specific mass loading was required (i.e. specific discharge capacity 

measurements).92 The electrodes were prepared by adding the active material, carbon black 

(Ketjenblack, Lion Specialty Chemical Co., Japan), and polytetrafluoroethylene (PTFE) acetylene 

black in a mass ratio of 80:10:10. Samples were prepared with a total mass of ~10mg and mixed 

with ~5ml of ethanol (EtOH). The samples were hand ground in mortar and pestle until the ethanol 

was completely evaporated and a thin film formed. The film was then pressed into a 15mm 

diameter stainless steel mesh (~10,00kPa) and dried at 100oC for 24h under vacuum.  
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Electrode Preparation III (E3) – SWCNT, EtOH 

 

The final method follows the work of Park et al. to prepare a segregated nanocomposite electrode 

with higher active material loading. 1-2g active material powder and 20ml DI water were added 

to the planetary mixer and ball-milled at 500rpm for 10min to remove any large agglomerates. The 

solution was placed in a 50ml conical tube and centrifuged at 8000rpm for 5min, followed by 

decanting off the water and drying the active material in an evaporation oven at 100oC for 12h. 

The active material was then mixed with an aqueous dispersion of SWCNT (0.2 wt% SWCNT in 

water, 0.2 wt% polyvinylpyrrolidone (PVP) as stabilizer) (Tuball, OCSiAl) in a mass ratio of 99:1 

active material to SWCNT. 2ml of EtOH was added to the mixture and transferred to a 20ml glass 

scintillation vial. The mixture was placed in a sonicator bath for 10min to prevent any 

agglomeration and then transferred to the planetary mixer (no milling balls were added) to 

homogenize the slurry at 2000rpm for 10min. The slurry was then poured (assisted by scoopula) 

onto an aluminum sheet and an angled blade (200µm) was dragged across the surface as in method 

E1. The electrodes were transferred to an evaporation oven and dried at 100oC for 3h. The 

electrodes were then punched into circles with a 15mm diameter manual die cutter. Finally, the 

punched electrodes were wrapped in Al-foil to prevent deformation and heat-treated at 350oC for 

30min to remove any remaining PVP in the structure.  

 

2.5 Coin-Cell Fabrication 

Electrochemical performance of the positive electrode material was determined using the 

laboratory coin-cell form factor that was fabricated following the guidelines indicated in the recent 

work by Murray et al.93 The 15mm electrode disks were weighed using a microbalance with 
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0.01mg resolution (Sartorius SECURA225D1S). Each electrode had a mass between 10-15mg 

including the ~7mg mass of the Al-foil leaving 3-8mg of electrode material per disk. The 

remaining mass was then multiplied by the fractional component of active material in the slurry 

(e.g. 0.9 for 90:5:5 compositions). It was critical to have a high degree of accuracy for the active 

material mass as it was used in the determination of the current applied during charge and discharge 

as well as the gravimetric capacity calculation.  

 

In addition to the punched working electrodes, coin-cell assembly required several other 

components including a counter electrode, separator, spacer, casing, and electrolyte. For the 

majority of materials discussed in this thesis the electrolyte solution used for coin-cells was LP57 

(Gotion) containing 1M lithium hexafluorophosphate (LiPF6) dissolved in mixed ethylene 

carbonate (EC) and ethyl methyl carbonate (EMC) at a mass ratio of 3:7 and vinylene carbonate 

(VC). Two different types of separator were used in all coin-cells prepared for this thesis, either a 

polypropylene Celgard #2300 (Celgard LLC) or blown microfiber (BMF) separator (3M). A 16mm 

diameter piece of lithium metal was used as the reference/counter electrode.  

 

Coin-cells were all assembled in an argon filled glovebox (<1ppm O2, <0.1ppm H2O) as the lithium 

metal counter electrode is highly reactive with both oxygen and water. Furthermore, high moisture 

content causes decomposition of the organic electrolyte leading to lower performance of the cell 

which was avoided for this project.94 A CR2032 sized stainless-steel coin-cell casing was used 

with dimensions of 20mm diameter and 3.2mm height. Prior to assembly the casings were washed 

by sonication with EtOH for 5h; EtOH was then removed and the casings were dried at 100oC for 

4h under vacuum.  
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Assembly involved stacking of components as illustrated in Figure 9 except for the use of a 

different negative electrode. The positive electrode was placed in the center of the large casing and 

40µl of electrolyte was dropped using a 20-200µl micro-pipettor (VWR International, LLC). An 

18mm diameter separator disk is then placed on the electrode ensuring the electrolyte fully wets 

the separator. An additional 40-60 µl of electrolyte was then dropped onto the top of the separator. 

If Celgard 2300 separator was being used, a second 18mm diameter separator disk was placed 

directly on the first, ensuring they are centered with each other such that there was complete 

overlap. The 16mm diameter lithium metal counter electrode was first aligned with the 16mm 

stainless steel spacer and pressed with a Teflon block to ensure good contact. The counter electrode 

and spacer were then centered with the working electrode and placed on top of the separator layer. 

Finally, a stainless-steel spring was stacked on the spacer and capped with another casing. The 

stack was then sealed in a hydraulic crimper (MTI, MSK-110) with pressure of 850psi. The sealed 

coin-cells were then ready for electrochemical testing.  
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Figure 9 - Schematic of coin-cell assembly.93 

 

2.6 Surface Coating 

2.6.1 Coating Selection 

As mentioned, surface modifications and coatings have attracted considerable attention as 

a strategy to improving performance of cathode materials for lithium-ion batteries, particularly for 

Co-free materials. Inorganic surface coatings (Al2O3, AlPO4, and TiO2) are the most commonly 

used for cycling stability and lifetime improvements, namely attributed to their ability to scavenge 

hydrofluoric acid (HF) generated from electrolyte decomposition or acting as a physical barrier 

between electrolyte and particle surface.95–97 A recent report by Hall et al. suggested that the Al2O3 

cathode coating reacts with the electrolyte, specifically LiPF6, forming lithium difluorophosphate 

(LiPO2F2) which is an chemical commonly added to electrolytes in order to increase the cycling 

performance and lifetime of lithium-ion cells.98  
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Several studies have been reported on the use of a lithium boron-oxide based material for thin-film 

solid electrolyte due to its high ionic and electrical conductivity.99–101 These properties make it an 

ideal candidate for surface coating to improve the rate capability and stabilize the surface 

electrolyte interactions. The infusion of a solid electrolyte (Li3PO4) into the grain boundaries of a 

LIB cathode material has been recently reported by Yan et al.102 This work reported the increased 

lithium diffusion speed and suppression of unwanted solid-electrolyte reactions that are 

responsible for the loss of oxygen and dissolution of active material. Du et al.103 made use of a 

lithium boron-oxide glass (LBO-glass) for surface coating on a LiNi0.5Mn1.5O4 cathode to the 

effect of increasing capacity retention and discharge rate capability of the battery.  

 

Another material that has been used as a coating for lithium-ion battery cathodes is the polymer 

polyacrylonitrile (PAN). Lin et al. demonstrated the positive effects that a cyclized PAN surface 

coating on LiNi0.5Mn1.5O4 could have on the rate capability and cycling stability of the cathode.78 

This thesis investigates the effects of three different coatings within the scope of those previously 

discussed. The fabrication methodologies for each coating are detailed below. 

 

2.6.2 Al2O3 Coating 

The coating of a thin layer of Al2O3 on the electrode surface was performed using an ALD 

reactor (Thermal Gemstar 6XT, Arradiance, LLC, USA) at 115 °C with trimethylaluminum 

(TMA) used as precursor and H2O as oxidizer. The precursors were purged for a time of 21 ms 

with coating thickness being controlled by the number of deposition cycles. Ten cycles were used 

for this work. Both active material powder and as prepared electrodes were used as the substrate 
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in different tests; however, the latter was used more frequently and will be discussed for the 

remainder of this thesis unless otherwise noted. 

 

2.6.3 2Li2O-B2O3 Coating 

A stoichiometric amount of lithium hydroxide (LiOH), lithium carbonate (Li2CO3) and 

boric acid (H3BO3) were combined with the synthesized active material and homogenously mixed 

in deionized water (1:3 solid to liquid ratio) using the planetary mixer at 800rpm for 15min. The 

solution was transferred to an evaporation oven at 200oC until dried. The remaining powder was 

then placed in an alumina heating crucible and transferred into a Lindberg tube furnace to be heat-

treated at 600oC for 10h with constant argon gas flow. The 2Li2O-B2O3 coating was fabricated as 

2 wt% of the active material mass, with typical sample having 1g active material, 0.004g LiOH, 

0.0166g Li2CO3, and 0.0035g H3BO3.  

 

2.6.4 PAN Coating 

Formation of the PAN coating follows the experimental methods described by Hassan et 

al.77 and Lin et al.78 1g of active material and 0.01g PAN (Mw = 150,000 g mol-1) were dissolved 

into 5-10ml N, N-dimethylformamide (DMF) and stirred constantly at 300rpm at 100oC until the 

solvent was fully evaporated. The remaining powder was placed in an alumina heating crucible 

and transferred into an Across atmosphere furnace to be heat-treated at 400oC for 1h in air yielding 

the coated material. 
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2.7 Characterization Methods  

2.7.1 Scanning Electron Microscopy (SEM) 

SEM is a useful technique for characterizing the surface morphology, particle size 

distribution, and can be coupled with energy dispersive x-ray spectroscopy (EDX) to determine 

elemental composition. SEM is used for its capability to obtain high resolution images of the three-

dimensional surface structure (topography) for a wide range of materials and magnifications. The 

desired measurement area is probed with a highly focused electron beam that is moved across the 

sample in a raster to form an image. The different interactions between the incident electrons and 

the sample volume are measured by a detector specific to the desired mode of the SEM. Low-

energy (~50eV) secondary electrons have a small mean free path in a solid and their detection is 

limited to the emission from the sample surface. If the electron is emitted from a core orbital level 

then a higher energy electron can drop to the vacant position and release energy in the form of an 

x-ray photon in the process. This characteristic x-ray can be detected, providing information on 

the atomic composition of the sample. Higher energy back-scattered electrons (BSE) result from 

the direct collision of the electron beam with the nuclei of atoms in the sample. The BSE count is 

directly related to the atomic mass of the atoms in the sample, thus giving heavier elements a 

brighter appearance than lighter elements in an SEM image and giving information about the 

sample composition.104 

 

The electron gun generates electrons with an energy in the range of 0.1-30 keV that is sent through 

a series of lenses to accelerate and focus the beam to a spot size of ~10nm on the specimen.  

 

The Zeiss UltraPlus SEM at the University of Waterloo Advanced Technology Laboratory 

was used for the SEM characterization of all samples reported in this thesis. The SEM required a 
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4-component set-up including a water-cooling system, nitrogen gas tanks, computer control panel, 

and the SEM machine itself. Each of these was critical in the continued operation of the device. 

Specimens were prepared by mixing 50-100mg of powdered sample with 5ml EtOH with a mortar 

and pestle for 5min. 10-20µl of the solution was then dropped onto a stainless-steel SEM stub and 

dried at 25oC for 25min until all solvent had evaporated. A light flow of nitrogen gas was then 

applied to the sample to prevent contamination. For low conductivity samples a thin layer of gold 

was sputtered onto the surface to prevent electron charging during SEM operation and the 

formation of unwanted artifacts in the images.  

 

 

Figure 10 - Schematic of the SEM column containing electron gun, condenser, aperture, scanning coils, 

specimen stage, and detector control flow.104 
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2.7.2 Powder X-Ray Diffraction (XRD) 

XRD is another useful characterization technique to determine the crystal structure or 

lattice spacing of a sample. The technique is based on the x-ray, a type of electromagnetic radiation 

which results in an absorption or scattering event when interacting with a material. The scattering 

event can be broken into an elastic and inelastic component which is used to probe the structure of 

the material and can be quantified using Eqn 2.3.  

 

𝐼𝑓 =
𝐼0𝐾

𝑟2 (
1+cos2 2𝜃

2
)     (2.3) 

 

𝜆 = 2𝑑𝑠𝑖𝑛𝜃      (2.4) 

 

In this case I0 is the intensity of the incident beam, If is the intensity of the scattered beam, 

r is the distance from the event which If is measured, and 𝜃 is the Bragg angle. When the 

wavelength (λ) of the x-ray matches the spacing between planes in the crystal the resulting 

scattering event has a much higher intensity (constructive interference). The condition for this 

constructive interference to occur is known as the Bragg law (Eqn 2.4) and illustrated in Figure 

11. The atomic plane spacings (d) within the lattice can now be determined using Bragg’s law by 

measuring the angle of the diffracted x-ray beam. 
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Figure 11 - Schematic of Bragg diffraction in crystal lattice planes. 

 

For crystalline samples, the allowed spacings that result in the constructive interference needed to 

satisfy Bragg’s law are well known to be associated with specific crystal structures. Comparative 

analysis of the measured spacings and experimental results recorded in a database such as the 

Crystallography Open Database by the Department of Chemistry at the University of Cambridge 

can then assist in the identification of the sample.  

 

This technique was carried out using a Rigaku MiniFlex 600 diffractometer and the resulting 

diffraction spectra were analysed using PDXL Ver 1.8.0.3 and MAUD Ver 2.92 software. The 

diffractometer produces an x-ray source through the interaction between a high energy electron 

beam striking a copper plate to produce x-rays that are then focused onto the sample using a 

collimator. The sample stage was then rotated through a set range of angles (2ϴ) and the intensity 

of the x-ray scattered off the sample at each step (angle) on the range was measured at a detector. 

The scattered intensity was plotted against the angle (2ϴ) generate a diffraction spectrum which 
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was analyzed to identify the crystalline components of the sample. 50-100mg of powdered sample 

was pressed onto a quartz glass sample holder and placed in the diffractometer. The sample was 

measured on the 2ϴ range of 5-90o with a step size of 0.02 and a speed of 2.0 o/min.  

 

2.7.3 Thermal Stability 

Thermogravimetric analysis (TGA) is a quantitative analytical technique that gives insight to 

the structural nature of the sample. TGA is used for lithium-ion battery electrode materials to 

determine their thermal stability, often paired with accelerating rate calorimetry (ARC) to measure 

the self-heating rate of cathode materials and their stability at elevated temperatures.105 TGA 

monitors the mass of a sample material across a specific temperature range (up to 1600oC) due to 

decomposition of the material. TGA takes place under an inert environment (e.g. argon, nitrogen) 

to prevent any unwanted reactions between the sample and environment which could impact the 

results.106 ARC utilizes a confined adiabatic environment (i.e. energy is only transferred to 

surroundings as work) to analyze the exothermic properties of a sample. This is particularly useful 

for determining the safety of a lithium-ion battery cathode, as the only increase in temperature will 

be due to self-heating allowing its rate to be measured for a given temperature range and analysis 

of the thermal runaway potential of a material (Figure 12).107,108 
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Figure 12 - Study of the thermal properties for LiNi1-xMxO2 (M=Al, Mg, Mn, Co). A: Normalized TGA 

(top panel), derivative of the normalized mass loss vs. T (bottom panel). B: ARC for 120oC-250oC showing 

self-heating rate as a function of temperature.108 

 

2.7.4 Electrochemical Impedance Spectroscopy (EIS) 

The concept of electrical resistance is well known as the ability of an element in a circuit to 

limit the flow of current. It can be quantified as the ratio between the voltage (V) and current (I), 

commonly known as Ohm’s law (Eqn 2.5). Although this concept is useful for ideal single circuit 

elements, a complex electrochemical system requires looking at the complete picture including 

non-idealities. 

𝑅 =
𝑉

𝐼
       (2.5) 

 

Impedance is the measure of the resistance to the flow of electric current in a circuit, similar to 

resistance; however, unlike resistance the impedance of a system applies in the case when AC 

current is used rather than DC current. To measure the impedance of a system, an AC potential is 
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applied to a cell and the current passing through the cell is monitored. The impedance of an 

electrochemical cell is a function of the frequency of the applied potential with a real and imaginary 

component (Eqn 2.6) that are plotted against one another in a Nyquist plot.109 

 

𝑍(𝜔) =
𝑉

𝐼
= 𝑍0(𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙)     (2.6) 

 

In a Nyquist diagram (Figure 13), the negative value of the imaginary component of the the 

impedance (- im Z) is plotted versus the the real component of the impedance (re Z). Analysis of 

a Nyquist plot can yield information about the contact, bulk, mass transfer, and charge transfer 

resistances of a cell and give insight into the degradation of the electrochemical performance 

without need for destructive testing. The x-intercept at the lowest re Z value is the ohmic resistance 

of the entire system (bulk resistance), the second semi-circle component of the plot, starting at 

higher re Z value, is a measure of the electrode-electrolyte interface resistance (charge transfer). 

The low frequency character of the Nyquist plot is known as the Warburg diffusion impedance 

and corresponds to the resistance caused by particle diffusion (mass transfer).110 

 

For this project, a Gamry Potentiostat was used for EIS and open-circuit voltage (OCV) 

measurements on coin-cell samples after 1 and 50-100 cycles to compare different mechanisms of 

impedance growth occurring within the cells.  
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Figure 13 - Sample Nyquist plot describing the character of each region in relation to resistance 

mechanisms in an electrochemical cell.110 

 

2.7.5 Electrochemical Cell Performance 

The electrochemical performance of all coin-cell samples fabricated as described in Section 

2.5 was measured using a Neware Battery Testing System (BTS4000). Samples were placed into 

either a built-in coin-cell holder on the BTS4000 instrument, or a holder in a neighboring 

temperature-controlled chamber attached to the BTS4000. The temperature-controlled chamber 

was used to maintain a desired temperature of 25oC or 40oC for the coin-cells throughout the 

duration of testing. A series of cycling profiles were generated using the Neware Battery Testing 

Software that charged and discharged the coin-cells under specified conditions. Numerous cycling 

profiles were generated to test different aspects of battery performance, each of which included a 

protocol of many different steps and conditions. Galvanostatic (constant current) cycling applies a 

constant current to the samples, and charges or discharges them to a specified cut-off voltage. 

Potentiostatic (constant voltage) cycling is the opposite, maintaining a constant voltage across the 
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cell until a specific current is reached. Both of these processes are used frequently in conventional 

cycling profiles. Once the current and voltage of the coin-cell during the cycling test were recorded 

at a specified data collection rate, the data was then processed and analyzed in the form of a voltage 

vs. capacity curve (V vs. Q). Differential voltage (dV/dQ vs. V), and differential capacity (dQ/dV 

vs. Q) curves are also commonly investigated for the insight they can provide to the phase 

transitions occurring within the electrode material during the cycling process.111–113 

 

 

Figure 14 - Example of cycle life analysis for lithium-ion battery including repeated use of reference 

performance test.114 

 

The V vs. Q curve provided a considerable amount of information about the electrochemical 

performance of a coin-cell depending on the cycling protocol used for the test. Initial performance 

of a battery was typically measured using a reference performance test (RPT), where a lower 

current/C-rate was used to ensure complete (de)lithiation of the working electrode. The first cycle 

coulombic efficiency (CE) is the ratio of the deliverable discharge and charge capacities for a 

battery; higher CE represents a more efficient SEI formation and lower irreversible capacity loss. 

For long-term testing, an accelerated C-rate is often used to increase the throughput of data 

collection; however, the RPT protocol is necessary when comparing the deliverable capacity of a 
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cell after cycling. Han et al. provide an example of battery cycling for state-of-health determination 

in LIBs for EVs using an RPT to compare the performance of batteries after an ageing/cycle life 

test (Figure 14).114 

 

To test the rate capability of a coin-cell, a series of sequential charge and discharge steps was 

added with increasing C-rate. The deliverable capacity of the cell was then measured at each C-

rate and compared as a fraction of the capacity of the cell from the RPT. Conventional rate 

capability tests use C-rates of C/10, C/5, C/2, 1C, 2C, and 5C (where 1C is the current required to 

charge or discharge the battery in 1h) while batteries with higher rate performance can be tested 

up to 10C and compared against the RPT which is cycled using a low rate of either C/20 or C/50.   

 

For this thesis, the coin-cells were rested for 3-4h prior to electrochemical cycling in order to 

stabilize the battery after assembly. The initial capacity, CE, cycle life, and rate capability were 

measured and compared using various protocols, all of which will be highlighted in the following 

chapter. 
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3. Results and Discussion 

This section will discuss the experimental decisions made to optimize the composition, 

synthesis parameters, electrode preparation and coating selection. The impact of each decision will 

be highlighted in the relevant physical and electrochemical characterization of the materials.  

 

3.1 Optimizing Composition  

The first step in the optimization process was to determine the initial material composition 

that would be used for the study. A detailed literature review revealed that numerous disordered 

rocksalt compositions have been reported to have high gravimetric capacity but suffer from low 

capacity retention, making them ideal candidates for optimization. Li1.3Nb0.3V0.4O2 (270mAh.g-

1),65 Li2Mn2/3Nb1/3O2F (320mAh.g-1),67 and Li1.25Mn0.5Nb0.25O2 (290mAh.g-1)115 were initially 

considered as baseline materials; however, it became apparent that nickel has not been commonly 

used in reported materials which opened the design space for a composition to be developed and 

optimized from the ground up. The initial compositions that were synthesized for the baseline 

material used in this thesis were Li1.25Mn0.5Nb0.25O2 (LMNO), Li1.3Mn0.4Nb0.3O2 (LMNO-1.3), 

Li1.3Ni0.4Nb0.3O2 (LNNO), Li2Ni2/3Nb1/3O2F (LNNOF). These materials were all prepared 

similarly as described in chapter 2. Precursors of Mn2O3, Nb2O5 and NiO were used at their 

respective compositions with Li2CO3 and LiOH used as lithium sources for LMNO, LMNO-1.3, 

and LNNO while Li2CO3 and LiF were used in LNNOF. The precursors were manually ground 

until homogenous in appearance and sintered at 950oC for 12h under argon flow. The active 

material powders were prepared into electrodes using the E1 method described in section 2.4 and 

assembled into coin-cells.  
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Figure 15 - First cycle charge and discharge voltage vs. capacity curve for Li1.25Mn0.5Nb0.25O2 (C/40, 25oC), 

and Li2Ni2/3Nb1/3O2F (C/40, 25oC) between A) 2.0-4.5V vs. Li+/Li; and B) 1.0-4.5V vs. Li+/Li. 

 

An RPT was run on each coin-cell over the voltage range of 2.0-4.8V vs. Li+/Li (LMNO, LMNO-

1.3) or 1.0-4.8V vs. Li+/Li (LNNO, LNNOF) at C/40 rate and 25oC. Analyzing the first cycle 

voltage vs. capacity curves for each material clearly indicated a potential issue with the Ni-based 

compositions. Figure 15 compares the first cycle for LMNO and LNNOF coin-cells. Despite 

reaching a higher discharge capacity of ~220mAh.g-1, LNNOF gained only 22% of its deliverable 

capacity above 2.0V, shown in Figure 15A, compared to 100% of the 185mAh.g-1 that LMNO was 

capable of reaching above 2.0V. The low voltage plateau of the LNNOF material shown in Figure 

15B was caused by the direct reduction of nickel within the structure. This low average voltage is 

a major inhibitor to potential commercialization of the material for next-generation EVs. For this 

thesis, the decision was made to move forward with the manganese-based LMNO and LMNO-1.3 

compounds due to the higher average voltage. Specifically, the focus was on LMNO as no clear 

advantage in terms of electrochemical performance was observed in LMNO-1.3 samples and lower 

lithium and niobium content without losing performance is advantageous for a reduced battery 

cost and potential strain on the supply structure of those resources when used at the industrial scale.  
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A precursor material (Mn0.66Nb0.33CO3) was then prepared by Hunan Zoomwe New Energy 

Science & Technology Co., LTD for the synthesis optimization of LMNO. Figure 16 shows the 

SEM images for Mn0.66Nb0.33CO3. It was observed from Figure 16B that the primary particle 

morphology is polycrystalline separated by void space. The particle size distribution had some 

variance with average particles having a diameter of ~5-10µm. The large precursor particle size 

was ideal for the formation of a large single crystal final product; however, high temperature 

sintering would also cause the densification (removal of the void space) as the crystal grains grow 

together leading to a smaller particle size in the final product.  

 

 

Figure 16 – SEM images of Mn0.66Nb0.33CO3 precursor particles. A (inset) – left: Mn0.66Nb0.33CO3 before 

pre-treatment, right: Mn0.66Nb0.33CO3 after pre-treatment 

 

3.2 Optimizing Synthesis 

As the composition of the material had been determined, the focus shifted to optimization 

of the cycling stability and rate capability. As reported by Wang et al., the capacity retention of 

polycrystalline Li1.25Mn0.5Nb0.25O2 without optimization is around 70-75% after 25 cycles at 25oC 

leaving considerable room for improvement.115 Furthermore, no long-term cycling data has been 

reported for this material. As noted in section 1.2.4, the high voltage cycling capability of DRX 
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cathodes can lead to accelerated loss of oxygen at the surface and surface reconstruction and 

nanovoid formation that can lead to structural collapse. Modification of the particle morphology 

to reduce the available surface area for oxygen loss to occur was a primary goal. This was 

accomplished through the synthesis of the active material with a single crystal morphology.  

 

Numerous aspects of the synthesis procedure had to be adjusted in order to form a homogenous 

single crystal material with acceptable performance including sintering temperature, dwell time 

and use of a salt flux. LMNO with polycrystalline morphology was synthesized in accordance with 

the work of Wang et al. by dry ball milling oxide precursors with a lithium source at 300rpm for 

5h. The homogenous powder was then sintered at 950oC for 12h under nitrogen gas flow. To 

synthesize LMNO with a single crystal morphology the addition of excess lithium and a non-

oxidizing salt to the precursor powder provided a flux-like environment to facilitate particle 

growth.116 For single crystal LMNO a large batch was prepared from either oxide or carbonate 

precursors and dry ball milled at 300rpm for 5h. An additional 10 mol% Li2CO3 was added before 

sintering to compensate for evaporation of lithium during sintering. KCl was also added and 

manually ground until well mixed. The powder was then sintered at 950oC for 12-36h under 

nitrogen gas flow.  

 

SEM was used confirm the different morphologies of the synthesized materials. The multi-faceted 

appearance of the particles in Figure 17A are indicative of a polycrystalline structure. In contrast, 

the large, smooth particles in Figure 17B,C suggest that during synthesis, the crystal facets had a 

similar thermodynamic stability causing growth at the same rate and the formation of a large single 

crystal absent of grain boundaries.   
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Figure 17 - SEM images of A) Polycrystalline LMNO; B) Single Crystal LMNO (Mn0.66Nb0.33CO3.); and 

C) Single crystal LMNO (Li2CO3, Mn2O3, and Nb2O5) 

 

To confirm that the correct material had been synthesized, XRD was performed on the single 

crystal LMNO (Figure 18). Refinement was carried out on the 2ϴ range of 5-90o using the Fm-3m 

space group for LiFeO2. It is assumed that the rocksalt structure contains a random arrangement 

of Li, Mn and Nb in the 4b position (½, ½, ½) with the O atom fixed in the 4a position (0, 0, 0). 

Using this model, the refinement yielded a lattice spacing of (a) = 4.1940Å which is relatively 

close to the reported spacing for Li1.25Mn0.5Nb0.25O2 at (a) = 4.1738Å. Major peaks at 2ϴ = 36o,43o, 

62o, 75o, and 79o all correspond to those reported in literature for this composition indicating low 

impurity content. 
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Figure 18 - XRD pattern for single crystal LMNO (Li2CO3, Mn2O3, and Nb2O5); inset: ball-stick model of 

disordered rock-salt structure (blue: Mn, Nb, Li; light-green: O) 

 

Optimization of the synthesis process involved the systematic investigation of each factor on the 

morphology and performance of the cathodes. Table 1 summarizes the sintering procedures, excess 

lithium content, and type of precursor material used in the synthesis process. The table is organized 

based on chronological order, with the earliest prepared materials at the top and those synthesized 

most recently at the bottom.  

 

The optimization included the use of surface coatings as described in section 2. After a material 

was prepared, preliminary physical and electrochemical testing was done to confirm the 

morphology and initial performance of the material was inline with the goals of the experiment. 

The coating process was then done on these materials, indicated in Table 1 as a precursor. Figure 

20 shows a performance comparison of these materials, and the effects of varying the synthesis 

conditions are discussed below. 
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Table 1 - Summary of synthesis methods used to prepare Li1.25Mn0.5Nb0.25O2 

ID # Excess Li  Sintering Procedure Coating Precursor 

OS-001 5% 
500oC 3h, 800oC 3h, 950oC 

24h 
1wt% PAN 

Li2CO3, 

Mn0.66Nb0.33CO3 

(850oC 6h) 

OS-002 0% 950oC 24h ̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

(850oC 6h) 

OS-003 0% 950oC 24h 1wt% PAN OS-002 

SH-001 5% 950oC 12h (x2) - Ar flow 1wt% PAN SH-002 

SH-002 5% 950oC 12h (x2) - Ar flow ̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

(850oC 6h) 

SH-003 3% 950oC 12h (x2) - Ar flow ̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

(850oC 6h) 

SH-004 5% 950oC 12h (x3) - N2 flow ̶ SH-002 

SH-005 5% 950oC 12h (x3) - N2 flow 1wt% PAN SH-004 

SH-006 5% 
850oC 6h, 950oC 12h, 

950oC 24h - N2 flow 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

(850oC 6h) 

SH-007 5% 
850oC 6h, 950oC 12h, 

950oC 24h - N2 flow 
1wt% PAN SH-006 

SH-008 5% 500oC 6h - N2 flow 2wt% LBCO SH-004 

SH-009 15% 
950oC 36h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

(600oC 3h) 

SH-010 10% 
950oC 12h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-011 10% 
950oC 36h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-012 0% 
950oC 6h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-013 0% 
950oC 12h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-014 0% 
950oC 36h - N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-015 0% 
950oC 6h – N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, Nb2O5, 

Mn2O3 
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SH-016 10% 
950oC 12h – N2 flow (2.5h 

ramp) 
̶ 

Li2CO3, 

Mn0.66Nb0.33CO3 

SH-011_ALD ̶ ̶ 
5 Cycle ALD of 

Al2O3 
SH-011 

OS-E13 5% 
Ball mill 5h, 950oC 12h - Ar 

flow (3.5h ramp) 
̶ 

Li2CO3, Nb2O5, 

Mn2O3 

SH-011B 10% 
950oC 24h - N2 flow (2.5h 

ramp) 
̶ 

Precursor (600'C 

3h) 

SH-011B_ALD ̶ ̶ 
5 Cycle ALD of 

Al2O3 
SH-011B 

SH-017 5% 
850oC 6h, 950'C 12h, 950'C 

24h - N2 flow 
̶ 

Precursor (850'C 

6h) 

SH-017_LBCO ̶ 600oC 10h - Ar flow 2wt% LBCO 
SH-017, Li2CO3, 

LiOH, H3BO3 

SH-018 10% 
950oC 12h - N2/Ar flow (2h 

ramp) 
̶ 

Li2CO3, Nb2O5, 

Mn2O3 

SH-018_LBCO ̶ 600oC 10h - Ar flow 2wt% LBCO 
SH-018, Li2CO3, 

LiOH, H3BO3 

SH-018_ALD ̶ ̶ 
5 Cycle ALD of 

Al2O3 
SH-018 

SH-018_PAN ̶ 
450oC 2h ramp, 30min hold 

- N2/Ar flow 
1wt% PAN SH-018 

 

3.3 Optimizing Electrochemical Cell Preparation 

The performance of lithium-ion batteries is not solely determined by the active material 

powder, and when optimizing cathode materials, it is critical to consider the impact of all 

components. Since the electrode composition has been reported to have an affect on the 

conductivity and stability of the battery, numerous groups have investigated the inclusion of 

various binders and conductive additives to improve the performance or commercialization 

potential of novel lithium-ion batteries.91,117 E1 was initially used for electrode preparation due to 

the widespread use of the method for commercial production of LIB electrodes. The method is 

capable of high throughput, with 1g of active material capable of producing >30 individual 

electrodes in 1-2h. However, due to the 90:5:5 active material:binder:conductive additive ratio, 
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problems with the consistency of mixing or coating homogeneity between batches are likely, 

leading to poor repeatability of performance. To solve this problem E2 was used to increase the 

accuracy in batch-to-batch active material mass; however, the throughput of this method was 

drastically reduced from E1 to ~1 electrode prepared in 1-2h.  

 

 

Figure 19 - Poor cycle performance caused by high moisture content in the electrode 

 

Another difficulty with the E2 preparation method was the absorption of moisture into the 

electrodes. Water content in the cells is a major problem as it can undergo parasitic side reactions 

with the lithium salt (LiPF6) leading to the formation of gaseous hydrogen fluoride and 

decomposition of the electrolyte (Eqn 3.1).118,119  

 

𝐿𝑖𝑃𝐹6 + 𝐻2𝑂 → 2𝐻𝐹 + 𝐿𝑖𝐹 + 𝑃𝑂𝐹3    (3.1) 
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The decreasing voltage occurring during the 3rd charge cycle shown in Figure 19 for an electrode 

prepared using the E2 method was associated with this reaction. Cells that incurred this issue 

eventually resumed charging after >100h, once all moisture had been removed from the electrode 

by complete conversion to the products listed in Eqn 3.1. The performance was degraded on 

subsequent cycles. Electrodes were then prepared using method E3 based on the work of Park et 

al. which increased production throughput to similar levels as E1, with over 20 punched electrodes 

prepared within 1 hour, but allowed for high precision of active material mass due to the high 

fraction of active material powder relative to additives. 

 

3.4 Electrochemical performance  

Throughout the optimization process, electrochemical testing was performed to measure 

the viability of the material as a LIB cathode. The initial charge and discharge performance of the 

material along with the 5-cycle capacity retention at C/20 rate were measured for all materials, 

further electrochemical characterization (i.e. cycling retention, rate capability, etc.) was carried out 

for selected samples. A summary of the initial electrochemical results for 1st cycle reversible 

capacity, CE, and 5-cycle capacity retention for all materials specified in Table 1 is displayed in 

Figure 20. The “acceptable” and “ideal” highlighted sections in Figure 20 represent a qualitative 

measurement of how the material performed relative to others displayed. A higher 1st cycle 

discharge capacity (>200mAh.g-1) and fractional capacity (~1.00) are key metrics of battery 

performance. The classification of these materials relative to others prepared with a different 

methodology assisted in the optimization process by providing insight to which factors lead to 

better performance  
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Figure 20 - Summary of electrochemical performance for all materials prepared during optimization 

process. A: 1st cycle discharge capacity vs. coulombic efficiency; B: 1st cycle discharge capacity vs. 

fractional capacity retention after 5 cycles (C/20). 

 

It was found that sintering time had an impact on the 1st cycle discharge capacity, as SH-002 

(950oC for 24h) delivered only 160mAh.g-1 compared to the 180mAh.g-1 of SH-004 (950oC for 

36h). The CE was not affected by adjusting the sintering time with both samples reaching ~70%. 

Lithium content was also found to have an impact on the performance of the material. Samples 

SH-011 and SH-014 were both sintered at 950oC for 24h with all parameters other than initial 

lithium content kept the same. Sample SH-011 had +10 mol% excess Li2CO3 added during the 

pre-treatment phase and delivered 184mAh.g-1 after the 1st cycle discharge at C/20 rate between 

2.0-4.8V vs. Li+/Li. In comparison, sample SH-014 delivered only 171mAh.g-1 after the 1st cycle 

discharge with the same conditions. During heat-treatment, lithium added to the precursor can be 

lost by evaporation as Li2O  preventing the complete lithiation of the positive electrode material. 

DRX materials enable lithium enrichment in the lattice allowing them to reach high capacities; 

however, if too much lithium is lost during the heat-treatment step, the capacity of the material 

will decrease. It was found that +10 mol% was sufficient to compensate for lithium loss at 36h as 
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SH-009 was prepared using +15 mol% Li2CO3 with all other synthesis conditions kept the same 

as SH-011 and a similar 1st cycle discharge capacity of 180mAh.g-1 was delivered. Optimization 

of battery performance required constant iteration during synthesis. Adjustments made to dwell 

time during sintering and initial lithium content were found to have the greatest effect on initial 

discharge capacity with a longer dwell time (36h) and +10 mol% excess lithium proving to be 

critical parameters in preparing a positive electrode material capable of delivering >180mAh.g-1. 

 

3.4.1 First cycle capacity 

The first cycle discharge curves for uncoated polycrystalline (SH-015), uncoated single 

crystal (SH-016), 1wt% LBCO coated single crystal (SH-018_LBCO), and Al2O3 coated single 

crystal (SH-018_ALD) samples are compared in Figure 21. The coin-cells were cycled within the 

voltage window of 2.0-4.8 V vs. Li+/Li at a constant rate of C/20 at 40oC. SH-018_LBCO delivered 

the highest capacity (189mAh.g-1) of the compared samples, similar to the polycrystalline SH-015 

(185mAh.g-1). The uncoated single crystal SH-016 sample delivered the lowest capacity 

(165mAh.g-1), due to the larger grain size causing slightly more sluggish lithium diffusion kinetics. 

The impact of both applied surface coatings is indicated by the increased average voltage of the 

material. Uncoated single and polycrystalline samples delivered only 45% and 48% of their total 

discharge capacity above 3.0V respectively, while both SH-018_ALD and SH-018_LBCO 

delivered 94% and 92% respectively. The flat voltage plateau and sharp turn in the coated samples 

is indicative of a lower impedance of the system owing to the improved conductivity of the 

coatings. Specifically, the LBCO type coating showed the greatest improvement over the uncoated 

materials allowing single crystal LMNO to reach the same capacity as the polycrystalline LMNO 

material. 
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Figure 21 - 1st cycle discharge curves (2.0-4.8 V vs. Li+/Li, C/20, 40oC) for uncoated polycrystalline, 

uncoated single crystal, single crystal with Al2O3 coating, single crystal with LBCO coating 

 

3.4.2 Capacity retention  

Uncoated single and polycrystalline LMNO samples were cycled within the voltage 

window of 2.0-4.8V vs Li+/Li for 40 cycles at 40oC. Figure 22 shows the comparison of the cycling 

discharge profiles of the two different morphologies of LMNO. Polycrystalline LMNO retained 

only 50% initial capacity after 40 cycles while the single crystal sample retained 80%. The rapid 

capacity loss of the polycrystalline material is consistent with reported literature and is attributed 

to the increased oxygen loss and active material dissolution in the cathode due to a greater exposed 

surface for reaction with the electrolyte. The results show a clear improvement in the cyclability 

of the single crystal material with the trade-off of a slightly lower initial capacity.  
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Figure 22 - Long term cyclability of A: uncoated single crystal LMNO (SH-016); and B: uncoated 

polycrystalline LMNO (SH-015). Discharge curves for 1st, 10th, 20th, 30th, and 40th cycles.  

 

The cycling performance of coated and uncoated LMNO was compared alongside the different 

particle morphologies in Figure 23. The rapid capacity fade observed in the uncoated 

polycrystalline (SH-015) material previously is confirmed by the “knee” in deliverable capacity 

after 15 cycles. The single crystal material prepared from the Mn0.66Nb0.33CO3 precursor (SH-016) 

retained 86% initial capacity after 25 cycles, an improvement over the 76% delivered by SH-015. 

Furthermore, the uncoated single crystal material prepared from Li2CO3, Nb2O5, Mn2O3 precursors 

(SH-018) had cyclability of 98% retention after 25 cycles and 88% retention after 50 cycles. SH-

018 was coated with a nanometer thick film of Al2O3 (SH-018_ALD) performed worse than the 

uncoated material over the first 15 cycles delivering  95% initial capacity. As this does not indicate 

a substantial benefit as speculated, it is proposed that long-term cycling could be done to 

investigate the benefit of the Al2O3 coating after 50-100 cycles. SH-018 coated with 1wt% PAN 

(SH-018_PAN) as described in section 2 performed equally to the Al2O3 coating with a retention 

of 95% after the first 15 cycles. Unlike the Al2O3 and PAN surface treatments, SH-018 coated with 

1wt% LBCO was only tested for 7 charge and discharge cycles due to time constraints, delivering 

an initial capacity of 205mAh.g-1 with a 99% capacity retention. It is clear that further testing is 
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needed to completely characterize the impact that each coating has on the long-term cycling 

performance of the LMNO material; however, improvement has been shown in the initial cycling 

results for the LBCO coating and in the initial discharge capacity for both Al2O3 and PAN coatings 

over the uncoated single crystal LMNO. 

 

 

Figure 23 - Cycling stability comparison for LMNO with polycrystalline or single crystal morphology and 

various surface modifications. 

 

3.4.3 Rate capability  

 

The effects of the LBCO coating on the performance of the LMNO material at elevated discharge 

rates are illustrated in Figure 24. The current rate was increased from C/20 to C/10, C/5, and C/2 

showing slight separation between uncoated SH-018 and LBCO coated SH-018. However, the rate 

performance of the coated material did not show any significant benefit. This result indicated that 

the rate capability of LMNO was still limited by the sluggish lithium diffusion pathways intrinsic 

to DRX materials and reduction of interfacial resistance was not the factor bottlenecking the high 

rate performance. 
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Figure 24 - Rate capability comparison between uncoated and 1wt% LBCO coated single crystal LMNO 
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4. Future Work 

Despite the ambitious scope of this project and some of the improvements described, future 

work is still needed to produce a DRX material with high commercialization potential. 

Furthermore, numerous challenges were encountered throughout the course of this project that 

caused delays to the experimental aspects of the study limiting data collection and sample 

preparation. These challenges will be highlighted in the limitations of study. This section examines 

potential shortcomings in the work presented within this thesis and provides insight to the future 

directions that could complete the larger scope of the project. 

 

4.1 Long-term cycling  

Preliminary cycling results for several samples have been discussed in section 3, providing 

a basic understanding of the effects of particle morphology and surface treatment on the 

electrochemical stability of the material. This, however, is a shortcoming of many reports 

investigating DRX materials, as the low rate capability of the material typically only allows for 

charge and discharge operation at low current (i.e. C/100, C/50) therefore limiting the speed of 

data collection and inhibiting the use of these materials for commercial application. Furthermore, 

the effects of each coating and particle morphology may become more pronounced as the cell is 

aged due to reduced impedance growth, or mitigation of a structural degradation pathway such as 

oxygen loss. The greatest limitation for this is the time it takes for collection of cycling data due 

to the low rate requirement. An area of potential continuation for this project is the analysis of 

long-term cycling (>100 cycles) data for each sample. The repeatability of this cycling 

performance should also be investigated, as even slight changes to the cell assembly or electrode 

preparation could impact the performance of the sample. This could be done through the parallel 
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testing of 3-5 coin-cells for each sample. A strategy to reduce the data collection time would be 

the continued development of a fast charge voltage profile, using a combination of constant 

current-to-voltage (CCV) and constant voltage-to-current (CV) charging protocols as shown in 

Figure 24, in what is referred to as a “step charge” profile. Increasing the initial current to C/10, 

C/5 during CCV charging, then followed by a brief rest allowing for the voltage to drop slightly 

before another CCV charging step at C/20. The cell could be rested an additional time and a CV 

charge to hold the cell at the upper cut off voltage could be run to ensure complete delithiation of 

the cathode. This step charge profile could be repeated on discharge and would allow for a faster 

rate of data collection without sacrificing the deliverable capacity of the material. 

 

Figure 25 - Diagram of constant current-to-voltage (CCV) and constant voltage-to-current (CV) charging 120 

 

4.2 Thermal stability  

The thermal stability of the DRX material was not investigated within this thesis; however, 

several methods for the complete characterization of the safety and stability of a LIB cathode 
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material at high temperature were outlined in section 2. This is a necessary characterization step if 

the material is to be considered for its commercialization potential, specifically, comparative 

analysis of ARC data for coated and uncoated LMNO samples vs those reported in literature.  

 

4.3 Coating characterization 

Physical characterization of the Al2O3, LBCO, and PAN coatings is another area of future 

work. Optimization of the sample performance could be improved by testing the effects of different 

coating thicknesses, which could be characterized through transmission electron microscopy 

(TEM). Furthermore, elemental analysis of the coated sample to show the coating distribution and 

check for homogeneity could be done through EDX as mentioned in section 2.7.  

 

4.4 Ex-situ characterization 

The differences in degradation mechanisms for the polycrystalline and single crystal DRX 

materials could be further investigated through ex-situ physical characterization. This thesis 

reports the results of a preliminary cycling test with single crystal morphology showing 

improvement in capacity retention over the polycrystalline sample. The mechanistic explanation 

for these results could be examined in more detail by disassembling the cells after cycling and 

studying the cycled electrodes with XRD and SEM. This could provide insight to the potential 

phase transitions of morphological changes occurring within the cathode material during cycling. 

 

4.5 Limitations of Study 

Due to the shutdown of the University of Waterloo in the Spring 2020 term, several 

characterization methods were unable to be completed for the synthesized material. This includes 
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but was not limited to the thermogravimetric analysis (TGA) and accelerating rate calorimetry 

(ARC) used to determine thermal stability of the cathode, electrochemical impedance spectroscopy 

(EIS) to measure the bulk, charge transfer, and mass transfer resistance, and systematic long-term 

cycling (>100 cycles) for all materials. The results obtained prior to the shutdown were presented 

within the body of this thesis and detailed. 
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5. Conclusions and Perspectives  

Li1.25Mn0.5Nb0.25O2 (LMNO) particles with a single crystal morphology were synthesized 

with low impurity content through high temperature, flux-mediated sintering. The particle 

morphology was modified by systematically adjusting synthesis parameters including sintering 

temperature, dwell time, lithium excess content, and precursor composition as discussed in section 

2. Synthesis of single crystal particles with good electrochemical performance was optimized to 

have a sintering temperature of 950oC, 12h dwell time, and +10 mol% excess lithium (Li2CO3) 

added to the precursor oxides. The composition of the material was identified through XRD and 

the particle morphology was confirmed using SEM. The materials were prepared into electrodes 

and assembled into coin-cell half-cells that were then characterized through battery cycling at 

various current rates and voltage windows.  

 

Single crystal LMNO delivered initial discharge capacity of 165mAh.g-1, slightly lower than the 

capacity delivered by polycrystalline LMNO sample of 185mAh.g-1. This decrease in capacity 

was attributed to the larger single crystal particles increasing the diffusion length of lithium ions 

in the crystal, an already sluggish process for DRX cathodes. However, the single crystal sample 

displayed considerably better cycling retention than the polycrystalline material at 80% of 

165mAh.g-1 and 50% of 185mAh.g-1 respectively after 40 cycles over the voltage range of 2.0-

4.8V vs Li+/Li at C/20 rate and at 40oC. The single crystal LMNO was coated with several different 

materials including conductive 2Li2O-B2O3 (LBCO), and polyacrylonitrile (PAN) through solvent 

casting and ALD of Al2O3 for 10 cycles. The purpose of the coatings was to assist with the adjusted 

morphology in stabilizing the particle surface by protecting it from parasitic reactions with the 

electrolyte and acting as a physical barrier to inhibit surface level oxygen loss. The ALD- and 
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PAN-coated single crystal LMNO delivered similar initial discharge capacity ~185mAh.g-1, a 

considerable improvement over the uncoated material; however, the LBCO coating performed the 

best with a 189mAh.g-1 discharge capacity. The initial cycling retention of these materials was 

investigated showing no notable improvement over the uncoated samples after 15 cycles. It is 

recommended that long-term cycling (>100 cycles) be performed on both coated and uncoated 

single crystal samples to expand upon the work done within this thesis. It would be an appropriate 

extension of this thesis to expand the range of coatings tested, as the use of Al2O3 and LBCO 

coatings for single crystal DRX cathodes showed substantial improvement to the average voltage 

during discharge. For example, the conductive polymer coating (poly(3,4-

ethylenedioxythiophene)) (PEDOT) recently examined by Xu et al. offers a range of benefits  to 

battery performance including the mitigation of oxygen loss and conductivity to lithium ions and 

electrons.121 The rate capability was also investigated, with no significant benefit observed 

between the LBCO and uncoated single crystal LMNO. This suggested that the underlying 

problem with rate performance in DRX materials was the sluggish lithium diffusion kinetics. 

Surface modification to reduce interfacial resistance was not an effective strategy to improve the 

rate capability.  

 

DRX materials remain a promising new class of cathodes for LIBs with high theoretical energy 

density, high safety metrics, and without a reliance on potentially unsustainable resources such as 

cobalt. However, despite these characteristics, significant challenges must be overcome before this 

material is ready for commercialization, specifically their low stability and rate performance. 

Although this thesis showed improvements to the cycling retention for the DRX LMNO material 

with a single crystal morphology, the long-term effects of this modification were not completely 
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investigated. Furthermore, no improvements to the rate capability of the material were made 

through the application of the selected surface coatings. Taken together it is necessary for 

additional research to be done in order to push DRX cathodes into commercialization for next-

generation LIBs 
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