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Abstract

Energy and environmental challenges are critical impediments to sustainable progress,
underscored by the UN's 2050 carbon neutrality goal. The rapid growth of electronic devices,
electric vehicles, and energy storage systems necessitates efficient, resource-abundant, and
environmentally compatible energy storage materials. While lithium-ion batteries (LIBs) have
emerged as a key solution for electric transportation, their reliance on scarce lithium and costly,
toxic cobalt poses supply chain risks and environmental concerns. In contrast, sodium-ion batteries
(SIBs) offer a promising alternative with sustainable raw materials. Layered oxides, particularly
those incorporating Fe and Mn, show potential due to their excellent electrochemical performance,
sustainability, and abundant resources. However, challenges like poor air stability, long-term

cycling issues, and transition metal dissolution hinder their competitiveness against LIBs.

This thesis explores layered oxide materials with sustainable transition metals using high-
throughput (HTP) methodologies. The study systematically investigates the Na-Mn-Fe-O system,
revealing wide solid solutions and identifying over 50 single-phase materials. Extensive doping
studies involving 52 selected elements across the periodic table uncover novel materials with high
capacities and excellent cycling performance. An accelerated aging protocol validates an effective
method to screen for air stability, complemented by advanced machine learning methods.
Systematic doping provides insights into enhancing and tuning electrochemical performance, air

stability, anionic redox, and transition metal dissolution, aiming toward rational material design.

By leveraging cutting-edge high-throughput methodologies and advanced machine learning
techniques, this thesis not only elucidates sodium-ion battery complexities but also accelerates the

development of sustainable energy storage solutions under growing energy demands.
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Résumé

Les défis énergétiques et environnementaux sont des obstacles critiques au développement durable,
soulignés par l'objectif de neutralit¢ de carbone de 'ONU pour 2050. La croissance rapide de
I’utilisation d’appareils ¢électroniques, de véhicules électriques et de systemes de stockage
d'énergie nécessite des matériaux de stockage d'énergie efficaces, abondants et compatibles avec
'environnement. Bien que les batteries lithium-ion aient émergé comme une solution clé pour le
transport par véhicule électrique, leur dépendance au lithium qui est rare et au cobalt qui est
colteux et toxique pose des risques pour 1’approvisionnement et entraine des préoccupations
environnementales. En revanche, les batteries sodium-ion offrent une alternative prometteuse avec
des mati¢res premieres durables. Les oxydes lamellaires, en particulier ceux incorporant le Fe et
le Mn, montrent un potentiel en raison de leur excellente performance électrochimique, de leur
durabilité et de I’abondance du fer et du manganése. Cependant, des défis tels que la faible stabilité
a l'air, les probléemes de cyclage a long terme et la dissolution des métaux de transition entravent

leur compétitivité par rapport aux batteries au lithium.

Cette thése explore les matériaux d'oxyde lamellaire avec des métaux de transition écologiquement
durables en utilisant des méthodologies a haut débit. Cette é¢tude examine systématiquement le
systeme Na-Mn-Fe-O, révélant de larges solutions solides et identifiant plus de 50 matériaux a
phase unique. Des études de dopage approfondies impliquant 52 éléments sélectionnés a travers le
tableau périodique découvrent de nouveaux matériaux avec des capacités de charge €élevées et une
excellente performance de cyclage. Un protocole de dégradation accéléré s’aveére comme étant une
méthode efficace pour évaluer la stabilit¢ a l'air, agrémenté par des méthodes avancées

d'apprentissage automatique. Le dopage systématique fournit des informations sur 1'amélioration

vii



et I'ajustement de la performance électrochimique, de la stabilité a 1'air, de 'activité anionique et

de la dissolution des métaux de transition, visant a une conception rationnelle de matériaux.

En tirant parti des méthodologies de pointe a haut débit et des techniques avancées d'apprentissage
automatique, cette theése €élucide non seulement les complexités des batteries sodium-ion mais
accélére également le développement de solutions de stockage d'énergie durables face a la

demande énergétique croissante.
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Contributions to Original knowledge

Addressing the emerging and rapidly increasing demand for energy storage materials in sodium-
ion batteries, we demonstrated an innovative high-throughput workflow, showcasing several

significant contributions of the original knowledge of sodium-ion battery technology:

1. Development of a high-throughput optimization methodology: A novel high-throughput
methodology, encompassing synthesis and characterization, was developed. This approach
enables the rapid evaluation and screening of potential cathode materials, overcoming the
limitations of traditional trial-and-error research. It significantly accelerates the discovery and
optimization process by 64 times, reducing energy consumption and waste.

2. Discovery of novel materials: We identified over 50 single-phase layered oxide materials and
revealed large solid-solution regions within the Na-Mn-Fe-O pseudoternary system, most of
which are reported here for the first time. High-throughput doping studies uncovered several
new dopants, expanding the range of doping options for layered oxides.

3. Insights into Composition-Structure-Property relationships: We addressed several critical
cathode properties that influence practical applications and commercialization. New
accelerated aging protocols were proposed to study air/moisture stability, crucial for battery
production. We identified that doping dramatically improved the structural retention from 0%
to 99%. Additionally, we discovered the correlation between anionic redox behavior and bond
valence mismatch, demonstrating that modifying the ionic-covalence bond nature of metal-
oxygen octahedra can trigger reversible anionic redox, boosting high-voltage capacity.

Furthermore, we investigated transition metal dissolution, identifying dopants like B, Li, and

Xiv



Cu that stabilize the surface and suppress dissolution, enhancing long-term cycling and safety
of the battery materials.

4. Resolution of literature conflicts and confusions: We resolved several discrepancies and
confusions in the literature. We identified a phase stability map for the Na-Mn-Fe-O system,
clarifying proper structures and compositions while easily identifying impurities. Our
comprehensive XPS studies provided reliable peak assignments through comparative analysis,
offering guidance for further peak fitting. Our studies on air stability and transition metal
dissolution offered a clear comparative analysis of various doping effects, addressing the lack
of quantification and comparison in previous research.

5. Comprehensive performance database and machine learning approaches: This thesis
examined over one thousand cathode materials, producing thousands of X-ray diffraction
patterns and battery test data. The research generated a comprehensive database of the
electrochemical properties of various cathode materials, serving as a valuable resource for
future research and development. The integration of machine learning techniques refined the
understanding of complex relationships between material properties and performance,
providing insights into air stability mechanisms and accelerating the discovery of optimal

material compositions.

These contributions collectively push the boundaries of current knowledge, offering new

paradigms and methodologies for the advancement of sodium-ion battery technologies.
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Chapter 1 Introduction

1.1 Battery technologies and electrification

Energy storage technology has played a pivotal role in the advancement of human civilization
since the discovery of fire, which harnessed chemical energy and marked a crucial milestone in
our development. Today, our pursuit of advanced energy storage technologies continues unabated,
driven by the need to manage and store energy effectively to meet diverse consumption demands.'”
3 Furthermore, these technologies are instrumental in capturing and storing renewable energy from
sources such as solar and wind*, thereby contributing significantly to global sustainable

development goals’, as illustrated in Figure 1.1.
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Figure 1.1 Key roles of sodium-ion batteries (SIBs) in sustainable development of grid and

Electric Vehicles

electricity applications. Inset, real data of wind-energy battery storage systems. Reproduced with

permission from ref. *.



Conversely, climate change has profoundly impacted human life, leading to a rise in the frequency
and intensity of extreme weather events.®® In 2023, devastating wildfires in Canada caused
considerable economic losses, destroying 7.76 million hectares of forest cover—a figure
surpassing the cumulative loss of the previous six years combined.” These fires released
approximately 3 billion tons of carbon dioxide into the atmosphere, nearly four times the global
aviation emissions recorded in 2022.!° These environmental crises underscore the urgent
imperative for emission control and robust environmental protection measures. Therefore, the
development of efficient and sustainable energy storage technologies is critical not only for

meeting energy demands but also for mitigating the adverse effects of climate change.

1.1.1 Electric vehicles

Electric Traction Motor

Power Electronics Controller

DC/DC Converter

Thermal System (cooling)

Traction Battery Pack
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~ Transmission
™~ Onboard Charger

~ Battery (auxillary)

Figure 1.2 The schematic illustration of key components and structure of an all-electric car.

Reproduced with permission from ref. .



In recent decades, the rapid growth of consumer electronics, electric vehicles (EVs), and energy
storage systems has positioned lithium-ion batteries at the forefront due to their high energy density
and conversion efficiency.!? EVs significantly reduce pollution and carbon emissions compared to
internal combustion engine (ICE) vehicles.!® Electric motors exhibit a remarkable energy
conversion efficiency of over 77% from the grid to the wheel (see Figure 1.2), while ICE vehicles

achieve only 12-30% efficiency from gasoline to the wheel.!>!4-16

According to the International Energy Agency (IEA), electric car sales reached approximately 14
million units in 2023, accounting for 18% of total car sales, with China contributing to 60% of
these sales.!”!® The transportation sector is responsible for 29% of total greenhouse gas emissions
in the U.S., with over 94% of fuel consumption derived from petroleum.!® Increasing the
electrification of transport vehicles can significantly reduce direct greenhouse gas emissions,
provided that the electricity used is generated from renewable energy sources like hydro, wind,
and solar power. According to the Canada Energy Regulator's 2023 Global Net-Zero Scenario®’-
22 achieving 100% zero-emission vehicle sales by 2035 is projected to meet the net-zero
greenhouse gas emissions target by 2050. Consequently, the ongoing environmental crisis and the
implementation of urgent policy measures are expected to further accelerate the electrification of

passenger vehicles and expand the demand for battery markets. Simultaneously, the sustainability

of battery usage must be carefully considered to avoid precipitating another energy crisis.

1.1.2 Energy storage system

Currently, lithium-ion batteries dominate over 90% of energy-storage applications in the global
grid market, playing a crucial role in balancing peak and valley electricity demands and enhancing
grid resilience.”> Given the intermittent nature of renewable energy sources, energy storage

systems (ESS) are essential for stabilizing the grid and reducing energy curtailment.* Industrial-



level ESS can store energy during periods of off-peak period for future use, while home-level ESS
can integrate with solar panels to store daytime solar energy for nighttime use. Additionally, some
electric vehicle companies offer vehicle-to-grid (V2G) technology, which allows EV batteries to

supply power back to the grid, further advancing the application of battery packs in EVs.**

Energy storage systems are designed to address electricity storage needs at capacities of MWh,
which are substantial enough to support renewable energy integration and smart grid demands.?
These large-scale battery systems must meet several key objectives: cost efficiency, environmental
sustainability, high reliability, and robustness.?®*” Compared to EV batteries, ESS can be less
critical regarding energy density and module size, allowing sodium-ion batteries to offer cost
advantages over lithium-ion batteries. However, several additional criteria are essential for ESS.
Batteries must exhibit excellent rate performance and long-term cycling capabilities to
accommodate various operational patterns. A low self-discharge rate is also beneficial for long-
term storage applications. End-users should see tangible benefits, such as cost savings or income
generation, from investing in ESS, making cost control a crucial factor for practical applications.
The resilience and safety of ESS, particularly those used in residential settings, must be ensured to
protect consumers. Furthermore, these massive ESS and battery packs should ideally be
sustainable and recyclable at the end of their life cycle to prevent significant pollution and toxicity
issues.?® In summary, the development and implementation of advanced ESS, are vital for the
effective integration of renewable energy sources and the enhancement of grid stability. These
systems must balance performance, cost, and sustainability to meet the growing demands of the

modern energy landscape.



1.1.3 Lithium demand and strategic analysis

As shown in Figure 1.3, a significant shift towards energy storage systems and transportation will
substantially increase the demand for lithium batteries, projecting over 3000 GWh per year by
2030—more than four times the demand in 2023.2° This surge will result in the energy storage
systems and transportation sectors comprising over 90% of the total demand for global battery
applications. Concurrently, McKinsey & Company has warned of a potential lithium carbonate
shortage, estimating a deficit of approximately 55% or 1772 kilo tons by 2030 (see Figure 1.4),
based on the current supply chain and mining resources.’® This indicates an ongoing conflict

between rising energy demands and the limitations of battery supply chains.
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Figure 1.3 Global annual demand for Li-ion batteries predicted until 2030. Sources: Avicenne,
Fraunhofer, HIS Markit, Interviews with market participants, Roland Berger. Reproduced with

permission from ref. %°.

However, the extensive use of LIB presents challenges related to lithium resources. Global lithium

reserves are estimated at 98 million tons®', with recoverable reserves at 26 million tons. While the



theoretical lithium reserves may suffice for LIB production, most lithium resources are
concentrated in high-altitude plateau salt lakes, complicating extraction and potentially damaging
local ecosystems.’>** The uneven distribution of lithium reserves also threatens the stable
development and reliability of the battery industry, with the majority of these reserves located in
the "Lithium Triangle"—Chile, Argentina, and Bolivia—which accounts for half of the global
lithium reserves®*. Rapid expansion in lithium extraction consumes significant water resources—
approximately 1,900 tons of water per ton of lithium**. For instance, in Chile's Salar de Atacama,
65% of the local water supply is used for lithium extraction, leading to serious environmental
impacts on soil, water, and air quality.>* Therefore, the sustainability issues associated with the

lithium mining industry must be carefully considered for future large-scale battery deployment.

3,500
3,000
2,500 |
-55% M Giobal
Rest of world
2,000
E Chile
M China
1,k \J
00 17% B Australia
1,000 20%
500

2021 supply 2030 demand 2030 base scenario

Figure 1.4 Lithium carbonate global equivalent demand 2030, supply 2021 and 2023 by country.

Source: McKinsey MineSpans, 2022. Reproduced with permission from ref. 3.

In contrast, sodium is abundant and shares chemical properties with lithium, making sodium-ion
batteries a viable alternative to lithium-ion battery systems. SIBs offer advantages such as lower

cost, sustainable properties with various transition metal selections, and highly tunable



electrochemical properties.>>=’ However, achieving comparable battery performance in terms of
energy density and lifecycle remains a challenge. It is crucial to emphasize that an inefficient or
short-lasting battery cannot be considered environmentally friendly. Therefore, my research aims
to advance the development of sustainable sodium-ion batteries through high-throughput
methodologies, thereby facilitating their widespread adoption as alternatives or supplements to
lithium-ion batteries. SIBs represent a promising technology to meet the increasing demand for

energy storage solutions.

1.1.4 Comparison between LIBs and SIBs

The history and development of LIBs and SIBs are closely intertwined, as both technologies share
similar chemical properties as alkali metals. The key events for LIBs and SIBs are highlighted in
Figure 1.5. The intercalation chemistry of alkali metals was first demonstrated in graphite by K.
Fredenhagen et al. in 1926.3® This breakthrough was followed by the first report of alkali metal
intercalation into layered dichalcogenides as hosts by Riidorff and Sick in 1959.3*° These

foundational studies laid the groundwork for the use of layered materials in battery applications.
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Figure 1.5 The timeline of the key events for SIBs (up) and LIBs (down) development.



In 1976, American scientist M.S. Whittingham et al. investigated the electrochemical intercalation
behavior of Li" and Na™ ions into TiS», using it as a cathode with alkali metals as anodes.*' This
research marked the beginning of the era of Li/Na-ion batteries. Whittingham discovered that
Li,TiS: could reversibly insert x = 1 of Li" ions into the TiS; layers with a voltage of about 2.0 V,
while Na,TiS> exhibited less energy density, accommodating only 0.8 Na ions per formula unit
within its layered structure*’, as demonstrated in Figure 1.6. Whittingham also envisioned this
ambient-temperature battery being used for electric vehicle propulsion. In 1979, French scientist
Michel Armand proposed the concept of the "Rocking Chair" battery**, which emphasized the high
reversibility of Li/Na-ion rechargeable batteries. In 1980, John Goodenough synthesized Li,CoO:

144

as a cathode material™, achieving an open-circuit voltage of 3.7 V, nearly double that of TiS:. In

the following year, Delmas reported Na,CoO, as an analogous material*

, becoming one of the
pioneers in SIB development. Up to this point, the development of Li and Na-ion batteries had

progressed synchronously.
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Figure 1.6 (a) Schematic construction prototype design of prismatic Na-TiS:> battery. Reproduced
with permission from ref. *°. (b) Crystal structure of layered NaosTiS> (Nao.sMX3). Reproduced

with permission from ref. .



However, from the 1980s onward, significant attention shifted towards lithium-ion batteries,
particularly after Sony's commercialization of the first lithium-ion battery in 1991. Several factors

may contribute to this divergence:

a) Radius: The ionic radius of Li" is smaller than that of Na®, which leads to better

compatibility with host materials and higher charge capacities for Li* storage.

b) Energy density: SIBs typically operate at voltages below 3 V, whereas LIBs can achieve

higher voltages (around 3.7 V), resulting in greater energy density for Li-ion batteries.

c¢) Safety: Both battery types initially used metal anodes, but sodium metal, being more
reactive, is harder to handle even with a modern glove box and more dangerous than lithium

metal.

d) Suitable anode: The commercialization success of lithium-ion batteries was bolstered by
the use of carbon anodes, such as graphite, which is unsuitable for the larger radius Na" ion.
This issue was addressed in 2000 when Jeff Dahn et al. discovered that hard carbon could

effectively store Na* ions*,

Therefore, while the early development of Li and Na-ion batteries was parallel, practical
challenges and material properties led to a greater focus on lithium-ion technology. However,
recent advancements in sodium-ion battery technology, particularly the use of hard carbon anodes,

suggest a promising future for SIBs as a complementary or alternative energy storage solution.

The resurgence of sodium-ion batteries began in the 2010s, with the number of papers published
between 2010-2013 nearly equaling the total number of papers published previously. As the battery
market rapidly expanded, researchers and some companies started to revisit SIBs, recognizing their

potential alongside the success of LIBs in electronic devices and the emerging fields of electric



vehicles and energy storage systems. The maturity of LIB technology encouraged researchers to
explore and discover new battery materials beyond LIB. Additionally, increasing concerns about
sustainability and climate change have driven the development of green and eco-friendly battery

alternatives.

Table 1.1 Comparison of chemical and physical properties between Li and Na.*~’

Properties Li Na
Atomic mass [g mol!] 6.94 22.99
Electron configuration [He]2s! [Ne]3s!
Shannon radius [A] 0.76 1.02
Stokes radius (PC) [A] 4.8 4.6
Molar conductivity in AClO4 (PC) [S cm? mol '] 6.54 7.16
De-solvation energy (PC) [kJ mol '] 218.0 157.3
Standard electrode potential [V] -3.04 -2.71
Melting point [°C] 180.5 97.7
Density [g cm™] 0.534 0.971
First ionization energy [kJ mol™'] 520.2 495.8
Theoretical gravimetric capacity [mAh g'] 3861 1165
Theoretical volumetric capacity [mAh g™'] 2062 1131
Abundance in the earth's crust [mg kg!] 20 23600
Cost of carbonate [USD kmol™!] 740-4400 39

Building on the wealth of knowledge accumulated from LIB research, three primary types of
cathode materials have garnered significant attention in the development of SIBs: layered oxides,
polyanion compounds, and Prussian blue analogs (PBAs). In 2012, Yabuuchi et al. demonstrated
the potential of NaopessMnosFeosO2, a layered oxide made with earth-abundant Mn and Fe
contribute to a high specific capacity of 190 mAh/g.>* This discovery highlighted the feasibility of
utilizing abundant elements in battery materials. In 2013, Goodenough et al. reported on Prussian
white, which exhibited excellent rate capability, further expanding the scope of viable materials
for SIBs.>* The ongoing discovery of new materials, particularly layered oxides, has broadened

the range of elemental compositions available for optimizing electrochemical performance and
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other key properties. This progress has sparked significant interest from industry players such as
Faradion, Tiamat, CATL, and HiNa, who are actively contributing to the accelerated development

of SIBs.

Table 1.1 summaries various physical and chemical properties of Li and Na. Currently, SIBs
demonstrate comparable electrochemical performance to certain types of LIBs, such as spinel
LiMn,0s4. This highlights the potential of SIBs as the next generation of battery technology,

offering several extra promising advantages over LIBs:

a) Abundance and Environmental Friendliness: Sodium is over 1000 times more

abundant than lithium, widely distributed, environmentally friendly, and lower in cost.

b) Diverse Transition Metal Selections: Layered oxides in SIBs can incorporate various
transition metals (Ti, V, Cr, Mn, Fe, Co, Ni, and Cu), allowing for extensive combinatorial

studies to optimize battery materials.

¢) Smaller Stokes Radius and De-Solvation Energy: Although Na ions have a larger
Shannon ionic radius, which reduces its mobility in cathode materials, its Stokes radius and
de-solvation energy in the electrolyte can be smaller.>? This suggests that SIBs can operate

with lower concentrated electrolytes without compromise electrolyte performance.

d) Cost-Effective Current Collectors: Unlike lithium, sodium does not react with
aluminum foil, enabling the use of aluminum for both cathode and anode current collectors

in SIBs, which reduces production costs.

e) Design Flexibility: SIBs permit the application of cathode and anode materials on both
sides of a single aluminum foil, such as a bipolar electrode structure, enabling the creation

of high-voltage battery stacks and offering design flexibility.
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f) Improved Safety and Temperature Tolerance: SIBs generally exhibit better safety and

55,56

tolerance to wider temperatures compared to LIBs”>°°, enhancing overall battery reliability

and safety in various applications.

Based on these opportunities and challenges, this thesis will concentrate on optimizing SIB
materials to improve their electrochemical performance and enhance their various chemical and
physical properties. By exploring and refining the characteristics of SIB materials, this work aims
to contribute to the advancement and commercialization of high-energy sodium-ion battery

technology in the context of future energy storage applications.

1.2 Principles of sodium-ion batteries

The operation of sodium-ion batteries is fundamentally based on intercalation chemistry and the
"rocking chair" mechanism, as pioneered by Whittingham*' and Armand*. As shown in Figure
1.7, during the charging process, sodium ions are extracted from the cathode and intercalated into
the anode through an ion-conductive electrolyte, which is soaked in a polymer separator and acts
as an electronic insulator. During discharge, the process reverses: sodium ions move back to the
cathode from the anode, facilitating energy conversion. This cyclical movement of sodium ions

between the electrodes allows for efficient energy storage and retrieval.
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Cathode Electrolyte Anode

Figure 1.7 A schematic illustration of a sodium-ion battery showcases a layered oxide as the

positive electrode (labelled cathode, its role during discharge) and hard carbon as the negative

electrode (labelled anode, its role during discharge). Reproduced with permission from ref. >’.

1.2.1 Electrochemical principles

As proposed in the early 1970s, the initial battery design utilized TiS> as the cathode and Li/Na
metal as the anode. In this setup (see Figure 1.6), the anode serves as the source of Li/Na ions,
which must first be discharged. The Li/Na ions then intercalate into the layered TiS: structure,
forming Na,TiS; (refer to Eq. 1-1 and 1-2 below). However, researchers soon identified a
significant drawback of using Li/Na metal as the anode: it tends to form dendrites after repeated
cycling. During the charging process, Li"/Na" ions are reduced and electrochemically deposited
onto the metallic anode. However, non-uniform ionic flux, electric field gradients, and
thermodynamic instabilities at the electrolyte-electrode interface can lead to the formation and
accumulation of dendrites.®® These dendrites can penetrate the separator, causing short circuits and

posing safety hazards during long-term usage. To address this issue, it was proposed that the
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cathode should be pre-lithiated/sodiated to eliminate the dependence on alkali metals in their

metallic form.

Cathode: TiS, + xNa* + xe~ & Na,TiS, Eq. 1-1
Anode: Na & Na* + e~ Eq. 1-2

Therefore, as illustrated in Figure 1.7, the modern model of sodium-ion batteries incorporates
intercalation hosts for both the cathode and anode to prevent sodium metal deposition and dendrite
formation. In the example shown, the cathode is composed of layered transition metal oxides
(NaxTMO:.), while the anode is hard carbon, which has a higher degree of disorder compared to
graphite used in lithium-ion batteries. The redox reactions at the electrodes during battery

discharge are depicted in the equations below. The reverse reactions occur during the charging

process.

Cathode: Na,_,TMO, + xNa* + xe~ & NaTMO, Eq. 1-3
Anode: Na,C, < yC + xNa* + xe~ Eq. 1-4
Total reaction: Na,_xTMO,; + Na,C, & NaTMO, + yC Eq. 1-5

During the operation of sodium-ion batteries, electrical energy is first converted into chemical
energy during the charging process. Specifically, sodium ions de-intercalate from the cathode and
shuttle through the electrolyte to intercalate into the anode. Concurrently, the electrochemical
potential of the cathode increases as it loses electrons through the external circuit. The opposite
process occurs during discharge, where chemical energy is converted back into electrical energy
and delivered to the external circuit. The energy and electrochemical potential of the battery can
be better understood with the assistance of an energy diagram of the battery components. In this

diagram, the cathode (NaTMO3) is positioned at a lower electron energy (higher voltage), and the
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anode (hard carbon) is positioned at a higher electron energy (lower voltage). The initial
electrochemical potential difference, known as the open circuit voltage (Voc), typically ranges from
2 to 3 V versus Na/Na'. Upon charging, the Fermi energy of the cathode decreases as it loses
electrons and sodium de-intercalates. Concurrently, the transition metal (TM) in NaTMO; is
oxidized, reaching a high electrochemical potential (~4.3V vs Na/Na"). However, at higher

voltages, the anion (O*) can also undergo oxidation to form O, a process known as anionic

redox.>®
Energy
A
E--N tal
| FpNametal | - Na/Na*
Hc — Hjp
Veeu E=- e
NaTMO,
TMP/ TM+1)*
0% :2p¢
Cathode Electrolyte Anode

Density of state N(g)

Figure 1.8 Schematic energy diagram of the cathode, the electrolyte, and the anode. The gray

arrow showcases the relative energy movement after charging.

Conversely, the anode's electrochemical potential decreases (~0.1 V vs Na/Na*). The overall cell
voltage (Veen) is also influenced by the voltage window (Eg) of the electrolyte, determined by the
energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Ideally, battery operation should be limited within the electrochemical

potential range between the LUMO and HOMO.
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However, in practice, the cell voltage can exceed this range, which results in electrolyte
decomposition and creates interphases that can suppress further electrolyte decomposition.>® These
interphases are known as the cathode electrolyte interphase (CEI) at the cathode and the solid
electrolyte interphase (SEI) at the anode. The function of these interphases, particularly the SEI,
is crucial as they passivate side reactions of the electrolyte and extend the voltage range.’® An ideal
interphase should be an electronic insulator with high sodium-ion conductivity. Additionally, it
should possess good mechanical properties to maintain the uniformity of active particles, prevent
the exfoliation of hard carbon, and suppress dendrite formation.®® However, unfavorable SEI
formation can increase internal resistance, consume sodium ions, and accelerate cell degradation.
Thus, comprehending and optimizing these diverse battery components are vital and intricate tasks

for improving the performance, safety, and longevity of sodium-ion batteries.

1.2.2 Concepts and terminologies for battery

During the electrochemical testing of sodium-ion batteries, it is essential to clarify certain concepts

and terminologies to better understand the principles of these batteries.
Voltage:

e Electromotive Potential (E):
The electrochemical reaction combines the chemical redox reactions occurring at the
cathode and anode. The relationship between the Gibbs free energy of the redox reaction
and the converted electrochemical potential under standard conditions is given by:

AG(T,p) = _neFE
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where n. is the number of electrons transferred during the electrode reaction, F is Faraday’s
constant (F = 96485 C/mol); E is the standard electromotive potential, theoretically
representing the maximum limit of electrical energy converted from chemical energy.
Open-Circuit Voltage (V,c):
Voe 1s the voltage differential between the cathode and anode in the absence of any load or
external current, and it is generally lower than the electromotive potential E.
Working or Operating voltage (V,):
This refers to the actual voltage during battery operation under load. Due to internal
resistance, the working voltage is invariably lower than V.. It fluctuates with the current
and depth of discharge during operation and must overcome both ohmic and polarization
resistances:

Vw=E—iR; =E —i(Ry + Ry)
Cut-off Voltage:
The cut-off voltage delineates the permissible range for charging and discharging the
battery, thereby preventing over-charging or over-discharging. Exceeding the cut-off
voltage can induce irreversible reactions, rapid battery degradation, and safety risks. In
practical applications, the cut-off voltage is confined to a narrower range compared to

laboratory conditions to mitigate these issues.

Charge capacity:

Theoretical Capacity (Cy):
The theoretical capacity represents the maximum amount of charge that can be provided

by the electrode material, calculated using Faraday’s law. Although charge is measured in
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Coulombs, it is more commonly described in terms of current integrated over time (1 mAh
= 3.6 C). The theoretical capacity is given by:

_ FXxn,  268Xxmn,
M, x3600 M,

Co

For instance, the molecular weight (M) of NaMnO; is 110 g/mol. If it fully charges to
MnO; and transfers one equivalent electron, the theoretical capacity of NaMnO; is 244
mAh/g.

Actual Capacity (C or Q):

The actual capacity denotes the real charge passing through the electrode during operation.
In this thesis, this value will be calculated from cyclic voltammetry (CV) data. The actual

capacity is determined by integrating the current over time:

t
o= [fa
0

where I is the charge/discharge current pass through the battery as function of time ¢.
Specific Capacity (Cn):

The specific capacity of the active material is obtained by normalizing the actual capacity
with the mass of the active material (or the cell). Thus, the units are mAh/g for mass-

specific capacity and mAh/L for volume-specific capacity:

C
Cn = —

Rate Capacity:

The rate capacity is determined by charging and discharging the battery at a specific current
density. This metric reflects the rate performance of the battery, which is particularly
important for applications requiring fast charging or high power during use. Increased

current density often results in decreased capacities due to kinetic limitations from ion
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transport and charge transfer. Specifically, the rate of Na-ion diffusion through electrode
materials and the electrolyte may be insufficient to keep pace with increasing current
density, resulting in concentration polarization. Additionally, inadequate electronic
conductivity within the electrodes can introduce greater resistance at high current densities,
thereby compromising the rate performance.

Nominal or Rated Capacity:

The nominal capacity, typically specified by the manufacturer, describes the specific

capacity under designated operating conditions, such as current density and temperature.

Energy and Power:

Theoretical Energy (Wj):
The theoretical energy represents the ideal scenario during battery discharge, where the
voltage remains at the electromotive potential E with 100% Faraday charge conversion.
The unit is typically expressed in watt-hours (Wh):

Wy = CyE
Actual Energy (W):
In real-world situations, the current I and the working voltage V, vary over time t.

Therefore, the actual energy W is calculated as:
t
W = f Vywldt
0

Once the capacity C over the time ¢ is obtained, the actual energy can also be calculated
using the average voltage. However, this equation is often used to calculate the average
voltage instead. We use this equation to calculate the average voltage after the cell operates

at cyclic voltammetry:
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W = VayC
e Specific Energy or Energy Density (W,. or W,):
Energy density is a crucial metric for battery performance as it is proportional to both
capacity and voltage. It is used to compare various active materials or battery packs. It is
calculated by dividing the energy by the mass or volume of the active material or battery

pack, with units of Wh/kg or Wh/L.

Vavg C

Vg C
W, = - orWV=avg

|4

e Theoretical Power (Py):
Cell power expresses the rate of energy or work output over time, which is crucial for

applications such as electric vehicles. Theoretical power can be calculated as:

Wo CoF
Po=—="—=IE
t t

e Actual Power (P):
Actual power is obtained using real-time voltage and current, such as instantaneous power.
At high current densities, the polarization resistance Ry may increase, which can
compromise the actual power:

P =1V, = I(E — I(Ry + Ry))
Cycling:

e Charge or Discharge Rate:
The charge/discharge rate is utilized to evaluate the rate performance of the battery. During
galvanostatic (constant current) testing, it is often denoted as the C-rate, where 1C

represents the current density that fully charges the battery in one hour. Typically, 1C is
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defined by the current density required to achieve theoretical capacity. For example, for
NaMnOy, 1C corresponds to 244 mA/g.

Coulombic efficiency (CE):

CE describes the efficiency of the charge and discharge process. Ideally, CE should be a
value very close to, but less than, 100%, indicating that all the charge is generated from
reversible faradic current. However, irreversible processes such as solid-electrolyte
interphase (SEI) formation, electrolyte decomposition, and overpotential can result in a
lower CE. It is important to note that CE is calculated by dividing the discharge capacity

by the charge capacity from the preceding half cycle.

CDischarge

CE :WX 100%

Capacity Retention or Cyclability:

Capacity retention is calculated by dividing the discharge capacity at a specific cycle n by
the discharge capacity at the 1% or 2" cycle, depending on the cyclic conditions. In practical
applications, the cycle life is determined when the capacity retention decays to 80%. In this
thesis, we optimized various factors, including compositions and doping, to influence the

capacity retention of the cathode materials:

Discharge
-n___

Discharge

1stor 2nd

Capacity retention =

Galvanostatic (Constant Current) Measurements:

For battery measurement, a common method involves applying a constant current during
charging and allowing the battery to discharge at the same constant current. The voltage
within cut-off voltages is measured as a function of time throughout this process, as shown

in Figure 1.9. As previously mentioned, the C-rate is used to determine the scan rate, which
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is a critical parameter in battery testing. Typically, a 0.1C (or C/10) rate is considered a
slow charge/discharge rate, which means the battery is expected to be charged in about 10
h for a half cycle. This slow rate is used to analyze various electrochemical properties and
determine the battery's capacity with high accuracy. On the other hand, a 1C rate or higher
is often considered a fast charge rate, and it is used to evaluate the rate performance of the
battery. This involves charging or discharging the battery in one hour or less. By testing the
battery at different C-rates, researchers can gain comprehensive insights into its
performance characteristics, including capacity retention, rate capability, and cycle life.
The derivative of the charge-voltage curve, known as the dQ/dV curve, can be used to

analyze redox peaks and material activity as a function of voltage, similar to a CV curve.

A B
i E

T —

Figure 1.9 Galvanostatic measurement (A) constant current applied to the battery. (B) The

voltage profile as a function of time. Reproduced with permission from ref. 5.

Cyclic Voltammetry (CV) Measurements:

CV often applies a linear voltage scan to charge and discharge the battery, as shown in
Figure 1.10. During this process, the response current is recorded, allowing for the plotting
of the CV curve (voltage vs. current). A pair of peaks in the CV curve indicates a redox
process, which is typically associated with a transition metal redox reaction coupled with

the Na" (de-)intercalation.
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Figure 1.10 Cyclic voltammetry measurement. (A) The forward and reverse linear voltage

scan. (B) The CV curve obtained from the voltage scan and the response current.

Reproduced with permission from ref. °..

In an ideal electrochemical process, the charge peak potential will be slightly higher than
the equilibrium electrochemical potential, while the discharge peak voltage will be slightly
lower. The difference between the peak of the cathodic (reduction) and anodic (oxidation)
currents can be used to estimate the reversibility of the redox process. A narrower
difference between these peak voltages indicates higher reversibility of the redox process.
In this thesis, cyclic voltammetry (CV) analysis is employed. A scan rate of 0.1V/h from
1.5 Vto 4.3 V is selected to calculate various electrochemical properties.

Moreover, the current in the CV curve is influenced by the scan rate and the diffusion
coefficients according to the Randles—Sevéik (R-S) theory®!. According to this theory, the
peak current (i) i1s directly proportional to the square root of the scan rate (v), the
concentration of the electroactive species, and the diffusion coefficient (D). The constant
A and c are the area of the electrode and concentration of electroactive species. The
Randles—Sevéik equation is expressed as:

i, = (2.69 x 10°)n3/2AD/?cp?/?
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By measuring the peak current under various scan rates, the Na* diffusion coefficient can
be estimated. Several key criteria should be considered when applying this equation.®! It is
essential that the process being measured is electrochemically reversible and that the
electrochemical reaction is primarily diffusion-controlled. The linear relationship between

ip and v'"

must be experimentally verified to obtain a meaningful diffusion coefficient (D),
which should remain constant under diffusion-controlled conditions. This information is
crucial for understanding the mass transport properties of the electrochemical reactions and

the performance of the battery materials. In Chapter 3, we applied R-S equation to study

the Na" diffusion coefficient affected by various dopants.

1.2.3 Battery components (electrolyte and anode)

During battery operation, it is crucial to maintain strict separation between the cathode and anode
with a separator to prevent short circuits. Additionally, a polar aprotic organic electrolyte
containing Na salts ensures ionic conductivity while insulating electrons. Each component of the
battery must function cohesively to achieve both high performance and safety. In the following
sections, we will provide a concise overview of key battery components, including the electrolyte

and anode. A detailed introduction to cathode materials will be presented in Section 1.3.
Electrolyte:

The electrolyte is pivotal in connecting the cathode and anode, ensuring efficient ion channel
formation to maintain separation and establish potential differences. It forms interphases with the
electrodes to facilitate solid-liquid ion transport and ensure interfacial stability. Additionally, the
electrolyte plays a critical role in facilitating fast charging, ensuring safety, minimizing self-

discharge, and extending battery life cycle.5? Typically, the electrolyte system consists of a sodium
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salt as the ion carrier dissolved in an organic polar aprotic solvent, often supplemented with

additives for stabilization. Overall, an excellent electrolyte must meet the following criteria:

a) High Ionic Conductivity and Electron Insulation: Ensuring high ionic conductivity and
effective electron insulation is crucial for the efficient transfer of Na" within the liquid
electrolyte, particularly for fast charging. Electron insulation helps prevent short circuits and
self-discharge. Low de-solvation energy and viscosity enable rapid Na' transport within
solvent fractions. lonic conductivities in organic liquid electrolytes (OLEs) typically range

from 1 to 10 mS/cm.

b) Wide Range of Physical Properties: A low melting point and high boiling point provide
the electrolyte with versatile temperature-dependent properties. A high boiling point
indicates low volatility, high polarity, and high solubility for sodium salts, ensuring stability
over a wide temperature range. A low melting point signifies low viscosity, excellent

electrode wettability, and enhanced battery performance at lower temperatures.

¢) Chemical and Electrochemical Stability: Excellent chemical and electrochemical
stability is essential for ensuring compatibility with electrodes and preventing redox
decomposition. A wide electrochemical stability window contributes to long-term battery

stability and safety.

d) Thermal Stability and Flammability: Thermal stability and flammability are significant
concerns for OLEs. Future solutions may involve additives to suppress combustion, non-

flammable electrolyte, and solid electrolytes to mitigate these risks.
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e) Cost-effectiveness and Toxicity: Cost-effectiveness is a key advantage of most OLEs,

although toxicity, especially in fluorine-based sodium salts, should be carefully considered

and managed.
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Figure 1.11 Scheme illustrates Na* solvation clusters and transport. Solid electrolyte interphase

formation at the surface of the anode. Reproduced with permission from ref. >°.

Common organic solvents used as electrolytes include ester-based and ether-based solvents (see
Table 1.2).°> Ester-based solvents are widely adopted in SIBs and LIBs, known for their high
oxidation voltages, reaching up to 4.3V. Key examples of ester-based solvents include propylene
carbonate (PC) and ethylene carbonate (EC). These cyclic carbonates typically exhibit high
dielectric constants, facilitating the dissociation of sodium salts while maintaining relatively low
viscosity. EC has a higher melting point (36.4 °C), necessitating blending with other OLEs. EC is
also capable of forming a dense SEI layer, thereby increasing the electrochemical voltage window

(see Figure 1.11).
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Table 1.2 Common organic solvents for liquid electrolytes in SIBs.

62-65

Molecular Densi Melting  Viscosity Dielectric
Solvent Chemical Structure weight ( cm'?; point (25 °C) constant
(gmol) & CC)  (cP) (25 °C)
I o A’
Propylene \’/
carbonate (PC) HSC{/O 10209 1204  -492 235 64.92
Ethyl °> 89.78
ylene .
carbonate (EC) [o ° 88.06 1.321 364 2.1 (48 °C)
0
Dimethyl J\ 0.59
carbonate (DMC) ch\o O/CH3 90.8 1.069 4.6 (20 °C) 3.107
Dimethoxy- o CH,
~ - -
o}
1,3-dioxolane
(DOL) (L O) 74.08 0.531 -95 0.531 7.13
0
Tetrahydrofuran 0.53
(THF) Q 72.11 0.89 -108 (20 °C) 7.58
Fluoroethylene /<\O "y
carbonate (FEC) : O/\\ 10605 141 18 2.23 Additive

o]

In contrast, PC has a lower melting point (-48.8 °C), making it suitable for a broader range of

operating temperatures. While PC is known to intercalate into graphite and exfoliate its structure

in LIBs, it is stable against hard carbon in SIBs, making it one of the most common solvent choices

for SIBs.®*%* Ether-based solvents, such as dimethoxymethane (DME), 1,3-dioxolane (DOL), and

tetrahydrofuran (THF), are noted for their better chemical stability against reduction at the anode.

They tend to form thin and dense SEI layers, especially exhibiting good compatibility with sodium

metal. However, these solvents are less stable at higher voltages in the cathode, making them more

suitable for low-voltage cathode applications.®
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To achieve better electrolyte properties that meet the aforementioned criteria, researchers have
found that combining or mixing solvents can address the shortcomings of individual solvents.

Common solvent combinations include EC/PC, PC/DMC, and EC/PC/DME, among others.®

Additionally, the use of additives can significantly enhance electrolyte performance in various

ways®?:

a) Film Formation Additives: These improve the stability of the Solid Electrolyte Interface

(SEI) and Cathode Electrolyte Interface (CEI).
b) Flame Retardant Additives: These reduce the risk of combustion.

¢) Overcharge Protection Additives: These additives act sacrificially to protect the battery

during overcharge conditions.

A notable example of an effective additive is fluoroethylene carbonate (FEC)%¢. Adding 2% FEC
can prevent the decomposition of solvents like PC by sacrificing itself and forming an SEI layer
at around 0.7V, which benefits long-term cycling. However, excessive use of FEC can result in a
thicker SEI layer, increased electrolyte polarity, and reduced Na" conductivity. Moreover,
optimizing a combination of various solvents and additives can be complex but highly beneficial
for improving battery performance. Although not covered in this thesis, high-throughput screening
and optimization of different solvents and electrolytes present an interesting avenue for further

research in sodium-ion batteries.

Sodium salts used in electrolytes consist of Na* ions paired with large-size anion groups. These
salts must exhibit several key properties: high solubility in OLEs, chemical and electrochemical
stability, excellent thermal stability, cost-effectiveness, environmental friendliness, and low

toxicity. Sodium salts are generally categorized into inorganic and organic types. Common
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inorganic sodium salts include NaClO4, NaBF4, and NaPFs. Organic sodium salts include
NaSO;CF; (NaOTf), Na[(FSO2),N] (NaFSI), and Na[(CF3SO2):N] (NaTFSI). Among these,
NaClO4 is widely regarded as one of the most effective sodium salts. It boasts high ionic
conductivity (6.4 mS/cm), excellent thermal stability (M, 468 °C), high voltage stability, and
compatibility with both sodium metal and hard carbon electrodes.®> Moreover, NaClO4 is cost-
effective. However, due to the high oxidation state of chlorine (+7), handling and storage of

NaClOs must be approached with extreme caution to avoid risks of explosion.®

In this thesis, we have adopted an electrolyte system consisting of 1 mol/L NaClO4 in propylene
carbonate (PC) with a 2% fluoroethylene carbonate (FEC) additive. This formulation is one of the
most common and straightforward electrolyte systems. It has demonstrated excellent performance
in high-throughput studies for evaluating cathode materials.®’ Furthermore, this system can serve
as a representative model for other studies, providing a valuable reference for similar research

endeavors.
Anode:

The development of anode materials, particularly graphite, has been a crucial aspect in realizing
the commercialization of LIBs. Consequently, research on anode candidates for SIBs is another
vital area of focus for facilitating commercialization. Recent studies have identified several main
anode candidates®®, which can be categorized into carbon-based layered materials, Ti-based

materials, organic-based materials, and alloys, as shown in Figure 1.12.
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Figure 1.12 Specific capacity-voltage chart for reported anode materials for SIBs. Reproduced

with permission from ref. %.

Carbon-based anodes are highly promising due to their low redox potential, excellent electron
conductivity, and low cost.*® Despite their potential, they face challenges such as low first-cycle
coulombic efficiency and limited cyclability that need to be addressed. Improving the structural
design and surface modification of carbon-based anodes could help in overcoming these issues
and enhancing their overall performance. Ti-based anodes, on the other hand, exhibit excellent air
stability. The Ti**/Ti*" redox couple operates at typically low voltages (approximately 0-2 V,
depending on the structure).®® These anodes are known for their superior long-term cycling
performance and electrochemical stability. Further research into optimizing the crystalline
structure and particle size of Ti-based materials could lead to even better performance metrics.®’
Organic anodes offer numerous advantages, including abundance, cost-effectiveness, and ease of
chemical synthesis.”® Their voltage window and stability can be chemically tuned to meet specific
requirements. However, the primary challenge is their tendency to dissolve in organic electrolytes

during long-term operation.”! Developing novel polymerization techniques and cross-linking
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strategies could mitigate these dissolution issues, making organic-based anodes more viable.”
Alloy anodes generally provide higher capacity at low voltage and excellent conductivity.
Nevertheless, the volume changes that occur during alloy formation can lead to electrode failure
and safety concerns.” Incorporating nanostructured alloys and using flexible binder materials
could help address these volume expansion problems.”* Overall, while these anode materials show
promise, significant research is still needed to overcome the challenges they present for the
commercialization of SIBs. Advances in material science, coupled with innovative engineering

solutions, will be essential in developing anodes that are both efficient and commercially viable.
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Figure 1.13 Comparison between various carbon-based anodes - graphite, soft carbon, hard
carbon, and reduced graphene oxide (rGO) (a) XRD patterns. (b) Graphical representation. (c)
Capacity-voltage profiles at the second cycle in sodium half cell. Reproduced with permission

from ref. 7.

Since carbon-based anodes are among the most promising candidates, we present a brief discussion

on their properties and potential. Hard carbon, characterized by a high degree of disorder, has been
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found to accommodate Na* at low voltages with a high capacity of about 300 mAh/g. This was
first reported by Dahn et al., who used glucose as a precursor.*® The exact mechanism of Na*
storage in hard carbon remains unclear due to its disordered structural nature. However, several
proposed steps—adsorption, intercalation, and filling—are used to explain Na" storage behavior
across a voltage range from 2 V to 0.1 V77 As shown in Figure 1.13, the electrochemical storage
behavior of Na' in various carbon-based materials varies significantly depending on their
crystallinity and morphology.” Although graphite shows excellent Li storage in LIBs, its
application for Na* storage remains challenging.”® Na* is thermodynamically unfavorable for
reversible insertion into graphite. Interestingly, despite Na ion's larger ionic radius compared to Li
ion, other larger alkali metal ions such as K*, Rb*, and Cs" can still insert into graphite.”® First-
principles computations by Goddard et al. have shown that Na® insertion into graphite has a
positive Gibbs free energy, indicating its unfavorable nature.®® Additionally, the relatively low
surface area of graphite limits its capacity for Na" storage. Graphene, with its high surface area,
demonstrates high capacity through the Na" adsorption process, but it suffers from low reversibility.
Hard carbon, which combines a high surface area with a high degree of disorder, appears to be a
better choice for SIB anodes. However, the synthesis and morphology control of amorphous carbon
remain challenging. Various reports indicate that different precursors and sintering temperatures

lead to varied electrochemical properties.5%7>76

In this thesis, we utilized Na metal as the anode in a half-cell test. The use of Na metal as an anode
is a straightforward approach and often regarded as an ideal choice due to its high theoretical
capacity of 1166 mAh/g, inherent electronic conductivity, and low redox potential.®° However, the
formation of a stable solid electrolyte interphase (SEI) layer is critical for Na metal anodes to

mitigate electrolyte reduction at low potentials and suppress dendrite formation. To address these
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challenges, we employed 2% fluoroethylene carbonate (FEC) as an additive to promote the
formation of a uniform and dense SEI layer on the Na metal surface®®, effectively mitigating these
detrimental effects. While using Na metal as the anode provides valuable insights into our cathodes,
further studies on full-cell properties are crucial for the commercialization of SIBs based on high-
throughput studies. Future research will also focus on incorporating anode materials to enhance
their full battery performance. Investigating the interactions between different cell components

under real-world conditions will also be critical to ensuring the safety and efficiency of SIBs.

1.3 Cathode materials for SIBs

1.3.1 Overview of cathode classes

Cathode materials are critical components in sodium-ion batteries, significantly influencing the
voltage, specific capacity, and overall cost of the batteries. Since the initial report on NaCoO>
layered oxide materials*’, a diverse range of materials has been explored for use as cathodes. These
materials often feature a Na-X-M configuration that stabilizes the intercalation chemistry
necessary for effective sodium storage. In this configuration, Na-X denotes the bonding with Na",
facilitating the conductivity and transport of Na* within the lattice structure. The metal component,
M—typically a 3d transition metal—is responsible for the redox reactions by undergoing changes
in oxidation states, which in turn determines the electrochemical potential of the cathode material.
X generally represents an anion or anionic group that facilitates electron withdrawal and forms
ionic bonds to connect both Na* and M™, with high electronegativity anions like O* or S** being
preferred.®! Based on the variety of Na-X-M configurations and structures, cathode materials can
be categorized into several types®®: layered oxide (Na,MO), polyanion (Na,M2(XO4)3), Prussian

blue analogues (NaxM2(CN)s). The diverse structural configurations of these cathode materials
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offer various electrochemical properties, making them suitable for different applications.
Continued research and development in this area are essential to optimize these materials for better

performance, stability, and cost-effectiveness in SIBs.
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Figure 1.14 Comprehensive comparison of electrode potentials for various transition metals in

SIBs and LIBs. Reproduced with permission from ref. .

To increase the energy density of cathode materials, it is crucial to achieve higher specific capacity
and higher voltage. Enhancing the specific capacity of the cathode involves ensuring that the
effective Na/(NaXM) ratio has a higher molecular weight ratio, meaning a greater proportion of
Na can be removed. However, a significant challenge in intercalation chemistry arises when large
amounts of Na are removed: the Vac(Na)-X-M structure (Vac: vacancy) must remain stable to

prevent phase transitions that can decrease the reversibility of the process.>3>->*
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Improving the voltage of the cathode generally involves increasing the ionic nature of the X-M
bonding, which effectively lowers the Fermi level of the transition metal electrons, as illustrated
in Figure 1.8. Generally, the greater the difference in electronegativity between X and M, the
higher the voltage.®>3* For instance, transitioning from NaTiS, to NaCoO; increases the voltage
from approximately 1.5 V to around 3.0 V. Polyanion materials, which have strong electron-
withdrawing inductive effect, exhibit higher voltages compared to oxides; for example,

NaTiz(PO4)s (~2 V) has a higher voltage than NaTiO; (~1 V).%

Additionally, high-valence redox couples exhibit higher voltages; for example, Fe*"/Fe*" has a
higher redox potential than Fe?"/Fe** due to the loss of an additional electron. The anion X also
plays a crucial role in stabilizing the high-valence M necessary for high-voltage redox reactions.®
For example, Fe*" in a layered structure may suffer from lower octahedral-site stabilization energy
(OSSE), potentially leading to a transition into a tetrahedral site and subsequent transition metal
migration into Na* layer.®! Another method to increase the voltage in layered oxides involves
anionic redox reactions, or oxygen redox, where O can be oxidized to O at voltages above 4.0 V.
However, stabilizing such high-voltage anionic redox reactions remains challenging.®® Achieving
higher energy density in cathode materials requires a delicate balance between increasing specific

capacity and redox pairs engineering. Continued research in this area is critical for developing

next-generation SIBs with superior energy densities and operational stability.
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with permission from ref. *.

Overall, compared to the cathode materials for LIBs, those for SIBs tend to have similar or slightly
lower specific capacities but often suffer from lower voltage.®® One obvious reason for this is that
the Na'/Na redox couple has an anode potential about 0.3V lower than that of Li"/Li. Additionally,
the larger ionic radius of Na" compared to Li" often results in lower energy gain from Na®
intercalation into the host structure. For instance, in layered oxides, Na* tends to form weaker
interactions with O* compared to Li". This is evident when comparing the formation enthalpies of
more stable Li2O (-598.73 kJ/mol) and Na>O (-417.95 kJ/mol), which share the same crystal
structure but significantly differ in stability.!” Consequently, a hypothetical Na-O battery forming
NayO would have about 1 V lower voltage than its Li-O counterpart. As shown in Figure 1.15,
density functional theory (DFT) calculations indicate that Na-based cathodes generally exhibit
voltages lower by about 0.18 V to 0.57 V compared to their Li-based counterparts.®” Therefore,
increasing the voltage of Na cathode materials is crucial for improving the energy density to make

SIBs more competitive with LIBs.

Herein, we summarize various types of cathode materials for sodium-ion batteries, highlighting

their structures, electrochemical properties, and potential for further development. This overview
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includes layered oxides, polyanion compounds, and Prussian blue analogs, providing a
comprehensive understanding of the current landscape and future directions in SIB cathode
research. A comparative analysis of these materials, along with radar charts illustrating various

properties, is shown in Figure 1.16. The oxides exhibit superior overall properties compared to

the other two types of materials.
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Figure 1.16 Comparison of the three main types of cathode materials in SIBs, oxides, polyanion,

and Prussian blue. (a) The representative structures. (b) Radar charts of various properties.

Reproduced with permission from refs. .

The summary of reported materials, presented in Figure 1.17, indicates that oxides generally
achieve high specific capacities and volumetric energy densities. This makes them highly attractive
for applications with limited volume like EVs. On the other hand, polyanion materials are known

for their high voltage and excellent cycle life, making them suitable for applications where long-
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term stability is crucial. Prussian blue analogs, while showing medium properties across various
metrics, offer significant advantages in cost control, potentially lowering the overall cost of SIBs.
Notably, each type of cathode material has its unique strengths and challenges. Layered oxides,
known for their superior overall performance and high tunability due to a wide range of
compositional options, show the most promise. In this context, we discuss the detailed background

and design principles of these layered oxides.
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Figure 1.17 Specific capacity, average voltage, and energy density of reported materials

categorized into three main types of cathode materials. Reproduced with permission from ref. *°.
1.3.2 Layered oxides

The layered oxides are among the first types of cathode materials investigated for SIBs. Based on

intercalation chemistry, their chemical formula can be written as Na,TMO: , where TM represents
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a transition metal or a combination of metals, and x indicates the sodium content, theoretically

ranging from 0<x =< 1. The structure of layered oxides consists of layers of transition metal oxide

in octahedral TMOg configurations, with sodium layers in between. Based on stacking patterns
and sodium chemical environments, layered materials can be categorized into four common
configurations: O3, 02, P3, and P2, as shown in Figure 1.18. This notation was first introduced
by Delmas.*® The letters “O” or “P” represent the sodium chemical environment, either in
"octahedral" or "prismatic." The subsequent number indicates the minimum number of units
required to repeat the lattice structure into crystals. As shown in Figure 1.18, the oxygen positions
on the ab plane can be categorized into A, B, C positions. The combinations of different stacking
pattern based on oxygen positions can derive different phases including three layers: O3

(AB/CA/BC), P3 (AB/BC/CA), and two layers: P2 (AB/BA), and O2 (AB/AC).

MO S R
Layer 4 - {
Naions — @ %@

Octahedral
site

Prismatic
site

(1/3,2/3,0)

P2 type
Figure 1.18 Various phases for layered oxides according to different stacking patterns and Na*
environment—03, P3, P2, O2. The phase transformations that are possible between O3 and P3,

and between O2 and P2 are shown. Reproduced with permission from ref. *°.
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The most common and stable phases are P2 (0.50 <x < 0.7, typical x = 0.67) and O3 (0.8 <x <
1.0, typical x = 1.0). P3 materials are usually sub-stable, synthesized at lower temperatures. O2 is
generally unstable, typically obtained during the electrochemical charging of P2 materials after a
phase transition. The identification of these crystal structures can be achieved using X-ray
diffraction (XRD), and the space groups of P2, O3, and P3 materials are P63/mmc, R3m , and R3m,
respectively. In the space group coordinates, the ab plane represents the TM layer, where one TM
ion is surrounded by six TM ions, forming a honeycomb configuration. The c-axis denotes the
stacking direction. In the unit cell, the lattice parameter should be @ = b and is mostly determined
by TM size, while lattice parameter ¢ is primarily determined by Na content but also influenced

by TM size.

During charging, Na" ions are removed from the Na layer, causing an increase in lattice parameter
¢ due to reduced interslab attraction from O-Na-O and increased repulsion from O*-O* ions.
Unlike TiS> layered materials, which use van der Waals forces to maintain layer distance, oxides
exhibit stronger electronegativity, meaning that some amount of Na must remain in the layers to
prevent structural collapse. Consequently, structure distortion may occur, indicated by a prime sign
(’) to denote distorted layered oxides. The space groups of P'2, O'3, and P'3 change to Cmcm, C2/m,
and P2i/m, respectively, indicating orthorhombic or monoclinic structures. Furthermore, phase
transitions can occur between O3-P3 and P2-0O2 through slab gliding, as shown in Figure 1.18.
However, the transition between P2 and O3 is electrochemically unfavorable because it requires

the rotation of TMO; slabs, achievable only during high-temperature sintering.

For electrochemical performance, P2 materials often demonstrate superior properties compared to
03 materials, with higher specific capacities, better rate performance, and longer cyclability.”! This

difference can largely be attributed to the distinct Na™ environments and diffusion paths in these
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structures.*’ In P-type oxides, Na' ions reside in prismatic environments with 6 oxygen atoms, and
the O* ions from the neighboring TM slabs overlap in the ¢ direction. To mitigate this overlap, the
vertical distance or Na" spacing in P-type materials is greater than in O-type materials, which
promotes higher ionic conductivity. Moreover, in P-type materials, Na* ions can hop horizontally

from one prismatic NaOs site to another, as shown in Figure 1.19.
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Figure 1.19 Na migration paths in different layered phases. Reproduced with permission from ref.
92

In contrast, O-type materials require Na* ions to hop from octahedral sites to neighboring
tetrahedral sites to diffuse, which involves a higher energy barrier. Despite this, O3 materials have

some advantages, such as higher sodium content, which can be beneficial for making full cells
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with hard carbon anodes. On the other hand, Na-deficient P2 materials typically require pre-
sodiation to be used effectively in full cells. This need for pre-sodiation in P2 materials can be an
additional step in the battery fabrication process, potentially complicating their commercialization.
However, the intrinsic electrochemical benefits of P2 materials, such as enhanced ionic
conductivity and favorable Na" diffusion paths, make them highly promising candidates for high-

performance sodium-ion batteries.

In summary, while O3 materials have the advantage of higher sodium content, P2 materials offer
superior electrochemical performance due to their more favorable Na* environments and diffusion
pathways. This makes P2 materials particularly suitable for applications where high specific
capacity and excellent rate performance are critical. In this thesis, we have systematically studied
and compared P2 and O3 structures in Chapter 2, and further optimization is mostly focused on

P2 material in later chapters.

Compared to the layered oxides for LIBs, the layered oxides for SIBs have more diverse options
for TM selections. For Na,TMO> layered materials, reported TMs include Ti%®, V3, Cr** Mn®,
Fe?®, Co’’, and Ni®®. The voltages of various transition metals, as demonstrated in Figure 1.14,
indicate that the order of increased voltage roughly follows the 3d metal order with increased d
electrons and mildly increased electronegativity. During the charge and discharge processes of
these layered materials, a common phenomenon is the formation of several plateaus, which
correspond to various phase transitions. The reasons for these plateaus are often complex and
multifaceted. For instance, in LIBs layered oxides, the voltage profile is rather smooth and
continuous. However, the larger Na" radius in SIBs can trigger more complex phase transitions
during the (de)-intercalation process. Each plateau should correspond to one peak in the CV

measurement, indicating a fast Na* diffusion process at this configuration. Researchers often use
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energy barrier concepts to interpret each process.**’#2 Each configuration has one diffusion
energy barrier at a certain voltage or Na content, and the transition for each structural configuration
will correspond to various diffusion energy barriers. This results in multiple plateaus in the voltage
profile or CV curves, each representing a different phase transition with its unique diffusion

characteristics.?®
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Figure 1.20 Charge and discharge profile for various 3d TM layered oxides. Reproduced with

permission from ref. *°.

Among various 3d transition metals, Mn and Fe stand out due to their earth abundance, cost-
effectiveness, non-toxicity, and environmental friendliness. Consequently, Mn and Fe-based
layered oxides have garnered significant attention, particularly since the first report of
Na,Mng sFeosO2 by Yabuuchi et al>>. The voltage profile for NaMnO> shows a series of phase

transitions with several voltage plateaus, with the largest plateau at 2.4V attributed to the
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Mn**/Mn*" redox process (see Figure 1.21a). Despite an initial high discharge capacity of
approximately 185 mAh/g, degradation occurs rapidly after further cycling. In contrast, NaFeO»
can only remove about 0.4 Na* from the structure through the Fe**/Fe*' redox process, exhibiting
a relatively smooth voltage profile but also experiencing a fast capacity decay from 80 mAh/g to
51 mAh/g within the first 8 cycles (see Figure 1.21b). Interestingly, combining Mn and Fe to form
P2-Nag.¢sMno sFeo 502 significantly improves both capacity and cyclability, achieving about 190

mAh/g with 78% retention after 30 cycles as shown in Figure 1.21.
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Figure 1.21 Charge and discharge voltage profile of (a) O’3-NaMnO:, (b) O3-NaFeO:, (c) O3-
NaMny.sFeo.s0:, and (d) P2-Nao.s7Mno.sFeo.50:. (e) The capacity retention of P2 and O3 materials.
(f) The rate performance at various current density, where 1C = 260 mA/g. Reproduced with

permission from refs. 3100101,
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The improvement from combining transition metals is not unique to the Mn-Fe system but is also
observed in other systems such as NaoeMn2sNiis02!%,  NaNigsTios02!, and
NaMn;3Fe13Ni1302!%. More reported materials support the notion that combining transition
metals often results in better electrochemical performance than single-metal systems, as each metal
contributes its unique properties to enhance the overall performance. For instance, Zhao et al.
reported high-entropy layered cathode materials that incorporate nine different elements into the
transition metal layer'?®, NaNio.12Cuo.12Mgo.12F€0.15C00.1sMno.1 Tio.1 Sno.1 Sbo.04O2. This indicates the
high tunability and compatibility of combining transition metals in the TM layer. However, the
complexity of these combinations is considerable, and rational design of high-entropy materials is
challenging. Therefore, combinatorial studies are imperative to identify the function of each
element, driving the application of high-throughput studies to tackle the intricacies of combination
trials. A combinatorial approach allows for a more efficient exploration of the vast compositional
space, enabling the identification of optimal compositions and properties more rapidly than
traditional trial-and-error methods. The high-throughput studies in this thesis intends to reveal
insights into the synergistic effects of different transition metals, ultimately leading to the

development of more robust and efficient cathode materials for sodium-ion batteries.

1.3.3 Synthesis methods

Various common synthesis methods are summarized in Table 1.3. In this thesis, we adopted the
sol-gel method!® to achieve high-throughput synthesis. By preparing various metals into a 2M
solution precursor and adjusting the volume of each component, diverse compositions can be
synthesized in a high-throughput manner. Additionally, the combined solutions achieve excellent
metal mixing with the aid of a chelating agent, such as citric acid, which ensures uniform

distribution and effective incorporation of the metals into the final product.®”-!%” This approach not
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only enhances the efficiency of the synthesis process but also improves the quality and consistency

of the resulting materials.

Table 1.3 Common synthesis methods for cathode materials.

Synthesis

method

Advantages

Shortcomings

Applicable Conditions

Solid-state

Simple operation, easy

synthesis control, short process,
low cost
Sol-gel Excellent uniformity
method and consistency, low
cost, energy-saving
Co- Well-mixed, excellent
precipitation morphology control
Hydrothermal Rapid reaction, low
/Solvothermal  synthesis temperature,
method may not require
sintering
Spray drying  Fast reaction, high
process uniformity

Limited uniformity, requires
fine precursors, longer and
higher temperature sintering

Chelating agent burnout may
leave carbon residue, inert
sintering conditions required

Multiple conditions to
manage (concentration, pH,
stirring), generates waste

Difficult to control
crystallinity, relatively low
yield

Requires spray dryer, needs
fine and consistent
precursors

Suitable for both lab research
and industrial production

Soluble precursors required;
fast for lab research but limited
scalability for industrial
production

Soluble precursors required;
applicable for both lab research
and industrial production

Requires an autoclave; suitable
for chemical reactions at low
temperatures (often below

300 °C)

Not suitable for large-scale
production

1.4 Challenges and issues of layered oxides

In this section, we will discuss several existing challenges and issues in the development of layered

oxides,

which are critical

aspects

influencing the electrochemical performance and

commercialization of these materials in sodium-ion batteries. These challenges include Jahn-Teller

distortion, phase transitions during cycling, TM migration and dissolution, and air/moisture

stability. These issues are addressed in subsequent chapters, where we employ high-throughput

methodologies to improve cathode properties.
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1.4.1 Jahn-Teller distortion

In 1937, H. A. Jahn and E. Teller first reported that in symmetric nonlinear molecules, if the ground
state of the system has more than one degenerate level, there will be spontaneous distortion,
thereby eliminating the degeneracy.'”® For MOg octahedra, Jahn-Teller (J-T) distortion can occur
with certain transition metals that have an odd number of electrons in the eg orbitals, especially
Mn?*. This phenomenon is significant in the context of sodium-ion batteries because it can directly
impact the structural and electrochemical stability of the cathode materials. Despite the promising
potential of Mn-based layered oxides, the Mn>" J-T distortion poses a significant issue, particularly

affecting structural stability and long-term cycling performance.
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Figure 1.22 (a) Scheme of Jahn-Teller distortion of Mn®*. (b) STEM image along [010] of

NasisMnO:> with periodic J-T distortion of Mn ab plane. Reproduced with permission from refs.
109,110

As illustrated in Figure 1.22, the J-T distortion of Mn>" manifests as elongated bonds along the z-

axis, splitting the e, orbital into d,2 and d,2_,2 to accommodate the odd electron with lower

overall energy.'% This results in an anisotropic expansion of the lattice, which can lead to a gradual

breakdown of the crystal structure over repeated charge and discharge cycles. Cedar et al. utilized
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scanning transmission electron microscopy (STEM) to visualize and identify the J-T distortion in
NassMnO;. Their work provided direct evidence of the structural changes associated with J-T

distortion, highlighting the need for strategies to mitigate these effects.'!°

Currently, the prevailing opinion on J-T distortion is negative due to its impact on structural
distortion. This leads to multiple peaks in CV curves and several plateaus in voltage profiles,
indicating a less stable and efficient energy storage process. Consequently, these materials are often
considered less suitable for long-term cycling and practical applications. Addressing J-T distortion
remains a critical challenge in the development of stable, high-performance SIBs.!!!"!12 In later
chapters, we will explore potential strategies to overcome these challenges, leveraging high-

throughput methodologies to identify and optimize suitable materials.

1.4.2 Phase transition

Phase transitions during cycling are a crucial aspect of electrochemical analysis for material
development. Phase transition is a broad term that refers to the structural or configurational
changes of cathode materials during cycling. One type of phase transition involves structural
changes, such as P3-O3 and P2-O2 transitions at high voltage. As shown in Figure 1.18, these
structural changes require slab gliding, which is unfavorable for maintaining structural stability
over repeated cycling. Another type of phase transition involves configurational changes, such as
lattice distortion (P2-P°2) and Na/vacancy ordering. As mentioned above, the J-T effect of the
Mn**/Mn*" redox couple can trigger lattice distortion during cycling. Kumakura et al.!'3
investigated the effect of cooperative J-T distortion on the electrochemistry of P’2-Na>sMnO». As
shown in Figure 1.23, several plateaus (or peaks in dQ/dV curves) highlight the complexity of

phase transitions, which were elucidated by in-situ XRD. The P’2 phase initially underwent several
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sub-phase transitions before changing to an OP4 structure (a mixed O and P structure), which is

not favorable for practical use.
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Figure 1.23 Phase transition of P’2-Naz;s:MnO: (a) Voltage profile and in situ XRD. (b) dQ/dV

curve. Reproduced with permission from ref. '3,

Additionally, due to the large Na" radius and Na'-Na" repulsion, Na" ions tend to occupy positions
with lower diffusion energy first during the intercalation process. This often leads to Na/vacancy
ordering, which strongly correlates with Na content, such as x=1/3, 1/2, and 2/3. As shown in
Figure 1.20, this phenomenon is commonly observed in single TM systems, where high symmetry

from TM"/TM™"! charge ordering can trigger configurational transitions.

However, it has been found that composition engineering, involving multiple TM systems and
doping, can suppress or delay these phase transitions.’”!!? In later chapters, we will discuss this
strategy via high-throughput studies. For example, we found that 5% Fe substitution can suppress
phase transitions and smooth the CV curve. Additionally, in Chapter 3 in situ XRD has shown
that Ga doping can suppress phase transitions, maintaining the P2 phase during cycling between
1.5 V and 4.3 V. These findings emphasize the importance of continued research and innovation

in rational materials engineering in SIBs.
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1.4.3 Transition metal dissolution

The phenomenon of transition metal dissolution has been reported, particularly during cycling at
high voltages, where TMs can dissolve into the electrolyte.’! This dissolution is strongly correlated
with the stability of TMs within their octahedral environments. Several factors can trigger this
unwanted process. During the investigation of NaFeO» and NaCrQOy, it was found that Fe or Cr can
migrate to the Na™ layer, occupying tetrahedral sites at high voltages when Na content is low.!!*
116 While this migration can be somewhat reversible, higher voltages exacerbate the TM migration,
making it irreversible. This can partially contribute to the fast degradation of NaFeO: cycling, as
shown in Figure 1.21b. If these processes occur on the particle surface, TMs from the unstable
surface will dissolve into the electrolyte and can subsequently deposit onto the anode. Additionally,
Manthiram et al. discovered that the J-T effect can also promote TM dissolution, especially for
Mn*". They found that Mn*" is particularly sensitive to acids, such as HF formed from NaPFg,

which can accelerate Mn>" dissolution.!® TM dissolution is crucial for TM stability at high voltage,

long-term cycling, and safety concerns.

Several strategies to address TM dissolution consist of coating, doping, and electrolyte engineering.
These methods are designed to stabilize the TMs and enhance the overall performance and lifespan
of the battery. In Chapter 4, we will further explore how doping can mitigate TM dissolution,
highlighting its effectiveness in improving surface stability of the particles. These solutions are
essential for enhancing the durability and commercial viability of layered oxide cathode materials

in SIBs.
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1.4.4 Air/moisture stability

Air stability of cathode materials is critical in sodium-ion battery manufacturing and research.
Certain materials are reported to degrade after a few hours to days of air exposure, compromising
the reliability and reproducibility of experiments.!!”"!!® This necessitates meticulous storage and
handling in gloveboxes, slowing research and increasing costs. Industrially, air stability impacts
every stage of the battery production: synthesis, storage, transportation, electrode preparation, and
assembly, as shown in Figure 1.24. High-moisture environments during post-treatments and long-
distance shipping further complicate matters. Air-sensitive materials require handling in argon
gloveboxes or ultra-dry rooms, escalating manufacturing costs. While sodium-ion batteries are

20

cost-effective in terms of raw materials compared to lithium-ion batteries'?’, stringent air

protection measures can negate this advantage, making them less economically viable!!3:!11%121,

Carbon dioxide and water vapor, despite low concentrations, significantly contribute to
degradation. Sodium carbonate forms on particle surfaces from reactions between lattice Na* ions
and carbon dioxide. Water accelerates Na" dissolution through Na"/H" exchange, leading to
hydrated phases or structural transitions.'”> Oxygen can oxidize low-valence transition metals,
though its involvement is not consistent.'?* Air-induced degradation mechanisms involve complex
interactions at the interface or nano-scale. Moreover, alkaline residues on cathode particles can
decompose polyvinylidene fluoride (PVDF) binders, increasing slurry viscosity and affecting
electrode film uniformity.!?*!?% This residue can also corrode aluminum current collectors. Air-
aging defects in manufacturing may not manifest early, making them difficult to detect through
routine methods. These defects, such as minor PVDF decomposition or aluminum corrosion, can

lead to battery failure later, reducing battery lifespan and posing safety risks.
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As shown in Figure 1.24, there are mainly four effects from the air/moisture reaction with cathode

materials.

(1) Sodium dissolution on cathode particles forms compounds like NaOH, Na,COs3,
Na>COs3-H;0, and NaHCO3, influenced by humidity and composition. NaxCO3 increases
cathode impedance, hinders Na® diffusion, and decomposes at ~4 V, releasing CO, and

raising safety concerns.

52



(2) Water molecules from air can insert into the cathode structure, expanding layers and

disrupting crystallinity, especially in P2-type materials.

(3) Significant sodium loss during air exposure can lead to phase transitions and structural

collapse, forming transition metal oxides and disordered structures.

(4) Air exposure also causes surface cracking and particle brittleness, reducing capacity and

cyclability, which negatively impacts the electrochemical performance.

Mitigating these air-induced degradation effects is crucial for enhancing the performance, stability,
and safety of sodium-ion batteries. In later chapters, we address the critical property of air/moisture
stability by examining both surface and bulk chemistry using HTP-XPS and HTP-XRD after aging.
Additionally, we applied machine learning algorithms to demonstrate the insights and the

possibility to predict air stability based on thousands of XRD patterns studied.

1.5 Characterization techniques for battery development

In this section, we overview and summarize the fundamental knowledge about key characterization
techniques used for battery development and employed in this thesis.
1.5.1 X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique is a widely applied method for analyzing phase
composition and identifying lattice structures.'?® Typically, X-ray diffractometers contain three
main components: an X-ray tube, a sample holder, and an X-ray detector. The fundamental

principle of XRD is based on Bragg's equation, as shown below:

2dsin@ = nl
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where n is the order of diffraction, 4 is the X-ray wavelength, @ is the Bragg’s angle, and d is the
distance between atomic planes. The scattering angle, 26, between the incident and reflected X-
rays, and is often used as the X-axis in XRD scan patterns, with the corresponding diffraction
intensity on the Y-axis. Therefore, lattice information d values can be calculated from the scattering
angle 26 of scattering peaks. Two examples of XRD simulated from the crystal structures of P2

and O3 materials are provided for reference (see Figure 1.25).
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Figure 1.25 XRD patterns and lattice information of P2 (up) and O3 (bottom) layered oxides.

54



As shown Figure 1.26 there are two modes of XRD setup: reflection mode and transmission mode.
In this thesis, we applied the transmission mode using Mo Ka radiation for high-throughput XRD
detection.!®” Compared to the more common Cu Ko radiation, Mo Ko offers several advantages:
(1) Mo has a smaller wavelength (A =0.70926 A for Ko,) than Cu Ko (A= 1.54051 A), providing
stronger energy to penetrate the sample for transmission setup; (2) Mo Ka's smaller wavelength
shortens the scan range and accelerates detection times (4°-30° instead of 10°-70° for Cu
radiation); (3) Mo has low fluorescence with 3d transition metals, resulting in low background

noise.

Incident Scattered )
X-ray X-ray Incident
X-ray
20
)-\ Scattered
26 X-ray
Reflection Mode Transmission Mode

Figure 1.26 Two XRD setup: reflection mode (left) and transmission mode (right).

To gain further information from the XRD patterns, fitting is often applied. One of the most
renowned algorithms is the Rietveld refinement, detailed in reference sources.'?” The principle of
the Rietveld method is to minimize the residual difference between the calculated profile from the
proposed lattice and the observed data from the XRD scan, by modifying three components: peak

position, peak intensity, and peak shape:

1
= Ly
i

Several figures of merit quantify the refinement quality, such as the weighted profile residual Ry,

2

expected profile residual R.xy (depending on the instrument), and the goodness of fit y°. Since R,
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varies with instrument type and X-ray source, this thesis adopts the goodness of fit y?. A perfect

fit has a y? value of 1, but in practice, a y? below 2 is considered excellent.

= (

Rexp

Z (Yobs YcaIC)Z pr )

XRD is crucial in battery material development, providing essential insights into phase
composition and lattice structures. In this thesis, we employed HTP-XRD to rapidly and effectively
investigate structural information. Additionally, we applied HTP-XRD in accelerated aging tests
to detect the air stability of cathode materials. This approach enabled us to swiftly identify changes
in structural integrity and composition, which are vital for understanding and enhancing the

durability and performance of sodium-ion batteries.

1.5.2 X-ray photoelectron spectroscopy (XPS)

XPS is a powerful technique widely used to investigate the surface chemistry of solid-state
materials. It leverages the photoelectric effect to identify elemental composition and relative
concentration.!?® XPS is particularly sensitive to the oxidation states and chemical environments
of elements, providing detailed insights into the electronic structure and density of states in
materials.'” The fundamental principle of XPS involves using a low-energy incident X-ray,
typically Al Ka with Epneron = 1486.7 €V, to excite core electrons in the elements on the sample
surface under extreme vacuum. This excitation causes the transfer of Epnoron into binding energy
via the photoelectric effect, with the remaining energy converting into kinetic energy. By
measuring the kinetic energy, the binding energy can be determined (Epinding = Ephoton = Ekineiic),

which is unique to specific elements and their chemical states.

In Chapter 2, we applied high-throughput XPS to analyze the surface chemistry of a series of

materials with various compositions and phases. This comprehensive analysis allowed us to
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identify carbonate species and excess sodium on the surface after air aging, providing valuable
information about the air stability and degradation mechanisms of these materials. Furthermore,
we conducted XPS profiling with Ar" etching to examine the surface reconstruction of particles
after cycling, specifically looking at transition metal dissolution and its impact on material
performance. Overall, XPS is an essential, surface-sensitive tool for battery material development.
It provides crucial insights into the chemical states and transformations occurring on the material's

surface, which are vital for understanding and improving battery performance and stability.

1.5.3 X-ray absorption spectroscopy (XAS)

XAS has been instrumental in battery material development by determining the oxidation states
and coordination structures of transition metals.'*® Unlike XPS, which primarily probes surface
characteristics, XAS uses high-energy X-ray radiation from synchrotron facilities to penetrate the
bulk of samples, providing insights into both bulk oxidation states and local geometric chemical
structures. By finely tuning the X-ray energy using a crystalline monochromator, XAS selectively
excites the core electrons of specific elements (see Figure 1.27). The resulting absorption spectra
are divided into two key regions: X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS).!*I132 XANES involves the excitation of core electrons to
unoccupied states, providing crucial information about the electron structures of transition metals
and allowing for the measurement of oxidation states. In contrast, EXAFS provides insights into

local fine structures, including bond lengths and geometric arrangements.
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Figure 1.27 (a) Schematic of XAS setup. (b) The representative XAS scan with XANES and EXAF'S
regions. (c) Electron energy diagram after X-ray absorption and excitation. (d) Interference

pattern created by neighbor atoms to analysis local structure. Reproduced with permission from

ref. 133,
In Chapter 3, we included ex-situ XANES to study the anionic redox behavior of cathode
materials at different voltages, identifying that Mn redox is not involved at high voltage capacity
and, instead, oxygen redox contributes to this capacity. In Chapter 4, we used EXAFS to
investigate local structural alterations after air aging. Overall, XAS demonstrates powerful
capabilities in detecting oxidation states and local structures, making it a valuable tool for battery
material development. By providing detailed information about the bulk properties of materials,
XAS complements other techniques and contributes to a comprehensive understanding of the
factors influencing battery performance and stability. This integrated approach is essential for

advancing the development of more durable and efficient batteries.
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1.6 High throughput methodology

The complexity of material design necessitates HTP methodologies for accelerated material
screening and property optimization. Traditional trial-and-error approaches significantly limit new
material discovery. This thesis presents pioneering HTP studies focused on developing cathode
materials for sodium-ion batteries, building on several foundational works.

One of the earliest demonstrations of HTP electrochemical methods was developed by M. D. Ward

134

et al., showcasing modified electrode materials'*®. Watanabe et al. demonstrated combinatorial

synthesis and XRD characterization of LiCo1.:Mn,O2, achieving a throughput of 16 samples.'** J.
R. Dahn reported several combinatorial syntheses and electrochemical tests, significantly
advancing HTP methodologies.!*®!*® Additionally, numerous HTP computation and machine
learning studies have explored voltage, energy density, and new electrode materials and
electrolytes.!*® Despite these advancements, a comprehensive HTP approach to investigate a wide
array of materials remains lacking, and a gap persists between experimental and theoretical work.
Sanchez-Lengeling et al. further proposed the machine learning-aided robotics route for novel
material discovery.!*® G. Ceder et al. achieved and showcased an autonomous lab for material
discovery powered by active learning, obtaining 41 novel inorganic compounds in 17 days of
continuous operation.!*! Recently, McCalla et al. developed a series of HTP studies for battery
material research, including cathodes, anodes, and solid electrolytes'**~!4°, demonstrating high
effectiveness and promising results. K. Potts et al. systematically investigated HTP systems applied
to developing cathodes for lithium-ion batteries.'*® Following this, T. Adhikari et al. adopted Na

metal as an anode and demonstrated the potential of applying HTP methods for sodium-ion

batteries.®’

59



In this thesis, we demonstrated a series of pioneering works to apply HTP methods to investigate
several properties of the cathode materials and new material discovery for SIBs. By leveraging
HTP techniques, we aim to bridge the gap between experimental and data-driven research,
ultimately accelerating the development of advanced SIB technologies. By incorporating advanced
characterizations and machine learning algorithms, we have enhanced our ability to investigate
material properties and optimization, thus reducing the time and resources required for pattern
identification and material discovery. These innovative approaches have the potential to transform

the field of battery research, leading to more efficient and cost-effective energy storage solutions.

1.7 Motivation and structure of the thesis

Building upon the context established in Chapter 1, this thesis aims to advance sodium-ion
batteries, with a particular emphasis on the pivotal role of cathode materials. Several critical
challenges for cathodes are addressed, such as preventing Jahn-Teller distortions, phase transitions,
and transition metal dissolution, as well as improving air/moisture stability. These challenges form
the foundation for the thesis, which seeks to systematically investigate and optimize layered
cathodes for sodium-ion batteries using high-throughput methodologies. In parallel, the thesis aims
to develop effective strategies to address these challenges, paving the way for the

commercialization of sodium-ion batteries.

Chapter 2 establishes the high-throughput methodologies employed in this work, demonstrating
the feasibility of integrating high-throughput synthesis and characterization techniques. The
exploration of the environmentally benign Na-Fe-Mn-O pseudoternary system provides critical

insights into the relationships between composition and material properties.
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Chapter 3 expands on doping strategies for designing high-manganese cathodes, systematically
evaluating the effects of dopants on phase stability, rate performance, anionic redox activity, and
air stability. A novel accelerated protocol is introduced, enabling a systematic investigation of air

stability.

Chapter 4 delves into more complex Fe-Mn-based systems incorporating various dopants, with a
focus on addressing surface stability issues, including transition metal dissolution and air stability.
The chapter explores the underlying mechanisms of these detrimental effects and identifies dopants
that significantly enhance surface stability. Furthermore, machine learning algorithms are applied
to XRD patterns to uncover latent factors, providing valuable insights into designing air-stable

layered oxide materials.

Chapter 5 presents the key findings, discussing design principles for layered oxide cathodes
derived from the high-throughput studies. Additionally, it presents perspectives on future work,
emphasizing the integration of artificial intelligence, machine learning, and automation into high-
throughput methodologies to further accelerate the screening and development of energy storage

materials.
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Chapter 2 High-Throughput Design of Na-Fe-Mn-O
Cathodes for Na-Ion Batteries

In Chapter 1, we delineated the promising layered oxide cathode materials for sodium-ion
batteries, but also described the challenges posed by complex systems and the lack of rational
design strategies. Chapter 2 builds on this by presenting the first systematic study of an entire
pseudoternary system critical to Na-ion battery cathodes. This work demonstrates the feasibility
of using high-throughput methodologies to advance research in sodium-ion batteries. We selected
the Na-Fe-Mn-O system specifically for its environmentally friendly and excellent electrochemical
characteristics. Given that sodium is abundant and both iron and manganese are environmentally
benign, our focus on developing cost-effective, non-toxic materials holds significant promise for
large-scale grid storage technology, where the use of lithium-ion batteries may not be practical.
However, existing literature has left certain questions unanswered, and some compositions
underexplored, with even conflicting findings across various papers. These issues particularly
necessitate a comprehensive high-throughput study to provide clarity and resolve inconsistencies.
Through an extensive data-driven investigation, we have addressed the complexities of this
pseudoternary system, uncovering correlations between electrochemical properties, structure,
composition, and other characteristics. This study not only clarifies previous ambiguities but also

sets the stage for future advancements in high-throughput methodologies and data-driven research.

Chapter 2 is adapted with permission from “Jia, S.; Counsell, J.; Adami¢, M.; Jonderian, A.;
McCalla, E. High-Throughput Design of Na—Fe-Mn—O Cathodes for Na-lon Batteries. Journal of

Materials Chemistry A 2021, 10 (1), 251-265.”
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2.1 Abstract

Sodium-ion batteries are considered to be environmentally favourable alternatives to lithium-ion
batteries, particularly in the extremely large-scale application of grid storage, given the abundance
of Na. However, to date, the battery performance has not been competitive, and promising Na-Fe-
Mn-O materials have been plagued by poor stability in air and unsatisfactory long-term cycling.
Herein, high-throughput methods are used to systematically screen the entire pseudo-ternary
system. The resulting phase diagram shows significant solid solution regions for 3 important
layered-oxide phases: P2, P3 and O3. While only a few compositions were previously studied, we
identified over 50 single-phase materials of potential interest for battery materials. The results help
explain contradictions in the literature and resolve decisively the locations of each of these phases.
The phase mappings were also interpreted within the context of the recently developed cationic
potential approach, and we extend the approach to P3 materials for the first time and find that
cationic potential cannot be used to distinguish all P2 and P3 materials. High-throughput XPS is
used on aged samples to determine stability in air and demonstrates that the stability with both
carbon dioxide and moisture is very sensitive to composition and structure (stability changes by
an order of magnitude within the Na-Fe-Mn-O system). Importantly, the understudied P3 and Mn-
rich P2 regions show better stability in air. High-throughput electrochemistry shows that the Mn-
rich P2 material also shows the highest first discharge capacity of 206 mAh/g and excellent specific
energy of 504 Wh/kg. The findings herein therefore provide many insights of importance for the

further development of these promising and challenging materials.

2.2 Introduction

The battery plays a pivotal role in the storage, transfer, release, and usage of electric energy. With

the wide application of Li-ion batteries, the huge demand for electric vehicles, and large-scale
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energy storage, there are more and more concerns about the sustainability of Li-ion batteries. Na-
ion batteries, by contrast, could be the key to break the crisis by utilizing cheaper and
environmentally friendly materials. Among them, sodium layered oxides are important cathode
materials with good sodium mobilities and high specific capacities'. Layered transition metal
oxides NayMO> where M are mixtures of transition metals are constituted of layers of MOg
octahedra to preserve 2D transport channels for Na in the layers between the MOg layers as
illustrated in Figure 2.1.2 For metal selections, M can be widely varied including: Fe?, Mn*, Co>
6 Cr’, Ni%, Ti®, V° and their combinations'®!®. Interestingly, binary or ternary transition metal
systems show better battery performance than materials with only a single transition metal'¥, which
makes composition studies imperative. Moreover, during cathode material design, metal
combinations can achieve tunable properties with structure, electrochemical performance, and
cycling stability. Herein, we focus on the Na-Fe-Mn-O system only, as a wide variety of
compositions are possible and, as discussed extensively throughout, the resulting structural and

electrochemical properties vary dramatically within the pseudoternary system.

y==gn 0 ° .
Q0 o
r > 1 o % -. f ; OKOQ

o ; % N Vel B % o
Figure 2.1 Structures of the 3 phases discussed extensively here: P2, P3 and O3. The polyhedra
shown are MO where M is a mixture of Fe and Mn (purple spheres). The Na ions are shown in

vellow while oxygen ions are red, for all structures the occupation of the Na layer is 2/3. The P3

structure is based on the results of our Rietveld refinement performed herein.
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Due to the larger Na-ion radius, Na layered oxide can be stabilized into two main groups.
According to the notation developed by Delmas et al.'>, P and O are used to represent the primary
two layered structures based on the Na environment either in prismatic (P) or octahedral (O) sites,
while a number is used to indicate the number of layers in the z-direction that must be stacked to
obtain a repeating unit. P2, P3, and O3 are the most common layered structures for the cathode
materials in Na-ion batteries as illustrated in Figure 2.1. Importantly, all three of these structures
have been reported previously in the Na-Fe-Mn-O system as shown in Figure 2.2a'"> 127 but at
only a few compositions: four P2, one P3, and five O3 compositions (including one that was not
phase pure and resulted in great confusion in the literature as discussed and resolved further
herein). Figure 2.2¢ shows our findings here, revealing that all 3 solid solutions are far larger than
previously suspected in the literature, this alone justifies the use of high-throughput methods to
study this system. The further importance of this system as being composed of earth-abundant

environmentally benign elements also motivates this study.

Let us briefly discuss the general trends seen in the P2, O3 and P3 structures in the literature with
a particular emphasis on the limited number of pure phase Na-Fe-Mn-O materials (NFMO).
Generally, the P2 structure shows superior Na-ion conductivity and higher capacity than the O3.!!
However, the initial sodium content (typically x = 0.6~0.7) in P2 materials is lower than what is
typically reported for O3 materials and this limits the first discharge capacity in full batteries®®. To
achieve full capacity, P2 materials need to first be discharged below their open-circuit voltage in

order to introduce more Na into the structure.
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Figure 2.2 (a) The entire Na-Fe-Mn-O phase diagram with compositions previously studied in the
literature, along with outlines of the two zoom-in regions studied here. (b) Compositions studied
here along with boundaries for the P2, P3 and O3 regions. For all materials, XRD and
electrochemistry were performed in high-throughput. Not shown are compositions in the entire
phase diagram that were used to determine the phase stabilities in (c). The three * symbols in (c)
indicate the three compositions studied more in depth later in Figure 2.11. (d) A map of sodium
loss during synthesis. All samples were heated at 850 °C. For ease of comparison to the rest of the

literature, a secondary axis in turquoise is provided to indicate the Na content as x in Na,MO:.

In 2012, Yabuuchi et al. sparked great interest in the Na-Fe-Mn-O materials with a P2-

Nao.67Fe0.sMno.s0; and a phase impure O3-NaFeo sMno sO> material with capacities of 190 mAh/g
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and 110 mAh/g, respectively. In that study, the P2 material shows higher capacity and better
retention over the O3 material!!. However, the reported NaFeosMnosO2 composition was not
phase pure at the chosen synthesis temperature of 700 °C.'!?° Recently, Tripathi et al. reported a
P3-material at a very nearby composition of NaooFeo.sMno 50> by a solution-based synthesis. The
P3 material showed a capacity of 155 mAh/g*°, which provides a novel high-sodium phase in the
Na-Fe-Mn-O system. However, the structure obtained from the XRD refinement assumes a Mn
oxidation state of +3.2 while the XAS data clearly shows Mn is far closer to 4+ (>3.8+) and the
resulting structure shows characteristics that we deem unphysical as shown in Figure S2.1. The
structure shows a strong asymmetry in the z-direction with very short and very long Na-O distances
even though the overall structure is symmetric in the z-direction. Although the material is
undeniably P3, we find irregularities in the reported structure and so we revisit it herein with our
own XRD data. It is also relevant to note that the P3 structure is often considered to be the sub-
stable phase to P2 material only obtained at lower sintering temperatures®'. It is therefore highly
relevant that in the current study all materials are obtained by the same synthesis and temperatures

such that whether or not P2 or P3 is stabilized is a result of composition only.

Previously, a few pure phase O3 materials have also been made in this pseudoternary system as
shown in Figure 2.2a. They show a high Fe content, and also a high Na content (x = 0.8~1), where
Na ions are stabilized at octahedra sites but with a higher energy barrier and phase transition at
high voltage, resulting in a relatively low capacity and fast deterioration during cycling®2. There
are other materials of interest within the Na-Fe-Mn-O system that warrant some attention here.
O3-type a-NaFeO> demonstrated electrochemical activity with a reversible capacity of 80 mAh/g
with Fe**/Fe*" redox couple at higher voltage, which has not been found in Li-ion batteries®. As-

prepared P2 and O3 Na-Fe-Mn-O materials, however, have all contained Fe**only, demonstrated
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by Méssbauer spectroscopy'® ** and XAS analysis'" >3, For Na-Mn-O materials, due to Jahn-
Teller distortion of Mn>*, various structures can be synthesized and lie on a binary in our system.
These are: a-NaMnO, (700 °C)**, B-NaMnO: (950 °C)%*, P2-Nags7MnO, (620 °C)*’, P’2-
Nag 67MnO2(1100 °C)*, and tunnel-structure Nag 44MnO; (850 °C)*’. Among them, P2 and P2 are
the most attractive materials that can deliver high reversible capacities. P2-Nag.¢7MnO> will start
to transform into P’2 over 620 °C. P’2 is a distorted P2 phase stabilized with co-operative Jahn-
Teller distortion (CJTD). Here, we synthesize all materials at 850 °C which favours the tunnel
structure, and results in some co-existence between P2 and P’2 along the binary. It should be noted
that even though Kumakura et al. reported P’2 can deliver 216 mAh/g for the first discharge
capacity>¢, the challenge in synthesizing them (e.g. quenching from above 1000 °C) makes them
impractical. We therefore do not put much emphasis on these materials here except to determine

the Fe content needed to suppress these structures forming.

Chemical stability against air/moisture is a major challenge for the practical application of layered
oxides as cathodes for Na-ion batteries. P2 materials, in particular, are known to be unstable in air,
reacting both with moisture and carbon dioxide: TOF-SIMS?®® and TGA-MS?*’ have been used
previously to analyze the species formed during reactions with air/moisture. Duffort et al. reported
that the uptake of CO2 in P2-Nag ¢7Fe0.sMno 50O can form carbonate and oxidize Mn into 4+, which
leads to a hysteresis on the first charge.’® However, due to the lack of systematic analysis, there
are few satisfying methodologies developed to evaluate the composition impact on air/moisture
stability. Here, we utilize high-throughput XPS to evaluate the stability of our materials and find
good agreement with the mechanism established by Duffort et al. and extend the analysis to

quantify the reactivity across the phase diagram.
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A final aspect of the literature that is highly applicable to the current study is the recent
development of the cationic potential approach. This method is an attempt to develop a predictive
parameter that can determine whether or not a certain composition will take the P2 or O3
structures*’. This study plotted the cationic potential on the transition metal layers vs the cationic
potential on the sodium layer. The result was a clear straight line dividing the P2 and O3 materials
for a high number of materials mined in the literature. However, no attempt was made to include
P3 structures, such that herein we will extend the cationic potential approach to consider P2, O3

and P3 structures for the first time.

Clearly, the rational design of sodium cathode materials requires unravelling the complex
relationship between metal compositions, structures, and the resulting battery properties. Herein,
we utilize a high throughput (HTP) system to investigate the relationship amongst chemical
compositions, crystal structures, electrochemical properties, and air/moisture stability. We utilize
HTP methods developed by our group previously to make quality Na-Fe-Mn-O materials on the
3-5 mg scale and demonstrated high-quality HTP electrochemistry obtained from these materials.*!
Figure 2.2 shows that there are significant previously ignored portions of the phase diagram
worthy of careful study as potential battery materials. We therefore show careful HTP
characterization with XRD, CV and XPS across the entire system. In particular, we introduce high-
throughput XPS as a means to quantify air/moisture instability in these materials and find a strong
compositional dependence. This serves as the first systematic study of an entire pseudoternary

system of importance to Na-ion battery cathodes.

2.3 Experimental methods

High-throughput approaches have been utilized for all synthesis and characterization herein, as

shown schematically in Figure 2.3. First, a sol-gel method was adopted for the synthesis to achieve
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combinatorial NFMO materials, as described in detail in ref. *!. Specifically, the samples were
made by first dispensing varying volumes of 2M solutions of NaNOs3, Fe(NO3)3, and Mn(NO3),
(all from Sigma-Aldrich) onto an 8x8 section of a standard 96-well plate with a total volume of 49
puL according to target stoichiometry (Figure 2.3a). Citric acid (2M) was then added as a chelating
agent in a 1:1 molar ratio to the total metal cations. Next, the gelation process was performed at
65 °C for 2 days to form homogeneous precursor gels through strong bonding from carboxylic
groups. The resulting 8x8 set of samples were crushed and transferred onto an alumina plate
equipped with an 8%8 aluminum smokestack as a combustion chamber to avoid cross-
contamination during the off-gassing of citrate bi-products during the initial stages of heating
(Figure 2.3b). The samples were heated at 400 °C for 2 hr (heating rate: 2 °C/min) to decompose
the nitrates and the citric acid in air. After lifting and removing the smokestack, the samples were
further calcinated at 850 °C for 12 hr in ambient air (heating and cooling rates were 5 °C/min).
The final products are illustrated in Figure 2.3¢. In total, 448 samples, each weighing about 3-5
mg, were synthesized through the above high-throughput method for further characterization, the

compositions are shown in Figures 2.2b,c.

All samples were first characterized using high-throughput XRD. The XRD measurements were
performed in the transmission mode using a Panalytical Empyrean diffractometer with a Mo target
(60 kV, 40 mA) and GalaPIX area detector (Figure 2.3d). For Mo Ko radiation (A = 0.70926 A
for Kai1), a scattering angle range of 4-30° was selected (this corresponds to approximately 10-70°
for Cu radiation). For all samples, the main peak intensity was well over 1000 counts for the 10
min scans, demonstrating that the data is suitable for Rietveld refinements. Each scan took <10
min and an entire batch of 64 samples took <10 h. For ease of comparison to the rest of the

literature, all patterns shown herein have had the Mo-Ka. peaks stripped, and scattering angles
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have been converted to those that would be obtained with Cu-Kaui (A = 1.54051 A) as described
in detail in ref. *2. All 448 samples were tested with XRD, and the resulting spectra were analyzed
to map the phase stabilities. Home-written software was used to perform Pawley fits on all spectra
in order to extract lattice parameters. To help answer some confusion in the literature regarding
the structure of the P3 phase, we also performed Rietveld fits using the software Rietica on a single

P3 material, Nag.oMno sFeo sOo.

HTP-XPS

Figure 2.3 A schematic of the experimental approach used in the current study. Precursor
solutions are first added to a standard well plate (a), the samples are then dried and heated to 400
C together with a smokestack to prevent mixing (b), then sintered at high temperature (c) before
high-throughput characterization: (d) XRD, (e) ICP-OES , (f) HTP-XPS, and (g, h)

electrochemistry. All high-throughput characterization is performed on the same 4 mg samples.

After XRD, 2 mg from each sample was then utilized for electrochemical testing. Combinatorial
cells with 8x8 samples as cathode materials were used to test electrochemical properties as

described in detail in ref. #' > 3, Firstly, a custom-designed printed circuit board (PCB, Optima
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Tech) with 64 aluminum covered pads was used as illustrated in Figure 2.3g. The composite
cathode electrodes had 2 mg of active material and approximately 20 wt. % carbon black and 20
wt. % polyvinylidene fluoride (PVDF), both of which were added by drop-casting an N-methyl-
2-pyrrolidone (NMP) solution. The PCB and electrodes were dried at 80 °C overnight to evaporate
NMP. The assembly of the combinatorial cell was performed in an argon-filled glovebox. The
electrolyte was 1M sodium perchlorate in propylene carbonate with 2 wt. % fluoroethylene
carbonate (FEC). Na metal foil was used as the anode with a GF/D glass microfiber prefilter as a
separator. The cell was then sealed using a 3M double-sided sealing tape as described in ref. 4.
Cyclic voltammetry (CV) was performed with the voltage range 1.5 to 4.3 V vs Na/Na" at a scan
rate of 0.1 V/h on a lab-built high-throughput electrochemical system based on ref. **, which
utilizes a quad voltage source (Keithley 213) and a multimeter with a multiplexer (Keithley 2750).
64 CVs were performed simultaneously. Data were processed to extract average voltages, and
specific capacities over the multiple cycles performed. After a few cycles, a few of the cells were
also cycled in the range 1.5 — 4.6 V vs. Na/Na" (with 4.3-4.6 V being swept over 10 h) to determine

if there is any activation at high potentials as obtained in Li-rich layered oxides at these potentials.

In order to quantify how much sodium was lost during synthesis throughout the phase diagram,
certain samples were selected for inductively coupled plasma-optical emission spectrometry (ICP-
OES). Samples were first dissolved by Aqua Regia in a 96-well plate overnight and diluted by
deionized water. Blank control solutions were also prepared as a background to make sure there
was no Na/Fe/Mn contamination source from the well plate. Agilent Technologies 5100 ICP-OES
associated with the autosampler was used to analyze elemental compositions of combinatorial
samples (Figure 2.3¢). With the help of the autosampler, the ICP-OES can run automatically with

a throughput of about 20 samples per hour making it ideal for this study.

81



In order to obtain a measure of the instability of the NFMO samples in air, high-throughput X-ray
photoemission spectroscopy (XPS) was performed using a Kratos Axis Nova spectrometer using
a monochromatic Al K(alpha) source (15mA, 15kV) illustrated in Figure 2.3f. The instrument
work function was calibrated to give binding energy (BE) of 83.96 eV for the Au 4f7/2 line for
metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu
2p3/2 line of metallic copper. The Kratos charge neutralizer system was used on all specimens.
Survey scans were carried out with an analysis area of 300%700 microns and a pass energy of 160
eV. High-resolution scans were also performed for the Na 1s, Fe 2p, Mn 3s, and C 1s regions with
a pass energy of 20/40 eV. Spectra have been charge-corrected to the mainline of the carbon 1s
spectrum (adventitious carbon) set to 284.8 eV. Peak fitting was performed using the ESCApe
software. Shirley backgrounds were applied to all 2p spectral areas with components fitted with
constrained (Gaussian 70%—Lorentzian 30%) peaks. Survey scans were acquired in 120 s, while
high-resolution spectra were acquired in various times (30 - 720 s) depending on the count rate.

1.5, The instrument is suited

Quantification used relative sensitivity factors developed by Cant et a
for high-throughput analysis as it is equipped with three sample holders each capable of mounting

>100 samples.

It is important to note that all of the characterizations were performed on the same samples. After
XRD, 2 mg were removed for electrochemical testing, leaving enough left for ICP-OES and/or

XPS for the samples selected for those measurements.
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2.4 Results and Discussion

2.4.1 Structural phase diagram

To survey the phase distribution for Na-Fe-Mn-O pseudo ternary system, we synthesized 448
samples to both map out the entire Gibbs’ triangle and to also focus in on the materials of highest
interest for Na-ion batteries, as indicated in Figure 2.2c¢. The reproducibility of this high-
throughput system is excellent as demonstrated on these materials in ref. **. Seven solid-solution
regions were identified in the phase diagram: Mn;O3; (ICSD 159865), Fe>O3; (ICSD 154190),
Nao.44MnO, (ICSD 182617), B-FeNaO; (ICSD 158330), and three layered oxide phases of interest
for Na-ion cathodes: P2, P3, and O3 phases. Due to the high volatility of sodium oxides, no sample
was obtained for the gray region shown in Figure 2.2¢ near the sodium corner. The rest of the
Gibbs’ triangle is made up of multi-phase materials. The emphasis herein is on the layered oxides,
such that a large number of samples were prepared in this region as shown in Figure 2.2b where
184 target compositions were made (120 for Zoom-in 1 and 64 for Zoom-in 2) with 256 total
samples (72 samples were triplicates to check reproducibility, which was found to be excellent as
shown in ref. #%). In total, 256 XRD patterns were collected from samples in the zoom-in regions;
all of which were visually compared to the reference patterns to identify phases present and
subsequently fit using Pawley refinement. Figures 2.4 and S2.5 show representative XRD patterns
along with their fits. Figure 2.4b shows the progression of the XRD patterns within the P2 single-
phase region, illustrated by the red dashed line showing the shifting in peak position with
composition. By contrast, Figures 2.4¢,d and S2.5 all demonstrate the progression of the XRD
patterns through co-existence regions wherein secondary phases appear, and grow with

composition. All XRD patterns are fully consistent with the phase stabilities shown in Figure 2.2.
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Figure 2.4 XRD patterns for P2, P3 and O3 structures to understand the phase evolution with
chemical compositions. The four arrows in (a) indicate the compositions shown in b-d and Figure
82.5. (b)-(d) XRD patterns (blue points) along with results of Pawley fits (red) and difference plots
black. Relevant reference patterns are shown at the bottom of each XRD stack. In (b), the vertical
red dashed line is a guide to the eye to illustrate shifting peak positions with composition within

the solid solution.

The dense sampling used here enabled the precise determination of the boundaries to each single-

phase region of interest. In total, 29 P2, 18 P3, and 5 O3 single phases are identified based on the
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XRD patterns. This study, therefore, represents the first investigation of the rich chemistry
permitted in the Na-Fe-Mn-O system where only a few single-phase materials had been made
previously as discussed in the introduction. The three solid-solution regions of greatest interest
here (P2, P3, and O3) are shown in Figure 2.2b on the Gibbs’ triangle and illustrate the
thermodynamic-stable regions for each phase at 850 °C following by slow cooling. In detail, the
P2 solid solution takes an ellipse shape over a large range in Fe:Mn ratio (0.05-0.55 for
Fe/(Fe+Mn)). To help with comparison to other literature, we present this solid solution region as
a series of sodium solubility windows in Figure 2.6a to illustrate the significant variations in Na
solubility as a function of the Fe content (Fe/(Fe+Mn)) after taking Na-loss into account, and this
applies to each of the 3 phases. The largest Na solubility window in the P2 structures is seen in the
center of the ellipse where the sodium content varies from x = 0.49 to 0.71 for Na;MO:s,.

Comparison to results from other literature*->°

shows that larger ranges in Na content have been
enabled with substitutions such as Mg, Ni and Li. Further study following this project will involve

further substitutions into the best NFMO structures obtained here.

To further put these solid solutions into context, we first note that it is well established in the
literature that iron will take the Fe** state under these conditions and that Mn can occupy either

the 3+ or 4+ state in the P2 materials. We therefore seek to understand what is the maximum

composition range of the form NaxFef,“LMn?'l‘l'_J’y)Oz (i.e. we expect no vacancies on the transition

3+

metal layers). Charge balancing implies Nax[Fef,*'Mn(x_y)

IMn{ 10, , which represents a
triangular region in the Gibbs’ triangle with vertices at Mn,0O3, NaMnO> and NaFeO, as shown in
Figure S2.6. Importantly, after accounting for Na loss during synthesis (Figure 2.2d and S2.6),
all P2, P3 and O3 samples lie within the region defined by this formula. That is, all layered oxides

made here are in principle consistent with fully occupied transition metal layers, and Fe*" along
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with mixed Mn>*" balancing the charge, although we find this does not strictly hold for the P3

structures as discussed further below.

Interestingly, although the structures are related, there is a miscibility gap between the P2 and P’2
Nao.s7MnO- phases. Below the bottom of the P2 ellipse, P2 with trace P’2 is observed instead of
the pure P2. The reason for this is explained by the behaviour of the P2 material Naos7MnO; that
starts to transform into P’2 at temperatures above 620 °C as discussed in the introduction.
According to our phase diagram, as little as 5% of Fe (i.e. Na,Feo.0sMnos02) is sufficient to
suppress the Jahn-Teller distortion and stabilize the P2 structure at moderate temperatures without

quenching.

It is also important to note that a great deal of variety is permitted in the structures within the
triangular region defined by Fe** and Mn>**. In particular, the P3 structure requires some attention
as it has only recently been discovered in the Na-Fe-Mn-O system. Tripathi et al. reported P3-
Nag.oFeosMnosO> (implying an oxidation state of 3.2 for Mn)**. However, their XANES data
clearly showed that Mn was far closer to the 4+ state, implying that the actual stoichiometry was
closer to Nao.g2Feo.45sMno.4502. We have therefore performed Rietveld refinement on a P3 sample
at this same composition, confirmed with ICP-OES. We consider 3 models: (1) Nag.9Feo.sMno 502
as proposed by Tripathi et al., (2) Naos2(Feo.4sMno4so.1)O2 (i.e. Mn*" with vacancies on the TM
layer), and (3) Nag 72[Nag.iFeo4sMno45]Oz (i.e. Mn*" with no vacancies on the TM layer). Figure
S2.4 shows the results of fitting with each of these models and clearly shows that model 3 yields
the smallest residual in the XRD pattern and also gives the best quality parameters for the fits,
however the differences between models 2 and 3 are small given that Na scatters X-rays weakly.
We therefore conclude that Mn in the P3 phase is in a high oxidation state (near 4+) and that some

Na may occupy the TM layer thereby lowering the Na content on the Na layer closer to the 2/3
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seen in other P3 materials in the literature >'->*. The occupation of Na on the transition metal layer
will be explored in a follow-up study utilizing neutron powder diffraction. It is also significant to
emphasize that the XRD patterns leave no doubt that the stable phase near the metal composition
NaFe12Mni is in fact P3 and not O3 as originally reported in ref. ! where Yabuuchi et al. reported
a phase impure O3-NaFeosMno 50, synthesized at 700 °C. The impurity implies that the mixing
in traditional solid state synthesis was insufficient for the materials to reach equilibrium at the
temperatures used and thus the result was an O3 material co-existing with another phase (probably
a P3 material based on our phase diagram though it is difficult to extrapolate to lower
temperatures). In this work, however, with the help of well mixed metal-ions via the sol-gel
method, we obtained a pure phase at this composition and have confirmed the findings of Tripathi

et al. that a pure P3 material is the phase stabilized at high temperatures at this composition.

Regarding the O3 single-phase materials, the thermodynamically stable region was found with Fe-
rich content as shown in Figure 2.2. Delmas et al. > have previously obtained pure O3-
Nag.g2Fe2sMni 302 with high Fe content but failed with Fe/Mn=1:1 ratio in complete agreement
with our phase diagram. Nonetheless, the region where O3 materials can be stabilized is relatively
small in the Na-Fe-Mn-O system. It should also be briefly mentioned that the fact we obtained p-
NaFeO: (orthorhombic) instead of a-NaFeO» (O3, hexagonal) on the binary is expected given that
a-NaFeO» is a low-temperature phase, whereas p-NaFeO: is stable above 750 °C >°. Therefore, this
again creates a small miscibility gap between the O3 and B-NaFeO: phase and also demonstrates
that the addition of a small amount of Mn is needed to stabilize the a-NaFeO; (O3) phase over the

B-FeNaO; phase at high temperatures.

Next, we examine the changes in structure with composition within the solid solutions by first

looking at the lattice parameters plotted in Figures 2.5 and S2.3. Since all of the P2, P3, and O3
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structures were fit with a hexagonal structure, the a parameter can all be compared easily, however
the ¢ parameter includes 3 slabs for P3 and O3 and only 2 for P2, so we plot the inter-slab distance

(c/2 for P2 and c/3 for P3&03) in Figure 2.5a and S2.3a.
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Figure 2.5 (a,b) Lattice parameter maps for the P2, P3 and O3 (a only) phases. (c) Results of
quantifying XPS results on samples aged for 6 months to determine both the carbonate to NFMO
ratio, and (d) the excess Na seen at the surface to the carbonate ratio. P2, O3 and P3 labelled
here are the phase-dominated samples. While (a,b) show the evolution of the structures, (c,d)
shows the relative stabilities with air (low carbonate and low excess sodium indicate stability with

CO; and moisture, respectively).
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Usefully, as was the case for Li layered oxides *¢, the contours for the two lattice parameters do
not run in the same direction such that a set of lattice parameters may be used to identify a single
composition using the contours. The contours also show that the inter-slab distance is correlated
strongly to the sodium content: a higher sodium content has more Na-O bonding and shrinks the
lattice in the ¢ direction. Moreover, Figures 2.5a,b also show that both a and ¢ increase in the P2
materials as Fe content increases, which is not unexpected given that Fe*" has a large ionic radius

(0.645 A), especially compared to the smaller Mn*" (0.53A).

As a final point of interest regarding the structures, we use our results to further refine the cationic
potential approach recently used to predict whether given compositions will take the P2 or O3
structure *°. Although that study did not consider P3 structures, we extend the calculations to these
structures here. We therefore use the same approach as in ref. * here (see Figure S2.7 for detailed
calculation) and find that our results are dependent on what oxidation state we assign to Mn (Fe is
maintained as 3+). Figure 2.6b shows the result when we assume that the P2 and O3 structures
have Mn in either the 3 or 4+ state and no vacancies on the TM layer, while for P3 we assume that
Mn is in the 4+ and some Na goes to the TM layer to yield full occupancy of these layers as
discussed in  regards to  our  XRD data  above. Interestingly,  the
Nax[Fe;’LMn‘?;_y)]Mn‘(‘f_x)OZtriangle discussed previously collapses to a parabola in the cationic
potential plot (shown as ‘fitted line’ in Figure 2.6b), such that the P2 and O3 materials lie on this
line by definition. The P3 materials lie very close to both this line and the dividing line between
P2 and O3 established in ref. %, and interestingly they lie on the P2 side of the line. However,
Figure S2.7 shows that they lie on the O3 side of the line if we assume (incorrectly) that Mn can

take predominantly the 3+ state in the P3 structure. This illustrates that although the cationic

potential approach is useful to put the large body of work into context, it is not yet fully predictive
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as it takes the experimental determination of all oxidation states to correctly predict the structure

based on cationic potential. It is also important to recognize that the space occupied here by P3

materials are occupied by other P2 materials in ref. *° such that the cationic potential approach

does not seem to distinguish P2 from P3 structures. By contrast, the calculated dividing sodium

content x = (.72 illustrated in Figure 2.6b can successfully separate the P2 and O3 materials,

where the maximum sodium content obtained in this study is 0.71.
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Figure 2.6 (a) The solid solution regions are expressed as a series of sodium-solubility windows

at various Fe:Mn ratios after taking Na-loss into account. Also shown are results from the

literature?®". (b) Results of cationic potential analysis as described in ref. *°. The fitted line is

described in the text, while the dividing line is defined in ref. *° where it divides the P2 and O3

phases. For P3 materials that lie very near the boundary, only samples for which there was ICP

data are shown so that exact compositions are used.
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2.4.2 Stability in air

As discussed in the introduction, the electrochemical performance of NFMO cathodes is
significantly limited by the material stability in air, and the poor stability of the P2 materials in
particular are currently preventing these materials from being commercialized. Figure S14 shows
that samples obtained here for each of the three phases (P2, P3 and O3) show no significant
changes in the XRD patterns after 6 months storage in dry air. We therefore utilize high-throughput
XPS as shown in Figures 2.7 and S2.8-S2.9 in order to systematically screen surface stability in
air across the phase diagram and also determine oxidation states of Fe and Mn (though it is
important to note that this is at the surface of particles only and after 6 months of exposure to air).
We first performed survey scans to confirm the presence of Na, Fe, Mn, O and C; then high-
resolution scans to quantify both the amounts of each of Na, Fe and Mn and also quantify the
amounts of carbonate present. All peaks are fit for all samples, and labels identify them in Figure

S2.8.

Systematically, we identify Fe in the 3+ state as determined by the Fe 2p;/2 peak position of ~710.5
eV with a satellite peak splitting of ~ 8.4 eV °’ consistent with NFMO materials from the literature.
For Mn 2p3., all spectra are at similar locations at ~ 642.0 eV except for FeMnO3 at 641.5 eV,
where the Mn in FeMnOs should be 3+ given that Fe is in the 3+ state. Another way to analyze the
Mn oxidation state is by using the splitting between the two Mn 3s peaks. FeMnO3 shows 5.6 eV
corresponding to 3+ (as per ref. °®). For all NFMO layered oxides studied here, the Mn 3s splitting
energies were in the range 4.6 ~ 4.7 eV, indicating we have Mn*". Again, as discussed in the
introduction, this is consistent with Mn at the surface of particles being systematically oxidized to

4+ during reactions with moist air as discussed in ref. ¥.
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Figure 2.7 A partial set of XPS results of Mn 3s, Fe 2p and Cls for key samples. Of highest note

here the yellow peak in the C ls spectra represents carbonates.

Although surface oxidation states are of interest, the main purpose of using XPS here is to quantify
surface reactivity in NFMO materials as a function of composition. We therefore use XPS to
determine the relative atomic concentrations on material’s surface. First, the Fe/Mn molar ratio is
investigated and is found to systematically be close to the dispensed values (within 5% on average).
Thus, the Fe/Mn ratio on the particle surface appears to match that of the bulk. By contrast, the Na
Is peak at ~1071 eV, shown in Figure S2.9, was consistently far larger than expected.
Interestingly, the sodium content from the XPS quantification is systematically well above that
obtained in ICP analysis and even well above the dispensed values, as shown in Figure S2.3 and

this deviation is well above the precision of the instrument. Based on the literature discussed in
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the introduction, we consider two mechanisms that can lead to an excess of sodium at the surface
of particles: (1) sodium is extracted from the bulk by moisture to form NaOH, (2) sodium reacts
with carbon dioxide in air to form Na;COs. In both cases the sodium phase formed at the surface
will absorb electrons, shielding the NFMO cores such that the Na content seen in the XPS is

disproportionally high.

The C Is peaks are therefore used to quantify the amount of carbonate formed on the surface. Two
surface chemistries can be found for C /s: the lower BE peaks (285-288 eV) are from adventitious
carbon and are typically found in this relative ratio on almost all air-exposed samples. The low
binding energy peak (C-C/C-H) is used as a charge reference. The peak near 289 eV indicates
carbonates are present. The ratio between carbonate and NFM (Na+Fe+Mn) is calculated and
presented in Figure 2.5¢. Importantly, the molar fraction of carbonate present varies from 22 to
216% clearly showing the dramatic impact that composition has on the surface reactivity. The
carbonate content also shows a clear trend with composition across the 3 structures of interest here.
For P2 and P3, less carbonate is found in comparison to O3 with an average of 35% and 55%,
respectively. Thus, they appear more stable with air than the more Fe-rich O3 structures that have

an average of 170% carbonate.

The ratio between the excess sodium and the carbonate is therefore expected to be 2.0 in
mechanism (2) (reaction with carbon dioxide) above, and take a higher value when mechanism 1
(reaction with moisture) plays an important role. Figure 2.5d shows the excess Na to carbon ratio
is closest to 2 in the O3 and P3 materials, while considerably higher for P2 materials, which
indicates P2 is prone to reactivity with water. It is also important to note that P2 materials with

higher Mn content (e.g. NaxMn3u4Fe1402) show better stability against moisture than P2 materials
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with higher Fe content (e.g. the most heavily studied P2 material Na>sMni,Fei202). This will

prove to be highly significant in discussing the electrochemical performances below.

Given that this approach to quantify stability in air is new, we use two well-known materials in the
literature to demonstrate its effectiveness: f-NaFeO, and FeMnOj that show carbonate contents of
220% and 1.5%, respectively. According to the literature, B-NaFeO; is quite reactive with CO»
and this material is even used for CO2 capture®®, while FeMnOj is quite stable under air and
moisture®. These two materials show dramatically different air stability from our quantified XPS
results and illustrate that this method is accurate in quantifying stability in air. Furthermore, the
excess Na to carbonate ratio for B-NaFeO; was 1.92 which is very close to the expected value of 2
for this material given that it is known to form Na>CO3; when reacting with air **. We therefore
consider using the excess sodium content and the carbonate content together as a valid way to
quantify both stability against moisture and carbon dioxide. Again, of greatest importance to this
study, P2 materials do not all show the same instability against moisture as that seen in
Naz;sMni2Fe1202, and P3 materials show improved stability both in air and moisture. Therefore,
the air/moisture stability and the mechanism of degeneration are substantially determined by the
structure and compositions of the layered oxides and not all NFMO materials are equally prone to

air sensitivity.

2.4.3 Battery performance

To investigate the electrochemical properties across all NFMO compositions, high-throughput
cyclic voltammetry (CV) was performed for all samples in both zoom-in 1 and 2 (as per Figure
2.2b). The reproducibility of the high throughput electrochemistry on these Na-ion cathodes is
excellent with standard deviations <1% for average voltages and 7.6 % for discharge capacities as

demonstrated in ref. *!. For zoom-in 1, we first cycled between 1.5 and 4.3 V at 0.1 V/h for 3 cycles
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then cycled up to 4.6 V. We found no signs of extra capacity when cycled up to 4.6 V, so we focus
here on the cutoff to 4.3 V only. For zoom-in 2, performed after zoom-in 1, we cycle solely
between 1.5 and 4.3 V for 15 cycles. We show the first 1.5 cycles for zoom-in 2 in Figures 2.8
and 2.9 (this is the same data, Figure 2.9 shows the voltage curves calculated from the CVs). The

shaded regions highlight the single-phase materials, and we will discuss these in sequence below.
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Figure 2.8 Thefirst 1.5 cycles of the combinatorial cell made in region zoom-in 2. The four corners
ABCD are shown in the phase diagram in Figure 2a. Specifically, A has the most Mn, while A —
B represents increasing Fe, and A—C represents increasing Na. Each of the single phase regions
are highlighted : tunnel structure (blue), P2 (turquoise), and P3 (purple). The highest capacity

material of all samples is in the pink rectangle and discussed extensively in the text.
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Figure 2.9 The first 1.5 cycles in zoom-in 2 shown as voltage curves. The four corners ABCD are
labelled in Figure 2.2a and the same colour coding is used as in Figure 2.8 to highlight the various

pure phases present.

First, the two tunnel-structure Na,MnO; materials (blue) show a high number of peaks in the CVs
corresponding to the well-known high number of phase transitions during electrochemical cycling
in Nao44sMnO,.%” These transitions are all systematically suppressed in both the P2 and P3
structures; this suppression of transitions is typically associated with an increase in cycling
stability. The first cycle discharge capacities of these two materials are 125 and 123 mAh/g, with
capacity retentions of 88% and 89% after 15 cycles respectively, which shows an exceptional
electrochemical performance with very close to the ref. ®! and the theoretical discharge capacity of
121 mAh/g calculated by Dai et al ®. This result demonstrates HTP synthesis with sol-gel method
provides quality materials and good electrochemical performance consistent with that obtained in

the literature (as also demonstrated in ref. 4!).
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In Figures 2.8 and 2.9, the single-phase P2 (turquoise) and P3 (purple) materials are highlighted,
while the stars in the panels indicate P2/P3 biphasic materials. Two main redox peaks are seen in
the CVs: (1) 2.1 V (discharge) and 2.4 V (charge) for Mn>**/Mn*" which is activated by discharge
to below the open-circuit voltage of 2.7 V and (2) 3.2 V (discharge) and 4.0 V (charge) for
Fe**/Fe* redox activity. These peak attributions are well established in the literature®® %4, For Mn-
rich P2 samples, we indeed predominantly see the Mn*"/Mn** peak, while the Fe**/Fe** redox peak
grows with more Fe content. Interestingly, at the boundary between the P2 and P3 regions (marked
by *), CVs are consistent with being linear combinations of the nearby P2 and P3 pure phase CVs.
Therefore, Figure 2.8 clearly demonstrates that the relative amounts of Mn*/Mn*" and Fe*"/Fe**
redox activity in P2 and P3 materials are highly dependent on compositions and not particularly

influenced by the structure being P2 or P3.

Figure 2.9 shows the voltage curves (voltage as a function of specific capacity) for the same zoom-
in 2 samples. Although this is the same data as in Figure 8, the voltage curves reveal important
trends not evident in CVs, the most important of which is overpotential which appears as a vertical
offset between the first charge and the first discharge. While this overpotential is very small for
P2 materials with high Mn content (including the highest capacity material shown in the brown
rectangle), it becomes quite significant in the Fe-rich P2 and all P3 materials. Interestingly, this
trend in increasing overpotential is consistent with the trend in Na,COs content on the surface of
particles shown in Figure 2.5¢. The high voltage on the first charge has been proposed to be due

3965 and our findings are certainly consistent with this

to the reactivity of surface Na;COs in refs.
hypothesis. Furthermore, this higher overpotential in the P3 materials is not only seen in the first

charge, but also can be found with a higher slope (voltage jump) at the capacity-voltage curve in

Figure 2.9. Delmas et al. also reported this polarization effect by GITT '8, At the stage with only
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Mn*" and Fe*" species in the material during the cycling, the charge transfer process is much
slower. The general trend that the Mn>*"/Mn*" couple shows a lower overpotential (~0.3 V) than
the Fe**/Fe*" couple (0.8 V) is clearly maintained for both P2 and P3 materials across all

compositions in Figure 2.9.

In Figure S2.10, the first 5 cycles for Zoom-in 2 are shown in order to illustrate that the charge
endpoint slippage (which is caused by irreversible electrolyte consumption at the higher voltage
66) varies greatly across the phase diagram. This test can demonstrate the cycling stability of the
cathode material and even though we use the same electrolyte for the CV test, the different
materials can show different effects on electrolyte oxidation. Of highest interest here, the slippage
is very small in both Fe-rich P2 phases and the P3 phases. In fact, an Fe content of ~16%
(Fe/(Nat+Fe+Mn)) is found to separate the samples with high slippage from those with low
slippage. This demonstrates that Fe can effectively suppress the electrolyte oxidation and thereby

stabilize the interface between the cathode materials with the electrolyte.

Having discussed the main features in the electrochemical data, we next explore the impact of
composition on the important metrics for battery operation, all extracted from the CVs. Figure
2.10a shows the first discharge capacities across both zoom-in plates, while Figure 2.10b-d shows
the discharge capacity, average discharge voltage, and energy across 15 cycles. Figures S2.11-
S2.12 show the specific capacity and average voltage as a function of cycle number. Generally
speaking, there is good capacity retention over the 15 cycles, and no signs of voltage fade. Overall,
the P2 and P3 materials show higher capacities than the O3 and are therefore the main focus of
this discussion. The energy contour plot in Figure 2.10d shows the same trends as seen in capacity
(Figure 2.10b) implying that any change in average voltage is overshadowed by changes in

capacity. Specifically, in the P2 materials, the average voltage decreases with increased manganese
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content as expected, but this decrease is more than compensated for by an increase in capacity,
such that the highest energy P2 material is in fact quite rich in Mn (Nao.s0Feo.13Mno.8702) and this

continues to be true through all 15 cycles.
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Figure 2.10 Evolution of important battery metrics across the phase diagram: discharge capacity
on first cycle (a), discharge capacity on extended cycling (b), average discharge voltage on
extended cycling (c), and energy density (voltage times capacity) on extended cycling (d).

2.4.4 Main consequences of this study on Na-ion cathode design

As a final point of focus regarding the battery performance, we summarize our findings by

comparing the highest discharge capacity samples from each phase. These are:
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Nao.soFeo.13Mnog702 (P2, 206 mAh/g), Nag7sFeossMno4102 (P3, 180 mAh/g), and
Nao.g5Feo.70Mno 3002 (03, 131 mAh/g). Figure 2.11 shows the cycling results for these 3 materials
only. This figure certainly reinforces much of the above discussion: the Mn-rich P2 phase shows
Mn-dominated redox activity and a great deal of activation below the open-circuit voltage as well
as the smallest hysteresis. This material is both rich in Mn and slightly deficient in Na compared
to the most heavily studied P2-Nags7Feo.sMno 502, such that this material is of particular interest
for further study, especially given that it was found to be less reactive with air in the XPS results
above. In particular, we consider studying the impact of further substitutions on the stability (both
in air and in the electrolyte) to be of the highest priority. Given that its capacity retention in Figure
S2.11 was relatively noisy in the combinatorial cell, we made a Swagelok style cell with this
material, and it showed high capacity retention of 87% over 50 cycles (Figure S2.13). By contrast
to this P2 material, the O3 material is of little interest given the low capacities and large
overpotentials. Finally, the P3 material (slightly more Fe rich than the single P3 material
previously studied in this system) is also of further interest. Not only is the capacity quite high
and cycling retention good, but the stability with moisture was found to be better than P2 materials
based on XPS. The high iron content also results in a higher average voltage than in the P2
material. Given that stability in air/moisture is considered the strongest hindrance to
commercialization for this class of cathodes, we consider this P3 material of high interest for

further study.
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Figure 2.11 The first 3 cycles shown as both CVs (left) and voltage curves (right) for the P2, P3
and O3 materials showing highest first discharge capacities within their respective phases.
Specifically, the compositions are: Nao.soFeo13Mno.s7;0> (P2), Nao.74FeosiMno.4102 (P3), and
Nao.ssFeo.70Mno 3002 (O3). In the CVs, the blue region represents predominantly Mn redox, while

the pink represents Fe dominated redox processes.

To further understand the differences in performance of these 3 materials, SEM was performed on
these 3 materials. Figure S15 shows representative images for each of these phases. In all three
samples the primary particles are in the range from 0.5 to 2 um and form relatively porous
secondary particles thereby giving easy access to electrolyte. We therefore see no correlation
between electrochemical performance differences and morphology. Furthermore, to ensure that
the selected voltage window did not bias the results in favor of the P2 and P3 phases, CVs were
repeated on these 3 materials in the range 1.5 — 4.6 V as shown in Figure S16. The first discharge

capacities did not change appreciably: 206 mAh/g for P2, 173 mAh/g for P3, and 136 mAh/g for
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03. All 3 phases showed an increase in irreversible capacity consistent with an increase in
electrolyte oxidation at such high potentials. Overall, the Mn-rich P2 and P3 phases continue to

show the best electrochemistry even when a larger potential window is utilized.

This work clearly identifies key compositions that warrant further exploration: the Mn-rich P2
phases. Despite their improved performance, they continue to show some instability in air and
further improvement of their extended cycling is certainly required in order to commercialize these
materials. Both coatings and further substitutions are promising approaches to further improve
both these important properties. Follow-up to this study will include a systematic screening of
substitutions (>50 substituents are currently possible with our sol-gel synthesis approach) into the
Mn-rich P2 materials in order to further improve the materials’ stability and extended cycling.
Utilizing those substituents to make a coating (or shell) is also of high interest for further

development of these promising materials.

2.5 Conclusions

Newly developed high-throughput synthesis methods for Na-ion cathodes were used to make 448
Na-Fe-Mn-O materials. They were characterized with high-throughput XRD, XPS, ICP-OES, and
electrochemistry. The structural phase diagrams show that three phases are of interest as potential
Na-ion battery cathodes: P2, P3 and O3, which all exist as 2D solid solutions within the phase
diagrams. All 3 regions are larger than previously suspected in the literature, and the systematic
study across compositions helped resolve some confusion in the literature such as whether O3 or
P3 is made at the NaFe12Mn1202 compositions. The phase mappings were also interpreted within
the context of the recently developed cationic potential approach, and we found that the P3
materials lie on the P2 side of the dividing line, but they are not distinguishable from the P2

materials based on cationic potentials alone. Also of significance, the highest energy density
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materials in each of the 3 solid solution regions were found at novel compositions. In particular,
the highest energy density P2 material is relatively rich in Mn and has a slight deficiency in Na
compared to the most heavily studied P2 material. The best performing material showed capacity
retention of 87% after 50 slow CV cycles (56 h per cycle) showing very promising cycling
behavior for a Na half cell. Importantly, we also quantify the stability in air/moisture using XPS
on aged samples across the entire phase diagram and find that the high manganese P2 and the
under-explored P3 materials are in fact the most stable. A P3 material also showed both high
capacities and good cycling performance. Given that instability with air is currently preventing the
commercialization of P2 materials, we expect the results for both P3 and Mn-rich P2 materials

here to help guide further development of these materials.
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2.7 Supporting Information

Figure S2.1 The structure of P3 determined from ref. 30. Of particular note here, there is a strong
asymmetry in the vertical direction for the MOs polyhedra that is inconsistent with the symmetry

in the stacking of the other layers. The z-direction as discussed in the main text is vertical in this

image.

104



Phase Diagram of NaxFey,Mn:On

: 0.43
:0.21
: 0.36

8x8 Samples

0 0.25 0.5 0.75 1

Figure S2.2 Illustration of how volume ratios are utilized to map out a ternary phase diagram

using mixtures of equimolar solutions of the three corners.
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Figure §2.4 Three Rietveld fits for a P3 sample. The background has been subtracted for clarity.
Black: data, red: fit result, green: difference plot. The values of the fit quality parameters are
shown form all 3 models discussed in the main text. The fits are undeniably improved when one

considers Mn in the 4+ state, consistent with XAS results from ref. 30.
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Figure S2.6 The phase stabilities determined herein along with the map of Na loss and the blue
triangular region where layered oxides can form with Fe in the 3+ state, Mn taking a mixed 3,4+

state and no vacancies on the TM layers.
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Figure S2.7 Result of the cationic potential analysis if Mn is assumed to be in a state such that
Mn and Fe fully occupy the TM layers. As discussed throughout, this condition does not hold for
the P3 structures based on our Rietveld refinement and XAS measurements from ref. 30.

Note: The calculation of Cationic Potential is reproduced from ref. 30 by the equation shown

below:

(DTM (DN
Diation = (pTa
0

where ®ry is calculated from the weighted average ionic potential of TMs: @y = Y. % wi is
i

the weighted content of TM; with a charge of n; and radius R;; @y, is calculated from the weighted

average ionic potential of Na* ion. @, represent the ionic potential of O°".
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Figure S2.12 Average voltage during charge (blue) and discharge (red) for 15 cycles for
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Figure $2.14 XRD results for dry air stability with as-prepared and after-6-month P2, P3, and O3

materials with the same compositions as used in Figure 2.10.
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Figure S2.15 Representative SEM image for sol-gel combinatorial samples (a) P2-
Nay soFeo.13Mno.s702, (b) P3-Nao.74Feo.s4Mno.4102, and (c) O3-Nao.ssFeo.70Mno.300:.

116



o

a0t P N . ' “eee 1“‘ Charge i)w I C"harge .
- 2% Cyele al o~ 2 Cyele
20 AN
3t
ot
ch 2t
E 5
= 30 —_ o
£ =>4 P3
£ 10f 9
= o0} S
~ =
ey =10 o
2 > 2
5 L 5
o ., b
o 20F -
@ 4} O3
10}
ol 3t
-10} 1
-20 - , . - e — s - = — ,
1.5 - 2.5 3 3.5 4 4.3 -120 -80 -40 0 40 80 120 160
Voltage (V) Specific Capacity (mAh/g)

Figure §2.16 The first 1.5 cycles shown as both CVs (left) and voltage curves (right) from 1.5 V
to 4.6 V at the scan rate 0.1 V/h for the P2, P3 and O3 materials showing highest first discharge

capacities within their respective phases. Specifically, the compositions are: Nao.soFeo.13Mn.8702

(P2), Nag.74Feo.s4Mno 410> (P3), and Nao.ssFeo.7,0Mno 3002 (O3).
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Chapter 3 Chemical Speed Dating: the Impact of 52
Dopants in Na-Mn-O Cathodes

In Chapter 2, I highlighted the successful application of high-throughput methodologies to the
Na-Mn-Fe-O pseudoternary system. The investigation revealed that high-Mn P2 materials, which
have garnered significant attention, exhibit superior electrochemical performance. Notably, only
5% substitution of iron was found to stabilize the Jahn-Teller distortion, while a further 10%
substitution improved cycling stability. However, these high-Mn materials still face challenges
such as moisture instability in air and low voltages. Additionally, the exploration within the
pseudoternary system is limited to certain combinations of elements. Recognizing the significant
impact that even small amounts of Fe substitution have on various properties, we expanded our
high-throughput system to explore novel materials and include a broader range of chemical
options. We introduce a "chemical speed dating" approach to showcase the diverse effects of
different dopants in Chapter 3. Notably, the complexity of the study increased significantly,
incorporating 52 different chemical elements to facilitate high-throughput screening and
optimization, supported by exploratory data analysis. Furthermore, we evaluated additional
properties, such as rate performance and Na* diffusion constants. This chapter not only provides
insights into the effects of various dopants but also serves as a comprehensive guide for rational
material design, offering a broad perspective on the potential modifications achievable through

doping.

Chapter 3 is adapted with permission from “Jia, S.; Yao, E.; Peng, R.; Jonderian, A.;
Abdolhosseini, M.; McCalla, E. Chemical Speed Dating: The Impact of 52 Dopants in Na—Mn—O

Cathodes. Chemistry of Materials 2022, 34 (24), 11047-11061.”
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3.1 Abstract

Na-Mn-O cathodes are very promising for sodium-ion batteries but suffer major setbacks related
to long-term cycling and stability in air. With our high-throughput approach, a systematic
investigation of 52 different dopants from across the periodic table into Nao.ssMnO> is performed.
The chemical composition of Nao.csMno.9oMo.102+5 (M: dopant) is utilized to unravel the impact of
dopants on the layered structure and investigate how different dopants influence the battery
performance and air/moisture stability. A broad range of doping was possible with 20 different
dopants fully integrating into the Na-Mn-O structures, including several previously unstudied
dopants (Si, Sc, Ga, Rb, Rh, Cs, Re, and T1). This yields high interest novel cathodes including the
Rb-doped sample with a high specific capacity of 200 mAh g™!, as well as Mo and Nb-doped
samples with excellent capacity retentions of 98 % and 100 % respectively after 10 cycles
compared to 92 % in the undoped Nao.ssMnO,. Air/moisture stability of the cathode material is
systematically studied, and a number of compositions show ultra-high stability in air. This
systematic approach provides a rapid overview of the benefits of individual dopants, and also
provides an excellent opportunity to elucidate trends across the periodic table. Significantly, we
find that the presence of reversible anionic redox (absent in the undoped samples) correlates
remarkably well to the bond valence sum of the dopants, implying that dopants can serve to tune
the polarity of M-O bonds and encourage anionic redox behavior. Such “speed dating” reveals

fundamental chemical insights and guides further design.
3.2 Introduction

The secondary battery is one of the most important energy storage technologies due to its high

energy density, fast response rate, and versatile application scenarios.!™ Particularly, the lithium-

124



ion battery is in high demand with outstanding electrochemical performance. However, long-term
reliance on this technology is far from assured with limited mineral resources of lithium, the
environmental/geopolitical problems from the usage of cobalt and nickel, and the sustainability
challenge with recycling spent batteries.*”’ Such anxieties about the future of the lithium-ion
battery leads researchers toward the potentially more sustainable and cost-effective sodium-ion

battery, which has a similar operating mechanism and comparable electrochemical properties.

There have been a number of attempts to develop cathode materials appropriate for sodium-ion
batteries. These include layered oxides*® compared to lithium-ion cathodes like LiCoO>, tunnel-
structure materials®, and polyanionic compounds.'®!! Among different materials, layered oxides
are one of the most prominent candidates due to their facile manufacture, high energy density,
large specific capacity, and excellent Na* conductivity. Delmas et al. demonstrated two principal
types of layered oxides: P (Na in prismatic sites) and O (Na in octahedral sites). In the Delmas
notation, a number is used to indicate the minimum number of sodium layers that must be
considered before the structure repeats itself.'> The commonly reported structures are P2, P3, and
O3. In particular, the P2-type structure shown in Figure 3.1 often demonstrates the best
electrochemical properties with fast Na" diffusion and good capacity retention. However, there are
only three well-reported elements Mn'?, Co'¥, and V'° that can form P2 materials without dopants
being added. Owing to disadvantages from the toxicity and limited resources of Co and low
working voltage of V, Mn is the most promising candidate for P2 material. Meanwhile, Mn-based
materials have several merits, such as cheap cost, low toxicity, high reversible capacity, and
tunable properties by doping.'®!”

1'18

For NagssMnO> (NMO) materials, the sintering temperature is crucial.’® At temperatures below

620 °C, the P2 phase is formed. While at temperatures above 620 °C, the P2 structure will
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transform into distorted orthorhombic structure, noted as the P’2 structure. Kumakura et al.
reported P2-Nag sMno.o0o.102 material (P2-NMO) and found 0.1 vacancies (O0) in the MnOs layer
were introduced during cooling.!” However, cyclability was compromised by the local distortion
caused by the Mn vacancies. Pure P’2-Nao.s4MnO> was reported by quenching from 1050 °C with
co-operative Jahn-Tell distortion (CJTD) triggered by Mn’/ (t,,°-e,’) ions. However, since the P*2
material shows multiple sub-phase transformations and Na'/vacancy distortions, it has been
believed that the Jahn-Teller distortion (JTD) leads to irreversible transition and degradation of the
layered structure.””?® Even though Na,MnO, materials have been investigated for decades,
Recently, Kulka et al. demonstrates the synergic effect in P2 and P’2 structure, where the
appropriate composite of both P2 and P’2 can achieve long-term cycling.?! Moreover, there are a
number of studies showing that the P2-NMO material can be stabilized at 850 °C or above by
doping. Previously tested dopants included Li**?*, Mg 2426 Fe?”2, Co*3!, Ni*2 34 Zn333¢ A1Y7,
Cu*, and their combinations®*#2. Doping has been proven as an effective approach to modify the
structure, enhance the electrochemical property and cyclability, and increase air/moisture stability.
For example, Kwon studied Nao7[MnixLix]O2+y, and found that when x = 0.07, the
charge/discharge curve was smoothed, and negligible capacity decay was observed with 150 mAh
gl after 120 cycles when cycled from 3.0 to 3.8 V vs Na/Na'*® Mg-doped material
Nao.66Mgo.2sMng 720; is reported with large reversible capacity of 220 mAh g™! with a smooth CV
curve.?® However, only this very limited list of dopants has been studied and there is no clear trend
or fundamental understanding as to why one dopant outperforms the others, or even a clear picture
as to which dopant is best. Furthermore, new high-entropy materials such as
NaNio.12Cuo.12Mgo.12Feo.15C00.1sMno.1 Tio.1Sno.1Sbo.0402 are now being studied**, though without a

clear understanding of the role of each dopant in these outstandingly complex compositions it is
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very difficult to glean any benefit from the high-entropy aspect. The recent work from Zhao et al.
revealed the pattern between the chemical compositions and structures by means of extensive data
mining. This work allows the prediction of whether P2 or O3 layered oxide crystal structures will
form using the concept of cationic potential.*> Therefore, such data-driven research is most
effective when it leads to a simple parameter as a predictor for future design. The current research
has as objective to establish such relationships for the battery performance of the materials, not

only the structure taken.

Another important aspect of research into layered oxides for Na cathodes is the extent to which
anionic redox (oxygen redox in the layered oxide case) can be accessed reversibly in order to
enhance capacity. The extent of anionic redox is highly affected by doping. According to Zheng
et al., the Cu-doped material Nao.s7Mno.72Cu0.2802 displays oxygen redox activity with low voltage

hysteresis, which is encouraged by Cu-O bonding directed to the O-2p orbital.*®

Furthermore,
Mg/Cu-codoping into P2-Nao.¢7Mno.75Nio2502 demonstrates that the oxygen redox reversibility is
enhanced through modifying the metal-oxygen bond energy with the presence of peroxo-like O2*
species at 4.2 V charged stage.*” Two dominant theories have been used to explain the activity of
anionic redox.*° One is through transition metal-driven reduction coupling mechanism, where
the oxygen symmetry rearrangement of the MOs octahedra can stabilize the peroxo-like O2*
species, allowing for electron transfer. The other theory assumes that anionic redox is triggered by
the presence of alkali metal ions, as a result of the reduced overlap between the O 2p orbitals and
alkaline s orbital. In both theories, the degree of ionic-covalent nature of the M-O bond evidently

plays an important role of anionic redox activity by altering the electron density available for redox

reactions in the vicinity of the oxygen ions. Thus, this leads to the reasonable assumption that
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doping, or a substitution of the metal of that M-O bond would alter the anionic redox activity as

the nature of the bond is changed.

Moreover, the structural stability of the layered oxides when exposed to air/moisture is a crucial
practical consideration. This issue is particularly important considering that cathode materials may
be manufactured from one country and shipped overseas for assembly. Some Mn-based oxides are
extremely unstable in humid air, posing a great challenge in maintaining the structural integrity
during the manufacturing process. Zuo et al. reported that the change of the XRD patterns can be

13! For

observed only under air condition (RH 18 %) after exposure to air for Naop.<7MnO> materia
Mn-based materials, Nazar et al.’?> found that Mn** can be oxidized into Mn*" in the presence of
the oxidizer Oz in humid air to maintain charge neutrality while structural deformation happens.
This process can increase the first charge hysteresis and degrade the battery performance.’?
Therefore, an approach to transforming Mn>" into Mn*" by substituting low-valence dopant in the
pristine material can increase air stability. However, owing to the lack of rational design for air-

stable materials, there are only a few air-stable compositions reported such as

Nao 66Ni033Mno6702°! and Na(Feo 32NiisMni3Al0.01)022.

In Chapter 2, we used high-throughput methods to systematically screen the Na-Fe-Mn-O pseudo-
ternary system. This system showed a large P2 solid-solution region with a rich variety of both
performance and air-stability as the Fe and Na content varies. For example, we found that 10%
doping of Fe into the Na-Mn-O materials was sufficient to dramatically change the cyclic
voltammograms such that the numerous phase transformations rampant in the Na-Mn-O materials
were suppressed. The material with low Fe content also showed the best air stability as determined
by X-ray photoelectron spectroscopy (XPS). Herein, we applied the high throughput screening

illustrated in Figure 3.1 to make NaossMnooMo.102+5 (M: dopant) materials with 52 different
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dopants in order to further understand what dopants can play a similar (or even improved) role to
Fe. The target phases in this study are therefore any layered oxides that are electrochemically
active, including P2, P’2, and P3. We aim to both discover the impact of dopants on the phase
compositions and also on the battery performance. Through this systematic approach we establish
the relationships between the dopants and resulting structure, electrochemical properties, and air
stability. We further correlate trends to common chemical properties such as electronegativity and
bond valence. New insights provided herein will serve as effective guidelines toward rational

design of novel materials.

Sample Preparation High-throughput Screening Optimization

Sol-gel HTP- Rate

Synthesis Electrochem Performance

52 Dopants >600 XRD Patterns StLay;aredP2 sl':.luncr;slr .
>200 Cathode Materials  >200 Battery Tests Fucture
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Figure 3.1 The scheme of the workflow to realize fast chemical “speed dating” and the two main
active materials investigated in this study, the layered structure, and the tunnel structure. It should
be noted that the P’2 structure appears identical to the P2 structure on the scale shown here,

however, the MOgs octahedra are slightly distorted.
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3.3 Experimental Section

3.3.1 Material preparation

A sol-gel method was applied for the high-throughput synthesis to achieve combinatorial
Nag.66Mno oMo 10, materials, as described in detail in refs.>*>%, NaNOs and Mn(NOs), (Sigma-
Aldrich) solutions (2.4 M) were prepared as precursors and dispensed into an 8x8 well plate with
the molar ratio of 0.66:0.90 according to the stoichiometry. Aqueous solutions (1M) of various
dopants listed in Table S3.1 were prepared into 1M solution and added to the above precursor
solutions at a rate of 1:9 to manganese. Since the choice of precursor might influence the final
products, the nitrate salts were preferably selected as the dopant solution for sol-gel synthesis and
the full list of precursors is given in Table S3.2. Citric acid (3 M), as a chelating agent with an
equal molar fraction to the metal cations, was pipetted subsequently to stabilize the oxidation states
of transition metal ions, where the carboxyl group can coordinate with transition metal ions by
forming chelates. The gelation process was then carried out at 65 °C for 2 days to create
homogeneous precursor gels via strong carboxylic group bonding. To prevent cross-contamination,
the obtained 8x8 set of gels were pulverized and transferred onto an alumina plate mounted with
an 8x8 aluminum smokestack by separating samples into independent combustion chambers. The
samples were preheated at 400 °C for 2 hr to combust the citric acid and nitrates (heating rate: 2 °C
min!). After removing the smokestack, the samples were then calcined at 850 °C for 12 hr in
ambient air (heating rate: 5 °C min™"), followed by 5 °C min™! cooling rate. The lowest temperature
at the position of a sample in the Muffle furnace was measured to be 843 °C, which assures even
heat distribution across all samples considering the good thermal conductivity of the alumina
substrate. The P’2 and P2 NaossMnO»+s5 samples were synthesized by the above method but

followed by quenching at 650 °C and 500 °C, respectively. The samples were transferred directly
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from the furnace onto a copper foil placed on a steel slab within 10 sec of opening the furnace
door. Through the above high-throughput method, 52 different doped samples (5 mg each) and
undoped P2 and P’2 NMO layered oxides were synthesized. 4 batches of samples (a total of 256

samples) were synthesized to demonstrate the reproducibility and feasibility.
3.3.2 X-ray diffraction

The obtained samples were characterized all via high-throughput powder X-ray diffraction (XRD)
measurement>®. Equipped with a Panalytical Empyrean diffractometer with a Mo target, the high-
throughput XRD was carried out in transmission mode (60 kV, 40 mA). To develop fast but high-
quality XRD patterns for Mo Ka radiation (A = 0.70926 A for Ka1), a scatting angle range of 4—
30° was investigated, which corresponds to 10-70° for Cu radiation. The major peak intensity with
over 3000 counts was obtained for each sample within 10-min scan, which can be adopted for
further Rietveld refinements. A 3D-printed sample holder was designed to keep samples on a clear
mylar foil without cross-contamination in order to realize a high-throughput and automated
detection. The resulting XRD patterns have had Mo Ko stripped and converted to Cu-Ka; angles
for ease of comparison to the literature that typically uses Cu-radiation XRD. The identification
and refinement of all XRD patterns were conducted using Panalytical's HighScore Plus software.
Multiple phase Rietveld refinement was performed on all XRD patterns using the CIF files selected

by the automated phase identification performed in batch mode, shown in Table S3.1.
3.3.3 Electrochemistry

To investigate the electrochemical performance, combinatorial cells were utilized using 8x8
sample materials as the cathode, as described in refs.>*>>>7. 64 parallel channels were devised into

a printed circuit board (PCB, Optima Tech) with 64 gold pads coated in aluminum foil. The
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cathodes were composed of 2 mg of active materials combined with 20 wt. % carbon black,
followed by drop-casted onto the contact pads via N-methyl-2-pyrrolidone (NMP) with 20 wt. %
polyvinylidene fluoride (PVDF). NMP was then vaporized overnight at 80 °C, to yield an active
material loading of 20 mg/cm?. In an Ar-filled glove box, the assembly of the combinatorial cell
was performed with 1M sodium perchlorate in propylene carbonate (PC) with 2 wt. %
fluoroethylene carbonate (FEC) as the electrolyte. Sodium metal foil was used as the anode, along
with a GF/D glass microfibre prefilter as a separator. On a lab-built high-throughput
electrochemical system>®, cyclic voltammetry (CV) was carried out with the voltage between 1.5
and 4.3 V versus Na/Na" at different scan rates (2750 Keithley). The electrochemical properties
such as specific capacities and average voltages were extracted from the processed data for
multiple cycles and scan rates. The CVs were also converted to voltage profiles by integrating /d¢
to obtain the capacity as a function of voltage. The excellent reproducibility was investigated and
reported with RSD of 7% on specific capacities.” Two protocols were used, one to investigate
capacity retention and the other to determine the rate performance. The capacity retention was
tested at a constant scan rate of 0.1 V/h CV for 10 cycles. The rate performance was carried out at

different rates sequentially: 0.1, 0.2, 0.4, 1.0, and 2.0 V/h with 2 cycles at each rate.
3.3.4 Accelerated aging

Following the above work on single-dopant samples, several dopants that effectively stabilize the
P2 phase and/or improved electrochemical performance were then selected for a co-doping study
aimed at determining stability in air. The compositions were Nag.c6Mno.9Mo.0sM’0.0502 where M
and M’ were limited to: Li, Mg, Al, Si, Fe, Co, Ni, Cu, Ga, and Rb. The resulting array of co-
doped samples was synthesized with the above-described method and stored for various periods

of time in different atmospheres to test stability. First, they were stored for 2 weeks in dry air (RH
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<10 %), then ambient air for 1 week (RH = 45 %), finally, humid air for 1 week (RH > 90 %).
The different humidity level environments were obtained using a vapor source and a desiccant
(Drerite™) in an enclosed system and monitored by a humidity meter. The temperature was
maintained within 23 + 1 °C. X-ray diffraction was performed after each storage step. The XRD

patterns were fit and analyzed as described above.

3.4 Results and Discussion

3.4.1 Structure analysis

A few representative XRD patterns are shown in Figure 3.2 along with the fits obtained after
automated phase identification and Rietveld refinement of the XRD results. Four distinct
electrochemically active phases (P2, P’2, P3, and the tunnel structure) are observed, revealing that
dopants have a significant influence on the phase stability. Three different undoped NMO
materials are obtained, with the obtained phase depending on both composition and temperature
profile as described in the introduction. Based on the literature, we expect to form P’2 - NMO
above 620 °C and P2-NMO below 620 °C by intaking oxygen to form vacancies on the transition
metal layers. Herein, pure P’2 and P2 are achieved by quenching from 650 °C and 500 °C,
respectively, as shown in Figure 3.2b at the same starting stoichiometry of Nao.ssMnQO». However,
a binary sample with P2 and P’2 phases was obtained for the sample slowly cooled down from
850 °C (i.e., the synthesis conditions used for all doped samples herein). The XRD patterns with
some dopants are simple to analyze, Li and Si, for instance, stabilize the pure P2 and pure P’2
phases, respectively. Rb-doped sample, however, resulted in a similar XRD pattern as slow-
cooling NMO (mixture of P2 and P’2), which makes it difficult to confirm that Rb integrated into

both (Table S3.1 shows changes in lattice parameters in both phases with Rb substitution
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suggesting it at least partially dopes both phases). In other cases, such as Mo, the fraction of P2
present drops dramatically with the P’2 phase becoming dominant. This demonstrates that the

introduction of dopants can modify structural compositions dramatically, as changing formation

energies of the two phases allows for the preferences of one phase conversion over the other.
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Figure 3.2 Representative XRD patterns for different doped and undoped samples fit in 4 active

material phases: P2, P’2, P3, and tunnel structure. 3 different undoped samples, Mn-P2/P’2, Mn-

P’2, and Mn-P2 are obtained by slow cooling from 850 °C, quenching from 650 °C, and quenching

from 500 °C, respectively.

Quantitative analysis of the phase compositions is based on the Rietveld refinement results and are

summarized in Figure 3.3 and shown in detail in Table S3.1. In Table S3.1, we report the percent

doped as being the fraction of dopant that is estimated to be in the NMO phases (either P2, P’2,

tunnel, or P3) by accounting for the amount of dopant in the other phases identified in HighScore
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Software. Ultimately, Figure 3.3 and Table S3.1 show that 20 different dopants fully dope into
the NMO structures. Interestingly, of these 20 effective dopants Si, Sc, Ga, Rb, Rh, Cs, Re, and
T1 have not been reported previously. Accessing such breadth of available chemistry illustrates the
power of a systematic high-throughput approach. It should also be recognized when considering
dopants with large ionic radii such as K, Rb, Cs that the dopants may in fact substitute into the Na
sites which has 33% vacancies in the target compositions. For example, P2-Nag.612K0.056MnO> was
successfully synthesized and reported by Wang et al.’® with 240 mAh/g, implying that such Is
dopants doping into the sodium layer can be an attractive design strategy, and this will be discussed
further below in regard to the electrochemical results. It is also important to recognize that among
the inactive phases shown in Table S3.1, a number of these phases may form solid solution,
making it impossible to determine the fraction of dopant introduced into the layered structures. For
example, MnyO; is the most common phase, and many dopants can form binary oxides with
manganese as illustrated in Table S3.1, such as Ca, V, Sr, Y, Pd, Te, Ba, W, Ir and La. This makes
the level of dopant impossible to identify in such samples given that the dopant concentration in
the Mn20O3 phase cannot be identified. Similarly, Mn solubility into a dopant-containing ‘other’
phase may result in an overestimation of dopant in this phase and thus leading to calculated dopant
levels being underestimated or even negative in Table S3.1. Even considering an underestimation
of doping, the XRD analysis clearly demonstrate a high degree of doping into the NMO phases of
interest for Na-ion batteries as discussed above and the impact of the dopants will be further

discussed in the electrochemistry section.
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Figure 3.3 Relative phase compositions of the 4 electrochemically active phases (P2, P’2, P3, and
tunnel structure) and other phases, distributed over the periodic table for M in Nao.ssMno.oMp.102+s

materials.

In Figure 3.3, the fractions of the layered P2 and P’2 phases are illustrated in red and yellow,
respectively, and are the dominant phases throughout much of the periodic table in this study.
These two dominant phases are the focus of this study and generally grouped in hexagonal (P2)
and orthorhombic (P’2) crystal structures respectively. The shape of the first high-intensity peak
at around 16° can indicate the relative ratio of these two phases as the P’2 peak appears at a slightly
lower angle than the P2 peak as shown in Figure S3.1 shows at a slightly higher angle. Specifically,
P’2 shows a slightly larger lattice parameter c than that of P2. Specific to the goodness-of-fit (GoF)
values, excellent fits are obtained for GoF values less than 3 when XRD patterns have low
backgrounds as is the case here.” The range of GoF values for scans with P’2 and P2 phases only
are from 1.15 to 2.68 and by visual inspection these all correspond to high quality fits where the

residuals at every peak are within 10% of the peak height. There are some meaningful trends over
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the periodic table related to the presence of these two phases. First, the slow-cooled NMO material
in Figure 3.3 was obtained with 66% P2 and 34% P’2, while the nominal composition of
Nag.66MnO, implies 66% Mn** and 33% Mn*". The XRD results here show that a number of
dopants (Li, Mg, Fe, Co, Ni, Zn, and Ga) produce pure P2 materials, again with only 10 %
substitution of Mn. All of these substituents are subvalent to Mn*" such that their integration is
expected to result in some Mn>" being oxidized to Mn** thereby reducing the Jahn Teller distortion
effect. Moreover, the ionic sizes of these dopants are all close enough to form solid solutions in
the MnO: slab. However, Al doping resulted in 91 % P2 structure, indicating that it is not as
effective in suppressing the transformation to P’2 as say Ga (100 % P2) which takes the same
oxidation state (3+), and its ionic size is very close to that of Mn*" (0.535 vs. 0.53 A in 6-fold
coordination). Thus, the nature of the dopants plays a critical role in stabilizing the P2 structure

concerning providing Jahn-Teller active Mn ions and also being the right size to fit the space.

On the other hand, a single P’2 structure is only obtained with Si doping. This is certainly in part
due to the fact that Si*" doping results in reduction of Mn*" back to Mn**, thereby increasing the
J-T effect, but there are other supervalent dopants that do not purely stabilize the P’2 phase. Boron
in this study also shows a dominant P’2 structure at 93%, shown in Figure 2b, despite taking the
3+ state. Boron doping into NMO material was recently reported by Vaalma et al. who
demonstrated that at 900 °C B-doped NMO could be achieved but this resulted in 4 different phases
being present ®. We also found that Mo, W can lead to more P’2 structure. Again, there is more
to the role of the dopants in stabilizing phases other than can be simply understand from their

oxidation states.

Besides P2 and P’2 phases, P3 and tunnel structure Nao44MnO> were also found by doping as

shown by Figure 3.3. The Rh-doped material results in a pure P3 structure as shown in Figure 3.2.
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This P3 structure shows a larger c lattice parameter compared to the P2 structure, after converting
c to the same scale as P2 (i.e. to a unit cell with the same number of layers), obtaining 11.26(4) A
compared 11.05(3) A for slowly-cooled NMO, indicating larger interstitial distance allowing for
Na® diffusion. P3 structures can also be potential cathode materials with reported excellent
capacity retention: 78 % after 500 cycles®'. From our previous report’*, we found that the P3
material can accommodate more Na content than that of P2, which can potentially solve the Na
deficiency issue for P-type cathode materials. Further work examining Rh-doped materials with
higher Na content may therefore be warranted. The tunnel structure (shown in Figure 3.1) was
mainly found in Ti, V and Bi-doped samples. Compared to undoped Nao 44MnO>, the Ti-doped
sample shows a larger lattice volume, where the lattice parameters show an increase as follows: :
a from 9.064(9) (undoped) to 9.127(1) A, for b from 26.22(3) to 26.32(4) A, for ¢ from 2.814(4)
to 2.838(4) A. A similar trend was also reported by Doeff et al.®2. Such volume enlargement can

potentially increase the Na" diffusion channel, this will be revisited below.
3.4.2 Electrochemical analysis

High-throughput electrochemical cyclic voltammetry (CV) was performed on all 10 % doped
samples, as shown in Figures 3.4 (as CVs) and 3.5 (as voltage curves calculated from the CVs).
The electrochemical properties are extracted and summarized in Figures 3.6 and S3.2-S3.4. In the
CV curves, the difference dopants demonstrate dramatic differences in the charge/discharge curves.
Effectively, the CV curves can be well-correlated to the structure as discussed above. Li, Mg, Al,
Fe, Co, Ni, Zn, Cu, and Ga-doped samples show very smooth CV curves for the P2 structure,
where the main redox Mn**/Mn*" peaks located at 2.3 V and 2.1 V. In contrast, the Rh-doped P3
sample shows smooth and broad redox Mn**/Mn*" peaks at 3.0 V and 2.1 V, a characteristic shape

of a P3 structure consistent with our previous study.>* However, P3 materials typically undergo
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P3-03/03’ structural change, which can result in sluggish Na* transport at higher voltages.

63-66

This is consistent with the fact that the P3 structure has a considerably larger voltage difference

(polarization) than the P2 structure as shown in Figure 3.6b.
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Figure 3.4 The first cycle of the combinatorial cell with 52 different doped Nao.ssMno.oMo.102+s

samples and the tunnel-structure Nao.4+4MnQO> samples. The P2-NMO sample is highlighted in light

pink. The outline indicates the pure phase: yellow-P2, red-P’2, green-P3, and blue-tunnel

structure. The cyclic voltammetry is performed between 1.5 V to 4.3 V vs Na/Na™" at the scan rate
of 0.1V h.

In contrast to the P2 structure, the P’2 structure can produce multiple peaks in the CVs as shown

in Figure 3.4, which has been consistently associated with multiple phase transitions taking place

during electrochemical cycling.!®?! During the Na* insertion and extraction, Na*/vacancy ordering

forms, leading to different diffusion energy paths on the different sites and resulting in multiple
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peaks. Si and Al-doped samples shown in Figure 3.4 demonstrate that the main oxidation peaks
of the P’2 material shift up to a higher voltage as compared to P2 materials. Simultaneously, the
difference between charge/discharge peak voltage is increased, indicating higher polarization for

the P’2 phase, also confirmed in Figure 3.6b.
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Figure 3.5 The first charge, discharge and second charge of the combinatorial cell with 52
different doped Nao.ssMno.oMo.102+5 samples and the tunnel-structure Nao44sMnQO:> sample. The
voltage curves here were obtained by processing the CVs shown in Figure 4. The outline indicates
the pure phase materials: yellow-P2, red-P’2, green-P3, and blue-tunnel structure. Due to sodium-
deficiency in the pristine materials, it is possible to reinsert more sodium into the cathode than

was removed during the charge, this appears as negative capacities in the voltage curves here.

Kumakura et al. demonstrated that 7 sub-phases of P’2-NMO can be identified by operando

XRD.!" Even though several sub-phases were found, the P’2 material still showed comparable
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cyclability to P2, which indicates such phase transitions can still be highly reversible. Similarly,
we also found that P’2 materials (Si and Mo-doped) in this study exhibit decent capacity retentions
after 10 cycles of about 91 and 98 %, as compared to 89 % for pure P2 phases (Co, Ni, and Zn-
doped). For the average discharge voltage, B, Si, and Mo-doped samples (P’2 domain) show higher
voltages than undoped NMO. Due to the distortion of the MnOg octahedra, the cooperative Jahn-
Teller effect caused by doping alters the crystal structure, which in turn adjusts the local chemical

environment of Mn and the electrochemical potential of the cathode materials.

Regarding the tunnel structure, the Ti-doped sample shows the highest discharge voltage and the
lowest voltage difference (shown in Figure 3.6b), which adds a new strategy to modify the average
voltage by introducing the tunnel structure. Figure 3.5 shows the Ti-doped sample has the lowest
hysteresis compared to the layered structure. Enhancements to the electrochemical performance of
this material is assumed to be due to the increased lattice parameters allowing for higher degree of
Na" diffusion, to be discussed below with regards to diffusion constants. The practical capacity of
the tunnel structure Nag44sMnO, was reported as 121 mAh g!,"6% while the Ti-doped material
herein shows an initial discharge capacity of 120 mAh/g and 99 % retention after 10 cycles.
Compared to the CV for the tunnel-structure Nao.44MnO>z shown in Figure 3.4, the Ti-doped
sample exhibits fewer phase transition peaks, which means the Ti-doped composite material can

be a promising cathode material featuring smooth charge/discharge curves, high voltage, and low

hysteresis.
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Figure 3.6 Electrochemical properties for the 52 different doped Nao.ssMno.oMy.102+s samples
extracted from the combinatorial cell. (a) Specific capacities on the first charge in yellow, the first
discharge in deep blue, and the tenth discharge in cyan. 10-cycle retention is calculated and
plotted in purple as the secondary y-axis. (b) Average voltage of the second change in turquoise,
the second discharge in gray. The voltage difference is calculated by the subtraction of the charge

and discharge average voltages, as shown in yellow as the secondary y-axis.

Despite the successes outlined above, some doping elements show negative effects on the cathode
performance. Often, as is the case for Te, Pt, and Sn, this correlates to a lower fraction of the
layered phases (Figure 3.3). This demonstrates that the inactive phases can potentially restrain the
battery performance, shown in Figure 3.6, where the poorly performing samples with extra
inactive phases show depressed capacities and larger voltage differences as a result of higher
electrode polarization. To reduce these inactive phases, strategies including changing the precursor

material and modifying the synthesis temperature are required.

Figure 3.5 shows the voltage profiles of the first charge and discharge, and the second charge.
Several electrochemical properties can be investigated by this plot. Firstly, the overlapping of the

first and second charge curve could imply the air stability and irreversible phase transformation on
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the first charge.’? Ni, Fe, Li, Cu, and Ga-doped samples show better overlapping, which indicates
that the as-prepared samples at open-circuit voltage (OCV) show a very similar Na* diffusion
profile. From our previous study and Duffort et al.,’ the first charge curve can show less
overlapping due to the intake of CO> and moisture or Na,CO3 deposit on the particle surface, which
could hinder the Na" and electron conductivity. Moreover, such an air-stable feature has practical

significance, inspiring us to conduct the air-stability test, discussed in the section below.

Secondly, hysteresis of the charge/discharge curve can indicate the polarization of the
charge/discharge processes. In Figure 3.5, the materials with primarily the P’2 phase (such as Si,
B-doped samples) show a larger hysteresis at the high voltage plateau, compared to P2 materials
(e.g. Ni-doped). This is because fewer phase transition processes are found in P2. However, the
undoped P2-NMO and Rh-doped P3 show a large hysteresis, which can imply lower conductivity

of the material.

Moreover, the voltage profile can also be an indicator of the electrolyte-cathode interphase stability
as shown in previous studies.’*®® The charge endpoint slippage effect can demonstrate the
irreversible electrolyte consumption by oxidation at high voltage operation. Mg, Al, Co, Ni-doped
samples exhibit minor slippage effects. Particularly, the Mg-doped sample shows the least

electrolyte oxidation, which implies Mg doping can sustain interphase stability at high voltage.

Given the benefits seen for a number of dopants, it is important to determine the role of
morphology on improving battery performance. Figure S3.9 shows SEM images obtained for 9
highly performing materials including the undoped. There is no systematic change in morphology
with all samples showing porous agglomerates of platelets that are on the order of 1 um in size.

The Rb-doped sample however shows larger platelets such that a longer diffusion path may be
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needed in this sample. Otherwise, there is no clear change in morphology with the dopants studied

here.
3.4.3 Rate Performance

After analysis of initial CV, the rate performance is investigated by performing cycles at different
scan rates, with representative CVs shown in Figure 3.7. As the scan rate increases, not only do
peak currents increase but the redox peaks are also separated by increasing overpotentials, as
shown in Figures 3.7a-f. The capacities at different scan rates are calculated and summarized in
Figures 3.7g and 3.8a. The peak current under the different scan rates is subsequently obtained

and plotted in Figure 3.7h.

In a CV, the faradaic current is influenced by the gradient concentration of the Na*, which may be
limited by diffusion. By changing the scan rate, such diffusion control will behave differently. In
Figures 3.7a-c, P2 materials maintain the smooth CV curve. Notably, the Fe-doped sample shows
the lowest increased specific current at the endpoint of charge, indicating better rate performance
with lower overpotential. While the Fe-doped sample has a lower specific capacity than the Ni-
doped, it surpasses the Ni-doped in performance at 2.0 V h'! as seen in Figure 3.7g. When more
P’2 is present than in the undoped sample (34 %), the multiple peaks are still visible but they are
less sinuous at higher scan rates as shown in Figures 3.7d-f. Although it seems counterintuitive,
the multiple peaks do not interfere with the rate performance. There is a long-held belief that the
multiple subphase transition and Na'/vacancy ordering will have a negative impact the rate
performance. Our systematic study, however, shows that rate performance is comparable with or
without these transitions. For example, P’2 Si-doped sample with multiple phase transitions has a
rate performance of 80 % (1 V h! capacity/0.1 V h! capacity), compared to 81 % for P2 Fe-doped

sample.
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Figure 3.7 (a-f) The CV rate test results for the Ga, Fe, Ni, B, and Rb-doped and undoped samples
at the sequential scan rates of 0.1, 0.2, 0.4, 1.0, and 2.0 V h! with half cycle number started with
discharge and followed by charge capacities. (g) Specific capacities extracted from the CV rate
test. (h) The linear regression of the peak current and square root of scan rate. The Randles-Sevcik
equation shown in (h) demonstrates the linear relationship between the peak current (i,) and

square root of scan rate (v), which is used to calculate the Na" diffusion coefficient (D).

The Randles—Sevéik (R-S) diffusion coefficient is calculated using the R-S equation shown in
Figure 3.7h. The correlation factors demonstrate that these layered structures obey the R-S eq.,
where the redox peak current is proportional to the square root of the scan rate. In the R-S eq.,  is
the number of electron transferred in the redox Mn®*/Mn**, 4 is the electrode area (cm?), C is the
concentration of the electrolyte (mol cm™), and v is the scan rate (V s!). It is worth noting that the
calculated diffusion coefficient D is the overall Na" diffusion within the battery. The R-S diffusion
coefficient can therefore be utilized here to compare the Na* conductivities of different cathode

materials tested in our high-throughput study. It should be noted that diffusion constant extracted
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in this manner become an estimate in cases where multiple phases are present as the diffusion
constant of each phase will contribute differently depending on a number of factors such as particle
size, and spatial distribution of phases. Nonetheless, samples that show a high diffusion constant

despite having multiple phases present must have excellent diffusion through at least one of the

phases.
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Figure 3.8 The rate performance properties extracted from the CV rate test. (a) Specific discharge
capacities extracted at different scan rate of 0.1, 0.2, 0.4, 1.0 V h™’. The rate performance is
calculated from the ratio of the discharge capacities (extracted from CVs) between the rate of 1.0
Vh!and 0.1V k. (b) Randles-Sevcik diffusion coefficients are extracted from the rate test. The
red dashed line shows 107 cm’ s as the threshold obtained here for the diffusion coefficient.

In Figure 3.8b, it seems there is a diffusion constant threshold of about 10® cm? s, which is
probably due to an innate Na diffusion mechanism. This is in good agreement with results from
ref.”® who obtained values in the range of 4.4 - 8.6x10°® cm? s™! for P2-Nag 67MnxCo1-xO2 materials.
The threshold shows that there may be an intrinsic limitation to how far we can design high-rate-

performance NMO-based materials. This limiting effect can also be seen in Figure 3.8a, where

the capacity ratio of about 80 % between 1 V h'l and 0.1 V h'! is systematically obtained for the
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majority of layered structures. From the Pearson correlation chart in Figure S3.6, we also found
there is a correlation between certain parameters as shown in scatter plots in Figures S3.6 and
3.9d. Of highest interest specific capacities correlate well to diffusion coefficients (Figure 3.9d).
It can be concluded that diffusion of Na® is a bottleneck in the layered structures, and that the
inactive phases found in Tables S3.1 not only decrease the capacity of the battery, but also hinder

Na" diffusion through the composite electrodes.
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Figure 3.9 Chemical property trends over the periodic table in Nao.ssMno.oMy.102+s. (a) The heat
map of the calculated bond valence mismatch of MOs octahedra. (b) The heat map of the extracted
discharge capacities from 4.0 — 4.3 V. (c¢) The scheme of MOgs octahedra and the calculation of the
bond valence theory, where vjj is the individual bond valence contribution for the i-j bond, Rj; is
the bond length between the i'" and j" ions, R, is a tabulated parameter of ideal bond lengths, and
b is an empirical constant. (d) The plot of diffusion coefficients vs. first specific discharge

capacities. (e) The trend between the electronegativities of the dopants and the first average

discharge voltage.
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It is also worth noting that the Rh-doped P3 material shows a lower rate performance and diffusion
coefficient compared to the P2 structure (e.g. Ni-doped). As we discussed above, Figures 3.4 and
3.6b show that the P3 material has a larger voltage difference and broader redox peak, which is
consistent with the lower diffusion coefficient. The tunnel structure, however, shows better rate
performance with 90 % capacity retained at 1 V h'! compared to 0.1 V h! for Ti-doped NMO.
Even though multiple peaks and Na* diffusion steps are shown in Figure 3.4, such an excellent

rate performance can be a fascinating foundation to design novel materials.
3.4.4 Accelerated aging

As mentioned above, air stability is an important metric of the cathode material for practical Na-
ion battery applications. Hence, we utilize an accelerated aging protocol to investigate air stability.
XRD patterns were collected from materials at four stages: fresh prepared; 2 weeks in dry air (RH
<10 %); 1 week in ambient air (RH =45 %); and 1 week in humid air (RH > 90 %). The results
are summarized in Figure 3.10. All pristine co-doped samples shown in Figure 3.10d are made
up of the P2 and P’2 phases only. The representative XRD patterns in Figures 3.10a,b show
dramatically different behavior when exposed to various air and moisture environments. The
undoped-P2 phase degrades rapidly by intaking water even under dry air with less than 10 % RH,
showing the instability of undoped P2 as it can easily transform into the birnessite phase
(Nao.23sMn0O;-0.7H20), shown in Figure 3.10¢c. During the transformation, water molecules are
incorporated into the layered structure. Interestingly, hydrated birnessite phase shows a very sharp
(002) peak. The interslab distance (proportional to the c axis) rises from 5.6 A in the P2/P’2
structures to 7.1 A in birnessite, which explains why the (002) peak appears at a much lower angle.

The sharp birnessite peaks indicate that this hydrate phase has excellent crystallinity implying high
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conversion rates from the original layered structures within particles. Such finding is consistent

with the report from Zhang et al.”!
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Figure 3.10 The accelerated aging investigation. (a, b) XRD patterns and fitting for the undoped
P2-NMO and Nay.ssMno.oLio.05Co00.050: at different storage conditions, and shown on a larger scale
in Figure $3.8. (c) The schematic diagram based on ref. °! of the mechanism of water insertion
into the layered structure resulting in an increase in the interslab distance and thereby shifting the
(002) peak to lower angles in the XRD patterns. Layered structures P2 and P’2 composition ratios
under different storage scenarios (i.e. 100 % represents any combination of P2 and P’2 phases
only): fresh (d), after 2 weeks in dry air (e), after 1 week in regular air (f) and after 1 more week
in humid air (g). Note: d-g are measurements on a single set of samples, the storage is performed

sequentially.

The Li/Co-codoped sample, however, shows a very high resistance against air and moisture
(Figure 3.10b), indicating that such doping can greatly hinder the kinetics of the transformation.
Zuo et al. reported that this transformation may accompany the oxidation of the transition metal.>!
Therefore, low oxidation-state dopants can prevent the transformation process by increasing the

Mn*" content over Mn** by charge balancing. This explanation agrees well with the trend we found
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in Figure 3.10d-e, where monovalent Li shows the best stability; the bivalent Mg and Cu show
mild stability; and the tetravalent Si shows the worse stability. Besides the chemical valence, there
are also synergistic effects from the co-doping, especially for trivalent dopants. The single-doped
Al and Fe samples show only 66 % and 78 % of the P2 phase remaining after exposure to humid
air, but the air stability improved after co-doping, such as with Ni, Co, and Ga. Therefore, the
combinatorial map offered in Figure 3.10 can be a very useful guideline for the designing of air-

stable materials, overcoming the major roadblock to commercialization of these materials.
3.4.5 Trends across all dopants

Exploratory data analysis was conducted with visual statistic approaches such as Pearson
correlation and the heat-map periodic table to investigate the trend for material designing,
illustrated in Figures 3.9, S3.2. Therefore, we can understand if any strong or mild correlation
exists amongst various variables including the chemical nature of the dopants, structures, and
electrochemical properties. As mentioned above, Figure 3.9d demonstrates that Na* diffusion acts
as a bottleneck limiting the amount of Na that can be cycled. Only when the diffusion constant
reaches the threshold of 10 cm? s7! is it possible to obtain specific capacities above 160 mAh g™,
This is a noticeable finding that further modifications meant to improve other properties in the
layered oxides must not be at the expense of the diffusion constant. Moreover, with the help of the
Pearson chart, we found there is a mild positive correlation between the electronegativity of the
dopants and the average voltage. When a more electronegative dopant is incorporated into the
material, the voltage is subsequentially raised, as a result of the inductive effect to lift the
electrochemical potential higher than the Na/Na" (0 V). Such trend can also be observed from the
literatures, where the voltage increases with the electronegativity, such as for 3d metals from Ti to

Cu: Ti (0.7-1.2 V)™, V (1.5-1.8 V)75, Mn (2.2-2.7 V)7, Fe (3.2-3.4 V), Co (2.7-3.7 V)", Ni
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(3.5-4.0 V)8, and Cu (3.7-4.1 V)*®. Additionally, the voltage decay is one of the significant issues
to maintain the energy of the battery. In this study, we observed the voltage retention is inverse
proportional to the discharge voltage, where the low-voltage materials however gain voltage after
10 cycles, as demonstrated in Figure S3.7a. Such aspect of voltage retention is also an interesting

strategy to design the material to sustain the energy density during extended cycling.

Finally, Figure 3.4 shows some dopants have a distinct pair of reversible redox peaks at 4.1 V
(discharge) and 4.2 V (charge). The undoped materials do not show any peak here indicating that
this is not manganese redox. In the doped materials, we observed these peaks in both samples
where the dopant is electrochemically active (e.g., Cu and Ni), and also in a high number of
dopants that are electrochemically inactive (e.g., K, Rb, Cs, Zr, Cd, and T1). In the case of inactive
dopants, the extra peak at 4.1/4.2 V can only be attributed to reversible oxygen redox as electrolyte
oxidation can be ruled out since it is primarily irreversible and continues to oxidize during the
down sweep of voltage which does not occur here.
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Figure 3.11 X-ray absorption spectroscopy of ex situ cathode sample Nao.sMno.oCuo.10> obtained
at different charge and discharge voltages. (a) XANES spectra at Mn K-edge with zoomed in

region shown in (b).
To confirm the presence of high-voltage redox peaks resulting from anionic redox, we performed

X-ray absorption spectroscopy (XAS) on ex situ samples of Nao.sMnooCuo.102, taken at various
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voltages during the charge and discharge cycles, as depicted in Figure 3.11. The results clearly
show that the Mn K-edge remains unchanged during the charge process from 3.9 to 4.6 V and
during discharge down to 3.5 V. It is only when the discharge reaches 2.7 V that the Mn K-edge
begins to shift towards lower energy, indicating a change to lower oxidation states (similar results
also observed for K-doped sample, see Figure S3.10). Additionally, Cu K-edge does not manifest
obvious shift during cycling, as shown Figure S3.11. These data clearly indicate that manganese
does not contribute to the high-voltage capacities observed. Thus, it is likely that these high-

voltage redox peaks are associated with oxygen redox processes instead.

Interestingly, in ref. ' undoped Nag¢Mng 00,102 materials (both P2 and P’2 phases) show an
oxidation peak near 4.1 V but no corresponding discharge peak until below 3.5 V. Although this
is likely oxygen redox, it is poorly reversible; clearly the dopants discussed here result in highly
reversible oxygen redox, as opposed to what has been seen in Nao.sMno.90o.102 materials that rely
on the transition metal vacancies only to induce oxygen redox. The anionic redox process is
deemed to be a capacity booster to the cathode material and a way to dramatically increase the
energy density.*® The high number of inactive dopants that induce anionic redox here provides us
with a unique opportunity to determine what property in these dopants enables the anionic redox.
Therefore, we quantify the high voltage capacity in Figure 3.9b by calculating the discharge
capacity from 4.0 to 4.3 V. The capacity ranges from 0 to 20 mAh/g, a seemingly small amount,
but it should be noted that this is for 10 % substitution only, such that materials with a greater
percentage of these dopants will result in considerably higher anionic capacity. Figure 3.9b shows
a remarkable pattern across the periodic table with a number of inactive dopants in the left section
of the table showing activity, but also another set of elements near the end of the transition metals

(e.g., T, In, Cd, Ga).
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The trend of anionic redox across the periodic table is so systematic that it warrants deeper
understanding. The first parameter we consider that could be related to induction of anionic redox
is the electronegativity of the elements, shown in Figure S3.5. It could be expected that a low
electronegativity would allow oxygens to pull more electrons to themselves and thereby have them
not lying so deep in the band structure (this can be viewed as increasing the ionic character of the
Mn-O bonds via the inductive effect’”). There are certainly similarities between Figures 3.9b and
S3.4, particularly with the left side of the table showing high activities (red in both cases). However,
the electronegativity does not show the trend near the end of the transition metals (e.g. In, Tl have
relatively high electronegativities). We speculate that the limitation of the electronegativity here
is that it does not take into account the oxidation states and the ionic-covalent nature of the M-O
bond, and as such it only explains part of the trend. We therefore explore the bond valence sum
approach. Figure 3.9c¢ shows the bond valance mismatch (BVM)®® for each dopant when
introduced at a Mn site into the P2 structure (though the trend is unaffected if the P’2 structure is
used instead as the local structure is very similar). The trend in BVM in Figure 3.9¢ is incredibly
well related to that of the anionic activity in Figure 3.9b with ions with extremely high valence
values (high negative mismatch values) with values below approximately -1.4 (value for Sn which
shows the smallest anionic peak) correlating with induced anionic activity. In fact, the only
elements that break the pattern are: (i) Pb, Bi and Te, (that all show low anionic activity, but they
also show either the tunnel or ‘other’ phases in Figure 3.4), (ii) the Zr sample with ZrO; as a
secondary phase (as reported by Yu et al., this exhibits anionic redox activity by Zr** forming a
coating and doping by regulation of electronic state of O 2p energy level®!), and (iii) Ni, Cu that

show more anionic activity than expected but are both known to show cationic redox.
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We therefore propose that bond valence mismatch may be an excellent predictor of whether or not
a dopant may induce oxygen redox in its vicinity in the NMO layered structures. It should be noted
that elements like K, Rb and Cs may in fact have such a large mismatch that they occupy Na sites,
but nonetheless their mismatch on the Na site is also very large (-2.3 to -6.2). A highly negative
value in Figure 3.9a implies that the dopant is too big for the site in the lattice, which again implies
the electron(s) occupy the space near the neighbouring oxygens more so than when smaller dopants
are utilized. The fact that the bond valence approach is a calculation for given ions (rather than

atoms as is the case for electronegativity) clearly gives a better predictor of anionic redox activity.
3.5 Conclusions

Further to previous research, this high-throughput doping study on NagssMnooMo.1O2+5 was
performed with 52 different M elements, followed by comprehensive and informative exploratory
data analysis. The structure information and electrochemical properties of 4 active phases, P2, P’2,
P3, and tunnel structure, have been identified and investigated, with the help with high-throughput
XRD and electrochemical tests. The results confirm a strong correlation between the structure and
battery performance. This broad-view doping study of Na-Mn-O materials provides the framework
for rational design guidelines for this family of materials, highlighting how combinatorial studies
are imperative. The dopants, Li, Mg, Fe, Co, Ni, Zn, and Ga, show beneficial impact on stabilizing
the P2 structure and suppress phase transformations during electrochemical cycling as indicated
by the smoothed CV curve. The dopants, Si, B, Mo, and W, however, preserve the co-operative
Jahn-Teller distortion for Mn’/ (t24°-e,’), which leads to the P°2 phase, and multiple peaks observed

on CV.

Even though the conventional view concerning P’2 materials is that multiple sub-phase transitions

lead to degradation of the battery, we still found the promising dopants such as Si, B, and Mo can
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stabilize the distorted structure with comparable electrochemical properties. Mo-doped sample
delivers 168 mAh g! first discharge capacity with 98 % retention after 10 cycles. Moreover, the
serendipity in this work demonstrated a number of previously unstudied (or understudied) dopants

such as Ga, B, Si, Rb, Mo, In, Re, Cs, Tl, and Tb lead to promising novel battery materials.

Beyond simply uncovering promising new materials, exploratory data analysis was utilized to
explore correlations over the periodic table. For the capacity booster, the anionic redox triggered
by various dopants were identified and investigated, which exhibits the similar trend with
calculated bond-valence mismatch for the octahedral MOg. Considering that the air/moisture
instability of Mn-containing Na cathodes is a crucial roadblock to commercialization, accelerated
aging tests provide an invaluable guideline for designing stable materials. The co-doping study
demonstrates that as little as 5 % Li-codoped samples, Nao.s6Mno.oLi0.05C00.0502, for example,
substantially improve the air stability to over 99 % structure retention, compared to 0 % in the
undoped P2 NMO in a one-month aging regimen. We have demonstrated that a small content of

subvalent dopants such as Li, Mg, and Cu are sufficient to dramatically enhance the air stability.

In sum, through the high-throughput method and data-driven exploration, this study successfully
provided many novel insights towards higher energy density, fast charging, and more-air-stable
cathode materials in sodium-ion batteries. These new understandings among the chemical
compositions, crystal structures, air/moisture stability, and electrochemical properties can lead to

new methodologies of rational material design and development.
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3.7 Supporting Information

Table §3.1 The results of XRD refinement with different dopants.

Dopant Phase ‘ Molar% | Dope % Un::l:;:{t;?ed GoF (x2) | Space group a [A] ‘ b [A] ‘ c [A]
Li P2-MaD.66 Mn0.9 02 100% 10% 1.68 P63/mmc  2.873(3) 2.873(3) 11.22{1)
B P2-Na0.66 Mn0.9 02 7% 10% 1.85 P63/mmc  2.863(1) 2.863(1) 11.27(5)

P'2-Na0.66 Mn 02 93% Cmecm 2.83(1)  5.19(2) 11.27(5)
Mg Na0.66 Mn0.90 Mg0.1002  100% 10% 1.38 P63/mmc  2.872(1) 2.872(1) 11.241(3)
Al P2-Na0.66 Mn0.9 02 91% 10% 2% 1.82 P63/mmc  2.841(5) 2.841(5) 11.15(2)
P'2-Na0.66 Mn 02 9% Cmecm 2.34(3)  4.81(5)  11.30(3)

si P'2-Na0.66 Mn 02 100% 10% 1.99 Cmcm 2.88(2)  4.95(5)  11.25(5)
K P2-Na0.66 Mn0.9 02 55% 10% 3% 1.77 P63/mmc  2.836(1) 2.836(1) 11.04(5)
P'2-Na0.66 Mn 02 45% Cmecm 2.91(1)  4.76(2)  11.21(5)

P2-MaD.66 Mn0.9 02 39% 1% 1.73 P63/mmc  2.846(9) 2.846(9)  11.08(3)

Ca P'2-Na0.66 Mn 02 58% Cmecm 2.92(2)  4.78(2)  11.24{3)
Cad Mn4 012 3% Pnma 5.281(2) 7.441(2) 5.261{1)

s P2-NaD.66 Mn0.9 02 55% 10% 3% 1.15 P63/mmc  2.84(6)  2.84(6) 11.11(2)
P'2-Na0.66 Mn 02 45% Cmecm 2.9(6)  4.89(1)  11.27(2)

P2-Na0.66 Mn0.9 02 11% 10% 1.71 P63/mmc  2.86(1)  2.86(2)  11.03(2)

Ti P'2-Na0.66 Mn 02 2% Cmcm 2.88(5)  4.96(2)  11.26(3)
Na7.04 Mnl8 036 87% Pbam 9.127(1)  26.32(4)  2.838(4)

V32 048 26% 1.71 la-3 9.37(3)  9.37(3)  9.37(3)

v NaB.64 Mn18 036 59% Pbam 3.06(2)  26.27(5) 2.813(4)
Mn32 048 15% la-3 9.37(2)  9.37(2)  9.37(2)

Na0.80 Cr2 04 1% 1.59 c12/m1 5.05(3)  2.88(1)  5.83(2)

Mn32 048 1% la-3 9.37(2)  9.37(2)  9.37(2)

cr Nas Cra 016 4% P1 5.83(8) 7.1(2) 9.22(2)
P2-Na0.66 Mn0.9 02 9% P63/mmc  2.843(1) 2.843(1) 11.06(3)
P'2-Na0.66 Mn 02 45% Cmcm 2.94(3) 4.818(2) 11.27(3)

Mn P2-Na0.66 Mn0.9 02 66% 10% 3% 2.68 P63/mmc  2.834(7) 2.834(7) 11.05(3)
P'2-Na0.66 Mn 02 34% Cmecm 2.91(1)  4.83(2)  11.23(3)

Fe Na0.66 Mn0.9 FeD.102 100% 10% 2.21 P63/mmc  2.885(2) 2.885(2) 11.28(3)
Co Na0.66 Mn0.9 Co0.1 02 100% 10% 2.13 P63/mmc  2.847(4) 2.847(4) 11.17(1)
Ni MNal.66 Mn0.9 Ni0.1 02 100% 10% 1.98 P63/mmec 2,865(4) 2.865(4) 11.21(3)
cu P2-NaD.66 Mn0.9 02 54% 10% 3% 2.50 P63/mmc  2.83(1)  2.83(1)  11.03(4)
P'2-Na0.66 Mn 02 46% Cmecm 2.91{1)  4.78(1)  11.23(4)

Zn P2-Nal.66 Mn0.9 02 100% 10% 2% 1.92 P63/mmec 2,872(4) 2.872(4) 11.22(3)
Ga Na0.66 Mn0.9 Ga0.1 02 100% 10% 2.08 P63/mmc  2.862(8) 2.862(8) 11.19(3)
Rb P2-Na0.66 Mn0.9 02 56% 10% 3% 2.01 P63/mmc  2.83(1)  2.83(1)  11.03(4)
P'2-Na0.66 Mn 02 41% Cmcm 2.91(1)  4.87(2) 11.23(4)
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Dopant Phase Molar % | Dope % S GoF (x2) | Space group ‘ a [A] ‘ b [A] ‘ c [A]
P2-Nal.66 Mn0.9 02 39% -2% 126 PE3/mmc 2.84{1) 2.84(1) 11.06(3)
sr P'2-N30.66 Mn 02 57% Cmem 2982(2)  479(3)  11.24(4)
Sr4 Mn4 012 4% PE3/mmc  543(2)  5.43(2)  9.06(3)
P2-Nz0.66 Mn0.8 02 40% 7% 10% 158  Pe3/mmc  284(2)  284(2) 11088
Y P'2-Na0.66 Mn 02 59% Cmcm 2.82(3) 4.77(5) 11.23{9)
¥4 Mn4 012 1% Pnma 5.97(5) T7.27(8) 5.22(4)
P2-MNal.66 Mn0.9 02 39% -2% 1497 PE3/mmc 2.B5(9) 2.85(9) 11.1(3)
I P'2-Nal.66 Mn 02 57% Cmcm 2.93(1) 4.82(1) 11.25(4)
Zr4 08 2% P121/c1 5.03(6)  5.23(8)  5.29(8)
Zr2 04 2% P42inmec  3.6(1) 36(1]  5.17(2)
P2-Nal.6é Mn0.9 02 37% 4% 202 P&3/mmc 2.852{%) 2.852{9) 11.12{3)
Mb P'2-Na0.66 Mn 02 63% Cmcm 2.83(1) 4.858(2) 11.32{3)
MNa2d Nb24 072 0.2% Pnma 5.5(4) 47.1i2) 5.5(5)
P2-MNal.66 Mn0.9 02 T3 3% 226 PE3/mmc 2.833(7) 2.833(T) 11.09(3)
Mo P'2-N30.66 Mn 02 92% Cmem 286(1)  497(2)  11.26(2)
Nals Mog 032 1% Fd-3m 9.08(2) ©908(2) 9.08(2
Rh 3-MNal.66 Mn0.9 Rh0.1 02 100% 10%% 1.85 Cl2/m1l 4.98(2) 2.88(1) 5.88(2)
P2-Nal.6é Mn0.9 02 7% 148 P&3/mmc 2.835(7) 2.835(7) 11.12§1)
P'2-Na0.66 Mn 02 45% Cmcm 2.B9{4) 4.71i7) 11.28{4)
Pd Pd2 02 14% P42/mmc 5.039%(2) 5.039(2) 5.33(6)
Mn32 048 9% Pbca 9.38(1) 9.41(3) 9.41(3)
Nag.64 Mnl8 036 3% Pbam 9.08(1) 26.21(4)  2.82(3)
Pd2.94 Mn0.94 2% Pm-3m 3.9(1) 3.9(1) 3.9(1
P2-Nal.66 Mn0.2 02 39% 2% 2.26 P&3/mmc 2.855(6) 2.855(6) 11.11(2)
Ag P'2-Na0.66 Mn 02 59% Cmcm 2846(1) 4.822(1) 11.29(3)
Agd 2% Fm-3m 4.089(7) 4.089(7) 4.089(7)
p2-MNal.66 Mn0.9 02 35% 2% 207 PE3/mmc 2.852(5) 2.852(5) 11.09(2)
Cd P'2-Nal.66 Mn 02 63% Cmcm 2.94(1) 4.82(2) 11.27(2)
cd4 04 2% Fm-3m 469(6)  469(6)  4.69(6)
P2-Nal.66 Mn0.2 02 33% 1% 192 P&3/mmc 2.856(7) 2.856(7) 11.14(3)
In P'2-Nz0.66 Mn 02 66% Cmem 281(1)  492(2) 11313
In32 048 0.5% la-3 10.12{2) 10.12{2) 10.12{2)
p2-MNal.66 Mn0.9 02 29% 0% 161 P&3/mmc 2.845(B) 2.845(B) 11.13{2)
3n P'2-MNa0.66 Mn 02 54% Cmcm 3.01(3) 4.72(5) 11.26(5)
Sn2 04 13% P42/fmnm 4.733(5)  4.733(5) 3.18(4)
Mn32 048 4% la-3 9.42(1)  942(1)  9.42(1)
Na7.04 MnlE 036 2% 0% 121 Pbam 91j2)  263(2) 28234
e Mn32 048 21% la-3 9.3(3) 9.3(3) 9.3(3)
P'2-Na0.66 Mn 02 16% Cmcm 2.7(1) 5.1{2) 11.3(5)
p2-MNal.66 Mn0.9 02 10% P&3/mmc 2.B3(1) 2.83(1) 11.052{1)
Cs P2-MNal.66 Mn0.9 02 49% 10% 3% 2.14 PE3/mmc 2.B4{2) 2.84(2) 11.02(5)
P'2-N30.66 Mn 02 51% Cmem 291(2)  481(2) 11216
P2-Nz0.66 Mn0.8 02 37% 2% 183 PE3/mmc  2842(6) 2842(8) 11.07(2)
Ba P'2-Nz0.66 Mn 02 56% Cmem 282(1)  478(2)  11.23(3)
Ba2 Mn2 06 7% P&3/mmc 5.68{1) 5.68(1) 4.81(8)
P2-Nal.66 Mn0.9 02 46% -5% 161 P&3/mmc 2.84B[4) 2.84B[4) 11.122)
la P'2-Na0.66 Mn 02 51% Cmcm 2.81(2) 4 B3(3) 11.28(2)
La5.32 Mn& O18 4% R-3c 5.47(8) 547(8) 13.29(2)




Unidentified

Dopant Phase Molar % | Dope % S GoF (x2) | Space group a [A] ‘ b [4] ‘ € [A]
P2-Nal.66 Mn0.9 02 443 -2% 1.55 P63/mmc 2.847(6) 2.847(6) 11.11(2)

Ce P'2-Ma0.66 Mn 02 53% Cmecm 293(1)  483(2)  11.2%(3)
Ced OB 3% Fm-3m 541(8)  541(8) 5418

P2-Nal.6é Mn0.9 02 33% -5% 162 PE3I/mmc 2.847(6) 2.847(6) 11.09(2)

Pr p'2-Mal.66 Mn 02 61% Cmcm 2.93(2) 4.78(2) 11.23(3)
Pr3.40 Na0.660 Mn4 012 6% Pnma 5.43(1) 7.66(1) 5.4401)
P2-Nal.66 Mn0.9 02 37% -1% 2.18 P63/mmc 2.853(B) 2 .853(6) 11.1142)

Nd P'2-Ma0.66 Mn 02 59% Cmecm 2.93(2) 48(3)  11.283)
Nd3.B0 Mnd 012 3% Pnma 5.43(1) 7.68(2) 5.43(1)

P2-Nal.66 Mn0.9 02 37% -2% 2.34 PE3/ mmc 2.85(1) 2.8B5(1) 11.11(3)

5m P'2-Nal.e6 Mn 02 60% Cmcm 2.93(2) 4.8(3) 11.26(4)
Sm4 Mnd 012 % Pnma 547(1)  7E1{2)  5.3%(2)

P2-Nal.66 Mn.9 02 26% -0% 1.50 PE3/mmec  2.84(1)  2.B4{1)  11.13({2)

Eu p'2-Nal.e6 Mn 02 56% Cmcm 2.97(4) 4.72(B) 11.34{4)
Eud MnB O20 16% Pbam 7.38(1) B.51(1) 5.67(B)

Mn32 048 % la-3 941j1)  941(1) 9411

P2-Nal.66 Mn0.9 02 32% -11% 141 PE3/mmec  2.85(6)  2.85(5)  11.12(2)

cd P'2-Nal.66 Mn 02 57% Cmcm 284(2)  485(4)  11.34(4)
Gd4 Mn4 012 3% Pnma 5.58(9) 7.49(1) 5.32(1)

Gd4 Mng 020 T% Pbam 7.34(B) B.54(9) 5.6B(6)

P2-Nal.66 Mn0.9 02 32% 8% 0% 1.90 P63/mmc 2.836(4) 2.836(4) 11.079(1)

o P'2-Ma0.66 Mn 02 68% Cmecm 2.86(3)  482(5)  11.25(2)
Na2.68 Tbl.32 04 1% Fm-3m 4.73(1) 4.73[1) 4.73(1)

Tb32 053.92 0.02% | & -3 10.69(1) 10.69(1) 10.69(1)

P2-Nal.66 Mn0.9 02 38% -1% 2.23 P63/mmc 2.85(1) 2.85(1) 11.12(3)

Dy P'2-Ma0.66 Mn 02 59% Cmecm 292{2)  483(3)  11.33(4)
Dy4 Mnd 012 3% Pnma S67(1) 744{2)  5.29(1)

P2-Nal.66 Mn0.9 02 27% -3% 184 PE3/mmc 2.845(8) 2.845(6) 11.11(2)

Ho p'2-Mal.66 Mn 02 68% Cmcm 2.89(2) 4.83(4) 11.31(2)
Hod4 Mng 020 4% Pbam 7.25(1) B.47(1) 5.666(7)

MoB Nals 032 1% Fd-3m 9.11j1)  9.11(1)  9.11(1)

P2-Nal.66 Mn0.8 02 33% -1% 2.60 PE3/mmc  2.848(4) 2.848(4)  11.08{1)
p'2-Mal.66 Mn 02 4% Cmcm 2.94(2) 4.B0D1(3) 11.26(2)

Er Erd Mng 0.53% P63/mmc 5.345(1) 5.345(1) B.706(1)
Er32 048 0.1% 1213 1045(1)  1045(1)  10.45(1)

Erd Mng 020 2% Pbam 722{1)  BAS{1)  5.6B(T)

P2-Nal.6é Mn0.9 02 4% 2% 1.65 PE3I/mmc 2.83(2) 2.83(2) 11.09(3)

W p'2-Mal.66 Mn 02 BB% Cmcm 2.87|86) 4.88(9) 11.27(4)
WE Nalg 032 3% Fd-3m 0.118(8) 0.118(8) 0.118(8)

Mn32 048 5% la-3 9401(7) 9.401(7) 9.40L7)

Re P2-Nal.66 Mnl.9 02 33% 10% 8% 197 P63/mmc 2.837(1) 2837(1) 11.081(3)
p'2-MNal.e6 Mn 02 67% Cmcm 2.91j1) 4.89(2) 11.27(3)

P2-Nal.66 Mn0.9 02 15% 1% 148 PE3/ mmc 2.83(1) 2.83(1) 11.14{4)
P'2-Nal.e6 Mn 02 7% Cmcm 2.87(2) 4.59(3) 11.29(2)

Ir Ir2 04 3% P42/mnm  A4478(7) 4478(7)  3.132(5)
06 Mn1.84 Irl.16 Nal.85 2% R-3m 2.88{1)  2.88{1)  16.88(T)

Mn32 048 3% | @ -3 5.38(1) §.38(1) 5.38(1)
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Dopant Phase Molar % | Dope % Un;dg':l;;ed GoF (x2) | Space group a [A] ‘ b [A] ‘ c [A]
P2-Na0.66 Mn0.9 02 24% 133 PEI/mmc  2.849(9) 2849(9) 11.14(2)
P'2-Na0.66 Mn 02 48% Cmcm 2.96(3)  4.B4(6) 113504

Pr Mn32 048 3% la-3 9.43(1) 9.43(1) 9.43(1)
Mn 02.93 NaD.30 17% P-1 2.B2(6) 2.B9(E) 7.17(8)
Nag.64 Mn1g 036 3% Pbam 9.11(2)  26.46(5) 2.831j4)
Ptd 6% Fm-3m 3.928(5) 3.928(5) 3.928(5)
P2-N=0.66 Mn0.9 02 22% 0% 163 PE3/mmc  2.845(5) 2845(5)  11.14[1)
P'2-Malb.66 Mn 02 B6% Cmcm 2.91(3) 4.82(5) 11.35(2)

Au Aud 2% Fm-3m 4.08(1) 4.08(1) 4.08(1)
Nag.64 Mn1g 036 6% Pbam 9.09(7) 26.325(2) 2.824{2)
Mn32 048 4% la-3 9.412(2) 9412(2) 9.412(2)
T P2-Nal.66 MnD.9 02 58% 10% 3% 215 P&3/mmc 2.84(8) 2.B4(8) 11.07(3)
P'2-Malb.66 Mn 02 42% Cmcm 2.92(1) 4.B3{2) 11.26(3)
P2-Nal.66 Mn0.9 02 16% 10% 143 PE3/mmc 2.85(3) 2.B5(3) 11.22(4)
Pb P'2-Na0.66 Mn 02 72% Cmecm 288(1)  498(2) 11.25(2)
Nag.64 Mn1g 036 11% Pbam 9.11(1)  26.37(3) 2.828(3)

Bi Big 012 T3 0% 161 P-4b2 7.72(5) T.72(5) 5.66(7)
MNa7.04 Mnlg 036 92% Pbam 9.11i9) 26.34(6) 2.B25(1)

Intensity (a.u.)

15 155 16 16.5

Scattering angle (deg.)

Figure $3.1 Zoom in on the XRD pattern for Rb-doped sample to demonstrate the resolved P’2
and P2 peaks.
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Table §3.2 List of solutions prepared for the various dopant reagents.

Element Dopant reagent Solvent
Li Lithium nitrate H;0
B Boric acid H,;0
Na Sodium nitrate H,0

Mg Magnesium nitrate hexahydrate H,O0
A Aluminum nitrate monohydrate H,0
Si Tetraethyl orthosilicate EtOH
K Potassium nitrate H,0
Ca Calcium nitrate tetrahydrate H;O0
Sc Scandium (III) nitrate hydrate H;0
Ti Titanium (IV) butoxide EtOH
v Ammonium metavanadate HCIH;0
Cr Chromium (III) nitrate monohydrate H;0
Mn Manganese (II) nitrate H,;0
Fe Tron (III) nitrate monohydrate H,0
Co Cobalt (IT) nitrate H;0
Ni Nickel (II) nitrate hexahydrate H;0
Cu Copper (II) nitrate hemi(pentahydrate) H;0
Zn Zinc nitrate hexahydrate H,0
Ga Gallium (IIT) nitrate hydrate H;0
Rb Rubidium nitrate H;0
Sr Strontium nitrate H,;0
Y Yttrium (IIT) nitrate hexahydrate H,0
Zr Zirconium dinitrate oxide hydrate H;O0
Nb Ammonium niobate(V) oxalate hydrate H;0
Mo Ammonium molybdate (para)tetrahydrate | NH;OH/H,0
Rh Rhodium (IIT) nitrate hydrate H,0
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Element Dopant reagent Solvent
Rh Rhodium (IIT) nitrate hydrate H,0
Pd Palladium (II) nitrate hydrate HCI
Ag Silver nitrate H,O
Cd Cadmium nitrate tetrahydrate H,0

Indium (IIT) nitrate hydrate H,0
sn Tin (IT) chloride H,O
Cs Cesium nitrate H,O
Ba Barium nitrate H,0
La Lanthanum (IIT) nitrate hexahydrate H,O
Pr Praseodymium (III) nitrate hydrate H,O
Nd Neodymium (IIT) nitrate hexahydrate H,O
Sm Samarium (I1T) nitrate hexahydrate H,0
Eu Europium nitrate pentahydrate H;O
Ge Gadolinium nitrate hexahydrate H,O
Tb Terbium nitrate hexahydrate H,0
Dy Dysprosium nitrate pentahydrate H,0
Ho Holmium nitrate pentahydrate H;O
Er Erbium nitrate pentahydrate H,O
w Tungsten (VI) oxide NH,OH/H,0
Re Ammonium perrhenate H,0
Iridium chloride hydrate H;0
Pt Platinum (IV) chloride H,O
Au Gold (III) chloride trihydrate H,0
T Thallium nitrate pentahydrate H,0
Pb Lead (II) nitrate H,O
Bi Ammonium bismuth citrate H,O
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Figure §3.2 First cycle specific discharge capacity expressed on the periodic table indicating M
in Nao.ssMno.oMo.102+5.
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Figure 83.3 Electrochemical properties for the Nao.ssMno.oMo.1O2+5 samples extracted from the

high-throughput electrochemistry.
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Figure §3.4 Various voltage values for the Nao.ssMno.oMy.102+5 samples extracted from the high-

throughput electrochemistry.
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Figure 83.5 Periodic table of electronegativity of the elements.
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Figure §3.6 Pearson correlation parameters obtained for various parameters for the dataset

presented in this study. Legend:

Abbreviation Parameters

Dischar_1 Discharge capacity cycle 1

AvgVol_ Dischar_1 Average voltage discharge cycle 1

CE Coulombic efficiency cycle 2

Energy_1 Discharge energy cycle 1

Cap Retention Capacity retention after 10 cycles

AvgVol_Dischar_2 Average voltage discharge cycle 2

Vol_Difference Voltage difference between charge and discharge cycle 2
Vol Retention Voltage retention after 10 cycles

Vol_Diff_10 Voltage difference between charge and discharge after 10 cycles
D Diffusion coefficient

Avg_Lattice_a Weighted averaged a lattice parameter (P2&P'2)
Avg_Lattice ¢ Weighted averaged c lattice parameter (P2&P'2)

P2 % Molar ratio of P2 phase

Atomic num. Atomic number of the dopants

Electro-negativity Electro-negativity of the dopants

lonic Radius lonic radius of the dopants
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Figure S3.7 Scatter plots to demonstrate extent of correlation for various parameters with high

Pearson correlation parameter values.
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Figure $3.8 XRD patterns and fitting for the undoped P2-NMO and Nag.ssMno.oLio.05Co00.050: at

different storage conditions.
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Figure $3.9 SEM images of the undoped NMO sample and various doped samples. The scale is

the same for all images

166



-
D

K-P2 Mn K-edge

—
~
T

-
N
T

N
o
T

——Char 3.9V

Pristine

Norm. absorb. u(E)
o

0.2 —— Char 4.6V Disc 4.3V
' Disc 3.5V Disc 2.7V
00 1 1 1 1
6535 6545 6555 6565 6575

Energy (eV)
Figure 8§3.10 X-ray absorption spectroscopy of ex situ cathode sample Nao.sMno.oKo.10> obtained

at different charge and discharge voltages. XANES spectra at Mn K-edge.
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Figure §3.11 X-ray absorption spectroscopy of ex situ cathode sample Nao.sMno.oCuo.102 obtained

at different charge and discharge voltages. XANES spectra at Cu K-edge.
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Chapter 4 Stabilization of Na-ion Cathode Surfaces:
Combinatorial Experiments with Insights from

Machine Learning Models

Building on the success outlined in Chapter 2, where optimal high-Mn materials were identified,
and Chapter 3, which explored 52 chemical doping into Na-Mn-O, we further extend the high-
throughput methodology to more complex material design to the doped Na-Mn-Fe-O systems.
Chapter 4 expands upon another combinatorial doping study, focusing not only on the bulk
properties of the cathodes but also on critical surface properties such as transition metal dissolution.
We also explore the potential to investigate various mechanisms affecting these properties using
high-throughput approaches. In particular, we screen for cathode stability in the electrolyte by
assessing transition metal dissolution, a key factor for long-term cycling performance and safety.
Additionally, we examine fundamental chemical principles and employ advanced characterization
techniques to assess air stability. Techniques like thermogravimetric analysis are employed to
monitor water insertion behavior, while X-ray absorption spectroscopy helps identify local
structural transformation. Leveraging the extensive data obtained from our high-throughput
investigations, we integrate machine learning for advanced data mining and cheminformatics
analysis. This integration of wet-lab work with machine learning represents a pioneering effort,

paving the way for the future of ML/Al-driven advancements in scientific research.

Chapter 4 is adapted with permission from “Jia, S.; Abdolhosseini, M.; Liu, C.; Jonderian, A.; Li,

Y.; Kwak, H.; Kumakura, S.; Sieffert, J. M.; Eisnor, M.; McCalla, E. Stabilization of Na-Ion

Cathode Surfaces: Combinatorial Experiments with Insights from Machine Learning Models.

Advanced Energy and Sustainability Research 2024 2400051.”
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4.1 Abstract

Na-Fe-Mn-O cathodes hold promise for environmentally benign high-energy sodium-ion batteries,
addressing material scarcity concerns in Li-ion batteries. To date, these materials show poor
stability in air and suffer significant Fe/Mn dissolution during use. These two detrimental surface
effects have so far prevented commercialization of these materials. Herein, we utilize high-
throughput experiments to make hundreds of substitutions into a previously optimized Na-Fe-Mn-
O material. Numerous single-phase materials are made with good electrochemical performance
that show moderate improvements over the unsubstituted. By contrast, dramatic improvements are
made in suppressing decomposition in air and Fe/Mn dissolution. Machine-learning algorithms are
utilized to further understand the changes in air stability and to decouple the effects of various
structural parameters such as lattice parameters and crystallite size. The comprehensive dataset
and methodology established here lay the groundwork for future exploration and optimization of

cathode materials, driving the advancement of next-generation sodium-ion batteries.

4.2 Introduction

The growing global energy demand has propelled the widespread adoption of lithium batteries in
electronic devices and transportation. However, concerns about the increasing demanding and raw
material crisis arising from overreliance on lithium batteries have intensified. As a result, sodium
batteries have emerged as a viable alternative for a technological revolution in energy storage,
particularly when considering the need for large-scale energy storage solutions!?. Among
components of sodium batteries, cathode materials play a crucial role with layered oxides, in
particular, exhibiting promise due to their exceptional electrochemical performance, feasibility of

synthesis, and versatility in elemental choices®®.
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Optimization of the chemical composition is a pivotal factor in controlling the structure stability,
battery performance, air stability, manufacturing costs, and environmental impact of cathode
materials’®. Over a decade ago, Yabuuchi et al. reported P2-type NaxMni2Fe120,, which employs
earth-abundant elements, garnering significant attention for high energy environmentally benign
cathodes’. Nonetheless, this material encounters several challenges such as poor cycling

112 “inadequate air stability', and

performance'’, phase transitions (Z-phase) at high voltages
transition metal dissolution'*. Previously, we investigated 448 materials in the Na-Fe-Mn-O
system and discovered wide solid-solution regions within which properties such as air stability
were highly tunable.!® The material P2-Nag ¢Feo.13Mno 702 had optimal capacity and improved
air stability within the Na-Fe-Mn-O system. In another recent study, we observed dramatic changes
in the properties of doped Nao.ssMnO; materials with 52 different dopants, and most notably
certain dopants (e.g. Li) contributed strongly to improved air stability.! However, the capacities
and the cyclability were not as high as for P2-Nao ¢sFeo.13Mno 8702. Consequently, optimal doping
into the best P2 material, especially considering multiple metrics, becomes critical. Moreover, the
compositional complexity of materials poses a significant hurdle in material composition analysis.

Understanding the individual effects of different elements and conducting rational design in such

complex compositions remains challenging.

To advance above research, herein we utilize high-throughput doping with 52 elements into the
optimal P2-NagssFeo.13Mno g702. Our primary focus lies in elucidating the influence of different
dopants on material properties, specifically addressing the air stability of layered materials and the
suppressing transition metal dissolution during battery operation. Both of these major hurdles to
commercialization are surface effects that are known to be influenced by the addition of dopants.'®~

20 Through the integration of experimental and theoretical approaches, we develop a machine
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learning model to predict air stability based on pristine XRD patterns only and learn from the
trained model what features in the pristine XRD lead to improve stability. Through these concerted
efforts, we contribute to the advancement of sodium battery technology and the realization of

sustainable energy.

4.3 Experimental Section

4.3.1 Material preparation

For the high throughput synthesis, a sol-gel auto-combustion method was employed to achieve
combinatorial doping into different compositions?’. Sodium nitrate (NaNO3), manganese nitrate
(Mn(NOs3)2), and iron nitrate (Fe(NO3)3) from Sigma-Aldrich were prepared as 2.4 M solutions
and dispensed into an 8x8 well plate according to the desired ratios listed below. Nitrate salts were
chosen for the sol-gel synthesis, considering their potential influence on the final products.
Aqueous solutions (1M) of various dopants listed in Table S4.3 were added to the precursor
solutions at 5% or 10% doping levels on the transition metal sites. To stabilize the metal ions, citric
acid (3M) was added in an equal molar ratio to the metal cations as a chelating agent. The gelation
process was carried out at 65 °C for 2 days to form homogeneous gels via strong carboxylic-metal
bonding. To prevent cross-contamination, the resulting gels were pulverized and transferred onto
an alumina plate covered with an 8§x8 aluminum smokestack, with the gels separated into different
combustion chambers. Combustion was performed at 400 °C for 2 hours to remove the citric acid
and nitrates (heating rate: 2 °C min™'). After removing the smokestack, the preheated samples were
further heated at 850 °C for 12 hours in ambient air (heating rate: 5 °C min™"), followed by a cooling
rate of 5 °C min™!' to room temperature. Three sets of samples were chosen for systematic doping

in the Na-Mn-Fe-O system with 52 elements, Set 1: NagesFeo.13Mno.77X0.102, Set 2:
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Nao.s6Fe0.13Mno.82X0.0502, and Set 3: Nao.66Fe0.08Mno.87X0.050x. Additionally,
Nao.ssMno.sFeo.4X0.102 with series dopants listed in Figure 7 was synthesized to study the transition

metal dissolution.

4.3.2 X-ray diffraction

The X-ray diffraction (XRD) measurements were conducted using a Panalytical Empyrean
diffractometer equipped with a Mo target (60 kV, 40 mA) and PIXcel3D detector in high
throughput measurement mode. The samples were mounted onto a transparent mylar film with
3D-printed 96 sample slots without cross-contamination. A scattering angle range (A = 0.70926 A
for Mo Ka1) of 4-30° was initially investigated and then converted into 10-70° for Cu radiation.
The major peak intensity with over 3000 counts was achieved in under 10 min per sample assuring
the high-quality XRD for further Pawley fitting and Rietveld refinement. The phase identification
and refinement of XRD patterns were performed on Panalytical's HighScore Plus software
combined with manual and batch modes. The results of multiple phase identification and

quantification can be found in Table S4.1.

4.3.3 Electrochemistry

The electrochemical performance assessment was evaluated using lab-developed combinatorial
cells consisting of 64 parallel channels. A printed circuit board (PCB, Optima Tech) with 64
parallel gold pads served as cathode current collectors and was coated with aluminum foil. The
cathodes were prepared by combining 2 mg of active materials with 20 wt% carbon black, followed
by drop-casted onto the contact pads via 20 wt% polyvinylidene fluoride (PVDF) as a binder in
N-methyl-2-pyrrolidone (NMP). NMP was then removed and dried for 12 hours at 80 °C, resulting

in a cathode loading of 20 mg cm™. In an argon-filled glove box, the assembly of the combinatorial
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cell was carried out using the electrolyte composed of 1M sodium perchlorate in propylene
carbonate (PC) with 2 wt% fluoroethylene carbonate (FEC). Sodium metal foil served as the anode,
and a GF/D glass microfiber prefilter was used as a separator, as shown in Figure S11. Cyclic
voltammetry (CV) measurements were conducted using a lab-built high-throughput
electrochemical system, equipped with a quad voltage source (Keithley 213) and a multimeter with
a multiplexer (Keithley 2750). The voltage range was set between 1.5 and 4.3 V versus Na/Na" at
a scan rate of 0.1 V h'l. The CV curves were further processed by integrating the current-time
product (/df) to obtain capacity as a function of voltage. The high throughput measurements
exhibited excellent reproducibility for the same cathode materials, with a relative standard

deviation (RSD) of 7% for specific capacities®.

4.3.4 Accelerated aging

To investigate the air stability of the doped samples, we conducted experiments using three sets of
freshly synthesized samples with the compositions mentioned earlier. These samples were
carefully stored under identical conditions using a 3D-printed XRD holder to ensure consistency.
High throughput XRD measurements were conducted at different time intervals and under varying
relative humidity (RH) conditions. Initially, the samples were stored in dry air (RH < 10%) for
two months, followed by exposure to ambient air (RH = 45%) for one week, and finally subjected
to humid air (RH > 90%) for another week. An enclosed system was assured to provide stable
relative humidity levels without interference, where the temperature was maintained within 23 +
1 °C. The XRD scans obtained from these storage conditions were first analyzed by identifying
the different phases present and subsequently subjected to quantitative refinement using the

method described above.
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4.3.5 X-ray absorption spectroscopy (XAS)

The XAS spectra of the Mn K-edge, featuring both XANES and EXAFS, were acquired at Hard
X-ray Micro-Analysis (HXMA), Canadian Light Source, a 2.9 GeV third-generation synchrotron
source. The pristine samples were meticulously handled, promptly stored in an Argon-filled glove
box following synthesis with minimum exposure of air and moisture. Aged samples underwent a
rigorous treatment in an extremely humid environment (RH > 90%) for a duration of 7 days. Post-
aging, X-ray Diffraction (XRD) analyses were conducted, revealing that the Li-doped sample
retained its pristine P2 crystalline structure, while the Sc-doped sample degraded into the
Birnessite phase. All the samples were prepared and hermetically sealed onto Kapton tapes,

ensuring minimal contact with the surrounding environment prior to testing.

4.3.6 Machine learning model

We have devised a novel methodology that combines wet chemistry with model training to process
raw XRD data, consisting of five key processes: (1) data collection and labelling, (2)
dimensionality reduction, (3) machine learning model set-up, (4) model training and validation,
and (5) interpretation and prediction. The XRD processing and machine model set-up were
conducted based on HighScore Plus software and Scikit-learn package. Firstly, the XRD data were
collected and labelled based on their air stability derived from the Rietveld refinement. Since XRD
data typically exhibits multicollinearity between different peaks due to their similar physical
origins, we performed dimensionality reduction to simplify the regression analysis. Principal
Component Analysis (PCA) and t-Distributed Stochastic Neighbor Embedding (t-SNE) were
utilized as widely adopted unsupervised learning techniques to reduce the dimensionality of the
XRD data, facilitating exploratory data analysis and pattern recognition. Compared to PCA, t-SNE

exhibited superior ability in explaining and classifying XRD data, revealing well-defined
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boundaries for each cluster corresponding to different aging levels. Additionally, the heat map of
structural correlation exhibited excellent performance in rapidly classifying samples, presenting a
substantial contrast to manual identification. By projecting the XRD data onto a lower-dimensional
space, we can visualize the relationship between different clusters of materials. Partial Least
Squares Regression (PLSR) was used as machine learning algorithm to predict the air stability of
the layered materials. PLSR is utilized for high-dimensional predictor variables (raw XRD data)
and performing dimensionality reduction by feature extracting and matrix transformations, which
involves extracting salient features from XRD patterns and obtaining the correlation to response
variables (air stability) as quantified metrics. The performance of the model was evaluated using
Root Mean Squared Error of Cross-Validation (RMSECV) to quantify the average magnitude of
prediction errors of the model during cross-validation. RMSECV aids in the validation and
optimization of the model to assure its suitability for prediction based on XRD patterns.
Consequently, the regression model captures the underlying relationship between the XRD
patterns and the air stability of cathode materials, thereby providing invaluable insights for the

advancement and design of cathode materials with enhanced air stability.

4.3.7 Transition metal dissolution

To access the dissolution behavior of transition metals, we conducted systematic investigations on
various doped NaoesMnosFeo4Xo.102 samples. These doped samples were assembled into
Swagelok-type cells following the above-described method in a batch process. The cells were
subjected to cycling from 1.5 V to 4.6 V under galvanostatic conditions at a rate of 10 mA g.
After 10 full cycles, the cells were disassembled in an argon-filled glovebox. The separators and
Na anodes were collected for further analysis using inductively coupled plasma-optical emission

spectrometry (ICP-OES) analysis, performed by Agilent Technologies 5100 ICP-OES with the

181



autosampler. The reliability of the elemental analysis was confirmed by inspecting the RSD% of
all results, which were within 2% from 9 tests per sample. X-ray photoelectron spectroscopy (XPS)
from Thermo Fisher-Scientific Nexsa G2 was utilized to analyze the surface elemental
compositions of the cycled cathode materials. MAGCIS ion gun with an ion energy of 500 eV and
medium current intensity was utilized to perform depth profiling through Ar gun etching, as shown
in Figures S4.10 and S4.11. The splutter rate on oxide material was estimated at 0.09 nm/sec. This
profiling technique enabled us to determine the relative compositions from the surface to the bulk

of the samples.

4.4 Results and Discussion

4.4.1 Structure analysis

We achieved systematic doping of 52 different elements (X) in three sets of samples denoted as
set 1: Nag.s6Feo.13Mno.77X0.102 (10% on Mn site) in Figs. 2, S1, set 2: Nao.s6Feo.13Mno 82X0.0502 (5%
on Mn site) in Fig. S2, and set 3: Nao.ssFeo.0sMno.87Xo0.0502 (5% on Fe site) in Fig. S3. The three
sets of doped samples are based on a stoichiometric design derived from Nag.¢sFeo.13Mno.8702. The
target of the synthesis is the P2 structure, shown in Figure 4.1a for both the undoped (consistent
with our previous results in ref.!®) and for a number of dopants from set 1. The multiphase
identification and refinement first used in ref.'® are completed and summarized in Figure 4.1b and
Table S4.1 for set 1. At a 10% doping level, we obtained 16 elements (shown in Figure 4.1b) that
can be fully incorporated into the P2 structure as compared to only 7 in ref.!6. This indicates the
success of the high-throughput (HTP) doping study, relying on the fact that the undoped material
here lies within a solid solution such that making single-phase materials is more easily achieved.

As depicted in Figure 4.1a for P2 materials, there is no discernible sign of a superstructural peak
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after peak identification and refinement. This suggests a well-mixed transition metal layer
(consisting of Mn and Fe) and solid-solution formation within the transition metal layer. Our
primary objective is to fast screen the phase compositions following various doping treatments.
By calculating the presence of impurity phases, we can estimate the doping amount, facilitating
rapid material screening. Furthermore, the lattice parameters summarized in Table S1 may also

indicate the doping effect on the alteration of layered structures.
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Figure 4.1 (a) Representative XRD patterns for different doped samples in set 1:
Nao.ssFeo.13Mno.77X0.102 (X: dopant), all exhibiting the pure P2 phase. (b) The periodic table
illustrating the relative phase compositions of the doped samples in set 1. The phase ratios are
determined using quantitative Rietveld refinement and represented by different colors: P2

(vellow), P3 (green), tunnel structure (blue), and other phases (red).

Notably, we discovered new compositions facilitated by dopants such as Rb, Cs, Sc, Ga, B, Re, TI,
and Pb, significantly diversifying the dopant list and enriching the selection of metals for layered
oxide through combinatorial study. This expansion of dopants, along with the incorporation of Fe,
allows for a wider range of elements to be considered for achieving the P2 phase. For instance,
Si*" doping to make Nag66Mno9Sio.102 was found in ref.!® to make pure P2 phase. Here, in the

presence of Fe, the Nao.ssFeo.13Mno.77510.102 demonstrates a pure P2 phase instead, highlighting
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the significant influence of combinations of dopants and again justifying the need for experimental
combinatorial techniques. Besides the P2 phase, we also identified dopants that promote the P3
phase (Rh) and tunnel structure (Ti) in Fig. 1b. These findings demonstrate that dopants, even at

only 10%, can have a dominant impact on the phases stabilized during synthesis.

4.4.2 Electrochemical analysis

To evaluate the battery performance, we applied the high throughput electrochemical analysis
developed in refs.?!">* to the different doped samples as cathode materials in half cells. The voltage
range was set between 1.5 and 4.3 V versus Na/Na" at a scan rate of 0.1 V h'!. The high throughput
measurements exhibited excellent reproducibility for the same cathode materials, with a relative
standard deviation (RSD) of 7% for specific capacities, and outstanding agreement with previously
published results (2 % or less on both specific capacities and average voltage)?!*. The cyclic
voltammetry (CV) curves of all 3 sample sets are shown in Figure S4.1-S4.3. Moreover, the CV
curves for set 1 were transformed into voltage profile plots by integrating the current over time, as
shown in Figure 4.2. As previously demonstrated, such calculated voltage curves show excellent
agreement with results from galvanostatic cycling at slow rates (C/10 and below).?!"?* The primary
redox plateaus observed at 2.1 V and 2.3 V indicate that most of the capacity arises from the redox
pair of Mn*"/Mn*" >192° It can also be easily seen in Figure 4.2 that the pure P2 phases show
suppressed phase transitions (plateaus) compared to the Na-Mn-O sample (NMO). Furthermore,
we conducted in-situ XRD analysis on the Ga-doped sample NagescFeo.13Mno77Gao.102 as
illustrated in Figure 4.7. Notably, only the P2 phase was observed in the XRD pattern during the
cycling within the voltage range of 1.5 V to 4.3 V. This observation once again highlights the
suppressing effects of doping on phase transition, especially in comparison to previous work on

undoped materials®®. Interestingly, they also show no reversible peaks above 4.0 V where oxygen
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redox would occur, in contrast to our previous results'® in doped Nag sMnO,. Overall, the voltage
curves of the P2 materials show low overpotentials (quite a bit lower than in the original
Nao 66Feo.sMno 502 proposed by Yabuuchi et al.”) and excellent reversibility. Figures 4.3, S4.3-
S4.4 show the extracted battery metrics which gives a broad view of the effects of dopants. Firstly,
considering the undoped was already optimized for specific capacities and capacity retention in
the Na-Fe-Mn-O system, the improvements in specific capacities and retention of doped samples
are expected to be marginal. Undoped Nao.ssFeo.13Mno.s702 has 184 mAh/g while the highest
capacities in set 3 are 198 mAh/g for Li, 197 mAh/g for Co, and 212 mAh/g for T1, showing extra
improvement. These values certainly outperform currently commercialized cathodes, especially if
pre-sodiated hard carbon can be used as the anode. However, as discussed extensively below, a
high energy density is not sufficient as this material is currently prevented from being used
primarily due to poor air stability?’. Similarly, capacity retentions after 10 cycles for the undoped
NFMO exhibited 97% retention, while several doped samples from set 1 displayed enhanced
retention, such as Zn (99%), Ga (100%), and Ni (102%). Hence, our systematic examination of
doping effects on three sets of samples revealed several benefits in the cycling performance,
including the smoothing of CV curves, reduction in phase transition, mitigation of voltage
hysteresis, and overall improvement in battery performance. However, the roadblocks to
commercialization are not primarily associated with these metrics. Instead, the main challenges lie
in the poor stability in air and the excessive dissolution of transition metals during cycling such

that we focus on these for the rest of this article.
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Figure 4.2 Voltage profile plots derived from processing the CVs presented in Figure $4.1, cycled
within the voltage range of 1.5 V to 4.3 V vs Na/Na" at the scan rate of 0.1 V h''. On each panel is
indicated the first cycle discharge capacity in mAh g”'. The plots depict the first charge and
subsequent 5 cycles for set 1 samples. The colored outlines indicate the distinct phases: pure P2
structure (yellow), P3 structure (green), tunnel structure (blue), and P2-Nay.ssFeo.sMnosO:
(NFMO¥*) and P2/P’2-Nao.ssMnO> (NMO).
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Figure 4.3 Electrochemical properties extracted from the combinatorial cells for set 1 samples.
(a) Specific capacities for 1° charge (yellow), 1° discharge (deep blue), and 10" cycle discharge
(cyvan) are plotted on the primary y-axis. The 10-cycle capacity retention is represented by the
purple scatter plot and plotted on the secondary y-axis. (b) Average voltages for 2" charge
(turquoise) and 2" discharge (gray). The voltage difference is obtained by the subtraction of the
average voltages of charge and discharge and plotted on secondary y-axis as the yellow scatter

plot.
4.4.3 Accelerated aging

To assess the air stability, we subjected sample sets 1-3 to accelerated aging, as detailed in the
methods section. The XRD was performed after different time intervals and storage environments
to obtain the structural degradation over time (Figure 4.4). Utilizing Rietveld refinement, we
quantified the fraction of pristine phase remaining in order to determine air stability (Figure 4.4b).
Clearly, dopants play a critical role in determining the air stability of the materials with the Li-
doped sample retaining 96% of the P2 phase while the Sc-doped sample was completely degraded

with 0% retention. Consequently, we established an air stability ranking based on the different
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mother compositions of the three sets of samples to minimize bias, shown as a heat map in Figure
4.4¢, where the colors depict the stability of the different doped samples. Specifically, dopants at
both ends of the ranking such as Li and Sc, demonstrate decisive effects on air stability regardless
of which sample set they were in, while the dopants in the middle indicate moderate effects, which
are also influenced by the specific composition of the sample sets. Interestingly, set 2 samples
exhibited air stability comparable to that of set 1 even though doping level was lower (5% vs.
10%), suggesting that a high doping level is not required for improved air stability. Hence, the
reasonable amount of dopants will vary dopant to dopant. For example, Li content can and should
be reduced to 5% in order to improve surface stability without detriment to the specific capacity
(198 mAh/g was obtained for Li in set 3 at 5% doping); such limits will also need to account for
the changing cost and emerging sustainability concerns related to Li. Conversely, dopants such as
Ni, Cu, or Ga may necessitate a higher doping level (10%) to achieve satisfactory air stability, and
this may be troublesome from a cost point of view. Overall, the obtained air stability ranking
strongly suggests that dopant identity is crucial, and further concerns related to critical minerals
may need to be considered as these materials are considered for commercialization. This
discussion certainly highlights the need to consider additional cost and sustainability factors when

determining the optimal doping level.
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Figure 4.4 Investigation of air stability. (a) Representative XRD patterns for the Li-doped sample
(set 1) under different aged conditions: pristine, moisture (RH = 45%,), extreme moisture (RH >
90%), desiccation (RH < 10%). Recovery was performed at 160 °C for 12 hours for Li and Al-
doped samples. (b) P2% retention obtained from quantitative Rietveld refinement for aged set 1
samples. (c) Heat map representing the P2% retention for three sets of aged samples with different
dopants. The dopant order is determined based on the average P2% retention across the three sets
of aged samples. (d) Schematic diagram illustrating the process of water insertion and structural
transformations involving the P2, birnessite, and buserite phases. (e) Thermogravimetric analysis
(TGA) plot showing weight loss and temperature for Li and Sc-doped samples. (f) and (g) XANES
spectra at Mn K-edge of Li and Sc-doped set 1 samples and their aged samples at RH>90% after
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7 days. (h) and (i) corresponding Fourier-transformed EXAFS spectra.

To investigate the correlation between dopant identity and air stability, we have reviewed several
mechanisms. Duffort et al. studied the aging mechanism of P2-Nag ¢7Mno sFeo.sO> and proposed

that during air-induced aging, Mn** may oxidize to compensate for Na deintercalation, forming
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sodium carbonate!®. Consequently, the presence of Mn>" renders the material more air sensitive.
They found that doping with Ni improved air stability. In Figure 4.4c, we also observed that the
presence of Ni indeed enhances air stability compared to Fe- and Mn-based materials. Based on
these assumptions, lower valence dopants may be favored as they can increase the Mn average
oxidation state through charge balancing, such as Li, Mg, Ni, Zn, and Cu. However, these
assumptions may not always hold true. Alkali metals such as K and Cs in doped samples may
suffer from worse air stability, as the large ions may destabilize the material. Moreover, Zuo et al.
proposed a correlation between redox potentials and air stability?®, which holds true only for active
dopants such as Cu*"** and Ni*"**. However, considering that most dopants are inactive, this
method is difficult to apply universally. Although a few theories have shown partial predictability,
some inactive dopants pose challenges for predicting air stability, especially considering that some
dopants can exhibit multiple valences. This again highlights the importance of wide testing as

performed in the current study.

It is also essential to investigate the potential impact of morphological changes due to doping on
the air stability. Larger particles will have a lower surface area per unit volume (this is inversely
proportional to the radius) so they could be expected to show improved air stability. Figure S4.13
shows SEM images for in Figure S4.13. As depicted in the SEM images, most of the doped
samples exhibit similar particle sizes (approximately 1-3 um) to the undoped sample. There is
certainly no order of magnitude or more change in particle size as we have previously seen in
doped Li-ion cathodes®*. It is also worth noting that large porous secondary particles are seen for
all samples such that primary particle size is the key to air stability (i.e. the materials are porous
enough for air/electrolyte to reach all primary particles). Some dopants that show good air stability,

like B and Si, also show larger primary particles than the undoped. However, others, like Li, show
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quite comparable particle sizes. On the other hand, Sc showing poor air stability also shows smaller
particle sizes than the undoped. We therefore conclude that doping certainly plays a role in particle
size control and this impacts air stability, but other factors are important as well and this will be
explored further below using Machine-Learning algorithms to decouple size effects (via XRD peak

widths) from structural effects like latticed size.

To unravel the air degradation mechanism, we analyzed the large sets of XRD data from the
accelerated aging, allowing us to identify the primary mechanisms illustrated in Figure 4.4d.
Initially, the P2 structure undergoes conversion to the birnessite structure in the presence of
moisture?’. As water molecules insert into the Na* layers, the P2-Nag¢cFeo.13Mngs70, crystal
structure will expand along the c-axis, where the distance between the neighbor transition metal
slabs increased from 5.6 A to 7.1 A. Under higher moisture (RH > 90%), the water molecules will
continue to insert into the Na" layers to form the buserite phase and expand the interslab distance
to 10 A, as shown in Figure 4.4a,d. The polarity and intermolecular forces of water molecules
facilitate hydrogen interaction to oxygen from transition metal slab to form M-O---H, while
oxygen from water molecules is attracted to Na* ions. Notably, the intensity of the (0,0,4) peak in
the birnessite structure increases. Consequently, the increased interslab distance enhances the ionic
nature of Na’, promoting its migration onto the surface where it reacts with atmospheric CO; to
form carbonates'>*°, To validate the formation of hydrogen bond?!, the distance between hydrogen
and oxygen from the metal slab in P2-Nag.¢sFeo.13Mno 702 was calculated based on the given
configuration and interslab distance, resulting in a calculated distance of 2.75 A, indicative of weak

hydrogen bonding.

X-ray absorption spectroscopy (XAS) was conducted on both Li and Sc-doped pristine samples

and aged samples for 7 days in high humidity (RH > 90%), as shown in Figure 4.4f-i. The near
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edge spectroscopy demonstrates a discernible shift towards lower energy and reduced absorption
magnitude in the Sc-doped sample after aging. This suggests a potential reduction of Mn to a lower
oxidation state*>**. The pair distribution function (PDF) obtained from the EXAFS region for the
aged Sc-doped sample reveals a significant alteration in the local structure, particularly evident in
the Mn-O bond. This transformation could potentially be attributed to the heightened presence of
Mn?* ions, possibly inducing Jahn-Teller distortion®. Additionally, the interaction between M-
O---H20 can also alter the chemical environment around the Mn, we attribute the new peak in the
aged Sc-doped sample in Figure 4.4i to intercalated water in the aged structure. In contrast, the
Li-doped sample exhibits excellent stability both in near-edge and the PDF after aging. This shows
that the Li-doped structure is remarkably robust, with the local structure showing no change
throughout the aging process. Thermogravimetric analysis (TGA) was also carried out to
investigate aged Li and Sc-doped samples (Figure 4.4e). Despite both samples starting with a
single phase birnessite, the Sc-doped sample exhibited higher weight loss. Notably, the Sc-doped
sample showed a distinct step after 100 °C, suggesting stronger bonding of crystalline water. Even
after the main weight-loss region I at 160 °C, weight-loss persisted in the Sc-doped sample,
indicating the potential presence of even stronger bonding crystalline water and carbonate
decomposition in region II. Therefore, the TGA reveals that both samples can de-intercalate water,
indicating the possibility of material recovery. Subsequent XRD analysis was performed on both
samples post-TGA, as shown in Figure S4.6. The Li-doped sample exhibited excellent recovery
back to the original P2 structure, while the Sc-doped sample only partially recovered, possibly due
to irreversible Na" loss during aging. Recovery was also systematically studied at 160 °C for 12
hours, corresponding to the completion temperature of region I from TGA. While the Li-doped

sample successfully reverted to the P2 structure, other samples such as Al-doped displayed partial
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reversion, indicating a higher energy requirement, as shown in Figure 4.4a. Interestingly, the
(1,0,0) peaks for both samples still stay sharp, indicating that degradation primarily occurred along
the c-axis, with the transition metal slabs largely preserved after aging. The effects of the dopants
were evident not only in the air stability of the materials but also in their ability to recover to the
P2 structure. Hence, we demonstrate recovery can serve as another viable strategy to overcome
the hygroscopicity bottleneck of layered oxides, but the ability to recover is also clearly dopant

dependent.

4.4.4 Machine learning analysis

Despite uncovering the processes and mechanisms of material degradation, predicting air stability
remains a significant challenge that requires time during aging and large amounts of data as
illustrated in Figure 4.5. Over 1000 XRD patterns were obtained in the air stability study, and this

3438 a5 detailed in the

presents an opportunity to leverage machine learning (ML) techniques
methods section. Specifically, we aim to predict air stability using pristine XRD only; this would
accelerate our testing significantly. First, the XRD scans from materials at different aging levels
were represented as single points and projected onto three-dimensional coordinates, as illustrated
in Figure S4.8. Each coordinate represents the latent structural information (matrix), maximizing
the amount of explanatory predictor variables (input XRD data). We successfully implemented
dimensionality reduction, by transforming the high-dimensional XRD data (>4000 predictor
variables) into a low-dimensional space, enabling visualization of the structural relationships
between materials at different aging levels. To predict air stability based on XRD patterns, we
applied Partial Least Squares Regression (PLSR) as algorithm®>*’. PLSR is a supervised learning

algorithm that can be used to predict a continuous output variable (in this case, air stability) from

a set of input variables (in this case, the XRD data). As shown in Figures 4.5 and S4.8, we trained
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the PLSR model based on a subset of the XRD data with known air stability properties. The
remaining XRD data was used to validate the model using cross-validation technique (Figure
S4.8). Figure 4.5a shows the prediction trained from both pristine and aged samples with an
excellent R? value of 0.981. Furthermore, the ML model tested exclusively on XRD patterns from
pristine samples after training on the full set yielded a very good prediction with an R? value of
0.912 (Figure 4.5b). Therefore, we have successfully trained and cross-validated an ML model
capable of directly predicting air stability from pristine XRD patterns. This accomplishment has
the potential to expedite the exploration of novel materials, particularly in the context of more

complex composition studies.
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Figure 4.5 Workflow scheme of lab-based analysis and data-driven machine learning model. (a)
PLSR prediction plot trained using pristine and aged samples. (b) PLSR prediction plot trained
using pristine samples and validated against lattice parameters and peak profiles. XRD data from
Li and Al-doped samples are utilized to fine-tune the peak profiles and enable a comprehensive

assessment of the variations in different parameters.
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It also provides a unique opportunity to gain a deeper understanding of what features the ML model
has recognized in the pristine XRD in order to predict air stability in further research. We first use
the fully trained model to predict the air stability of the Rietveld fits to two samples (Li and Al
doped). As shown in Table S4.2, these both show results close to the experimental, though clearly
the noise in the original data affected the predictions slightly. Next, we repeat the predictions but
after changing a single parameter in the Rietveld calculation*!. We explore 5 parameters: the U, V,
W parameters that govern peak widths in Caglioti formula, as well as the lattice parameters a and
c. Figure S4.9 show that air stability vs. either peak widths or lattice parameters show very
scattered behavior with no clear correlation; any information is hidden in the noise and
interdependence between various parameters. Table S4.2 and Figure 4.5b show the results of
using the ML model to study the impact of these parameters. We first discover that W had minimal
impact, while increasing U (peak broadening) resulted in an air stability decrease. Similarly,
increasing V by 100% (with V being negative) resulted in sharper peaks and an increase in the
predicted stability. For both U and V, the broadening of peak profiles may stem from smaller
crystallite sizes and larger microstrain. This leads to the expected conclusion that smaller particles
and more strained crystals lead to materials that are less stable in air. We speculate that smaller
crystallite sizes may facilitate expansion along the c-axis and also present a higher surface area for
contact with air, while larger microstrains may undergo structural expansion to alleviate the strain.
Therefore, we can interpret and conclude from the ML model that broadening of peak profiles is
associated with lower air stability. Surprisingly, we found that the ML model expects significant
changes in air stability due to lattice parameters, but they are in opposite directions: increasing the
lattice parameters a led to a decrease in air stability, while increasing c¢ led to a decrease in

predicted stability. We speculate that the poor correlations seen in Figure S4.9a,b,c are due to
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coupling between the effects of both lattice parameters (i.e. ¢ vs a also shows a scattered plot with
a weak correlation, Figure S4.9d) such that the ML model can decouple these effects (and any
others at play) for the first time. The result that a larger ¢ value may be beneficial is counterintuitive,
as a larger ¢ value was expected to indicate worse stability suggesting greater space for the Na
layer. We propose two possible reasons where a larger ¢ could be beneficial: (1) if large dopants
are on the transition metal layers then the MO; slabs will be larger and interfere with intercalation
in the layers in between, (2) if dopants occupy Na sites, they may interfere directly with the
intercalation of water. This first application of ML to our large air stability data sets clearly shows
promise for both predictability and also for a deeper understanding of why certain materials show

dramatically improved air stability.

4.4.5 Transition metal dissolution

To address the challenge of transition metal dissolution in layered cathode materials, we
investigated the impact of dopants on this phenomenon using ICP-OES analysis, as detailed in the
methods section. 20 different dopants in Nag.c6Mno.sFeo.4Xo0.102 were tested as shown in Figure
4.6a,b. This composition is chosen because it can show better contrast on both Mn and Fe
dissolution'*. The ICP results revealed the presence of both Fe and Mn with high contrast between
samples, with some dopants like Li and B being effective in suppressing the dissolution of both
metals. To account for potential contamination of Fe from steel cell parts in our Swagelok cells,
Nao.ssMnO> (notes as NMO) was also analyzed, revealing significantly lower Fe content than for
doped Nao.ssMno.sFe0.4Xo0.102 samples (as high as 2000 ppm), confirming that only a relatively
small amount of Fe comes from the cell components, which is used as the baseline for iron. For
Nao.c6Mno.sFeosO2, the Fe dissolution is about 5 times more severe than Mn, emphasizing the

greater concern regarding Fe dissolution. Analysis of Fe dissolution in Figure 4.6a revealed that
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11 dopants such as Li, B, Cu, Pb demonstrated improvements in Fe dissolution. On the other hand,

the improvement of the dopants is more effective for Mn dissolution, with 16 dopants

demonstrating suppression.
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Figure 4.6 Investigation of transition metal dissolution. Dissolution concentration of (a) Fe and
(b) Mn determined by ICP-OES of the Na anode in cycled Nay.ssFeo.sMnosXo.10:, the undoped
Nao.ssFeosMnosO: (noted as Mn for cycled, Mn* for uncycled cell), and Nao.ssMnO: (noted as
NMO,). The ICP results were normalized by the mass of the cathode with ug metal per g of cathode.
(c) Relative atomic profile of Ti and B-doped samples obtained from XPS with Ar etching (rate:
0.09 nm/sec). The inset plot illustrates the simulated reordering of transition metals from the
surface to the bulk. (d) Schematic representation of transition metal dissolution pathways from the
cathode to the electrolyte and deposition on the anode. (e) Illustration of metal dissolution at the
surface and in the bulk, depicting two options for neighbor transition ions to hop into the surface
vacancy or into the Na ion layer. (f, g) XPS analysis of Fe and Mn for quantifying the relative
ratios. (h) XPS analysis of O 1s and Na KL2 profiles at different etching levels.
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Surprisingly, the B-doped sample shows a significant suppression effect on Mn dissolution with
over 10 times more than the Cs-doped sample and 20 times greater than Nag.¢sMnQO., highlighting
doping as a highly effective strategy for suppressing transition metal dissolution. The intriguing
discovery revealed that the elements Li, B, Cu, and Pb exhibited the highest efficacy in suppressing

both Fe and Mn dissolution.

Moreover, we also investigated the mechanism underlying transition metal dissolution. Firstly, we
measured the metal dissolution of uncycled Nao.ssMno.sFeo.sO2, in which the cell was assembled
but only rested for the same days of 10 cycles, as shown in Figure 4.6a,b (noted as Mn*).
Strikingly, even without cycling, Fe and Mn dissolution from the cathode was observed, indicating
instability in the cathode-electrolyte interphase or electrolyte corrosion. This also indicates that
cycling contributes to increased metal dissolution, as evidenced by the cycled Nag.ssMno.sFeosO:2

(noted as Mn).

To gain further insights into the surface characteristics affected by different doping effects, XPS
was used to analyze the surface of the particles. Firstly, Figure 4.6h depicts the detection of the
cathode-electrolyte interface, where the organic C-O/C=0 signals exhibit a decay from the surface,
while the M-O peak increases within 1 nm showing that the SEI is limiting to a very small depth*>.
Also, pristine B-doped and Ti-doped samples showed consistent ratios of Fe and Mn as dispensed
as a function of depth during Ar" sputtering (Figure 4.6¢), with Fe/(Fe+Mn) = 40% (dispensed:
44%). However, after cycling, the two cathodes displayed different composition profiles from Ar"
etching at about 4 nm from the surface. The B-doped sample (low metal dissolution) maintained
its composition ratio after cycling (about 40%), while the Ti-doped sample (high Fe dissolution)
exhibits a heterogeneous distribution of Fe and Mn, indicating that the surface has been

reconstructed after cycling, possibly attributed to Fe dissolution from deeper regions and
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cracks***. Moreover, the integrated intensity of Fe in Figure S4.10 indicated that Fe dissolution
is more severe on the surface, even up to a depth of 14 nm from the surface. Therefore, the
mechanisms discussed above clearly propagate deeply into the particles, unless the correct dopant

like B is utilized.

Notably, our findings suggest that the doping effect may also induce surface reconstruction by
altering the surface and strain energy. This phenomenon is exemplified by the work of Guo et al.,
where Ti dopants, even without an additional coating process, can trigger surface reconstruction®.
Li et al. identified the overexploitation of Mn in NFM materials, resulting in the instability of
layered materials and initiating significant metal dissolution*®. Although Ti and Mg dopants are
often associated with various benefits such as improved air stability and modified electrochemistry,
as mentioned in the aforementioned studies and literature*’ | they are not found to effectively
suppress Fe dissolution, but rather exhibit minor suppression on Mn dissolution, with
compromised surface stability as demonstrated by XPS profile studies. In addition, previously
reported Mg-doped samples often exhibit higher Mg content (>20%), which can induce a
superstructure that enhances structural stability and anionic activity>*>. In our study, with a doping
level of 10%, we did not observe either a superstructure via XRD or enhanced anionic activity.
This may contribute to the inconsistency observed in the literature. Additionally, Suyeon Lee et al.
observed the Mg-doped NFMO materials undergo heterostructure alteration from layered to
disordered phases, including spinel-like and rock salt-like nanostructures, after Na* deintercalation

during moisture storage®. This suggests that the unstable surface may undergo structural evolution.

It is important to emphasize that the primary objective of our study is to compare various properties
altered by doping. It is logical to infer that doping may not consistently enhance all material

properties. Instead, our findings suggest that while some dopants may improve certain properties,
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others may not. To our knowledge, there remains a dearth of comparative studies on the impact of
different dopants on transition metal dissolution, despite this being a well-recognized and
detrimental phenomenon. Our investigations have unveiled that the doping effect on surface and
bulk chemistry may exhibit inconsistency. The mitigation of transition metal dissolution could

potentially enhance surface stability via doping strategy.

4.5 Conclusion

In this study, we conducted a systematic comparison of the effects of over 50 dopants in cathode
materials, with the aim of facilitating material rational design. Our research addresses a significant
gap in the literature, as most studies have focused on the effects of single dopants, thereby limiting

the understanding of the broader range of options available for layered oxide materials.

By employing high-throughput and data-driven analysis, we identified new compositions that
incorporate novel dopants such as Rb, Cs, Sc, Ga, B, Re, Tl, and Pb. These findings greatly
enhance the selection of compositions for layered oxide materials, opening up new possibilities
for material design. Additionally, we systematically reported on the electrochemical properties of
the doped materials and achieved notable improvements in capacities and retentions. For instance,
Nag.esFeo.0sMno g7Tlo.0sO2 exhibited a capacity of 212 mAh/g, while NaoesFeo.13Mno.77Gag.102
demonstrated no capacity decay over 10 cycles with well-maintained P2 structure during charge
and discharge. These findings warrant further investigation and hold promise for the development

of advanced cathode materials.

Furthermore, we explored the influence of dopants on the surface properties of the materials,
particularly their resistance to air and moisture corrosion. Our study revealed a ranking list of

different dopants, providing valuable insights for material design. Notably, the Li-doped sample
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exhibited remarkable air stability even after accelerated aging. We leveraged machine learning
techniques and analyzed over 1000 XRD data, which allowed us to identify that improved air
stability correlated with reduced microstrain and larger particle size. Additionally, we found that
the lattice parameter of the materials also played a role in air stability. Moreover, doping was found
to effectively suppress metal dissolution from the particle surface. Notably, Li, B, Cu, and Pb
dopants demonstrated enhanced metal dissolution issue, as evidenced by the profile investigation.
This comprehensive study sheds light on the intricate effects of doping on the electrode-electrolyte
interface, providing meaningful insights into the design and optimization of cathode materials.
Furthermore, this study serves as a valuable guide for future co-doping investigations, allowing
for the combination of multiple improved properties in finely tuned compositions. The wealth of
knowledge gained from this research lays a solid foundation for further exploration and advances

in the field of material science and energy storage systems.
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4.7 Supporting Information

Table S4.1 The results of automated XRD refinement for samples with different dopants. Site
occupancies are not relaxed.

Dopant | ICSD Code Phase Molar % | Dope % Un;i:;;{t;?ed GoF (¥2) | Spacegroup ‘ a [ﬁ] ‘ b '] ‘ c [ﬁ]
Li 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 1.89 P63/mmc 85(3) 85(3) 11.17(9)
B 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.24 P63/mmc 2. 86{9} 2. 86{9} 11.19(9)

Mg 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 1.95 P63/mmc 2. 8?{9} 2. 8?{9} 11.26(6)
Al 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.88 P63/mmc 85(8) 85(8) 11.22(2)
Si 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.55 P63/mmc 2. SS{?} 2. 88{?} 11.25(6)

K 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 2.08 P63/mmc 2.87(2) 2.87(2) 11.16(8)

Ca 196276 P2-Na0.66Mn0.77Fe0.13M0.102 92% 0% 2.22 P63/mmc 2.87(1) 2.87(1) 11.16(6)
258991 CadMna012 8% 2,22 Pnma 5.26(9) 7.40(6) 5.25(3)

Sc 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.80 P63/mmc 2.87(9) 2.87(9) 11.20(6)
Ti 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  24% 10% 2.06 P63/mmc 2.87(1) 2.87(1) 11.22(4)
182617 N37.04Mn18036 76% 2.06 Pham 9.12(9) 26.2(2) 2.852(2)

v 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 95% 0% 1.92 P63/mmc 2.87(5) 2.87(5) 11.26(9)

33361 Fel6Mn16048 5% 1.92 la-3 9.34(3) 9.34(3) 9.343(3)

196276 P2-Na0.66Mn0.77Fe0.13M0.102 62% 0% 3.14 P63/mmc 2.87(4) 2.87(4) 11.24(2)

Cr 257184 Na2Cra08 37% 3.14 P121/m1 4.99(1) 5.73(2) 5.869(9)
61271 Mn32048 1% 3.14 la-3 9.43(3) 9.43(3) 9.43(3)

Mn 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 2.03 P63/mmc 2.87(4) 2.87(4) 11.22(3)
Fe 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.65 P63/mmc 2.89(3) 2.89(3) 11.28(8)
Co 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 1.86 P63/mmc 2.86(1) 2.86(1) 11.22(3)
Ni 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.80 P63/mmc 2.87(7) 2.87(7) 11.24(9)
Cu 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 2% 2.80 P63/mmc 2.87(6) 2.87(6) 11.21{1)
n 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 98% 4% 1.50 P63/mmc 2.87(3) 2.87(5) 11.20(8)
28512 Zn7.20Mn0.80Fe16032 2% 1.90 Fd-3m 8.37(s) 8.37(5) 8.375(5)

Ga 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 2.19 P63/mmc 2.87(8) 2.87(8) 11.22(1)
Rb 196276 P2-Na0.66Mn0.77Fe0.13M0.102 100% 10% 1.99 P63/mmc 2.87(7) 2.87(7) 11.19(6)
S 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  94% 0% 1.34 P63/mmc 2.86(9) 2.86(9) 11.16(7)

202615 SrAMn4012 6% 1.34 P63/mmc 5. 41{?} 5. 41{?} 9.03(3)

v 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  94% 0% 1.34 P63/mmc 85(8) 85(8) 11.13(8)

166217 YaAMnA012 6% 1.34 Pnma 5. 62{2} 7. 41{4} 5.232(2)

196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 96% 4% 2.29 P63/mmc 2.86(1) 2.86(1) 11.14(§)

Zr 33361 Fel6Mn16048 1% 2.29 la-3 8.35(3) 8.35(5) 8.35(5)

237006 Zra08 3% 2.29 Fm-3m  5.08(4) 5.08(4) 5.084{4)

Nb 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 95% 4% 1.79 P63/mmc 2.89(2) 2.89(2) 11.28(2)
74642 NbaNad012 3% 1.79 Pmc21 7.77(6)  5.49(9) 5.568(8)

Mo 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  38% 0% 2.11 P63/mmc 2.51(9) 2.51(9) 12.21(4)
159865 Mn32048 62% 2.11 la-3 9.41(7) 9.41{7) 9.417(7)

Rh 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  28% 10% 2.63 P63/mmc 2.86(8) 2.86(8) 11.45(6)
291601 P3-Na0.66Mn0.77Fe0.13M0.102 72% 2.63 Cc12/m1 5.02(2) 2.88(8) 5.869(9)
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Unidentified

Dopant | ICSD Code Phase Molar % | Dope % Peak % GoF (y2) | Spacegroup ‘ a [A] ‘ b [A] ‘ c [A]

o 30237 Fel6Mn16043 23% 211 la-3 9.36(9)  9.36(9) 9.369(9)
29281 pd202 32% 211 paz/mmc  3.02{8) 3.02(8) 5.305(5)

76612 Mn6.80Fe5.20016 17% 211 Mi/amd  5.97(2) 5.97(2) 8.456(6)

196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  95% 2% 2.27 P63/mmc  2.86(9)  2.86(9) 11.19(9)

Ag 33561 Fel6Mn16048 0.4% 2.27 la-3 9.04(5) 9.04(5) 9.045(5)
670299 Agd 5% 2.27 Fm-3m  4.06{4) 4.06(4) 4.064{4)

cd 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  35% 0% 2.26 PE3/mmec  2.86(6) 2.86(6) 11.15(3)
87222 Cd3.60Mn0.4004 5% 2.26 Fm-3m 465(7) 4.65(7) 4.657(7)

In 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  99% 0% 2.02 P63/mmc  2.87(7) 2.87(7) 11.21(3)
252363 In32048 1% 2.02 la-3 10.0(3)  10.0(3) 10.07(3)

196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  23% 0% 140 P63/mmc  2.86(9) 2.86(9) 11.26(3)

o 262768 5n204 15% 140  P42{mnm 4715} 4.71(5) 3.169(9)
290640 Mn32048 a% 1.40 Pbea 9.38(1)  9.39(9) 9.41(1)

291601 Na0.80Cr204 58% 1.40 c12/mi  497(5) 2.87(5) 5.858(8)

Te 196276 | P2-Na0.66Mn0.77F20.13M0.102 79% 0% 175 P63/mmc 2.86(6) 2.868(6) 11.22(9)
0 Fel6Mn16043 21% 1.75 1a-3 9.34(4)  9.34(4) 9.344(4)

Cs 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 100% 10% 2% 3.00 P63/mmc  2.87(3) 2.87(3) 11.18(3)
196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 90% 0% 2.76 Pe3/mmc  2.86(7) 2.86(7) 11.15(3)

Ba 89994 Ba2Mn206 9% 276 P&3/mmc  5.66(8) 5.66(8) 4.788(8)
672059 Bad0d 2% 2.76 Fm-3m  5.40{6) 5.40(6) 5.406(6)

La 196276 | P2-Na0.66Mn0.77F20.13M0.102 92% 0% 175 P63/mmc 2.86(1) 2.868(1) 11.15(7)
82191 La4.92Na0.96Mn6018 8% 1.75 R-3c 5.43(7) 5.43(7) 13.33(4)

e 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  93% 0% 1.96 P63/mmc  2.86(8)  2.86(8) 11.18(6)
670742 Ced08 7% 1.96 Fm-3m  5.39{1) 5.39(1) 5.391(1)

196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  92% 0% 4.83 Pe3/mmec  2.85(7) 2.85(7) 1L.39(1)

Pr 173546 Pr3.16Na0.84Mnd012 0.2% 4.83 Pnma 5.40(2) 7.64(5) 5.493(3)
93615 Pr3.40Na0.60Mn4012 8% 4.83 Pnma 5.35(5) 7.61{4) 5.549(9)

Nd 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 91% 0% 2.70 P63/mmc  2.86(6)  2.86(6) 11.18(8)
163729 Nd3.60Mn4012 9% 2.70 Pnma 5.40{6) 7.63(8) 5.401(1)

om 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 | 92% 0% 1.82 P63/mmc  2.86(9)  2.86(9) 11.19(8)
258440 SmM4Fe2.40C01.60011.20 8% 1.82 Pnma 5.44{6)  7.66) 5.369(9)

Eu 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  83% 0% 1.78 PE3/mmec  2.87(6) 2.87(6) 11.28(3)
84672 Eu4Mns020 17% 1.78 Pbam 7.37(8) 8.52(5) 5.67(7)

ad 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 91% 0% 1.69 P63/mmc 2.86(9) 2.86(9) 11.20(1)
150362 Gd4FeA012 9% 1.69 Pnma 5.53(3) 7.54(8) 5.318(8)
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Unidentified

Dopant | ICSD Code Phase Molar % | Dope % Peak % GoF (x2) | Spacegroup ‘ a [A] ‘ b [A] ‘ ¢ [A]
b 196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  93% 0% 1.73 P63/ mmc 2.86(9) 2.86(9) 11.19(4)
196459 ThaMn2Fe2012 7% 1.73 Pnma 5.56(4) 7.50(7) 5.299(3)
196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  92% 0% 175 P63/ mmc 2.86(1) 2.86(1) 11.16(6)
Dy 103327 Dy8Mn16 0.2% 1.75 Fd-3m 7.48(4)  7.48(4) 7.434(4)
280091 Dy4Fe4012 7% 1.75 Pnma 5.56(2) 7.46(2) 5.262(2)
196276 P2-Na0.66Mn0.77Fe0.13M0.102 90% 0% 2.00 P63/ mmc 2.86(6) 2.86(6) 11.17(7)
Ho 656992 Ho8Mn16 0% 2.00 Fd-3m 7.45(8)  7.45(8) 7.458(8)
162206 Ho4Mn4012 9% 2.00 Pnma 5.62(5) 7.44(3) 5.243(3)
196276 P2-Na0.66Mn0.77Fe0.13M0.102 93% 0% 1.79 P63/ mmc 2.86(6) 2.86(6) 11.15(4)
- 84355 EraMn8020 4% 1.79 Pham 7.19(9) 8.42(2) 5.644(4)
99910 EraMn4011.12 0.4% 1.79 Pnma 5.52(9) 8.09(9) 5.642(2)
266215 Er3.59Mn4.41012 3% 1.79 Pnma 5.60(8) 7.39(8) 5.213(3)
196276 P2-Na0.66Mn0.77Fe0.13M0.102 18% 0% 1.38 P63/ mmc 2.86(9) 2.86(9) 11.24(8)
w 28474 Nal6Ws032 28% 1.38 Fd-3m 3.09(3)  9.09(3) 9.093(3)
187263 Mn32048 54% 1.38 1a-3 9.36(9) 9.36(9) 9.369(9)
Re 196276 P2-Na0.66Mn0.77Fe0.13M0.102 |  100% 0% 2.63 P63/mmc 2.87(8) 2.87(8) 11.23(2)
191896 Fel6Mn16048 0.5% 2.63 1a-3 9.38(9) 9.38(9) 9.389(9)
196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  93% 9% 13% 2.02 P63/ mmc 2.88(7) 2.88(7) 11.29(2)
Ir 0 Ir204 2% 202 P42/fmnm  4.48(1) 4.48(1) 3.125(5)
290638 Mn32048 5% 2.02 Pbca 9.39(3) 9.41(3) 9.417(7)
196276 | P2-Na0.66Mn0.77Fe0.13M0.102 |  44% 0% 161 P63/ mmc 2.86(7) 2.86(7) 11.27(7)
Pt 187263 Mn32048 24% 1.61 la-3 9.38(1)  9.38(1) 9.381(1)
672509 P4 32% 1.61 Fm-3m 3.90(6) 3.80(6) 3.906(6)
196276 P2-Na0.66Mn0.77Fe0.13M0.102 89% 3% 1.89 P63/ mmc 2.86(1)  2.86(1) 11.20(4)
Au 33561 Fel6Mn16048 1% 1.89 1a-3 3.35(2)  9.35(2) 9.352(2)
53763 Aud 5% 1.89 Fm-3m 4.05(2) 4.05(2) 4.052(2)
Tl 196276 P2-Na0.66Mn0.77Fe0.13M0.102 |  100% 10% 177 P63/ mmc 2.87(2) 2.87(2) 11.19(3)
Pb 196276 P2-Na0.66Mn0.77Fe0.13M0.102 |  100% 10% 1.73 P63/ mmc 2.88(4) 2.88(4) 11.22(5)
Bi 196276 P2-Na0.66Mn0.77Fe0.13M0.102 94% 0% 1.38 P63/ mmc 2.88(3) 2.88(3) 11.20(6)
182617 Na7.04Mn18036 6% 1.38 Pham 9.10{7) 26.22(1) 2.836(6)
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Figure 84.5 Electrochemical properties extracted from the combinatorial cells for set 3 samples.
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Figure §4.6 XRD patterns of Li and Sc doped sample after TGA
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Figure §4.7 In-situ XRD of Ga-doped set 1: Nao.ssFeo.13Mno.77Gao.102
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Table §4.2 Calculated XRD patterns with fine-tuned with different parameters

Experimental data 96.4% 56.6%
Calculated Profile 94.12% 64.30%
U (+100%) 89.71% 57.97%
V (+100%) 102.26% 88.71%
W (+100%) 94.10% 65.82%
a(+1%) 76.28% 52.44%
¢ (+0.2%) 106.01% 75.56%
4.5
=~
240
§ 3.5
Ti 3.0
E 2.5
% 20
£ 15
1.0
0 2 4 6 8 10 12 14
Profile (nm)

Figure §4.10 XPS result of Fe integrated area from surface to bulk

211



Etch depth

100 1000 900 800 700 600 500 400 300
Binding Energy (eV)

Figure §4.11 Comprehensive XPS scan under different etching level.
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Figure §4.12 Combinatorial cell for electrochemistry analysis and lab-built PCB for high
throughput cathodes.
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A

Figure §4.13 SEM image of various doped set 1 samples. All the images share the same scale
shown for the Li-doped sample, except the undoped aged samples shown in the bottom right corner
where a 5 um bar is shown.




| P2 B
3
L
>
=
@ 1
c 1 E 3
2 A_Ll__l_i_ A_A_a__|
—
£ P—— - .
] i II ] I I I I I
3 2 Sc
A
-
=
(7]
c
Q
—
: M
- N
- —afr—
1 ] [ ] ] 1 I I 1 I e
3 i | P2 Rb
8
>
=
(7]
c
[+}]
5] : .
= l__LL.A__i
- A_A A
] i I' 1 ] I 1 I [}
— | P2
3 K
5
=
=
v
c
Q ]
=]
£ ;
A_L_L‘._i_ i A_A A
I [} ll I 1 I 1 I L
s
.'.'i | P2 Ga
>
=
(%]
c
[V}
=]
- _n_LLA_L
' A_NAA__
I 'r" l' I I I I I )
S
s P2 TI
>
=
vy
c
Q
=
k3 :
I 'II ] I ] I I ] 1
10 20 30 40 50 60 70

Scattering angle (deg.)

Figure $4.14 XRD patterns and refinement of various doped set 1 samples.
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Figure $4.15 XRD patterns and refinement of various doped set 1 samples.

215



P2
—_ | Bixbyite V
S ICDD:99-002-1073
=L
>
-
‘@
S
g A
1
1 1 1
—_ P2
:i | Cadmium manganese oxide Cd
T ICDD:99-006-0991
>
-
‘@
=
L
= 2 A A_A
] 1 1 11 1 I 1 1 II 1 I 1 [N 1
— | P2
= | Cassiterite S n
. 1CDD:99-014-6500
-9— | Bixbyite
- ICDD:99-014-9805
= P3 1CDD:99-015-0681
= ;
=
Q
=
- 1 1 1 1 [ 1 1 ] 1o
1 1 L1 1 1 I | [ | | | 1
1 L} 1 1 1 1 P 1 11 EE R I RRERI Tnmmlm am I HIENHIIE EEEIIEN I
—_ I P2
S | Calcium manganate Ca
= ICDD:99-014-2930
=
-—
‘@
<
Q -]
L 2
[= : 8
- M M A
| 1 1 '|T"|I||5| TI 1 b YW
=l | P2
_g: | Sodium niobate Nb
= ICDD:99-004-9279
= | ICDD:99-011-8174
=
Q
-—
E 4_L—“—1Mh%
1 11 1 1 I 1 1 1 1
1 1 1 1 n 1 | ] L ] [} I [} nmn = 1T min 1 In nm s mn 1uny
I 1 I 1 1 1 1 I (I | 1 11
=
< | P2 Sm
= | Samarium ferrate(lll) cobaltate
E’b =] ICDD:99-014-2385
Q
a—
=
A __n
‘__HA_A*_A_*_M‘F,_V —— A —
1 1 LI | ] 1 1 ] 1 1 h )
] | 1 mm 1 i in () ] 1 imn 1 . LRI L)) i r1erm Lerr 1
10 20 30 40 50 60 70

Scattering angle (deg.)

Figure $4.16 XRD patterns and refinement of various doped set 1 samples shown multiple phase
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Table §4.3 Solution prepared for various dopant reagents

Element Dopant reagent Solvent
Li Lithium nitrate H,0
B Boric acid H,0
Na Sodmum nitrate H,O

Mg Magnesium nitrate hexahydrate H,0
A Aluminum nitrate monohydrate H,O
Tetracthyl orthosilicate EtOH
K Potassium nitrate H,0
Ca Calcium nitrate tetrahydrate H,O
Sc Scandium (IIT) nitrate hydrate H,0
Ti Titanmm (IV) butoxide EtOH
V Ammonmum metavanadate HCI'H,0
Cr Chromium (IIT) nitrate monohydrate H,0
Mn Manganese (IT) nitrate H,0
Fe Iron (IIT) nitrate monohydrate H,O
Co Cobalt (II) mitrate H,0
Ni Nickel (IT) nitrate hexahydrate H,0
Cu Copper (II) nitrate hemi(pentahydrate) H,0
Zn Zinc nitrate hexahydrate H,O
Ga Gallium (IIT) nitrate hydrate H,O
Rb Rubidium mitrate H,0
Sr Strontmum mitrate H,0
Y Yttrium (IIT) nitrate hexahydrate H,0
Zr Zirconmum dinitrate oxide hydrate H,O
Nb Ammonium niobate(V) oxalate hydrate H,0
Mo Ammonium molybdate (para)tetrahydrate | NH;OH/H,0
Rh Rhodium (IIT) nitrate hydrate H,0
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Element Dopant reagent Solvent
Rh Rhodmum (III) mitrate hydrate H,O
Pd Palladium (IT) nitrate hydrate HCI
Ag Silver nitrate H,O
Cd Cadmium nitrate tetrahydrate H,O

Indium (IIT) mitrate hydrate H,0
Sn Tm (II) chlonde H,O
Cs Cesnun nitrate H,O
Ba Barmum mitrate H-0
La Lanthanum (IIT) nitrate hexahydrate H,O
Pr Praseodymium (IIT) nitrate hydrate H,0
Nd Neodymium (IIT) nitrate hexahydrate H,0
Sm Samarium (IIT) nitrate hexahydrate H,O
Eu Europium nitrate pentahydrate H,O
Gd Gadolinium nitrate hexahydrate H,O
Tb Terbium nitrate hexahydrate H,O
Dy Dysprosium nitrate pentahydrate H,O
Ho Holmium nitrate pentahydrate H,O
Er Erbium nitrate pentahydrate H,O
W Tungsten (VI) oxide NH.,OH/H,0
Re Ammonium perrhenate H,O
Iridium chloride hydrate H,0
Pt Platinum (IV) chloride H,O
Au Gold (IIT) chloride trihydrate H,O
T Thallium nitrate pentahydrate H,O
Pb Lead (II) nitrate H,O
Bi Ammonmum bismuth citrate H,O
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Chapter 5 Discussion, Perspectives, and Future Work

In this thesis, we presented a comprehensive workflow for utilizing a high-throughput system to
investigate layered oxide cathodes for SIBs. Chapter 1 underscores the urgency and significance
of developing advanced energy storage materials amid escalating energy demands and the ongoing
environmental crisis. Traditional trial-and-error methods have proven inadequate for the extensive
research and development needed in battery materials, and computational efforts to date have been
largely retrospective. Thus, we introduced a high-throughput system to bridge this gap. In Section
1.1.3, we demonstrated that by 2030, the demand for battery markets, particularly for electric
vehicles (EVs) and energy storage systems (ESS), will be over 3100 GWh.! The widespread
adoption of EVs and ESS can significantly reduce dependence on and consumption of traditional
fossil fuels, while enhancing the efficiency of renewable energy utilization, such as wind and solar
power. Additionally, we compare LIBs and SIBs, discussing the latter's advantages and
disadvantages. The advantages of SIBs include abundant resource availability, environmental
friendliness, a diverse range of transition metal selections and combinations, smaller Stokes radius
and desolvation energy in electrolytes, the use of aluminum foil as an anode current collector
instead of copper foil, and improved safety and temperature tolerance.”* These benefits are crucial
for addressing the dual challenges of rising energy demand and environmental sustainability.
Nonetheless, enhancing the electrochemical properties—such as specific capacity, energy density,

and cycle life—remains essential for SIBs to become competitive with LIBs.

Cathode materials are pivotal in the development of SIBs. Layered oxides stand out as the most
promising candidates for commercialization due to their exceptional electrochemical properties,

diverse compositional combinations, and high tunability. In Section 1.4, we outlined the main
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challenges impeding the progress of layered oxides.’ Subsequent chapters demonstrate how we
integrated high-throughput investigation to tackle the following issues: (1) Jahn-Teller distortion,
which can disrupt the symmetry of the octahedral configuration, cause distortion of transition
metal layers, and compromise structural integrity, is addressed in Chapters 2 and 3, (2) Phase
transitions during cycling can accelerate structural degradation and significantly limit the cycle
life of battery materials; these challenges are explored in Chapters 2, 3, and 4, (3) Transition metal
dissolution, which diminishes the electrode stability in electrolyte, reduces the activity of cathode
materials, undermines long-term cycling performance, and raises safety concerns, is another
critical issue we examine in Chapter 4, and (4) The air/moisture stability of these materials is
crucial at every stage of battery production and affects handling costs, addressed in Chapters 2, 3,
and 4. Importantly, each of these challenges is closely related to the compositional design of
layered oxides. By leveraging high-throughput methodologies, we aim to optimize the composition
and enhance the performance of these cathode materials, thereby advancing the development of

SIBs.

The development of battery materials frequently employs comparative research methodologies,
wherein benchmark samples are utilized to gauge the improvements of novel materials.®” This
approach facilitates the determination of whether a specific dopant or composition exhibits
superior performance. Despite the significant attention garnered by Na-Fe-Mn-O layered materials
over recent decades® !, there remains a notable lack of systematic and rational guidance on
composition design. Comparing data across the existing literature is challenging due to
inconsistencies and conflicts arising from researchers reporting diverse precursors, sintering

conditions (including temperature and heating rates), and electrochemical protocols (such as varied
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cut-off voltages). These disparities complicate the comparison of results across different

laboratories, thereby impeding the efficiency of comparative studies.

For synthesis conditions, some researchers use solid-state reactions, where the homogeneity and
particle size of the precursors are crucial; better homogeneity often results in improved
morphology and superior cathode materials.!*™!> Achieving high homogeneity can be particularly
challenging, with some reports require days of ball milling, which is inefficient and energy-
intensive. Temperature is also critical for cathode synthesis. Some studies employ very high
temperatures, exceeding 1000°C, to achieve higher crystallinity of particles, leading to better
electrochemical properties, especially improved cycle life.!® However, high temperatures can
accelerate sodium loss and increase energy consumption. Additionally, quenching can influence
cathode performance, but its effects are not universally beneficial, and this is not typically scalable.
In electrochemical studies, the voltage window is a critical parameter. Generally, a narrower
voltage window results in reduced capacity due to limited Na® (de)-intercalation, but it often
enhances cyclability by avoiding irreversible phase transitions. For instance, Delmas et al.
compared the retention of Na,Mni2Fe120 under different cycling voltages.!” At a voltage window
of 1.5-3.8 V, the material exhibited a capacity of 120 mAh/g with 91% retention after 50 cycles.
Conversely, at a voltage window of 1.5-4.3 V, the material achieved a higher capacity of 185
mAh/g but only 60% retention after 50 cycles. Additionally, the scan rate can affect specific
capacity comparisons, with higher scan rates typically resulting in lower capacity due to kinetic
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limitations and increased overpotential.”® These variations in electrochemical conditions across

different studies complicate and often obscure direct comparisons.

These challenges underscore the critical importance of high-throughput methodologies, which

enable better control of the myriad variables involved in battery material synthesis and testing. By
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standardizing conditions, high-throughput approaches can provide more reliable and comparable

data, ultimately expediting the development of optimized battery materials.

In Chapter 2, we investigated the Gibbs’ triangle of the Na-Mn-Fe-O pseudoternary system and
determined the stable phase distribution as a function of compositions after sintering at 850°C.
Despite all being layered oxides, they occupy different structures: P2 prefers high manganese with

Na contents of x = 0.5-0.7 in Na,MO»; P3 is stable in the Fe/Mn = 1 region with Na contents of x

= 0.7-0.95; and O3 prefers regions with high iron and high sodium contents (0.75-0.90). In
Chapter 3, we explored high-throughput doping into NaossMnO> and identified various phase
preferences induced by doping. The most active phases were P2 and P’2, the latter exhibiting Jahn-
Teller distortion. Chapter 4 extended our investigation to the doping effects within the Na-Mn-
Fe-O system, focusing particularly on the surface stability such as transition metal dissolution.
Despite these findings, several intriguing phenomena require further discussion. For instance, why
is there no single-phase layered oxides in the binary system explored in Chapter 2? What accounts
for the different preferred compositions of P2, P3, and O3 phases? Additionally, why is Fe
dissolution more severe than Mn dissolution, and how to mitigate the issue? These questions
highlight the complexity of the system and the need for continued investigation to fully understand

the underlying mechanisms.

In our study, no single phase of layered oxides was identified in the pseudo binary Na-Fe-O or Na-
Mn-O systems; instead, single phases were only observed in ternary regions. The stabilization of
a layer of transition metal octahedra (TMOs) is essential for forming layered oxides. For instance,
the NaFeO, composition can form two distinct structures: B-FeNaO> (orthorhombic) and o-
NaFeO: (03, hexagonal).!”” Despite sharing the same composition, these structures exhibit

significant differences. B-FeNaO2 consists of tetrahedral FeOs and NaO4, which are
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electrochemically inactive. Conversely, a-NaFeO» is composed of octahedral NaOs and FeOg. The
conversion temperature from o-NaFeO, to B-FeNaO; is approximately 750°C?°, which explains
why we obtained the inactive B-FeNaO2 in this study. According to crystal field theory (CFT)?!,
the stability of Fe*" (d”) in octahedral versus tetrahedral sites can be assessed using octahedral-site
stabilization energy (OSSE)?, derived from the difference in crystal field stabilization energies
(CFSE)* between these configurations, shown in Table 5.1. For Fe*" (&), the OSSE is zero,
indicating that the conversion from octahedral to tetrahedral is facile. This explains the difficulty
in obtaining O3 NaFeO; at 850 °C. However, with 20% substitution of Mn into NaFeO,, O3
structures such as NapsMno2FeosOx can be stabilized at 850 °C. Thus, Mn substitution enhances
the octahedral-site stabilization energy of Fe, highlighting Mn's critical role in stabilizing the O3
structure.

Table 5.1 Crystal field stabilization energies (CFSE) for octahedral and tetrahedral geometries at
high spin configurations. Assumed crystal field splitting parameter Aw = 4/9 4,213

d-electrons Octahedral Tetrahedral OSSE
d?, d°, d'° 0 0 0
d!, d® 0.4 Ao 0.27 Ao 0.13 Ao
a2 d’ 0.8 Ao 0.53 Ao 0.27 Ao
d, d® 1.2 Ao 0.36 Ao 0.84 A,
d4, &’ 0.6 Ao 0.18 Ao 0.42 A,

This low transformation energy also elucidates several phenomena, such as the irreversible
migration of Fe into the Na* layer**, which introduces significant overpotential, and the greater
propensity for Fe dissolution compared to Mn, as discussed in Chapter 4. Mn*" (d°) has a high
OSSE of 0.84 A, indicating its stability in octahedral sites. However, both Fe*" and Mn*" are d*

with an OSSE of 0.42 A, and are prone to Jahn-Teller distortion, making them less stable in
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octahedral sites. Consequently, during cycling, Fe*" is less stable at high voltages, while Mn>" is
less stable at low voltages, suggesting that a narrower cut-off voltage range can enhance stability
as discuss earlier. Addressing Fe dissolution involves modifying the neighboring chemical
environment of FeOg. Ceder et al. demonstrated the dependency of Fe dissolution on composition
and configuration using DFT calculations, as shown in Figure 5.1.% Isolated octahedral Fe
exhibits a high migration energy of approximately 0.7 eV to tetrahedral sites, but Fe migration is
facilitated when Fe clusters form. The dopants identified in Chapter 4, improved TM dissolution
resistance, by altering Fe migration energy and thus reducing Fe dissolution into the electrolyte.
Future research can integrate DFT calculations to gain further insights into the effects of doping

on TM dissolution.
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Figure 5.1 Calculated energy penalty for Fe migration from an octahedral site in the TM layer to

a tetrahedral site in the Na layer of NaTMO,. Reproduced with permission from ref. %>.
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The Na-Mn-O binary materials present more complex scenarios. In Chapter 2, we did not achieve
a pure P2-Nao.ssMnO> phase after slow cooling from 850°C; instead, we obtained a mixture of P2
and P’2 phases due to Jahn-Teller distortion (JTD)'®. However, with as little as 5% Fe substitution,
a pure P2 phase was stabilized, indicating that Fe effectively suppresses JTD. In Chapter 3, we
further experimented by quenching Nao.ssMnO; from 650 °C and 500 °C, resulting in single-phase
P’2 and P2 materials, respectively. This finding is intriguing as it demonstrates that JTD can be
manipulated by quenching temperature. Typically, quenching stabilizes high-temperature phases
by rapidly cooling the material, often in seconds. At elevated temperatures, the Jahn-Teller
distortion of Mn*" is triggered by high thermal energy, which breaks the degenerate orbitals and
stabilizes the system energy by elongating bonds along the z-axis, thereby reducing lattice
symmetry.?® This local distortion of MnOs can accumulate and propagate throughout the entire
transition metal layer, transforming the hexagonal P2 structure into an orthorhombic P’2 structure,
a phenomenon known as cooperative Jahn-Teller distortion (CJTD)!'®. However, during cooling,
further oxidation can occur, where oxygen uptake creates vacancies in the structure, partially
oxidizing Mn*" to Mn*'. Consequently, a pure P2-Nag¢Mnoomo.102 phase (where 0O represents
vacancies) is formed.'® The presence of vacancies is crucial for relaxing lattice strain and

disrupting the cooperative effect, thus suppressing JTD.

Chapter 3 identified various dopants at 10% that effectively suppress JTD, including Li, Mg, Fe,
Co, Ni, Zn, and Ga. Additionally, considering the substitution level of dopant X in Nag.csMni1.,X,02,
a series of local cation ratios can be calculated as y = 1/(3n), where n represents the number of
hexagonal rings of Mn, as illustrated Figure 5.2. For instance, at a doping content of y = 1/9,
significant influence on the overall structure is observed. This ratio is close to the Fe content in the

optimal Nag soFeo.13Mnog702 composition from Chapter 2. Some well-studied materials that
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follow these ratios include Naz3Mn;3Nii302%” and NaFe13Mni3Nii302%8. Future work can adopt
similar ratios such as 1/9, 1/12, and 1/15 for doping levels, providing valuable insights for material
design. This approach will help to identify the effective compositions for achieving improved

performance and stability in sodium-ion batteries.

13 1/6

Figure 5.2 The averaged local structure of various doping levels of Nao.ssMni.,.X,0>, considering
homogeneous distribution. However, the low doping level and long range interaction is hard to

establish the superstructure. Mn: purple spheres; X: the dopant shown in turquoise.

In Chapter 2, we explore a large solid-solution region between Fe and Mn. Notably, naturally
occurring manganese ores frequently contain iron, often in the form of mixtures such as bixbyite,
highlighting the inherent similarities and chemical affinities between Fe and Mn.?° As previously
discussed, Mn can stabilize the octahedral site energy of Fe, while Fe can mitigate the JTD of Mn**,
thereby enhancing structural stability. This mutual enhancement is evident in both metals. The
formation of layered materials is more readily achieved in regions with high Mn content compared
to regions with high Fe content, resulting in a distinct triangular region as illustrated in Figure
$2.6. In the layered oxides Na, [Fe3*Mn?;_, JMn{;" ) 0,, manganese exists in both the Mn’* and
Mn*" oxidation states, whereas iron can only be stabilized as Fe*" due to the high oxidizing power
of Fe*" (which can oxidize Mn>" to Mn*"). Consequently, with the substitution of Fe, the proportion

of Mn*" increases to maintain charge neutrality. However, Mn*" has a higher cationic potential®,

as shown in Figure 2.6, which shifts the phase preference from P2 to O3 materials. Therefore, P2
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materials are more stable in high Mn regions, while O3 materials are favored in high Fe regions.
To address this issue, we can consider incorporating dopants with low ionic potentials, such as Li,

Cu, and Mg, to facilitate the formation of high iron content materials.

P3 materials, positioned between the P2 and O3 regions as shown in Figure 2.6 and Figure S2.5,
present a challenge for cationic potential predictions. We hypothesize that P3 materials can be
categorized into two types of subphases, either closer to P2 or O3. Future work could involve
doping studies on P3 materials to investigate their potential conversion into P2 or O3 based on the
cationic potential of the dopants. Exploring high sodium content P3 materials with various dopants

may offer intriguing avenues for further research.

Another important yet often overlooked aspect of composition design is the control of Na content
and Na loss. Achieving precise Na content and correct metal stoichiometry requires meticulous
management of Na loss. As illustrated in Figure S2.6, sodium loss behavior is closely related to
the TM composition and can indicate the stable phase regions. Typically, Na loss occurs above
627 °C3!. However, we know the Na loss in materials with the same initial Na content can vary
strongly, even though all samples are sintered at the same temperature and duration, and have
comparable surface areas. For example, it is evident that materials with high Fe content experience
significant Na loss, and no Na-rich (Na > Fe) phase can be stabilized at 850°C, particularly due to
the very low octahedral site stabilization energy (OSSE) of Fe**. Consequently, stabilizing Fe** in
octahedral sites at high temperatures proves challenging. The high-Fe O3 materials obtained in
this study consistently show Na content below 1.0, even when higher Na stoichiometry is initially
used. This indicates that these O3 materials are thermodynamically more stable with a slight Na
deficiency (0.75-0.90). This Na deficiency also contributes to the improved air stability observed

in these materials. As demonstrated in Figure S2.14, the XRD patterns of Na-deficient O3
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materials remain stable, with no significant structural degradation after six months of dry air
storage. In contrast, other O3 materials with more Na content undergo severe structural
degradation under similar conditions. This stability can be attributed to the reduced Na'-Na"
repulsion in Na-deficient O3 materials, which improves the Na" site energy and suppresses Na
dissolution. Despite this, HTP-XPS results (Figure 2.5) still reveal significant amounts of Na,CO3
on the surface, as evidenced by the shift of the (003) peak in Figure S2.14 towards lower angles.
This surface phenomenon does not lead to structural degradation in XRD. Previous studies, such
as those by Sun et al., have also noted that slight Na deficiency can enhance the air stability of O3
materials.*> Thus, precise control of Na content can be significant for O3 materials, though it is

often underemphasized in many studies.

On the other hand, P2 materials with Na deficiency also exhibit high electrochemical performance.
This improvement can be partly attributed to the increased interslab distance ¢, which facilitates
Na diffusion, as illustrated in Figure 2.5. Regarding the air stability of P2 materials, previous work
by Zuo has identified a critical Na content threshold. Lower Na* content can facilitate easier water
insertion, leading to diminished moisture stability.*> However, critical contents can vary with TM
compositions. Future research could benefit from high-throughput studies to explore how varying

Na contents influence different properties, especially air stability.

Furthermore, we turn our attention to the potential of machine learning (ML) in advancing battery
research. Chapter 4 details our initial attempt to apply ML techniques to XRD data, an idea that
emerged from the accelerated aging studies presented in Chapters 3 and 4. In these studies, we
analyzed hundreds of XRD patterns of aged materials, identifying significant changes and phase
transitions due to air aging, as shown in Figures 3.10 and 4.4. The changes in XRD patterns

correlate well with air stability, as XRD patterns reflect the physical structure of the materials.
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Each crystal structure produces a unique XRD pattern, which can theoretically be deciphered back
to its real-world structure through detailed Rietveld refinement. Despite this, our exploratory data
analysis using properties extracted from XRD patterns—such as peak positions, areas, and ratios—
did not reveal strong correlations with air stability. However, we believed that certain latent
features within the XRD patterns might still indicate the air stability.

We then applied machine learning algorithms>>—’

, iIncluding principal component analysis (PCA),
t-distributed stochastic neighbor embedding (t-SNE), and partial least squares regression (PLSR).
These algorithms enable pattern recognition by automatically identifying latent features without
predefined parameters, a technique widely used in related fields like computer vision, anomaly
detection, and cheminformatics.*® By using XRD scans as inputs, we trained the ML models to
discern patterns that discriminate the air stability of materials. Encouragingly, our models were
able to predict air stability effectively using only the XRD scans of pristine samples before
degradation. This success highlights the potential of integrating ML with high-throughput studies
to enhance materials design, data processing, and laboratory automation. Future work may focus
on expanding the use of ML algorithms in high-throughput research, potentially revolutionizing

how we approach materials design and analysis, as demonstrated by several research groups.>®3°4°

As noted earlier, even for materials with identical compositions, reports from different research
labs can vary significantly due to differences in sample precursors, sintering protocols, and
electrochemical test conditions. Consequently, relying solely on data from various research papers
for machine learning can be problematic and unreliable. Such an approach may lead to high
prediction errors for electrode material properties, diminishing the usefulness of the insights
generated. High-throughput computation has shown promise in advancing machine learning

studies for battery research.*! However, these models often struggle with the complexities of real-
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world scenarios. For instance, DFT-based computation models are highly sensitive to the physical
structural models used. During battery cycling, structural changes and evolutions occur
continuously, challenging the static nature of first-principles approaches. Moreover, the high
computational cost of first-principles methods limits their ability to address the dynamic
complexities of battery materials. In contrast, our high-throughput methodologies offer a lower-
cost, high-efficiency alternative, providing practical and real-world battery data. This approach
demonstrates significant potential for machine learning applications in battery research,
highlighting its ability to adapt and deliver valuable insights while managing real-world

complexities.

* XRD scan * Specific capacity * Air stability
* Phase * Voltage * TMdissolution
compositions * Energy density * Temperature
* Lattice parameters | ¢ Overpotential/ Tolerance
* Crystallinity voltage hysteresis * Eco-friendliness
* Crystallite size * Cyclelife *» Cost
* Lattice strain * Rate performance » Safety
¢ Phase transition ¢ Na+ conductivity * Recyclability
* Particle size
J J/ J

Figure 5.3 Major battery properties can be used to train the machine learning models.
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ML Methods in Battery Applications
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Figure 5.4 Machine learning methods and key steps for battery research
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Here, we outline several perspectives for advancing ML/Al-assisted high-throughput research in

battery technology. Key characteristics for electrode material optimization and machine learning

methods applicable to battery material research are summarized in Figures 5.3 and 5.4. Future

work can follow a multi-stage approach to integrate ML models into high-throughput

methodologies for battery research:

Stage 1: Initially, we can use electrochemical data from CV and structural

data from XRD

as inputs for property predictions. This stage involves applying traditional machine learning

models and feature engineering to predict various properties (such as battery lifetime, air

stability, and etc.) based on these inputs.

Stage 2: In this stage, the model is trained with both composition and sintering conditions

to predict a range of structural and electrochemical properties, such as crystal structure,

specific capacity, and cycle life. Advanced machine learning models, including ensemble

learning techniques, can be employed to enhance the accuracy of these pre

dimensional data.
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Stage 3: At this stage, we can process and generate sequence data, such as XRD patterns and
CV curves directly, using deep learning approaches like recurrent neural networks (RNNs).

This will enable more complex and dynamic modeling of the data.

Stage 4: Finally, machine learning can guide the synthesis of new materials by optimizing
synthesis conditions and compositions to achieve excellent electrochemical properties.
Techniques such as Bayesian optimization or transformer models can be utilized to fine-tune

these processes.

This thesis demonstrated the application of these methodologies in the Na-Mn-Fe-O pseudoternary
system and high-throughput doping studies. Moving forward, we could expand our research to
explore a broader range of metal combinations, including high-entropy materials such as with over
five transition metals, potentially involving thousands of compositional combinations. This
expansion will enable a more comprehensive understanding of complex material systems and their
electrochemical properties. Additionally, integrating advanced machine learning techniques could
further optimize material design and synthesis, accelerating the development of high-performance
sodium-ion batteries. The studies presented in this thesis highlight a promising and foundational

approach for advancing sodium-ion battery research.
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Chapter 6 Conclusion

In this thesis, we successfully developed and implemented the high-throughput (HTP)
methodologies, marking the first application of these techniques to the investigation of sodium-
ion battery cathode materials. The focus was on promising and environmentally benign layered
oxides. In our study of the Na-Fe-Mn-O pseudoternary system, we established a comprehensive
HTP workflow, encompassing sol-gel inspired HTP synthesis with a throughput of 64 samples
over 3 days, alongside various HTP characterizations employing XRD, XPS, ICP-OES, and CV.
This approach enabled a systematic examination of the correlations between composition, crystal
structure, electrochemistry, and air stability. Within this pseudoternary system, we identified a
substantial solid-solution region comprising over 50 single-phase samples of P2, P3, and O3
layered oxides, many of which are marked as first-reported. Our investigation also resolved
numerous contradictions in the existing literature, clarifying stable phase compositions, phase
relationships, cationic calculations for new P3 materials, and XPS peak assignments. These
systematic elucidations provide a more robust framework for material design. Notably, the higher
manganese and slightly sodium-deficient material of P2-NagsoFeo.13Mnos702 demonstrated
superior battery performance, achieving 206 mAh/g and a specific energy of 504 Wh/kg, but
exhibiting mediocre air stability. We extended our research through HTP doping studies on
Nao.66Mno.oMo.102 with 52 different dopants to further enhance air stability. This extensive doping
study successfully incorporated 20 various dopants into Na-Mn-O materials, including previously
unexplored elements such as Si, Sc, Ga, Rb, Rh, Cs, Re, and T1. Our results indicated that the
dopants significantly influenced various properties, including structural preferences (P2, P’2, P3,
and tunnel structures), electrochemical performance (ranging from 40 to 200 mAh/g, with certain

dopants triggering oxygen redox), and air stability (with phase retention varying from 0% to 99%
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after accelerated aging). We further expanded the HTP doping study to the more complex Na-Fe-
Mn-O system, investigating structural stability, battery performance, air stability, and transition
metal dissolution to address surface stability. Additionally, machine learning techniques provided
critical insights into enhancing air stability by analyzing factors such as lattice parameters, particle

sizes, and lattice strains.

Collectively, these studies underscore the revolution potential from traditional trial-and-error
method towards high-throughput synthesis, combinatorial doping, and machine learning in
advancing sodium-ion battery cathode materials. The high-throughput design of layered oxide
materials resolved longstanding ambiguities in phase behaviors, identified novel high-energy-
density compositions, and demonstrated promising air/moisture stability. Extensive doping studies
elucidated the structural and electrochemical benefits of specific dopants, offering a framework
for rational material design. Machine learning-driven analysis further refined our understanding of
the relationship between material properties and performance, particularly in air/moisture stability.
Additionally, we outlined a blueprint for future ML/Al-assisted high-throughput methodologies to
further accelerate material screening and optimization. These comprehensive insights lay a robust
foundation for future research, driving the development of high-performance sodium-ion battery

cathodes.
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