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Sodium-ion batteries (NIBs) are a promising solution for grid storage because they are
inexpensive, sustainable, and have suitable energy densities. Exploration of energy-dense NIB
cathode materials that include abundant and inexpensive elements has led to the investigation of
sodium iron manganese oxides. However, these materials suffer from poor capacity retention, and

their reaction mechanisms remain that presents an obstacle to their optimization.
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Herein we optimized a novel co-precipitation method that can be used to synthesize sphere-
like meso-structured sodium transition metal (TM) oxide cathode materials. The key parameter for
controlling the meso-structure was found to be the synthesis cooling rate and the sphere-like meso-
structure improved the capacity and lifetime of the cathodes.

Using this same synthesis route, P2-Naz;3FexMn1.xO2 (NFMO) cathodes with three Fe:Mn
ratios were prepared. The redox mechanisms dependence on the Fe content were explored with X-
ray absorption spectroscopy (XAS) and density functional theory (DFT) calculations. A Fe:Mn
ratio less than 1:2 was found to promote capacity retention.

One pathway to improve the energy density of NIB cathodes is to enable oxygen redox
activity. Oxygen redox activity was triggered in Nao.gLi0.12Nio22Mno.c602 (NLNMO) by TM layer
ordering, however it was irreversible after the first charge. The mechanism of irreversible oxygen
activity in NLNMO was observed with XAS, synchrotron X-ray diffraction (sXRD), pair
distribution function (PDF), and DFT. Ni migration was found to be detrimental to the reversibility
of oxygen redox activity.

In addition to NIB cathodes, the anode performances need to be improved. Specifically,
hard carbon (HC), one of the most attractive anode materials for NIB, has a low first cycle
coulombic efficiency and poor rate capability. These drawbacks appear to be electrolyte
dependent, since ether-based electrolytes can largely improve the HC performance compared to
carbonate electrolytes. Using titration gas chromatography (TGC), Raman spectroscopy, cyro-
transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), we found
that the electrolyte controls the quality of the solid electrolyte interphase (SEI), which in turn,

controls the first cycle coulombic efficiency and the rate capability. Overall, this work provides
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insight on how to improve the design of inexpensive, sustainable, energy-dense NIBs for grid

storage.
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Chapter 1 Introduction and Thesis Outline

1.1 Introduction to Sodium-ion Batteries

The demand for grid storage solutions has rapidly increased because of the low cost of
renewable energy production. Renewable energy technologies such as wind and solar are
inexpensive, but do not have consistent energy production.[1] To fully utilize these sustainable
technologies, grid storage is necessary. Grid storage requires a solution that is inexpensive, can
work at over a range of charge/discharge rates, and is relative energy-dense. Sodium-ion batteries

(NIBs) have the potential to fit these requirements and be an ideal solution for grid storage.
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Figure 1.1: Diagram of a sodium-ion battery. The arrows signify the direction of Na+ and e- migration during
charge/discharge.

Batteries are closed systems where electrical energy is generated by converting chemical
energy via redox reactions.[2] Batteries consist of six key components: a cathode, anode,
electrolyte, solid electrolyte interphase (SEI), cathode electrolyte interphase (CEI), and current
collectors (Figure 1.1). 1) A cathode is the positive electrode of a cell that is associated with
reductive chemical reactions upon discharge. NIB cathode materials include intercalation
compounds such as transition metal (TM) layered oxides, polyanion, and Prussian blue analogs.[3]
2) An anode is the negative electrode of a cell that is associated with oxidative chemical reactions

upon discharge. NIB anode materials include carbonaceous materials, oxides, sodium metal and



alloys.[4] 3) An electrolyte’s role is to conduct ions between the anode and cathode and to be
electronically insulating. Electrolytes contain solvents that can be liquid, solid, or gas, and sodium
salts.[5] 4) An SEI is a film that forms on the surface of the anode material during electrochemical
cycling. Ideally it is a thin, passivating layer between the anode and electrolyte that allows Na*
transport but inhibits further reactions with the electrolyte. The composition of the SEI is
dependent on the electrolyte, anode material, binders, and electrochemical cycling conditions. 5)
A CEl is similar to an SEI but it forms on the surface of the cathode material. 6) A current collector
is a conductive material that is the backing of the cathodes and anodes films. For lithium-ion
batteries (LIBs) the current collect on the anode side is usually made out of Cu because Li can
alloy with Al metal. However, for NIBs both current collectors can be made out of the cheaper and
lighter Al metal.[4] The applicability of NIBs for grid storage and issues facing its battery
components are discussed in detail in Chapter 2.

While NIBs are promising for grid storage, there are issues that need to be resolved before
commercialization. The cathode and anode syntheses, energy-densities, compatibility with
electrolytes, and lifetimes must be optimized. However, the mechanisms of sodium storage and
capacity loss in these materials are still not fully understood. Using advanced characterization
techniques, including the ones described below, these mechanisms can be illuminated to provide
insight into improving battery design.

1.2 Characterization Techniques

The following characterization techniques all utilize radiation, either from X-rays or
electrons. The techniques discussed are X-ray diffraction (XRD), X-ray absorption spectroscopy
(XAS), pair distribution function (PDF), and X-ray photoelectron spectroscopy (XPS), and

scanning electron microscopy (SEM).



1.2.1 X-ray Diffraction

—.O*..—

Figure 1.2: A diagram of Bragg’s law. The incident X-rays are the black arrows, and the crystal array is in
blue.

Powder X-ray diffraction is a fundamental technique in materials science and engineering.
XRD is a non-destructive method to identify, quantify, and characterize the crystalline phases of
a sample. This technique can be performed in a lab, usually with Cu alpha radiation, or at a
synchrotron facility with higher energy X-rays. Higher energy X-rays allows for deeper
penetration into sample, which can enable operando experiments, higher resolution, and shorter
measurement times. However, no matter the X-ray energy, the technique follows the same guiding
principles.

In a XRD measurement, a crystalline material’s atoms form a regular array where their
electrons scatter the incident X-ray waves. Most of the waves cancel each other out through
destructive interference, but the ones that add constructively are determined by Bragg’s law:
Equation 1.1 2d sinf = nl
Where d is the spacing between the atomic planes, 8 is the incident angle, z is an integer, and A is
the X-ray wavelength. Experimental XRD data can be fit with a calculated profile through Rietveld
refinement to quantify the crystalline phase ratios, the phase lattice constants, atomic position,
crystallite size, microstrain, textures, and atomic occupancy.[6] This powerful technique is highly

utilized in battery cathode research.



In my work, XRD is used bothin ex situ and in situ to characterize layered oxide cathode
materials. Ex situ XRD is performed in a lab setting to identify and characterized the phases of
synthesized sodium cathode materials. /n situ XRD was performed at a synchrotron facility during
a battery’s electrochemical cycling to observe phase changes. For this experiment, a special in situ
cell with a X-ray transparent window was used.[7]

1.2.2 X-ray Absorption Spectroscopy

XAS is a nondestructive technique performed at synchrotron facilities to investigate
samples electronic states and local atomic structure. High flux and tunable X-ray energy are needed
to generate spectra where the percent transmitted X-ray intensity through a sample is measured
over a range of X-ray energies.[8] When an X-ray interacts with an atom, one of the core electrons
is excited to a higher energy unoccupied state or ejected into the continuum. This forms an
absorption edge that is named for the principle quantum number from which the core electron is
excited from (examples: 1=K, 2=L, and 3=M). An example diagram of a resulting spectra is shown

in Figure 1.3.
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Figure 1.3: Diagram of an XAS spectra with the XANES region in blue and the EXAFS region in green.

There are two main regions of an XAS spectra, the X-ray absorption near edge spectra

(XANES), shown in blue in Figure 1.3, and the extended X-ray absorption fine structure (EXAFS)



shown in the green region. XANES are element specific and can be used to investigate the
electronic states of an element in a sample. As the oxidation state of an atom increases, the XANES
absorption edge will increase in energy. A pre-edge structure, in the XANES region, can be seen
in the K-edges of first row transition metals arises from the 1s to 3d transition. This feature can
also be used to identify the oxidation states of the atoms in a sample. The EXAFS region
corresponds to the high energy green region in Figure 1.3. This region can provide information
on an element’s local environment in the sample and can be used to analyze both crystalline and
amorphous materials. In XAS, after an electron has been ejected from an atom, an outer electron
relaxes into the core shell vacancy. The ejected photoelectron interacts with the surrounding atoms
in the sample, producing the oscillations observed in the EXAFS region. The maxima and minima
of the oscillations are caused by constructive and destructive interference respectively. The local
bonding environment can be deduced by fitting the Fourier transform of the normalized EXAFS
region.

XAS can be performed over a range of X-ray energy, the choice of which depends on the
elements of interest. The soft X-ray range is used for low Z elements such as oxygen (higher Z
elements’ L-edges can also be detected in this range), the tender range is used for mid Z elements
such as sulfur, and the hard X-ray range is used for high Z elements such as iron. In this thesis,
both soft and hard XAS were used to observe the redox reactions of sodium cathode materials, as
well as their local atomic ordering.

1.2.3 X-ray Pair Distribution Function

X-ray Pair distribution function (PDF) is an X-ray scattering technique, typically

performed at a synchrotron facility, to study the local atomic ordering of a material. The scattering

data must be collected at very high scattering angles, in order to probe a wide range of reciprocal



space.[9] The resulting scattering data is processed and a Fourier transformation is applied. A
model, fit to the PDF data, can be used to determine the probability of finding a pair of atoms
separated by a specific distance. PDF can be measured ex situ or operando and can be used to
analyze amorphous or crystalline materials. PDF measurements can usually be taken in parallel
with sXRD. In situ PDF was used in Chapter 5 to observe the local ordering of a sodium transition
metal layered cathode material.
1.2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a surface sensitive technique that can be used to
measure the elemental composition, chemical formula, chemical state, and electronic state of a
solid material.[10] The XPS spectra are obtained by irradiating a material’s surface with a single
wavelength of X-rays and measuring the resulting kinetic energies of the electrons emitted from
the materials surface. This material is surface sensitive, with electrons emitted from the top 1-10
nm of the sample material. This phenomenon is called the photoelectric effect and follows the
following equation:
Equation 1.2 Epinging = Epnoton — (Ekinetic + ¢)
Where Epindging 1s the binding energy of the measured electron, Ephoton is the energy of the incident
X-rays, Erinesic 15 the kinetic energy of the ejected electron, and ¢ is the work function which is
dependent on the instrument. The resulting spectrum is the number of ejected electrons over a
range of kinetic energies. Peaks in the spectra appear at characteristic energies that can be
identified and quantified. The peaks can be fit to assign specific chemical species detected on the
sample.

In this thesis, XPS was used to characterize the composition on the surface of cathode

materials as well as the SEI of anode materials. Extra care was taken in the preparation of XPS



samples for characterizing the SEIs. Air free transfers of the samples were used for SEI analysis
to prevent side reactions from occurring.
1.2.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an imaging technique that uses electron radiation
to produce images with up to 0.5 nm resolution. The incident electron radiation can interact with
a sample in multiple modes and be detected to provide a multitude of information. The two most
common detection modes are described here: [11] 1) Secondary electrons: This mode collects low
energy secondary electrons (< 50 eV) ejected from the conduction/valence bands of a sample by
inelastic scattering interactions with the incident electron beam. These electrons originate from
within a few nanometers of the surface and provides topological information. 2) Backscattered
electrons: This mode collects high energy electrons that originate from the electron beam that are
backscattered by the sample due to elastic scattering interactions with the sample’s atoms. High
atomic number elements backscatter electrons more strongly than low atomic number elements.
Therefore, materials containing high atomic number elements appear brighter in the resulting

image and can be used to detect regions with different elemental compositions.
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SEM has a relatively large field of view compared to other imaging techniques (Figure
1.4), has easy sample preparation, and is available at many universities and national laboratories.
Combined together, these aspects make SEM a favorable technique used to investigate battery
materials. In addition, energy dispersive X-ray spectroscopy (EDS) can be used within and SEM
machine. This allows for elemental identification and mapping. SEM was used in my thesis to
identify the morphology of sodium cathode materials and the SEIs on the anode materials. EDS
was used to observe the elemental distribution and relative amounts of SEIs on hard carbon anodes
cycled with different electrolytes.

1.3 Thesis Outline

My PhD thesis consists of seven chapters, including this chapter that provides a general
introduction to grid storage, battery components, motivation for NIB materials research, and the
characterization tools used. Chapter 2 goes in depth about the applications, promises, and areas of
improvement for NIBs. Chapter 3 focuses on a novel method for synthesizing sphere-like meso-
structured sodium TM layered oxide cathode materials. They key parameter in controlling the
meso-structure was the cooling rate. Chapter 4 evaluates the redox mechanisms of Fe and Mn in
sodium TM layer oxide cathode materials using XAS and DFT. Chapter 5 combines advanced
synchrotron characterization techniques to observe the redox and structural mechanisms during
the first electrochemical cycle of Nag.sLio.12Nio.22Mno.6602. Ni migration within the structure was
found to hinder reversible oxygen redox activity. Chapter 6 explores the role of electrolytes on the
first cycle coulombic efficiency and rate capability of hard carbon as an anode material for NIBs.
This study revealed that the solid electrolyte interphase (SEI) controls both properties and that
ether-based electrolytes form superior SEIs. Chapter 8 summarizes the overall work and presents

1deas for future research.



Chapter 2 Sodium-Ion Batteries Paving the Way for Grid Energy Storage

2.1 Introduction

The past decade has seen dramatic reductions in levelized cost of energy (LCOE) for
renewables such as wind and solar. This has allowed us to achieve grid parity against traditional
fossil fuels in the United States (US) and many other parts of the world.[12] However, the
widespread adoption of renewables has been consistently plagued by challenges of intermittency
in supply and the inability to meet peak demand fluctuations especially when deployed in urban
grids. As such, energy storage is vital to bridge the disconnect between renewables generation and
distribution for consumption. While stationary storage such as pumped hydroelectric and
compressed air exist, their lack of flexible form factors and lower energy efficiencies limit their
scalable adoption for urban communities.[13,14] Thus, batteries are believed to be more practical
for large scale energy storage capable of deployment in homes, cities, and locations far from the
grid where the traditional electrical infrastructure does not reach.

Today’s battery technologies are dominated by lithium ion batteries and lead acid batteries.
While lithium ion batteries (LIBs) do well to serve emerging markets in electric vehicle and
portable electronic devices, its deployment for large scale grid storage is still inhibited by high
cost, low safety, and sustainability concerns.[14] Other alternatives that meets the combined
properties of low cost, high performance and safety are urgently needed. In addition, methods of
handling large volumes of spent batteries at their end-of-life have not been fully developed till
date, resulting in the accumulation of battery waste that can potentially undo the environmental
benefits it rightfully seeks to achieve. In terms of cost, decades of industrial commercialization

have enabled prices of LIBs to tumble by more than an order of magnitude compared to when it



first entered the market. This was achieved through improvements in active (such as better
electrode and electrolyte materials) and inactive components of LIBs (such as current collector,
separator, packaging, etc.) combined with streamlining of manufacturing protocols to achieve
economies of scale. However, production level optimization of LIBs today are approaching its
saturation limit, where it is becomes increasingly clear that eliminating use of expensive elements
such as Li, Co and Ni are vital to realize further reductions in cost per kWh ($ / kWh).[15,16]
Concerns of energy security and geopolitical considerations in supply chain also drive nations
without local access to such materials to seek alternative chemistries to meet energy storage
demands. As such, NIBs and its commercialization is slated to serve as one of the alternatives to
LIBs for grid energy storage applications.

NIBs offer a host of benefits that include elemental abundance, low costs per kWh, and its
environmentally benign nature. While NIBs are commonly perceived to exhibit inferior
electrochemical performance compared to conventional LIBs, recent developments in high voltage
sodium based cathodes with high capacity and high power capability are starting to challenge such
notions. State of the art NIBs today can achieve volumetric energy densities close to conventional
LIBs, making them competitive in the grid storage markets. Moreover, environmentally friendly
NIBs can alleviate the growing battery waste problems exacerbated by accumulation of spent LIBs
retrieved from end-of-life electric vehicles and portable devices, which could only worsen if
conventional toxic LIBs are deployed at large scales to serve the grid. In the subsequent sections,
we discuss the role of NIBs and how their features of low cost, good performance, and
environmental sustainability can overcome obstacles faced in electrochemical grid energy storage
and offer perspectives on future directions for research and development.

2.2 Discussion

10



While it might be intuitive to imagine grid storage as massive deployments of large
container-like battery units sprawled across large open areas, current market trends in stationary
storage reflect a different reality. Customer demands in stationary storage are starting to skew
toward behind-the-meter type installations which typically cover households (kWh) to communal
microgrids (MWh), compared with traditional utility scale installations of (GWh).[17,18] This has
been driven by international pressure to reduce reliance on traditional energy sources such as
nuclear and fossil fuels, incentivizing cities to install standalone renewables generation coupled
with storage units within compact urban areas.[19,20] Such configurations allow businesses and
consumers to utilize the existing electrical infrastructure for energy redistribution and avoid long
range transmission losses from traditional generation plants. As a result, it would be naive to
assume that energy density of battery installations is inconsequential when stationary storage in
urban environments are considered. In fact, volumetric energy density (Wh L) at the system level,
is a key evaluation parameter to assess electrochemical grid storage technologies. Figure 2.1(a)
compares the gravimetric energy density (Wh kg™') vs volumetric energy density (Wh L) of
various battery chemistries, with additional details provided in Table A.1.[21-29] Comparisons
on relative costs and lifetime are also displayed for reference. For the same unit of energy, higher
volumetric energy density indicates smaller devices, while higher gravimetric energy density
represents lighter systems. Depending on their typical market applications, batteries are divided
into four major regions in the figure. The upper right region (light and small batteries) is commonly
used in electrical vehicles and personal devices, where portability is essential. On the opposite end,
the left bottom region (heavier and larger batteries) is used for power tools or starters that do not
require continuous operation. Batteries for drones and flight need to be light, but not necessarily

very small; while batteries for stationary storage should take up as little space as possible, with
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less regard for its weight. To address safety concerns of batteries that pose fire hazards, electrolyte
types used in each system is also included in Figure 2.1(a).[30-32] All-solid-state-batteries that
utilize solid-state electrolytes in place of conventional flammable organic liquid electrolytes are
believed to be a potential solution to address these safety concerns since they are intrinsically not
flammable.[33,34] As such, sodium-ion batteries stand out as a competitive candidate for grid
storage applications because of its suitable energy density, relatively low cost, and its potential to

offer improved safety and long cycle life especially when solid state electrolytes are used.
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Figure 2.1: (a) Current electrochemical storage technologies gravimetric energy density versus volumetric
energy density compared. (b) The price trend of sodium carbonate and lithium carbonate from 2005 to 2019.
The inset is the percentage of price changes of both materials over the past 10 years. (c) A map of the Li reserves
and Soda Ash (Na reserves) in the world reported in 2020. Li reserves are depicted by red circles and soda ash
reserves are depicted by blue circles. The size of the circle represents the amount of reserves in metric tons.
Brine is also a source of sodium and this is illustrated by the light blue color of the ocean.

Most battery materials today are synthesized from precursors using lithium carbonate
(Li2CO3) and sodium carbonate (NaxCOs). Thus, price fluctuations in these raw materials can

result in significant implications on the cell level costs of batteries per kWh. Figure 2.1(b)
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compares the price trend of Li2CO3 and Na;COs over the past 15 years.[35-37] It is clearly shown
that the prices of Na,CO; are approximately 2 orders of magnitude lower than its lithium
counterparts, with Li2CO3 at $13,000 per metric-ton compared to Na,COs at $150 per metric-ton
in 2019. Additionally, the trend in prices also differ across both materials. Since 2010, the price of
lithium carbonate has increased from $5,180 per metric-ton to $13,000 per metric-ton (a 151%
increase); while the price of sodium carbonate only increased from $128 per metric-ton to $150
per metric-ton (a 17% increase). This has been largely attributed to the limited geographical
availabilities in lithium mining sources that drive up prices as demand for batteries grow. By
contrast, ubiquitous availability of sodium along with the mature soda ash mining industry keeps
prices of Na>COs relatively stable for the foreseeable future. Economically, this makes NIBs a
better choice over LIBs for applications in grid storage where market stability is crucial for both
manufacturers and customers alike to make long term projections of profitability and utility.
Besides pricing and market considerations, the geopolitical concerns for lithium and
sodium material sources should also be analyzed as well. Figure 2.1(c) depicts the global reserves
of lithium and soda ash (a major sodium source) illustrated as circles (on a square root scale)
corresponding to their actual reserve quantities.[35] Chile (8.6 million tons) and Australia (2.8
million tons) represents the top holders of lithium reserves and are the largest exporters by a
significant margin. These are followed by Argentina and China, rounding out the top four, with no
other countries coming close in lithium reserves around the world. The past century saw the
political influence of key natural resources such as fossil fuels around the world, demonstrating
the importance of energy security for growing economies. It is natural for lithium and other vital
energy resources to play an equivalent or more significant role in future economic and geopolitical

considerations. As a result, developing lithium alternatives such as NIBs are of great interest to
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certain countries such as the United States, who holds the largest natural soda ash reserves in the
world and is a major international supplier of soda ash as well. The current estimated natural soda
ash reserve in the US is 23 million tons, allowing the US to benefit from reduced uncertainties in
production and supply chain compared to other regions. Moreover, sodium is one of the most
abundant elements in the world, making up 2.36% in the continental crust and 2.7% sodium salt
salinity in seawater.[38,39] This availability potentially opens up alternative mining sources for
sodium raw materials, and provide stable production supply to meet rapidly growing demands for
energy storage.

Cathodes for NIBs are generally categorized in the following classifications: layered
oxides, polyanion, and Prussian blue analogs (PBAs). The gravimetric and volumetric energy
densities for these three types of cathode materials are shown in Figure 2.1(a) and Table A.2.[40-
53] [54-88] [89-97] Polyanion and PBAs inherently have low volumetric energy densities due to
low atomic packing density which makes them better suited for application in tools and starters.
Layered oxide cathode materials have higher volumetric and gravimetric energy densities, making
them more suitable for grid storage applications. Strategies to enhance the energy density of
polyanions and PBA type cathodes include incorporating elements such as Ni, Co, and V to
increase both the reversible capacities and nominal voltages delivered.[98,99] However, use of
such rare elements would inadvertently diminish the cost advantages of NIBs. Additionally, the
PBA synthesis process can be difficult to scale due to potential safety hazards involved, such as
the release of cyanide containing fumes under heat and generation of toxic waste. [98,99] Amongst
these major classes of cathodes, some layered oxides have been shown to exhibit some anionic
redox behavior, serving as an additional source of reversible capacity from the same cathode

material. During anionic redox, a reversible O* to O, transformation occurs during
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electrochemical charge and discharge.['3] Such oxygen activity have been reported in a variety of
layered oxides such as Li/Mg substituted layered oxides (e.g. Naoslio2MnogOa,
Naz23Mgo2sMno.7202), Na deficient oxides (e.g. Nas7Mne702, Nagss3Mno.92002), and 4d/5d
transition metal containing oxides (e.g. NaxRuO3 ). [40-53] For these reasons, layered oxides are
more commonly studied as cathode materials for NIBs and will be further evaluated in the next

section.
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Figure 2.2: (a) Volumetric energy density (Wh/L) versus the gravimetric energy density (Wh/kg) are compared
for differed types of sodium cathode materials. The blue circles are layered oxides, the purple circles are
polyanion, and the yellow circles are PBA. (b) Capacity retention of the capacity versus first discharge energy
density (Wh/kg) for layered cathode materials in Na-ion batteries. Blue circles are Li, Ni, Co-free sodium
cathode materials and red circle are Li, Ni, and/or Co containing sodium cathode materials. The size of the
circle represents the severity of the testing conditions using the calculated retention index (equation 2.1). (c)
Price of energy ($/kWh) at full cell level for selected sodium cathodes and a representative lithium cathode. The
Li, Ni, Co-free sodium cathodes are labelled in blue and the ones that contain Li, Ni, and/or Co are labelled in
red.

The costs and performance of layered oxide materials in both LIBs and NIBs are highly
sensitive to chemistries chosen that make up its chemical structure. Most battery cathode materials
today contain Li, Ni, and Co, collectively making up 44% of total LIB costs.[100] Unfortunately,
expensive elements of Ni and Co are unavoidable to increase the performance (energy density and
capacity utilization) of the lithium based cathode materials and are difficult to replace. However,
this is not necessarily the case for sodium ion batteries. Sodium cathode materials free of these
less-abundant earth elements can achieve equal or better performance than those using such

elements in the transition metal oxides. These comparisons are shown in Figure 2.2(b). [54-88]

15



[89-97] Due to the lack of standardized evaluation criterion for NIBs, it is difficult to assess
different sodium cathode performances across the literature. Conventionally, cathodes are
evaluated by their reported rate capabilities, number of cycles, and voltage ranges. Though equally
important, electrolyte excess, cathode mass loading and testing temperatures are seldom reported.
To this end, we defined a “retention index” (Equation (2.1)) that normalizes the reported number
of cycles, voltage range, and C-rate (1C = discharge in 1 hour) in order to evaluate various sodium

cathode electrodes reported in the literature thus far.

Retention index =
500 3.5 5

#of cycles Vinax=Ymin) + (c rate)O-S 2.1)
In Figure 2.2(b), the retention index is represented by the size of the circles; a larger circle
represents more aggressive testing conditions. Using this retention index, cathode capacity
retention as a function of percentage (%) is plotted against the first cell discharge energy density
for layered sodium cathodes reported in the literature (Figure Al, Tables A.3 & A.4). Only
layered sodium cathode materials are included in this analysis, conversion or organic based
cathodes are excluded from the analysis because there are fewer comparative studies on
them.[101-103] Shown by the blue circles, sodium cathode materials free of Li, Co and Ni exhibit
performances equal to or even exceeding those that contain Li, Ni, and/or Co with respect to energy
density and retention. In terms of cost, Li, Ni, and Co-free sodium cathode materials exhibit
significant advantages over other materials. As shown in Figure A3, the costs per kWh for
NaysFei3Mn2302, a cathode material free of expensive earth elements is reported to be under 1
USD whereas Li and Ni containing cathode cost upwards of $5/kWh (materials cost only). Prices
can reach up to ~$40/kWh when significant fractions of Co are used. When considering the

differences in material performance and their influence in the needed amount of electrolyte/anode

and other cell components, a detailed full cell level cost breakdown is presented in Figure 2.2(c)
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with the supporting information presented in Table A.S. In this figure we estimated the cost to
construct a full cell at 1 kWh energy level with different cathode materials. The analysis shows
that the relative costs from other components carbon, binder, current collector, anode materials,
and electrolytes in different cells are not significantly different. By contrast, the cathode price is
the main determining factor influencing total cost. This analysis shows that sodium cathodes can
achieve good electrochemical performance while keeping costs of materials low by avoiding the
use of Li, Ni, and Co.

While layered oxides free of Co and Ni are ideal for grid storage, they still face challenges
such as air sensitivity and sodium deficiencies which limit their potential commercialization.
Layered oxides containing Fe and Mn tend to form impurities on the surface and risk water
intercalation when stored in air, which can irreparably harm its electrochemical
performance.[ 104,105] While moisture sensitivity can be avoided through use of dry environments
during production, this would also result in increased manufacturing costs. Alternative strategies
include use of productive coatings, TM substitution, and/or ethanol washing can be used to reduce
the materials’ air sensitivity. [104,105] With regards to sodium deficiency, cathodes with robust
electrochemical performances (often layered oxides with P2 phases) tend to be 25-40% sodium
deficient in their stoichiometry. This bring about challenges in full cell capacity matching
especially under lean electrolyte conditions with a limited sodium reservoir. To mitigate such
deficiencies, use of sacrificial salts such as NaN3, NaNO», and EDTA-4Na have been studied and
found to be promising in compensating sodium deficiencies in the cathode.[106—-109] However,
improved selection of salt chemistries are still required to mitigate continuous side reaction against

the cathodes over cell cycling. [106-109]
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Despite the prospects of low cost and high-performance sodium cathode materials, there
are still fundamental obstacles to overcome at the cell level before NIBs can be commercialized
for the grid. These are summarized as five root challenges in Figure 2.3; electrolyte robustness,
anode material selection, interfacial stability (between electrodes and electrolytes), safety
concerns, and battery recyclability at its end of life. 1) While organic liquid electrolytes are
commonly used in commercialized LIBs, its specific formulations along with optimized solvent,
salt, and additives selection still has much room for improvement. As applications in grid storage
require NIBs to perform well under a wide range of climatic and intermittent conditions, liquid
electrolytes used would require wider operating temperature ranges in order to reduce costly
thermal management requirements at the pack and system level. Likewise, cell level engineering
and design needs to mitigate the possibility for potential liquid electrolyte leakage and gas
evolution over much longer operating lifetimes in stationary storage compared to LIBs used in
portable devices. Investigating new systems of electrolytes that have the potential to increase
lifetime, such as ionic liquids and solid state electrolyte have led to promising results.[110,111]2)
As graphite based anode materials in LIBs cannot be used in NIBs, alternative carbon based
materials such as hard carbon are often used in NIBs due to its relatively high sodium capacity and
chemical potentials close to sodium metal.[112] Moreover, hard carbon is commonly produced
from various biomass materials (ex: mangosteen shells[113], sugar[114,115], pomelo peels[116],
shaddock peels[117], peanut shells[118], cellulose[119], corn cobs[120], cotton[121], macadamia
shells[122], and wood[ 123]), offering environmental benefits through its secondary usage in NIBs.
However, hard carbon still exhibits low first cycle coulombic efficiencies resulting from sodium
consumption to form the solid electrolyte interface, keeping reversible capacities low. While the

use of sacrificial salts have been shown to mitigate coulombic efficiency losses[108,124] resolving
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the performance challenges of hard carbon is still impeded by a poor understanding of its sodium
storage and degradation mechanisms.[112,125,126] Alternative anode materials for NIBs can be
explored instead, such as the use of metallic sodium or metallic sodium alloys (Sn, Sb) that possess
higher storage capacities and chemical potentials compared to hard carbon.[127,128] Although
metallic anodes have issues with stability and large volume changes, they also have the potential
to drastically increase volumetric energy densities of NIBs due to their dense packing and high
mass density. To utilize the benefits of both systems, composites of carbon-based storage together
with high capacity metallic anodes may serve as a promising compromise in future NIB anode
electrode materials.

3) Designing and optimizing stable interfaces between the electrolyte and anode/cathodes
respectively are vital for NIBs to serve grid storage over decades of operation. Interfacial
degradation and continuous SEI/CEI growth can result in increased cell impedance overtime which
can detrimentally affect the battery’s rate capability. Additionally, continuous interface reactions
can cause low coulombic efficiencies that will severely limit a battery’s lifetime. Strategies to
address this include selecting electrolyte formulations with improve thermodynamic stabilities
against the anode/cathode or by controlling the kinetics of degradation by incorporating a highly
stable coating on the electrodes.[15,129—-131]

4) Certain battery safety hazards reported in portable devices can bring about some
inconveniences and potential minor injury to individual users. However, the dangers of battery
fires and explosions would be more catastrophic at the grid scale, with potential for costly property
damage and loss of lives.[132] Safety should be highly considered in battery grid storage design
with considerations made for its components and geometry. It is encouraging that some reports on

NIBs show that they can be safer than conventional LIBs due to its material’s superior thermal
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stabilities.[ 133] Nonetheless, ideal battery systems deployed at the large scale near densely
populated urban grids still need to completely eliminate fire and explosions risks. A promising
pathway to achieve this is through the adoption of nonflammable solid-state electrolytes to replace
the flammable organic liquid electrolytes, forming sodium based all solid-state batteries. All solid-
state batteries are also stable and can operate over a wide range of temperatures, potentially
enabling their operation under extreme weather conditions without the need for sophisticated
thermal management. [110,111] Such configurations also allow the adoption of high voltage
cathodes without risk of liquid electrolyte leakage or gas evolution over extended cell cycling.

5) Battery recycling: it would be hypocritical for proponents of NIB adoption to combat
climate change, to not consider how to deal with NIBs at its end of life. LIBs today are facing a
rapidly growing battery waste problem, with most batteries not designed for recycling. While it
might be too late for incumbent LIB manufacturers to change their manufacturing protocols,
potential battery recycling strategies for future NIBs manufacturers should be developed to achieve
safe and sustainable disposal of large volumes of spent batteries. Fortunately, new recycling
processes are currently being researched based on the principles of direct recycling, allowing
battery materials to be processed with reduced energy costs and limited waste
generation.[134][135][136][137] However, any effective sustainable strategies would require the
co-operation of both manufacturers and policy makers alike, and be regulated to include labelling
of their chemical classifications that allow ease of sorting based on their core materials for
recycling. This is especially crucial in grid storage batteries due to their large variations in battery
chemistries compared to LIBs and longer intended lifespans that potentially forces companies to

handle decades old battery packs.
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Figure 2.3: The root scientific challenges (bottom) of sodium-ion batteries that need to be overcome to support
sustainable, safe, large scale energy storage applications (top).

2.3 Conclusion

Sodium ion batteries (NIBs) and its development shows great promise for grid energy
storage applications as an alternative to conventional lithium ion batteries (LIBs). Metrics of
energy density, cost, and lifetime are compared across various battery chemistries, where NIBs are

surmised as front runners to meet the needs of the grid storage market. Its relative material
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abundance and ability to deliver good electrochemical performance without use of expensive earth
elements are the main drivers of low costs per kWh. Concerns for supply chain reliability and
energy security are also discussed where materials availability are considered. Fundamental
obstacles toward commercialization include electrolyte composition, anode performance,
electrode-electrolyte interfacial stability, safety hazards, and sustainable recyclability are
analyzed, along with discussions for potential solutions to tackle them. However, to truly enable
NIBs for grid storage, it would require the scientific community to shift development efforts
beyond the academic level toward applied research, supported by investments and inputs from the
industry to enable a concerted push toward practical cell/pack level testing and evaluation similar
to what LIBs have achieved over the past four decades. Ultimately, today’s NIBs may or may not
be the perfect solution for every challenge faced by grid-scale energy storage, but it will certainly
have far-reaching impacts in enabling renewable energy storage and distribution to improve our
electrical grid’s resilience and reduce humankind’s reliance on traditional fossil fuels.

Chapter 2, in full, is a reprint of the material, “Sodium-Ion Batteries Paving the Way for
Grid Energy Storage” as it appears in Advanced Energy Materials, H. S. Hirsh, Y. Li, D. H. S,
Tan, M. Zhang, E. Zhao, Y. S. Meng, 2020, 10, 2001274. The dissertation author was the co-
primary investigator and author of this paper. The author collected and analyzed the data and

cowrote the paper.
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Chapter 3 Meso-structure Controlled Synthesis of Sodium Iron-Manganese Oxides Cathode for
Low-Cost Na-Ion Batteries

3.1 Introduction

Solar and wind as sustainable and renewable energy sources have attracted considerable
attention in recent years. To expand the generation of electrical energy from these highly
intermittent energy sources in nature, large-scale inexpensive energy storage has gained great
interests from the scientific and community at large.[14] Batteries are considered as the most
promising technology for next-generation grid storage due to their high energy density, low
operation cost, and long cycle life. Among all the state-of-the-art batteries, Na-ion batteries (NIBs)
have a tantalizing possibility for commercial grid storage, by reason of the abundant availability
of its sources and the suitable redox potential (Ewa+nNa) =-2.71 V vs. SHE).[100]

Various types of NIB cathode materials have been investigated in the past few decades
including layered oxides, poly-anionic frameworks, hexacyanoferrates, and organics[48,138—142]
Among these cathode materials, layered oxide materials NaxTMO, (TM=Mn, Co, Fe, Ni, Ti, Cu,
Cr or mixtures of the elements) are one of the most favorable candidates due to their large
capacities and tunable properties. [138] In the wide range of choices for TM in sodium layered
oxides, Li, Ni, and Co are rather expensive elements while Fe and Mn are low-cost and abundant.
For NIBs to be viable, the components of the cathode material should include only inexpensive
elements in the ideal case. Sodium iron manganese oxides NaxFei.;,MnyO; have already shown
promising initial discharge capacities.[143] For example, P2-type layered Nays3Mni,Fe1202 and
NayisFei3Mn230; are able to deliver first discharge capacities of 200 mAh/g in the voltage range
1.5-4.3 V (vs. Na"/Na’).[143] However, the practical and commercial applications of NaxFe.

yMnyO; are hindered because of their poor capacity retention over cycling.[100]
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Previous studies have identified several factors contributing to this poor capacity retention,
including irreversible phase changes, particle defects and particle pulverization.[143]
Correspondingly, modification strategies including TM substitution and surface coating have been
put forward to improve the cycling performance.[15,16,144] These two approaches often involve
either complex synthesis processes such as atomic layer deposition, or introduce costly elements
such as Co and Ni.[15,16,144] Meso-structure control synthesis, on the other hand, can reduce the
occurrence of both irreversible phase change and particle pulverization without significant process
adaptation.[145,146] As demonstrated in lithium ion batteries, micron sized spherical meso-
structures consisting of nanosized primary particles could enable faster Li ion diffusion and at the
same time provide enhanced particle strain management, thus mitigating mechanical degradation
and improving capacity retention. [145-156]

The synthesis method strongly influences the meso-structure of the layered TM oxides. In
reviewing the literature (Table 3.1),[55,56,84,85,87,157-163] solid-state synthesis is the most
frequently adopted method for NaxFei1.yMnyO>. However, the meso-structure is difficult to control
in the solid-state synthesis since it entails mixing materials by either ball milling or hand grinding
precursors followed by high temperature calcination, producing irregular or plate-like primary
particles. Similarly, no meso-structure controlled samples were found in previous work via auto-
combustion and sol-gel synthesis methods.[157,162,163] The co-precipitation method, which is
commonly used to synthesize spherical secondary particles for lithium TM oxides, was not
previously reported to obtain meso-structure controlled NaxFei;yMny,O, (Table
3.2).[56,149,158,164] In the cases where co-precipitation method was applied for sodium iron

manganese oxides, the resulting materials were plate-like.
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Table 3.1: Synthesis parameters for sodium iron manganese oxide cathode materials reported from literature.

Calc.
Composition |Phase| Synthesis type | Mn precursor | Fe precursor |Na precursor| Temp tig:;lzi]) quenched?|atm?|morphology| citation
©)

NazisFe12Mni202| P2 Solid State Mn203 Fe203 Na20> 900 12 Y air | irregular [87]
NazisFe1sMn2302| P2 Solid State Mn203 Fe203 Na20> 900 12 Y air | irregular [85]
NazisFe12Mni202| P2 Solid State C4H5Mr(1)04x4H2 CcHsO7FexH20|  NaxCOs 800 8 Y air plates [84]
Nao.c7MnosFeosO2| P2 Solid State Mn203 Fe203 NaxCO3  [750,900] 4,6 N air | irregular [55]
Nao.c7MnosFeosO2| P2 Solid State Mn203 Fe203 NaxCO3 900 12 N air | irregular | [159]
Nao.c7MnosFeosO2| P2 Solid State Mn203 Fe203 NaxCO3  [450,900] 6,15 N air | Irregular | [160]
NazisFe12Mni202]| O3 Solid State Mn203 Fe203 Na202 700 36 Y air | irregular [87]

NaFeosMnosO2 | O3 Solid State Mn203 Fe203 NaxCO3 900 24 N air | unknown | [161]

NaFeosMnosO2 | O3 Solid State Mn203 Fe203 NaxCO3 700 36 N air | irregular | [159]
NazsFe12Mni202| P2 | Autocombustion [Mn(NO3)2x4H20 FC(N05)3X9H2 NaNO; 1000 6 N air | plates [162]
NaosiFeosMnosO2| 03 | Autocombustion [Mn(NO3)2x4H:0| FC(N05)3X9H2 NaNO;  [700, 1000| 20,5 Y 02 | irregular | [163]
Nao 77Fe23Mni302] 03 | Autocombustion [Mn(NO3)2x4H:0| FC(N05)3X9H2 NaNO;  [700, 1000| 20,5 Y 02 | irregular | [163]
Nao77Fe2sMnis02| P2 | Autocombustion [Mn(NO3)2x4H20) FC(N05)3X9H2 NaNOs  [700, 1000 20, 5 Y 02| plates [163]
Nao.s7MnosFeos02| P2 | Autocombustion [Mn(NO3):x4H:0| FC(N05)3X9H2 NaNO;  [700, 1000| 20,5 Y 02| plates [163]
NazisFe12Mni1202]| O3 | co-precipitation Mn(NOs3)2 Fe(NO3)3 NaOH 700 1 N air plates [56]
NazisFe12Mni1202| P2 | co-precipitation Mn(NOs3)2 Fe(NO3)3 NaNO3 900 6 N air plates [56]
NazsFeroMniz02| P2 Sol-Gel Mn(CH3CO0), FC(N05)3X9H2 NaNOs 900 12 N 02| oplates | [157]

acetate .
(Nao.c7Mno.cFeo.sO2| P2 1 Mn(Ac)2 Fe(Ac)2 NaAc 450,900| 7,12 N air plates [158]
decomposition

Table 3.2: Co-precipitation synthesis parameters of iron containing sodium TM oxides cathode materials
reported from literature.

Composition Phase| Precursor type | Mn precursor | Fe precursor [Na precursor| Other precursor Morphology| pH clta;mn
NazizFe12Mni202 P2 - Mn(NOs3)2 Fe(NOs)3 NaNO3 - plates 10 | [56]
NazsFei12Mni202 03 - Mn(NO3)2 Fe(NO3)3 NaOH - plates 10 | [56]

NaNio2Feo ssMnoasOs| 03 oxalste | MnSOsH:0 |FeSOs7H0 | NaxCOs (NH4)CZ?\;‘I’{T£{O4'6HZO’ irregular | 7 | [164]
NaNiisFe1sMni302 | O3 oxalate MnSO4+H20 |FeSO47H20| NaxCOs NiSO4-6H20, NaxC204 unknown - | [165]
NaNiisFe1sMni302 | O3 hydroxide MnSO4-H2O | FeSO4-7H20 |  NaCOs NaOH, NH3, NiSO4-6H20 plates 10.5] [149]

In this study, pure phase P2-type Naos7Fe14Mns40; with a spherical meso-structure was

synthesized through modified co-precipitation method for the first time. To enable the formation

of the desired meso-structure Nags7Fe14Mn3402, spherical precursors FeisMnz4CO; were

synthesized under optimized conditions such as suitable pH value and N> atmosphere. It is found

that cooling rate played an important role in controlling the meso-structures of the final product.
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A pure phase P2-type Naos7Fe1sMn3 402 was made into hexagonal plates with no secondary
structure by quenching or into a spherical meso-structure by slow-cooling. The formation of meso-
structure enables fast Na diffusion as well as a reduced surface concentration of sodium carbonate
which lowers resistance during cycling. Both features can effectively minimize capacity loss of
sodium layered oxides during long-term cycling. This comparison of different morphologically

controlled samples will determine a future direction of designing improved NIB cathode materials.

3.2 Methods

Materials preparation

The synthesis set-up for pure phase P2-Nag¢7Fe14Mn3402 (NFMO) is shown in Figure
3.1. Stoichiometric amounts of the precursors, Fe(SO4)e7H>0 and Mn(SO4)eH>0 (Fe:Mn = 1:3 in
molar ratio) were dissolved in deionized water for a total concentration of 3 M. TM sulfate solution
and an aqueous solution of 0.2 M Na>xCOs3 were separately pumped into a reaction vessel to
maintain the pH value at 8.8. The reaction was stirred continuously with N> bubbled through the
reaction vessel. The obtained mixture was aged at 80°C for 12 hours. The resulting Fei,4Mn34CO3
was washed with deionized water to remove residual Na" and dried at 80°C overnight.
Fe1/4Mn3,4CO3; powder was then mixed with a 5% excess stoichiometric ratio of NaxCOs and the
mixture was calcinated at 900°C for 15 hours in air. For quenched samples, the crucible was taken
out of the furnace directly after the 15 hours calcination and cooled in air on a metal plate. For the
slow-cooled samples, after the 15 hours calcination time the furnace was set to cool down to room
temperature over 12 hours.
Materials Characterization

The crystal structures were characterized by X-ray diffraction (XRD) using a Bruker D8
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advance diffractometer with copper Ka source or Mo Ka source. Rietveld refinement was applied
to the obtained diffraction pattern using FullProf software. The morphology and meso-structure of
the particles were identified by using a Zeiss Sigma 500 scanning electron microscope (SEM) with
an accelerating voltage of 1 kV for the carbonate precursors and 3 kV for the TM oxides. Surface
area of the particles was determined using nitrogen physisorption by the Brunauer—Emmett—Teller
(BET) method. ICP-OES was performed using a Perkin Elmer 3000 DV optical emission plasma
spectrometer. X-ray photoelectron spectroscopy (XPS) was performed using an AXIS Supra by
Kratos Analytica. The XPS was operated using an Al anode source at 15 kV, scanning with step
size of 0.1 eV and 200 ms dwell time. Fits of the XPS spectra were performed with CasaXPS
software to estimate the oxidation states of the TMs. Sodium carbonate titration was performed by
washing 1 g of cathode material with 10 mL of DI water. The resulting solution was separated
from the powder by filtration. The surface contamination content was determined using a titration
method with 0.05 M HCI. The titration was monitored with a pH probe to an end pH of 8.0.
Electron microscopy work was carried out on a JEOL-2800 TEM/SEM microscope. TEM images
were acquired at 200 kV.
Electrochemical Characterization

Composite cathode electrodes were prepared by mixing a slurry of active material,
acetylene carbon black, and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1, with n-
methyl-2- pyrrolidone. The slurry was cast onto aluminum foil and dried under vacuum at 8§0°C
overnight. Na metal was used as the counter electrode with 1 M NaPFs in PC as the electrolyte and
glass fiber GF/D (Whatman) as the separator. The electrodes were assembled in 2032 coin cells in
an argon filled glove box (H20 < 0.1 ppm) and tested on an Arbin battery cycler. Coin cells were

allowed to rest 8 h before electrochemical tests were performed. The voltage range was maintained
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between 1.5-4.3 V and C-rates were calculated by assuming a theoretical specific capacity of 120
mAh/g. Additionally, electrochemical spectroscopy (EIS) measurements were carried out with 10
mV perturbation and AC frequencies from 0.01 to 1 x 10° Hz on galvanostatic cycled electrodes
charge to 3 V, 4.3 V and discharged to 3 V, and 1.5 V during the first cycle. A Solartron 1287
Potentiostat was used to measure impedance at different states of charge. An equivalent circuit
model was used to fit the data and analyze the reactions using Zview software (v. 3.4a, Scribner
Associates, Inc.).
Computational Study

Electronic structure calculations were performed within the framework of periodic
planewave density functional theory (DFT) using the Vienna ab initio Simulation Package
(VASP.5.4.4) for three different Na/Fe/Mn/O based model cathode systems. Both GGA+U and
hybrid density functionals were employed for Density of States (DOS) calculations. The GGA+U
calculations employed the spin-polarized Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional with the projector-augmented wave (PAW) scheme to treat core electrons. For the +U
augmented treatment of Fe and Mn 3d orbitals, we chose Uefr values given on the Materials Project
of 5.3 eV for Fe and 3.9 eV for Mn. The corresponding Ukt values for Fe and Mn capture the
Fe*'/Fe** and Mn?"/Mn*" redox couple, respectively, in transition metal oxides. The PAW
pseudopotentials employed for the transition metal atoms Fe and Mn (denoted as Fe pv and
Mn_pv, respectively) treat p semi-core states as valence states. The Na_sv pseudopotential used
for Na treats the 2s shell as valence states. The standard pseudopotential was used for oxygen.
Anti-ferromagnetic coupling between magnetic Fe and Mn cations was assumed. A planewave
energy cutoff of 600 eV was employed in all calculations. Cell relaxation calculations (ISIF=3) at

the PBE+U level plus Grimme’s D3 dispersion correction on the Na/Fe/Mn/O bulk structures were
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performed using a 10 eV energy convergence criterion with a 5x5x3 k-point grid. In order to
obtain a high-accuracy electronic DOS, the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional
with 25% exact exchange was used for single-point energy calculations on PBE+U-D3 optimized
structures. The single-point energy DOS calculations were performed using a 10 eV energy
convergence criterion with a 12x12x6 k-point grid for PBE+U calculations and a 4x4x2 k-point
grid for HSEQG6 calculations. To obtain a high-resolution DOS within an energy window bracketing
the Fermi level, we set the energy range for evaluation of the DOS to -10 eV to +10 eV with 2001
grid points (EMIN=-10; EMAX=10; NEDOS=2001).

Reaction:
Na,CO; + 0.25Fe(S0,) +0.75Mn(S0O,) -> Fe,,5sMn,,5CO; + 2Na* + (SO,)*

PH — Potential Side Reaction:
electrode 0.25F(S0,) +0.75Mn(SO,) + 2(OH)" > Feg ,5Mnq 75(OH), + (SO,)*
N, gas
Na,CO; (aq) TM(SO,) (aq)

Input Input DI
water
= Na,CO,

@ TM(CO ) _
@ @ 3
stir bar | '.‘.o.:.o
aging wash precipitate mix TM(CO;) one step calcination
and dry with Na,CO, process

Figure 3.1: Schematic of the modified co-precipitation synthesis process for meso-structure controlled sodium
iron manganese oxide.

3.3 Results and Discussion

The co-precipitation method for pure phase meso-structure controlled NFMO begins with
obtaining a spherical TM carbonate precursor without hydroxide or other impurities. Two factors,
pH value and nitrogen bubbling, are critical to synthesize pure phase carbonate precursor with
desired TM ratio (see Appendix B for details). In short, residual TM ions will be found if the
solution is too acidic, and hydroxide impurities will form if the co-precipitation occurs without

nitrogen bubbling. A pure carbonate precursor was finally obtained with pH controlled at 8.8 and

29



continuous N> bubbling through the reaction vessel. After high temperature calcination, NFMO
samples were either quenched or slow-cooled to obtain the final product. Figure 3.2 shows a
comparison between the quenched and slow-cooled NFMO including XRD data, SEM images,
and a table of parameters including XRD refinement results, BET surface area, and ICP-OES
measurements. In both samples, all the diffraction peaks can be well indexed to space group
P63/mmc. The Rietveld refinement results confirm that both samples are pure phase P2 layered
material with similar lattice parameters. According to a classification by Delmas et al., P2-type
layered structure has ABBA oxygen stacking sequence where Na ions are located in trigonal
prismatic (P) sites.[166] The ICP-OES results show that both samples have the same designed
stoichiometric ratio. These results quantitatively reveal that NFMO samples synthesized by

different cooling rate are similar in terms of bulk structure and chemical composition.
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Figure 3.2: XRD and SEM of quenched NFMO (a, b) and slow-cooled NFMO (¢, d) show that the two materials
have the same crystal structure but different morphology and meso-structures. Selected parameters from XRD
refinement, BET, and ICP measurements for the two materials are shown in (e).

The main differences between the two samples are the different meso-structures and

specific surface areas. As shown in Figure 3.2 (b) and (d), the quenched NFMO contains
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hexagonal plate-like particles that are 1-5 um in diameter and less than a micron thick. While the
slow-cooled NFMO has a well-controlled meso-structure containing ~500 nm hexagonal plate-
like primary particles and 2-3 um secondary sphere-like particles (Figure B.S). It is hypothesized
that the quenched material retained too much stress which leads to breakdown of the spherical
particles, although we cannot exclude other possibilities. Further experiments are in progress to
explore the relationship between cooling rate and meso-structure formation in NFMO. The specific
surface area of both samples was also determined by BET adsorption measurements. Plate-like
NFMO sample has a specific surface area of 1.06 +/- 0.021 m?/g, while meso-structure controlled
NFMO has a higher number of 1.55 +/- 0.031 m?/g. The higher surface area of slow cooled NFMO

can be attributed to smaller primary particle size and porosity between primary particles.
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Figure 3.3: dQ/dV curves of the 1%, 2, and 10™ cycles of slow-cooled (a) and quenched (b) NFMO at a rate of
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5/8 and 8/8 (e) were used to calculate average Fe and Mn oxidation states of their respective structures (f).

To probe the mechanisms of sodium intercalation/deintercalaction from NFMO, dQ/dV
studies were coupled with DFT calculations of the TM oxidation states in NFMO at different states
of charge (see Figure 3.3). In pristine NFMO (Na=5/8), DFT predicts the average oxidation states

for Fe and Mn are 3+ and 3.5+ respectively, determined by the magnetization output. When 2/8
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Na are removed from the prisine structure, representing the first charge state, the calculated
capacity is 65 mAh/g. This value for the first charge matches well with the experimental value for
both quenched and slow-cooled NFMO (Figure 3.3 (¢)). The Fe oxidation state does not change
during this first charge while the average Mn oxidation state changes from 3.5+ to 3.83+, which
indicates that solely Mn is redox active. When discharging NFMO from fully charged state
(Na=3/8) to the fully discharged state (Na=8/8), the total calculated discharge capacity is 163
mAh/g. This calculated discharge capacity is larger than the experimental capacity for quenched
and slow-cooled NFMO shown in Figure 3.3 (d). During the discharge to Na=_8/8, Fe is calculated
to reduce from 3+ to 2+ and Mn is calculated to reduce from 3.5+ to 3.3+. In the model when
Na=8/8 (Figure 3.3 (e)), 4/18 Mn 3+ atoms are calculated to be in the high spin state, signifying
they are Jahn-Teller active. If these four Mn atoms do not reduce to the 3+ state, the discharge
capacity is reduced by 32.5 mAh/g, resulting in the calculated discharge capacity to be 131 mAh/g.
This discharge capacity matches the experimental 10% discharge capacity of slow-cooled NFMO,
suggesting that this model is a valid representation of the NFMO system. Additionally, the good
cycling retention for NFMO (Figure 3.4 (¢, d)) can be attributed to the fact that all the Mn 3+ in
this system are not Jahn-Teller active.

From DFT calculations of NFMO at different states of charge, the TM redox can be
attributed to different regions of the dQ/dV curve. In the high voltage region (Na=5/8 to Na=3/8)
only the Mn 3+/4+ redox couple is active while in the low voltage region (Na=5/8 to Na=8/8) both
the Fe 2+/3+ and Mn 3+/4+ redox couples are active (see pDOS in Figure B.6). The low voltage
peaks in the slow-cooled NFMO dQ/dV (Figure 3.3 (a, b)) are initially larger than the peaks in
the quenched NFMO dQ/dV. This indicates that the Fe redox couple is initially more active for

slow-cooled NFMO than for quenched NFMO and is corroborated by the larger capacity in the
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low voltage region (1.5-2.7 V) for slow-cooled NFMO (Figure 3.3 (¢, d)). Additionally, for the
quenched NFMO, the low voltage peaks in the dQ/dV curve increase in size and the capacity from
the low voltage region increases from the 1% cycle (discharge capacity = 57.4 mAh/g) to the 10®
cycle (discharge capacity = 72.58 mAh/g). At the 10" cycle, the discharge capacity in the 1.5-2.7
V region are almost equivalent for quenched NFMO (72.58 mAh/g) and slow-cooled NFMO (73.2
mAbh/g), signifying that the Fe redox couple is kinetically limited for quenched NFMO. The same
trend is observed during charging in the low voltage region for quenched NFMO, although the
capacity is still less than that of the slow-cooled NFMO. These observations indicate Fe redox

couple has sluggish kinetics and has limited activity for quenched NFMO.
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Figure 3.4: Voltage profiles for quenched and slow-cooled NFMO at a rate of C/50 at (a) cycle 1 and (b) cycle

10. Specific discharge capacity versus cycle number at a rate of (¢c) C/20 and (d) C/10 and coulombic efficiency
as a function of cycle number.

To further compare the electrochemical performance of quenched and slow-cooled NFMO,
half cells with sodium metal as the anode were assembled and cycled in galvanostatic mode.

Figure 3.4 (a) shows the first cycle voltage profile of both NFMO samples. Both samples have
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larger discharge capacity than charge capacity, which implies more Na ions intercalate back to the
cathode materials compared to the original state. The quenched sample delivers a first discharge
capacity of 100 mAhg! in the voltage range of 1.5-4.3 V at a rate of C/50 compared to slow-cooled
NFMO which delivers a first discharge capacity of 131 mAh/g. After 10 cycles, slow-cooled
NFMO still delivers higher discharge capacity of 132 mAh/g compared to 119 mAh/g of quenched
NFMO, as shown in Figure 3.4 (b). This large difference in discharge capacity can be explained
by bulk and surface difference in the quenched and slow-cooled NFMO materials: (1) Fe has redox
couple has sluggish kinetics for quenched NFMO, (2) there are disparities in the surface area and
surface contamination of sodium carbonate. Based on BET data in Figure 3.2 (e), it is determined
that slow-cooled NMFO material has a 46% larger surface area than quenched NFMO material.
This increase in surface area allows for more pathways for Na ion diffusion to the bulk of material,
and thus improves discharge capacity. The small capacity fade observed for both materials could
be caused by the formation of stacking faults during cycling, as reported by Yabuuchi.[87] The
capacity fade of NFMO is one of the lowest of NasFe,MniyO, cathode materials reported in
literature.[55,56,84,85,87,157-163] The low capacity fade of the materials reported here can be
attributed to the low Fe content and potentially lower sodium carbonate surface contamination. Fe
in the TM layer has been reported to increase the sodium carbonate contamination on Na TM
layered oxides,[55] however quantification of the sodium carbonate contamination is not
commonly reported in cathode literature.

Additionally, in cycling tests, slow-cooled NFMO also shows higher coulombic efficiency
at rates of C/20 and C/10 (Figure 3.4 (c), (d) and Figure B.7). The difference in coulombic
efficiency manifests that slow-cooled NFMO has better capacity retention over cycling. The low

coulombic efficiency of quenched NFMO could be caused by continual decomposition of
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electrolyte near the surface of quenched NFMO during charging, triggered by excess sodium
carbonate surface contamination.[55] Slow-cooled NFMO has significantly higher coulombic
efficiency that fluctuates around 100% (fluctuations likely caused by temperature changes in the
laboratory) after the first cycle. The significant difference in the coulombic efficiency between

quenched and slow-cooled NFMO can be attributed to the differences in their surface chemistry.
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Figure 3.5: XPS spectra of (a) Mn 3s, (b) Fe 2p, (¢) O 1s, and (d) C 1s regions for slow-cooled (gray background)

and quenched (white background) NFMO.

XPS was applied to investigate differences in the surface chemistry between the slow-
cooled and quenched NFMO samples (see Figure 3.5). Figure 3.5 (a) shows each material’s Mn
3s regions. Previous work has demonstrated that splitting between the main Mn 3s peak and its
satellite is highly sensitive to the Mn valence state.[165] The larger the splitting, the lower its
oxidation state. From the Mn 3s spectra, oxidation state of Mn is 4+ for both samples as indicated

by the 4.8 eV peak separation.[167] Figure 3.5 (b) show the Fe 2p region for each material. The
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binding energy of Fe 2p peaks and their satellites shift to higher binding energy for increased
oxidation state.[168,169] A combination of peaks for Fe*" and Fe** were fit to the experimental
data to determine the percentage of the oxidation states in the sample. Iron is a mix of two oxidation
states, 2+ and 3+, with slow-cooled sample containing 36% Fe** and quenched sample containing
30% Fe?*.[170] The discrepancies in these values from the DFT results can be attributed to surface
modifications or reactions. Based on these results, TM oxidation states on the surface are
essentially identical for slow-cooled and quenched NFMO sample. Other surface factors, such as
sodium carbonate surface contamination can contribute to the differences in performance between
slow-cooled and quenched NFMO.

Sodium carbonate is a common surface contaminant on sodium TM oxide cathodes and
can form on the surface of the cathode particles through sodium’s reaction with air during
synthesis.[105,170] It is hypothesized that sodium carbonate forms preferentially on the edges of
the TM layers ((1 0 0) plane) instead of the hexagonal surfaces ((0 0 1) plane). The sodium
diffusion channels are perpendicular to the (1 0 0) plane, which could promote the formation of
sodium carbonate during synthesis. Additionally, the (1 0 0) planes of slow-cooled NFMO primary
particles are less exposed than the quenched NFMO particles, given slow-cooled NFMO sphere-
like meso-structure (Figure 3.2 (d)). The minimization of the (1 0 0) plane exposure of slow-
cooled NFMO may explain the lower concentration of sodium carbonate on the surface. The
mechanism of sodium carbonate formation on the surface of sodium layered oxide cathodes is
currently under investigation by DFT surface calculations. Sodium carbonate was identified on the
surface of both materials based on the O 1s (531.3 eV) and C 1s (289.4 eV) XPS spectra.
Interestingly, quenched NFMO has twice the sodium carbonate on its surface as compared to slow-

cooled NFMO. This was verified through titration of the surface species and TEM imaging shown
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in Tables B.3 & B.4 and Figure B.8. Titration of the surface species for sodium layered cathode
materials was used only as a qualitative measurement for two reasons: (1) The initial pH value of
the washed cathode solution was higher than the pH of pure concentrated Na,COs (pH of 11.56
for 10 M). This higher pH value is likely caused by other surface contaminants such as NaOH
which can increase the pH beyond 11.56. (2) It has been reported that some sodium layered cathode
materials can react with water, causing sodium ions to de-intercalate.[105] This method is
considered to adequately compare the surface contamination of materials with the same
composition. The XPS, and titration results confirm the quenched NFMO having around twice the
surface contamination than that of slow-cooled NFMO. The increase of surface sodium carbonate
on the quenched material could be ascribed to the quenched surface having a higher surface energy.
In literature, annealing has been used to decrease the surface energy of cathode material due to
increased ordering of the TMs.[171] Further research is being conducted to determine the surface
energy and TM ordering in NFMO. Sodium carbonate on the surface of the cathode material could
lead to higher resistance during electrochemical reaction, thus lowering the capacity of the cathode.
The increase of resistance in quenched NFMO can be evidenced by the average voltage vs. cycle
number shown in Figure B.9. The average voltage during the 10" charge is 3.21 V and 3.13 V for
the quenched and slow-cooled NFMO respectively. During the 10" discharge, the average voltage
18 2.56 V and 2.70 V for quenched and slow-cooled NFMO respectively. The higher voltage during
charging and lower voltage during discharge, known as polarization, is indicative of higher
resistance.

The above characterization results demonstrate that both NFMO samples have similar
crystallinity and composition, but significantly different morphologies, specific surface area, and

surface sodium carbonate concentration. Slow cooling is the key to form spherical meso-structures
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which could have the following advantages: (1) the robust meso-structures could release particle
strain generated during electrochemical cycling; (2) the high specific area could provide more Na
ion diffusion pathways; (3) the low surface carbonate concentration could reduce the surface
charge transfer resistance. These factors together can contribute to an improved electrochemistry

performance of NFMO cathode material.[87,172,173]
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Figure 3.6: Nyquist plots of quenched and slow cooled NFMO (a) charged to 4.3 V and (b) discharge to 1.5 V.
The fit of the data is based on the circuit shown in (c). The table (d) contains the values for the impedance
measurements.

In order to investigate the electrochemical resistance of both samples, EIS was conducted
during the first charging and discharging cycle. The Nyquist plots in Figure 3.6 (a) and (b) show
the real versus imaginary impedance over a range of AC frequencies of both materials as they are
charged to 4.3 V and discharged to 1.5 V. The impedance spectra can be quantitatively analyzed
using a model circuit shown in Figure 3.6 (¢). This model accounts for the ohmic resistance of the
set-up (Rq), the double layer capacitance of the electrode/electrolyte interface (CPEss), the
resistance due to Na ion diffusion through the surface of the cathode (Rs), the double layer
capacitance (CPEq) the charge transfer resistance (R¢t) and the impedance of the solid state
diffusion of Na ions through the bulk of the active material known as the Warburg impedance (Z).
From Figure 3.6 (a) and (b), the impedance at 4.3 V is comparable for quenched and slow-cooled
NFMO. A similar observation was found by G. Zhuang et. al. where a cathode heavily

contaminated with lithium carbonate had a comparably high resistance to a minimally
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contaminated cathode.[174] They also observed that after the first charge, the resistance for both
materials decreased. For quenched and slow-cooled NFMO there is a decrease in Rsr in both
materials at 1.5 V. This decrease in resistance could reflect sodium carbonate decomposition at
high voltage or dissolution and penetration of the carbonate coating caused by particle volume
change. Because of the higher concentration of sodium carbonate on the surface of quenched
NFMO, after sodium carbonate decomposition or dissolution, the impedance of quenched NFMO
is higher at 1.5 V than the impedance of slow-cooled NFMO. The resulting cathode electrolyte
interphase (CEI) caused by excess sodium carbonate on the quenched NFMO surface results in a
higher Rt across the CEI. A thick and resistive CEI could impede Na intercalation into the center
of the larger primary particles of the quenched NFMO.[175] This mass transport resistance
eventually increases cathode overpotential that leads to inferior electrochemical performance
during cell cycling.

A key parameter that affects the capacity of NIB cathode materials is the level of surface
contamination. Surface contamination can increase resistance and reduce capacity. In literature,
besides storing the material in an inert environment, which only stops further contamination, no
effective and simple methods are known to reduce surface contamination of NIB cathode
materials. Here, we show that through controlling the meso-structure of NFMO, the extent of
surface contamination can be minimized. The mechanism of surface contamination for layered
NIB cathode materials has not been thoroughly discussed in literature. If surface contamination
preferentially forms on certain facets of the cathode crystal structure, then a secondary meso-
structure could reduce the exposure of these facets to react with the atmosphere. If the surface

contamination forms more readily on unrelaxed surfaces, then the secondary meso-structure
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obtained by slow cooling could have a more relaxed surface which effectively reduces the surface
contamination.

3.4 Conclusions

Meso-structure controlled P2-type Nao.¢7Fe14Mn340: is synthesized as a high-performance
low-cost cathode material for NIBs. Cooling rate after high temperature calcination is the key to
synthesizing meso-structure controlled particles for NFMO material. It is found that quenching
will produce hexagonal particles with no secondary structure while slowly cooling will produce
sphere-like meso-structure controlled particles. The meso-structure of NFMO provides larger
surface area, lower surface concentration of sodium carbonate, and higher Fe electrochemical
activity, which together improve the electrochemical performance. Through this work we
demonstrated that cooling rate is a vital parameter in synthesizing meso-structure controlled
sodium ion cathode material and is an often overlooked avenue for controlling electrochemical
performance. NFMO with spherical meso-structure and only with inexpensive elements represents
a promising direction for the future development of cathode materials for NIBs.

Chapter 3, in full, is a reprint of the material, “Meso-Structure Controlled Synthesis of
Sodium Iron-Manganese Oxides Cathode for Low-Cost Na-Ion Batteries” as it appears in the
Journal of The Electrochemical Society, H. Hirsh, M. Olguin, H. Chung, Y. Li, S. Bai, D. Feng,
D. Wang, M. Zhang, Y. S. Meng, 2019, 166, A2528-A2535. The dissertation author was the
primary investigator and author of this paper. All of the experimental parts were performed by the

author except for the DFT, XPS, and TEM.
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Chapter 4 Elucidating the Redox Mechanism of Cathode Materials Made from Earth-Abundant
Elements

4.1 Introduction

Grid storage is an essential component of a modernized electrical grid to effectively employ
solar and wind energy generation. The cost of energy storage and its energy-density are key
considerations of the power industry in the deployment of large-scale energy storage. Meeting
these requirements at such a large scale is not practical with today’s commercialized lithium-ion
batteries (LIBs) due to the high cost of lithium and transition metals (TMs) in their cathode
components.[102,176,177] The projected cost of energy storage for sodium-ion batteries (NIBs),
made with abundant TMs, is significantly less than current LIBs. This positions NIBs, with
cathodes containing only inexpensive elements, to be some of the most promising options for grid
storage if their energy densities and lifetimes can be improved.[178] However, the mechanisms of
poor lifetimes in these cathode materials have remained unclear, which impedes the design of
suitable cathode materials for grid storage. Herein, we investigate and report the mechanism of
capacity loss for energy dense NIB cathode materials by exploring the redox mechanisms of
cathode materials containing only earth abundant elements.

Cathodes containing the abundant and inexpensive elements Fe and Mn are especially
promising for solving the need for low energy cost and high energy-density grid storage batteries
because they have materials-level energy-densities above 450 Wh/kg. In the category of energy-
dense abundant TM layered-oxide cathode materials, the majority of studied materials contain Fe
and Mn (Table C.1).[54,55,58,60,67,72,76,77,81,84,85,87,158,179] For efforts focused on NIB
development, this makes Naxs3FexMnixO2 compounds attractive to investigate. However, these

compounds have poor capacity retention, especially under rigorous testing conditions such as high
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electrochemical charge/discharge rates and many cycles. To understand the cause of the poor
capacity retention, the mechanisms of irreversibly capacity must be understood. In the simplest
cases of Fe-Mn compounds, the irreversibility of NaxMnO, and NayFeO; have been studied in
literature.[180—184] Both materials have poor capacity retention because of large structural
changes during electrochemical cycling, but this can be mitigated by TM substitution. Even in
cases where TM substitution alleviated structural changes, large irreversible capacities were still
observed when the Fe:Mn ratio is greater than one, but the mechanism of irreversible capacity
remains unclear.[67] While there is less irreversible capacity for compounds where the Fe:Mn ratio
is less than one, there has been no systematic study of the mechanism of irreversible capacity for
the Nay;sFexMni«O2 system. While separate studies have been conducted on NaysFexMnixO»
cathode materials, they are difficult to compare and draw conclusions from because the
electrochemical properties are highly dependent on the Fe content, synthesis methods, and testing
conditions. [65,70,82,85-87,185]

While conclusions on the Naz;sFexMnixO2 system cannot be drawn from comparing the
cathodes in literature, it is still important to understand the current theories for the Mn and Fe
redox mechanisms. Throughout literature, there is a clear understanding for the redox mechanism
of Mn but not for Fe. For single transition metal compounds (NaTMO.), the redox mechanism for
TM=Mn has clearly been shown to be Mn 3+/4+.[180-184] However, for the redox mechanism
of TM=Fe there is no consensus. For example, L. Chen et. al. used X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy (XPS) to show that the redox mechanism is solely
oxygen redox with no Fe redox.[186] K. Y. Chung et. al. has also used XAS and EELS to show
that the redox mechanism for NaxFeO> is oxygen redox.[187] However, O. Yamamoto et. al. and

C. S. Johnson et. al. used Mdssbauer spectroscopy to show the redox mechanism for Na,FeO, is
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Fe 3+/4+.[183,188] In addition, minimal information for the redox mechanism of NaxFeO; can be
gleaned from LIBs because of the analogous compound, LixFeO», is electrochemically inactive
unless nanosized and the first delithiation process triggers oxygen release.[189][190] Meanwhile,
the interpretation of redox mechanisms becomes more difficult when there are potentially multiple
active redox mechanisms. This is especially true for P2-Nay;3FexMnixO2 where Fe, Mn, and O all

have the potential redox activity.

Table 4.1. Fe redox mechanisms from XAS studies of Fe containing layered NIB cathodes in literature.

Compound Type Fe redox Year | Reference #
Naz;3Fe12Mni20: ex situ 3+/4+ 2012 [87]
Naz;3Fe13Mn2z30: ex situ 3+/4+ 2014 [85]
Naz;3Fe12Mni20: ex situ 3+/4+ 2020 [191]

NaxMno.s6Feo.20Cu0.1402 operando | anionic redox | 2017 [77]

NaCrisFe1sMn130: ex situ 2+/3+ 2017 [86]
R R R
NeCuste st | s | 3w || o
T Il I )
NaMno.4sNio.2Feo3sMgo.202 |  ex situ 3+/4+ 2018 [194]

Nao.c7Mno.cFeo.25Al0.1502 ex situ 3+/4+ 2018 [71]

Nao.s3CrisFersMnuyeTiveO2 | ex situ 3+/4+ 2019 [70]
Nag.ssLio.1sFe0.12Mno.702 ex situ 3+/4+ 2019 [195]
NaxMno.sNio.3Feo.1Mgo.102 in situ 3+/4+ 2019 [196]
NaFeO: in situ | oxygen redox | 2019 [187]

One reason for conflicting findings for the redox mechanisms could be due to the
interpretations and limitations of characterization techniques. Common bulk sensitive techniques
used to analyze the redox mechanism of P2-Nay;3FexMn1.xO:z include Mdssbauer spectroscopy and
X-ray absorption spectroscopy (XAS). Mdssbauer spectroscopy is used to detect the oxidation
state of Fe in the bulk but cannot be used concurrently to detect the oxidation state of Mn in these

compounds. Additionally, Mdssbauer spectroscopy is difficult to analyze, which can lead to
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multiple interpretations of the spectra. Alternatively, XAS has been used to detect multiple element
oxidation states in the bulk but has never been used in operando for P2-NaysFexMnixO>
compounds.[85,87,191] A summary of XAS experimental conditions and results for the Fe/O
redox mechanisms in literature are shown in in Table 4.1. Operando XAS has been used for
layered cathodes but has never been used for the NazsFexMni1.xO2, and extra TM substitutions can
influence the Fe redox mechanism. Operando is essential for XAS because ex sifu experiments
have limited data points, potential redox relaxation, and because the ex sifu samples are washed,
which can cause reactions that affect the TM oxidation state. In addition, none of these studies
(shown in Table 4.1) collected data during the second electrochemical charge of these cathode
materials even though the first charge tends to diverge in the locations of the voltage plateaus and
capacities from subsequent cycles. These deviations could be caused by cathode electrolyte
interface (CEI) formation and/or TM redox activation. Investigations into the redox mechanisms
of the second charge are essential to understand the full picture of the redox mechanisms and
irreversible reactions.

To determine how the redox mechanisms are dependent on Fe content, three compounds
of P2-NaysFexMnixO2 (x=1,4, 1/3, 1/2) with different atomic ratio of Fe and Mn were used in this
work. In order to achieve a direct comparison of their redox mechanisms, each compound was
synthesized using the same method and has the same phase, morphology, and surface species. To
the best of our knowledge, the redox mechanisms of these compounds were observed using
operando XAS for the first time, and the hybridization of Mn-O and Fe-O were explored using
computation to explain the irreversibility of certain redox mechanisms. The in-depth
understanding of the redox mechanisms will inform the design of sustainable and inexpensive

energy-dense NIB cathodes for grid storage.
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4.2 Experimental Section

4.2.1 Materials Preparation

A co-precipitation synthesis set-up for pure phase P2-NaysFexMn1xO2 (x=1/4, 1/3, 1/2)
was used as previously reported.[82] Stoichiometric amounts of the precursors, Fe(SO4)*7H>0O and
Mn(SO4)*H2O (Fe:Mn = 1:3, 1:2, 1:1 for x= 1/4, 1/3, 1/2 in molar ratio respectively) were
dissolved in deionized water for a total concentration of 1 M. The TM sulfate solution and an
aqueous solution of 0.2 M Na,CO; were separately pumped into a reaction vessel to maintain the
pH value at 8.8. The reaction was stirred continuously with N> bubbled through the reaction vessel.
The obtained mixture was aged at 80°C for 12 hours. The resulting Fei4Mn34COs, Fe13Mn2;3COs3,
or Fe12Mni2CO3 was washed with deionized water to remove residual Na+ and dried at 80°C
overnight. The iron manganese carbonate powder was then mixed with a 5% excess stoichiometric
ratio of Na,COs3 and the mixture was calcinated at 900°C for 15 hours in air. After the 15 hours
calcination time the furnace was set to cool down to room temperature over 15 hours.
4.2.2 Materials Characterization

The crystal structures were characterized by X-ray diffraction (XRD) using a Rigaku
Smartlab XRD with copper Ka source. Rietveld refinement was applied to the obtained diffraction
pattern using GSAS-II software.[197] The morphology and meso-structure of the particles were
identified by using a FEI Apreo scanning electron microscope (SEM) with an accelerating voltage
of 2 kV. X-ray photoelectron spectroscopy (XPS) was performed using an AXIS Supra by Kratos
Analytica. The XPS was operated using an Al anode source at 15 kV, scanning with step size of
0.1 eV and 200 ms dwell time. Fits of the XPS spectra were performed with CasaXPS software to

estimate the oxidation states of the TMs.
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X-ray absorption spectroscopy measurements were performed on the 10-ID-B beamline at
the Applied Photon Source (APS) at Argonne National Laboratory. Measurements were performed
at the Fe and Mn K-edge under transmission mode using a gas ionization chamber to monitor the
incident and transmitted X-ray intensities. A third ionization chamber was used in conjunction
with Fe and Mn foil standards to provide internal calibration for the alignment of the edge
positions. The incident beam was monochromatized using a Si (111) double-crystal fixed exit
monochromator. The XAS spectra were aligned, merged and normalized using the Athena
software from the IFEFFIT package.[198] Ampix cells were assembled with sodium metal as the
anode and cycled on a Maccor cycler.[7]

4.2.3 Electrochemical Characterization

Composite cathode electrodes were prepared by mixing a slurry of active material,
acetylene carbon black, and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1, with n-
methyl-2- pyrrolidone as the solvent. The slurry was cast onto aluminum foil and dried under
vacuum at 80°C overnight. Na metal was used as the counter electrode with 50 uL of 1 M NaPFs
in propylene carbonate (PC) as the electrolyte and glass fiber GF/F (Whatman) as the separator.
Electrodes 14 mm in diameter with an active mass of 2-3.3 mg/cm? were assembled in 2032 coin
cells in an argon filled glove box (H20 < 0.1 ppm) and tested on an Arbin battery cycler. Coin
cells were allowed to rest 8 h before electrochemical tests were performed. The voltage range was
maintained between 1.5-4.3 V and C-rates were calculated by assuming a theoretical specific
capacity of 100 mAh/g, 120 mAh/g and 150 mAh/g for x= 1/4, 1/3, and 1/2 respectively.

4.2.4 Computational Study
A spin-polarized GGA+U approximation to density functional theory (DFT) was

employed, to account for electron correlations in transition metals.*® Projector augmented-wave
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method (PAW)[199] pseudopotentials were used as implemented in the Vienna Ab initio
Simulation Package (VASP).[200,201] The Perdew—Burke—Ernzerhof exchange correlation and a
plane wave representation for the wavefunction with a cut-off energy of 450 eV were applied.
Effective U values of 3.9 and 5.3 used for Mn and Fe, respectively, applying the rotationally
invariant approach.[202] The Brillouin zone was sampled with a k-point mesh of 8x8x4 by Gamma
packing for a bulk supercell with a stoichiometry of NaxMn4+y)Feu-y)O16, Wwhere 0 <x <8 and 0 <
y < 2. Atomic coordinates and lattice vectors were fully relaxed for each structure.

XANES spectra simulations of NFMO were conducted using FEFF9 software.[203] The
crystal structures used for simulations were achieved via DFT relaxations. The simulation
parameters for FEFF9 included xkmax value of 4 and xkstep value of 0.001. The atomic
coordinates were multiplied by the value 0.95 to reduce the interatomic distances, which means
that the cluster shrinks to 95% of its original size.[204] Hedin-Lundqvist self-energy was used for
the exchange correlation potential and Final State Rule (FSR) approximation was used for the core
hole interaction.

4.3 Results and Discussion

To enable the direct comparison of redox mechanisms between different Fe:Mn ratios for
P2-NaysFexMni.4O; cathode materials, the compounds must be synthesized using the same method
and have the same phase, similar meso-structure, and consistent surface species. To accomplish
this, we use a co-precipitated method to synthesize the P2-NaxsFeMni.xO> (x=1/4, 1/3, 1/2)
compounds and then used XRD to determine the phase, SEM to compare the meso-structures, and

XPS to detect the surface species.
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Figure 4.1. SEM images and Rietveld refinement of XRD of (a, d) pristine NFMO13, (b, e) NFMQO12, and (c, )
NFMOI11.

Pure-phase P2-Nay3FexMni1xO2 (x=1/4, 1/3, 1/2) cathode materials were synthesized and
will be referred to as NFMO13, NFMO12, and NFMO1 1, where the final digits represent the molar
ratio of Fe:Mn in the compound of 1:3, 1:2 and 1:1 respectively. Rietveld refinement of XRD data
and scanning electron microscopy (SEM) images of these three compounds are shown in Figure
4.1. The lattice parameters and oxygen z-position are listed in Table A.2. All samples are pure P2
phase and have primary hexagonal particles and sphere-like meso-structures. The main variations
in the phases between compounds are the lattice parameters. The a lattice parameter increases
(2.889 = 2.910 A) with increasing Fe content because Fe has a larger ion radius than Mn.[205]
The primary particles of these compounds are hexagonal particles with secondary sphere like
meso-structures. All the compounds are the same phase and have similar meso-structure which
eliminates these variables as the origins of electrochemical performance and redox mechanism
differences. The cathode structure was observed after one cycle (Figure A.1) and minimal phase
changes were observed. This is consistent with previous studies that show NFMO has minimal and
highly reversible structural changes during cycling and is not the primary mechanism of

irreversible capacity.[87,191,206]
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Surface species have been shown to have large effects on the electrochemical performance for NIB
cathode materials.[82] Using XPS, the surface TM oxidation states and surface species were
investigated as shown in Figure 4.2. Previous studies have shown that the splitting of the Mn 3s
peak from its satellite is correlated to the Mn oxidation state, where increased splitting is caused
by a lowered oxidation state.[167] Additionally, the binding energy of Fe 2p peaks and their
satellites shift to higher energy with increasing oxidation state.[168,169] Using this analysis, the
transition metal surface oxidation states for all materials is determined to primarily be Fe 2+/3+
and Mn 4+. The exception is for NFMO11, where there is an extra peak in the Fe 4s region that
may belong to Fe 4+. It is difficult to identify because there is little information on XPS of Fe 4+
due to its instability in nature. Furthermore, the oxidation states on the surface may not match the
bulk oxidation states because of the surface’s reactions with air and their potential relaxation. The
other surface species, such as carbonate, as shown in the Cls and Ols regions, are essentially the
same for each compound, suggesting that the changes in electrochemical properties are not caused
by surface reactions. Because the phase, meso-structure, and surface species of these compounds

are the same, the electrochemical performance differences like originate from the differences
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Figure 4.2. XPS spectra of (a) Mn 3s & Fe 4s, (b) Fe 2p, (¢) C 1s, and (d) O 1s for NFMO13 (top), NFMO12
(middle), and NFMO11 (bottom) surfaces.

49



To determine how the Fe:Mn ratio affects the electrochemical performances of P2-
NazzFexMni<O:, sodium half cells were assembled and cycled at a rate of C/10 (1C =100 mAh/g
for NFMO13, 120 mAh/g for NFMO12, and 150 mAh/g for NFMO11) and are shown in Figure
4.3. As the Fe:Mn ratio increases, the initial capacity increases but the capacity retention over 50
cycles decreases. This is especially apparent when comparing NFMO13 and NFMO11 where the
first discharge capacities and capacity retentions after 50 cycles are 91 mAh/g and 105% vs. 163
mAh/g and 75% respectively (1% cycle CE and retention shown in Table C.3). Additionally, the
shape and capacities of the first charge curves for NFMO13, NFM12, and NFMO11 are distinctive
with increasing capacity with increasing Fe:Mn ratio. The first charge is likely solely due to the
redox of Fe, as the capacity of the first charge at C/50 is equal to the theoretical capacity of Fe
giving up one electron for each compound and the first voltage curve starts at 2.7 V which is above
the region where Mn redox is likely active. The first charge shape for NFMO13 and NFMO12
consists of a slope up to about 4V and then another slope above 4V. Alternatively, the shape of the
first charge for NFMO11 consists of a slope below 4V and a plateau above 4V. This suggest that
the redox mechanisms for the first charge are Fe 3+/4+ for NFMO13, NFMO12, and NFMO11,

with larger Fe-O hybridization for NFMO11.
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Figure 4.3. Voltage curves, cycling performance, and coulombic efficiencies of (a,d) NFMO13, (b,e) NFMO12,
and (c,f) NFMOI11 cycled between 1.5 and 4.3 V at C/10 rate. First charge curve at different rates for (g)
NFMO13, (h) NFMO12, and (i) NFMOL11.

In order to explore the bulk redox mechanisms, operando XAS measurements for the Mn
K-edge and Fe K-edge were performed during the first cycle and the second charge of NFMO13,
NFMO12, and NFMO11 as shown in Figure 4.4 and Figure 4.5 respectively. The second charge
was monitored, in addition to the first cycle, because the redox reactions are not fully activated for
the first charge of the NFMO system. Past studies have not quantified the shifts of the K-edges
during cycling which prevents the quantification of the TM oxidation states. In this study the
inflection point of the edge and the peak of the edge-crest were monitored for oxidation state
changes of the Mn K-edge and Fe K-edge spectra respectively (Figure 4.4(a) & 4.5(a)) in order
to observe the TM oxidation states. The inflection point for the Mn K-edge was chosen to monitor
the oxidation state of Mn because the edge position has been shown to reflect the oxidation state
of Mn and is commonly used in understanding the Mn redox mechanism in battery materials.[67]

The half-height and edge-crest were also calculated for the Mn K-edge and follow the same trend
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(Figure C.2). In contrast, the Fe K-edge is more complicated because the Fe K-edge is very
sensitive to its bonding environment, so tradition oxide standards, FeO and Fe,Os3, are not accurate
for layered TM oxides (standards shown in Figure C.3).[207-209] In addition, there are no Fe 4+
standards because Fe 4+ is not stable in nature (stable iron oxides FeO, Fe30a, Fe20O3). However,
the edge-crest (peak) of the Fe K-edge can be used to monitor the Fe oxidation state in compounds
with similar Fe environments. Simulations of the Fe K-edge for NFMOI13, NFMOI12, and
NFMOI1 at different states of charge are shown in Figure C.4 to compare with the experimental
data. These simulations show comparable shapes, and the edge-crest follows the same trend as the
operando XAS data for these compounds. The same trend was also found in literature for extracted
XAS data of Fe and Mn containing NaTMO,. Although the exact values of the Fe K-edge edge-
crest vary slightly, it is clear that with the edge-crest shifts to higher energy with higher oxidation
state and vice versa. The same trend is seen for the edge position of the Mn K-edge, and the shift
is limited during the first charge showing Mn redox activation during the first discharge. Extracted
edge inflection points of Mn K-edges and edge crest positions of Fe K-edges from literature XAS
data are shown Figure C.5.[65,70,85,180,181,186] The XAS simulations and extracted XAS data
from literature implies that the position of the Mn K-edge inflection points and the Fe K-edge edge
crests can be used to determine the oxidation states of Mn and Fe respectively. In addition,

computation was compared with the XAS results and found to be consistent.
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Figure 4.4: (a) Mn K-edge position and normalized XANES spectra of the Mn K-edge for (b-d) NFMO13, (e-g)
NFMO12, and (h-j) NFMO11 at different states of charge during the first cycle and the second charge of
operando half cells.

Because data was collected for both the Mn K-edge and Fe K-edge at multiple states of
charge during the electrochemical cycling, the voltage regions where each element becomes redox
active can be determined. For the first charge, there is minimal edge shift for the Mn K-edge for
all the compounds, whereas there is a shift in the Fe K-edge edge-crest for all compounds. This is
consistent with the findings from electrochemical testing that show the first charge compensation
is mainly provided by the oxidation of Fe during the first charge. This occurs because the OCV of
the assembled battery is 2.7 V which is higher than the voltage region where Mn redox is active
and because the initial amount of Na in the compound is less than one, limiting the TM redox.
During the first discharge, both Fe and Mn redox are active with Fe redox primarily occurring in
the higher voltage regime and Mn primarily occurring in the low voltage regime. The second
charge is distinct from the first because both the Mn and Fe redox mechanism are active. Again,

Mn redox primary occurs in the low voltage regime and Fe redox primarily occurs in the high
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voltage regime. This is consistent with our computation results that indicate the Mn 3+/4+ redox

occurs at a lower voltage than Fe 3+/4+ for the NFMO compounds.
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Figure 4.5: (a) FE K-edge position and normalized XANES spectra of the Fe K-edge for (b-d) NFMO13, (e-g)
NFMO12, and (h-j) NFMO11 at different states of charge during the first cycle and the second charge of
operando half cells.

The initial Mn oxidation state is likely similar for NFMO13, NFMO12, and NFMO11
because their initial Mn K-edge positions are comparable (Figure 4.4). In contrast, initial Fe
oxidation state is likely lower for compounds with larger Fe content (Figure 4.5). This suggests
that the initial Mn oxidation state is less than +3.3 because the larger Fe:Mn ratios must have lower
oxidation states to maintain charge neutrality within the cathode. During the first charge, the Mn
edge-position changes minimally for all compounds which suggests no or only slight increase in
oxidation state. The Fe edge-position increases by ~ 0.5 eV for NFMOI13 and by ~1 eV for
NFMOI11 during the first charge, which indicates that Fe is oxidized towards a 4+ state. During
the first discharge, the Mn K-edge position decreased by ~1 eV for NFMO13 and ~2 eV for

NFMOLI1. This indicates that Mn is reduced toward the 3+ state for all the compounds but is
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reduced further for larger Fe:Mn ratios. The same trend follows for the Fe K-edge during the first
discharge with Fe being reduced further toward the 3+ state for larger Fe:Mn ratios. The second
charge is distinct from the first because 1) both Mn and Fe are redox active and 2) the K-edge
shifts are larger in magnitude than the first cycle. These two trends suggest that more of the 3+/4+
redox reactions are activated during the second charge. This is especially true for the compounds
with larger Fe:Mn ratios and more evident in the Fe K-edge. The Fe K-edge position increase in
the second charge is only ~1 eV for NFMO13 and is ~2.5 eV for NFMO11. This suggests that
more of the Fe 3+/4+ redox can be activated for compounds with larger Fe content. The higher
activation of the Fe 3+/4+ redox could also be the reason that larger Fe content is correlated with
inferior capacity retention. To explore the Fe 3+/4+ redox instabilities, computation was used to
model each of the compounds to explore their electronic structure.

Computational studies using density function theory (DFT) were conducted on the P2-
NaxFeyMni,O> (y=1/4, 1/3, 1/2) system to explore electronic structures of the charge
compensation mechanisms. Density of states (DOS) were calculated for different states of charge
(x=0, 3/8, 5/8, 1) where x=0 is the fully desodiated state and x=1 is the fully sodiated state. DOS
for these states of charge and compositions are shown in Figure C.6, and DOS near the Fermi
level for the fully desodiated and sodiated compounds are shown in Figure C.6. It is clear that at
higher levels of sodiation (x= 5/8 and x=1), Mn has the most states near the Fermi level which
indicates that it is the element participating in redox.[210] This matches our electrochemical and

XAS data, that show that Mn redox primarily occurs in the lower voltage regime.
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Figure 4.6. DOS near the Fermi level for fully desodiated and sodiated NFMO13 (top), NFMO12 (middle), and
NFMO11 (bottom). The blue line represents Mn DOS, the red line represents Fe DOS, and the green line
represents O DOS. DOS sign refers to spin state. The green arrows guide the eye to the increased intensity of
oxygen DOS near the Fermi level with increased Fe content.

It is also clear that at high levels of desodiation (x=0 and x= 3/8) Fe, not Mn, has more
states near the Fermi level. This suggests that Fe is participating in redox in high voltage regime,
in agreement with the electrochemical and XAS data. However, there are also a significant amount
of oxygen states near the Fermi level. The shapes of the Fe and O DOS match which implies that
the Fe and O are highly hybridized and share electrons.[211] Additionally, the amount of oxygen
states near the Fermi level increases with increasing Fe content, as denoted by the green arrows in
Figure 4.6. The ratio of the number of O state vs. the number of Fe states (and normalized with
respect of Fe content) from -0.5 — 0 eV increases with Fe content from 0.78 for NFMO13 to 1.72
for NFMOI11. This shows an increase in hybridization for increasing Fe content in NFMO which

suggests that the redox of Fe 3+/4+ closely share electrons with oxygen atoms. The increased
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hybridization of Fe and O in NFMO11 could be the reason the Fe 3+/4+ redox is more irreversible
than Fe 2+/3+ redox. The electronic structure for NFMO11 is more characteristic of a charge-
transfer system than a Mott-Hubbard system because there are empty metallic bands above filled
oxygen-iron orbitals.[212] The charge-transfer system can have unstable oxygen dimer formation
that lead to irreversible reactions. These irreversible reactions include surface reactions with the
electrolyte, formation of oxygen dimers, and/or cation migration.[213][214] It is clear from Figure
4.2 that the NFMOI11 high voltage region, where Fe redox occurs, shows more severe
deteriorations in discharge capacity and voltage when compared to NFMO12 and NFMO13, which
demonstrates the instability of the highly hybridized Fe-O.

From electrochemical and operando XAS data, it is clear that the Mn redox and Fe redox
mechanisms are the same (3+/4+) for all Fe:Mn ratios. In addition, computational modeling of
these compounds shows large Fe-O hybridization for the larger Fe:Mn ratios which can cause
irreversible reactions in the surface and bulk of the cathode. Using this knowledge to design
energy-dense, long lifetime cathode materials containing only abundant elements, the maximum
Fe:Mn ratio should be 1:2 to minimize irreversible capacity while maximizing energy density.
Another technique to increase the cathode lifetime could be to substitute abundant elements such
as Ti or Al into the cathode material to limit the hybridization of Fe-O, but this could also reduce
the overall energy density. Overall, these observations and analysis of the redox mechanisms for
the P2-Nay;sFexMnixO2 system will inform the design of inexpensive energy-dense NIB cathode
materials for grid storage.

4.4 Conclusions

In this work, the dependence of the redox mechanisms of P2-Nay;sFexMni«O2 (x=1/4, 1/3,

1/2) on the Fe:Mn ratio was clarified for the first time using a combination of operando XAS and
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computation. To ensure differences observed were only from the redox mechanism, the cathodes
were all synthesized using the same method, had the same phase, and contained the same surface
species. From analyzing the large data set collected from operando XAS, and comparing it to
computation results, we found that the Mn redox primary occurs in the low voltage regime whereas
Fe redox primary occurs in the high voltage regime. The redox mechanism for all NFMO
compounds utilize the Mn 3+/4+ and Fe 3+/4+ redox pairs. However, with larger Fe:Mn ratios, Fe
is highly hybridized with O causing irreversible reactions. These results indicate that improved
reversibility of sodium iron manganese oxides can be obtained by limiting Fe-O hybridization by
constraining the Fe:Mn ratio to a maximum of 1:2. Alternatively, electrode coatings and/or
electrolyte optimization could be tested to reduce irreversible reactions caused by Fe-O
hybridizations. This understanding of the Fe redox mechanisms will contribute to the rational
design of long lifetime cathode materials made from earth-abundant elements.

Chapter 4, in full, is currently being prepared for submission for publication, “Elucidating
the Redox Mechanism of Cathode Materials Made from Earth-Abundant Elements” H. S. Hirsh,
S. Richardson, M. Olguin, T. A. Wynn, D. Cheng, D. H. S. Tan, M. Zhang, E. Zhao, Y. S. Meng.
The dissertation author was the primary investigator and author of this paper. All of the

experimental parts were performed by the author except for the DFT and XPS.
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Chapter 5 The Negative Impact of Transition Metal Migration on Oxygen Redox Activity of
Layered Cathode Materials for Na-ion Batteries

5.1 Introduction

Sodium ion batteries (NIBs) are emerging as a promising grid storage technology due to
its low cost of energy.[21] Various types of cathode materials have been investigated for NIBs,
including layered oxides, poly-anionic frameworks, hexacyanoferrates, and organics.[48,138—142]
Among the sodium cathode materials, layered sodium transition metal oxides, Nay,TMO;
(TM=Mn, Fe, Ni, Cu, Ti, Co, Cr or mixture of elements), are strong contenders due to their high
volumetric energy densities.[178,215] Specifically, P2-type NayTMO, have enhanced
electrochemical performance due to minimal structural changes during cycling.[56,163,216] In
these structures, P2 refers to the stacking sequence of the layered oxide, as introduced by Delmas
et al.[166] In this notation, the letter indicates the coordination environment of the sodium ion (P
for prismatic, O for octahedral, or T for tetragonal) and the number indicates the quantity of sheets
within a unit cell (1, 2, or 3). Even with the relatively high capacity of P2 cathodes compared to
other sodium cathode materials, there is still a need to further increase the capacity at high voltage
to optimize their energy density for use in grid storage.

In conventional cathode materials, cationic redox (Mn**/Mn**, Ni**/Ni*", Co**/Co*", etc.)
is utilized to maintain a charge balance as Li"/Na* ions leave the compound.[217,218] The capacity
of these cathode materials is limited by the cationic redox. Recently, oxygen redox has been
accessed for cathodes in LIBs to increase their capacity beyond the “theoretical” capacities based
on cationic redox.[219-222] This is observed in lithium rich layered oxide (LRLO) cathode
materials with the composition, xLix2TMO3e(1-x)LiTMO:> (TM=3d, 4d, and 5d transition metals)

as a nano composite, During charge and discharge, LRLO materials experience the redox of TMs
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with simultaneous extraction/insertion of Li ions similar to classical layered NMC materials.
However, above 4.3 V, LRLO materials also experience redox activity of oxygen, which
contributes significantly to the large capacities of LRLO.[223,224] In these materials, the excess
lithium, which has a similar radius to TMs, sits in the TM layers. This creates an environment
where the Li-O-Li bond has a lone-pair of oxygen electrons that are oxidized for charge
compensation during Li-extraction.[225] In the voltage curve, this mechanism has a characteristic
plateau at high voltage. Within lithium rich cathodes, ordering of the atoms in the TM layer is
commonly seen and contributes to the activation of oxygen activity. [211] For oxygen redox to be
activated in layered cathode materials, pure oxygen O (2p) states are required to be slightly below
the Fermi level.[221] This condition can be triggered by the O-TM stoichiometry and bonding
environment.[74,223,226,227]

In sodium 3d TM layered cathode materials, oxygen activity has been observed in two
cases. In the first case, sodium cathode materials are substituted with Li, such as Nag ¢Lio2Mng gO>
and Nao.72L10.24Mno.7602.[53,228] The oxygen redox mechanism for these Li-rich Na-ion layered
compounds is proposed to be identical to the one for LixMnO; and Li-rich Li-ion layered
compounds, where the lone-pair oxygen electrons in the Na (Li)-O-Li bond are oxidized for charge
compensation during Na (Li)-extraction. However, the substitution of Li is not necessary to create
such O 2p nonbonding orbitals.[229] In fact, similar oxygen redox behavior has also been reported
in Mg-substituted samples such as Naz3Mgo.28Mno.7202.[42] In the second case, using a similar
concept, under coordinated oxygen caused by vacancies in the TM layer, can trigger oxygen redox
in the following compounds: Nas/7Mnes/702, Nao.78Nio.23Mng 6002, and Nao.53Mno.92002.[43,72,230]
A table of NIB cathodes that are reported to have oxygen redox are shown in Table D.1. It is

notable that most of the compounds containing Ni do not have reversible oxygen redox.
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Specifically, the high voltage plateaus in these compounds lack reversibility even if the cation
redox processes remain reversible. This leads to the question: does Ni play a role in irreversible
oxygen redox, and if so, what is the mechanism of irreversibility?

While Ni has not been identified as the origin of irreversible oxygen redox in NIBs, Ni has
been reported as a problematic component of Li-rich disordered rock salt cathodes.[231] In these
compounds, Ni, in contrast with Mn, induces irreversible oxygen redox through oxygen gas
release. Ni migration, in these disorder rock salt cathodes, could play a role in the irreversible
oxygen redox processes, where Ni migration within the structure could alter the bonding
environment of oxygen. This makes oxygen reduction unfavorable during discharge, therefore
inhibiting the oxygen redox reversibility. Additionally, the negative impacts of TM migration were
previously reported for Li-rich layered TM oxide cathode materials.[232] There are several
unfavorable electrochemical properties in Li-rich layered oxides, such as the open-circuit voltage
hysteresis, that arise from the drastic change in the local oxygen coordination environments
induced by TM migration. Furthermore, in oxygen redox active compounds that rely on TM layer
ordering for suitable oxygen bonding environments, TM migration could disrupt the ordered
structure and inhibit further oxygen redox. There are examples of such phenomena in both Li-ion
layered cathode and Na-ion layered compounds.[232,233]

In this work, we explore a pure phase spherical meso-structure controlled P2-type
Nao.sLio.12Ni0.22Mno.6sO2 (NLNMO) with TM layer ordering that was synthesized using a
carbonate co-precipitation method. In NLNMO, a plateau region is observed at high voltages
during the first charge. Superlattice peaks are seen in the X-ray diffraction pattern, which indicate
TM metal layer ordering. This ordering can potentially alter the environment of the oxygen atoms

and this allows oxygen redox to become favorable. After the first electrochemical cycle, the TM
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ordering disappears along with the oxygen plateau. Ni migration is identified as the cause of the
irreversible oxygen redox by disrupting the TM honeycomb ordering and inhibiting oxygen
reduction during sodiation. These mechanisms could have a profound impact on the future design
of sodium cathode materials. By controlling the reversibility of oxygen activity, the energy density
of sodium cathode materials can be dramatically increased.

5.2 Experimental Methods

5.2.1 Materials Preparation

Stoichiometric amounts of the precursor, Ni(NO3),06H>O and Mn(NO3),e4H>0O (Ni:Mn =
1:3 in molar ratio), were dissolved in DI water for a total concentration of 1 M. The TM nitrate
solution and an aqueous solution of 0.2 M Na,CO; were separately pumped into a reaction vessel
to maintain the pH value at 7.8. The obtained mixture was aged at 80°C for 12 hours in a sealed
vessel. The resulting spherical Ni14sMn3z4CO3 was washed with deionized water to remove residual
Na' and NO3* and then dried at 80°C overnight. The obtained Ni;4sMn34CO3 powder was mixed
with a 5% excess stoichiometric ratio of Na;COs and Li2CO;. The mixture was calcinated at 900°C
for 15h in air.
5.2.2 Materials Characterization

The crystal structures were characterized by X-ray diffraction (XRD) using a Rigaku
Smartlab XRD with a copper Ka source. Rietveld refinement was applied to the obtained
diffraction pattern using FullProf Software. The morphology and meso-structure of the particles
were identified using a Ziess Sigma 500 scanning electron microscope (SEM) with an accelerating
voltage of 1 keV. Cross-section of the particles was acquired and imaged using a FEI Scios

DualBeam focused ion beam (FIB)/SEM. Inductively coupled plasma optical emission
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spectroscopy (ICP-OES) was performed using a Perkin Elmer 3000 optical emission plasma
spectrometer.

X-ray absorption spectroscopy (XAS) spectra were performed at National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. Ni and Mn K-edges hard X-ray absorption spectra
were collected at the beamline BL17C by using the transmission mode. Ni and Mn reference foils
were measured simultaneously to calibrate energy for each scan. Spectra were analyzed using the
Demeter XAS software package. O K-edge spectra were performed at soft XAS beamline
(BL20A) with a fluorescence yield (FY) mode in an ultrahigh-vacuum (UHV) chamber. Ex situ
XAS samples were prepared by charging/discharging 2032 cells at a rate of C/10 as described in
the electrochemical characterization section and then disassembled. The electrodes were rinsed
with propylene carbonate (PC) and dried in an Ar-filled glovebox.

Operando synchrotron XRD (sXRD) and pair distribution function (PDF) data were
collected at 11-ID-B in Advanced Photon Source (APS) at Argonne National Laboratory with a
wavelength of 0.2115 A. An AMPIX cell was assembled with a NLNMO cathode and Na metal
anode and cycled at a rate of C/15 (1C =118 mA/g) between 2.0 V to 4.4 V. GSAS-2[6] was used
to extract the XRD pattern as well as to perform Rietveld refinement to the collected data. PDF
data was analyzed through PDF suite and PDF gui.[234] The Q-max used for the Fourier transfer
is 20.5 A2, In the PDF refinement, the instrumental parameters Qdamp and Qbroad were set to be
0.0251 A2and 0.0199 A2 separately.

5.2.3 Electrochemical Characterization

Composite cathode electrodes were prepared by mixing a slurry of NLNMO, acetylene

carbon black, and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1, with n-methyl-2-

pyrrolidone as the solvent. The slurry was cast on aluminum foil and dried under vacuum at 8§0°C
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overnight. The electrodes were assembled in 2032 coin cells in an argon filled glove box (H,O <
0.1 ppm) with Na metal as the counter electrode, glass fiber GF/D (Whatman) as the separator,
and 70puL of 1 M NaPF¢ in PC as the electrolyte. The coin cells were allowed to rest 8 h before
electrochemical testing on an Arbin battery cycler. The C-rates were calculated with a theoretical
specific capacity of 118 mAh/g and the voltage range was maintained between 2-4.4 V.
5.2.4 Computation Study

The electronic structure of NLNMO was investigated in the spin polarized GGA+U
approximation to Density Functional Theory (DFT). Projector augmented-wave method (PAW)
pseudopotentials were employed, as implemented, in the Vienna Ab initio Simulation Package
(VASP).[199] The Perdew-Bruke-Ernzerhof (PBE) exchange correlation and a plane-wave
representation for the wavefunction[235] were used, where a cut-off energy was set at 450 eV.
The Brillouin zone was sampled with a k-points mesh of 5x4x4 for structural relaxations and
10x8x8 for density of states (DOS) calculations. Effective U values used through all the
calculations were 3.9 for Mn and 6.2 for Ni, which are adopted from recent studies in the Materials
Project.[236] NaisMngNisLi»O28 was used as a starting structure and density of states were
calculated at the structure of Nas/ 14 with Li vacancy.

5.3 Results and Discussion

Pristine P2-NaggLio.12Nip22Mno.660O2 (NLNMO) was prepared by a modified meso-
structure controlled co-precipitation method. Unlike previously reported methods which result in
a hexagonal particle morphology, this modified co-precipitation yields spherical secondary
particles 2-3 um in diameter comprised of hexagonal primary particles 100-500 nm in diameter
(Figure 5.1 (a)). [89,237] A cross section of a secondary particle is shown in Figure 5.1(b). The

secondary particle contains pores that are beneficial for electrolyte penetration into the bulk of this
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material. Electrolyte penetration into the bulk of the material enables all of the primary particles
in the meso-structure to be electrochemically active. The spherical shape of the carbonate

precursors (Figure D.1) is retained in the final product of NLNMO.
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Figure 5.1: (a) SEM image of NLNMO powder with primary hexagonal particles of 100-500 nm in diameter
and secondary spherical particles of 1-3 pm in diameter. (b) A cross section of an NLNMO particle with large
pores in its secondary structure. (c) XRD data of NLNMO with superlattice peaks highlighted with an orange
square.

The composition of NLNMO was confirmed with ICP-OES (Table D.2). NLNMO
diffraction peaks can be well indexed to space group P63;/mmc (Figure 5.1 (c)) with Rietveld
refinement results (Table D.2) confirming that the material is a pure phase P2 layered material. A
P2-type layered structure, as defined by Delmas et. al., has ABBA oxygen stacking sequence
where Na ions are located in the trigonal prismatic sites.[166] Additionally, the XRD data of
NLNMO have small but noticeable peaks between 19-28 degrees that do not correspond to the
otherwise pure P2 phase. These peaks indicate superlattice ordering in the TM layer. A. R.
Armstrong et. al. reported that these peaks correspond to ordering of Li/Mn/Ni in the TM
layer.[238] When the radii of the ions in the TM have a difference of 15% or larger, TM layer
ordering is favorable.[239] The ionic radii of the ions in the TM layer fit this criterial Li*(0.76 A),
Ni>*(0.69 A), and Mn*"(0.53 A).[205] Although such TM ordering is thermodynamically
favorable, it may be dependent on the synthesis method. This may explain why some previous
reported sodium layered cathode materials containing Li/Ni/Mn do not have TM layer

ordering.[240]
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Figure 5.2: Voltage profiles of NLNMO half cells cycled at rates of (a) C/50, (b) C/10, and (c) C/1. In voltage
profile (b) the numbers mark the voltages where ex situ XAS data was recorded.

To explore the electrochemical properties of NLNMO, half cells, with sodium metal as the
anode, were prepared and cycled in galvanostatic mode at various rates, C/1, C/10, and C/50 where
the theoretical capacity is 118 mAh/g based on the Ni**/Ni** redox (Figure 5.2). At a rate of C/50,
there is a prominent voltage plateau in the first charge voltage curve between 4.2-4.4V (Figure
5.2(a)). This plateau increases the first charge capacity from 118 mAh/g to 180 mAh/g. The extent
of the high voltage plateau during the first charge is rate dependent. At a faster rate of C/10 (Figure
5.2(b)), the high voltage plateau is reduced but still contributes ~20 mAh/g to the first charge
capacity. For a fast rate of C/1 (Figure 5.2(c)) no plateau is observed in first charge. Given the
capacity limitations of the Ni redox, high charge capacity at slow rates cannot solely be the result
of the Ni?*/Ni** redox. Because the high voltage plateau is rate dependent and does not contribute
to the discharge capacity or subsequent cycles, irreversible oxygen redox could be the origin.
Furthermore, in previous literature of NLNMO, neither a high voltage plateau during the first
charge nor superlattice ordering in the XRD data were reported.[89] The TM ordering in NLNMO
of this study may alter the oxygen bonding environment and this triggers oxygen redox. The extra
capacity disappears for subsequent cycles at all rates. This suggests that the environment of the

oxygen atoms likely changes after the first charge, which inhibits further oxygen redox. The
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environment and oxidation states of NLNMO are thus explored to determine the source of the high

voltage plateau.
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Figure 5.3: The ex situ XANES spectra and respective positions of the (a,d) Ni K-edge, and (b,e) Mn K-edge of
NLNMO at different states of charge. (c) ex situ XANES spectra of the O K-edge (FY mode) and the (f)
integrated pre-edge intensity of the O K-edge at different states of charge.

To investigate the high-capacity origin in the meso-structure controlled NLNMO, the
evolution of the oxidation state and local environment of Mn, Ni, and O were probed by XAS. Ex
situ samples of NLNMO were prepared at six different states of charge and discharge as shown in
Figure 5.2(b), including pristine, charging to 3.2V, 4.2V and 4.4V (red circles and prefixed as
“C”), and then discharging to 2.9V and 2.0V (blue circles and prefixed as “D”). X-ray absorption
near edge spectroscopy (XANES) spectra at Ni K-edge and Mn K-edge are shown in Figure 5.3(a)
and (b). Based on comparison with standard references (NiO, MnO, Mn,0O3, and MnO>), the
pristine NLNMO is suggested to predominantly consist of Mn*" and Ni?>*. The Mn K-edge shifts
negligibly during the first cycle (Figure 5.3(e), signifying that Mn does not participate in the

electrochemical charge transfer reaction. On the other hand, Ni K-edge shifts to higher energy
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when charged to 4.2 V, indicating that Ni*>* has been oxidized to Ni** (Figure 5.3(d)). The Ni K-
edge at 4.4 V is shifted to lower energy than the edge at 4.2 V. This implies that between 4.2 V
and 4.4 V, Ni is slightly reduced even though that region of the voltage curve delivers 30 mAh/g
of capacity. Given that Ni**/Ni*" redox occurs below 4.2 V, a different charge transfer mechanism
must contribute to the capacity in the high voltage plateau between 4.2-4.4 V. This high voltage
mechanism is not Mn redox because, based on the XANES Mn K-edge observations, Mn*" is redox
inactive. Therefore, it is likely that oxygen participates in the high voltage charge compensation
process, similar to other layered sodium cathode materials with oxygen redox activities.[42,230]
To further explore this charge compensation process in NLNMO at high voltage, the O K-edge
was used to investigate oxygen’s participation in the redox mechanism.

The pre-edge peak position and intensities of the O K-edge XANES spectra can provide
structural and chemical bond information between the oxygen and transition metal species, as
shown in Figure 5.3(c). The O K-edge can be divided into two regions: the pre-edge peaks below
535 eV, which correspond to electronic transitions from the O 1s state to the O 2p-TM 3d
hybridized state, and the broad peaks above 535 eV, which correspond to transitions to O 2p-TM
4sp hybridization states.[241] For the lower energy peaks, the possible O K-edge sXAS transitions
anticipated for these states are shown in Figure D.2. The dominant TM ions in NLNMO at 4.2 V
are Mn*" (3d%) and Ni*" (3d%).[219] There are seven possible sXAS transitions associated with
Mn**: three spin-down tag, two spin-up e,, and two spin-down eg. For Ni*', there are four possible
sXAS transitions: two spin-up eg and two spin-down eg transitions. Given that per unit formula
Mn*=0.66 and Ni*'=0.22, Mn*" accounts for 84% of the expected sXAS transitions to the
unoccupied states and thus dominates the spectrum. The peaks around 529 eV and 532 eV can be

assigned to the unoccupied hybridized orbitals of O 2p-TM tze and O 2p-TM e, respectively.[240]
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The O K-edge spectrum of pristine NLNMO shows a peak at 534 eV, which is ascribed to the
unoccupied hybridization orbital of O 2p-Na 3p, and its intensity reflects the amount of Na in the
lattice.[242] As the NLNMO is charged, the O 2p-Na 3p signal diminishes, in agreement with
desodiation. The peak intensity of O 2p-TM tz; and eg increase upon charging, which indicates
hole generation in the O 2p-TM orbital. Hole generation in the O 2p-TM orbital could be created
to compensate the positive charge of the Na* ion leaving the cathode structure. Although O K-
edge alone cannot prove the electron holes in oxygen are present due to strong hybridization of O
2p-TM, it is highly likely given the observations that Mn remains in the 4+ state and Ni becomes
slightly reduced at the fully charged state.[237]

On discharge, the peaks due to O 2p-TM tz¢ and O 2p-TM e decrease and the O 2p-Na 3p
peak increases upon sodiation. At the fully discharged state (2.0 V), the O-TM tg and O-TM e,
signals are minimized, with lower intensity than the pristine state. This may indicate an irreversible
change in the TM-O bond, which may inhibit further oxygen redox. Oxygen loss from the lattice
during the first charge is common in oxygen redox cathode materials and may contribute to the
irreversible capacity loss seen in NLNMO.[179] The Ni K-edge is shifted to lower energy upon
discharge and at the fully discharged state, the Ni ions are reduced back to their divalent state. This
demonstrates that the Ni redox reaction is completely reversible, unlike the case of irreversible
oxygen redox. Mn K-edge shifts negligibly during discharge, implying that it stays

electrochemically inactive.
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Figure 5.4: (a) voltage profile of the initial cycle of NLNMO in the operando sXRD data collection; (b) contour
plot of the sXRD pattern obtained over cycling; (c) magnified (002) peak and superlattice peak region; (d)
lattice a, (e) lattice c and (f) unit cell volume obtained from Rietveld refinement; (g) refinement of PDF pattern
of pristine NLNMO powder, detailed refinement results are listed in SI table 3; (h) operando PDF of NLNMO
during first cycle between 2.0 —4.4 V.

The structure changes of NLNMO during the first electrochemical cycle were explored
with operando sXRD shown in Figure 5.4. The operando cell has a specific charge capacity of
165 mAh/g and a specific discharge capacity of 113 mAh/g. The collected sXRD patterns over
cycling were plotted into a contour plot and shown in Figure 5.4(b). All the peaks in the data can
be well indexed to P63/mmc space group, except for the peak at 20 = 2.46°. This peak is at the

position of LioMnOs (0 2 0) peak and is known as a superlattice peak in layered structures and
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corresponds to a honeycomb superstructure within the TM layer. [243,244] After the initial cycle,
the XRD patterns indicate that the P2 structure remains with slight peak position shifts, which will
be quantified with lattice parameter changes later. A magnified region of the (002) peak and the
superlattice peak is presented in Figure 5.4(c), where a decrease of the superlattice peak intensity
can be observed during the first cycle. As a comparison, the (002) peak maintains the same
intensity level during the whole cycle, with the peak shifting in both charge and discharge process.
The decrease of superlattice peak after cycling indicates severe degradation of the TM ordering in
the TM layer in NLNMO. Such degradation corresponds to the loss of the honeycomb
superstructure within the TM layer that may be caused by migration of TM ions in the
structure.[233,238]

The changes in the overall crystal structure are characterized with a/c lattice parameters
change through Rietveld refinement (Figure 5.4(d,e)). The pristine material has a lattice a
parameter of 2.89 A that shrinks to 2.83 A at the end of the first charge. The reduction in the a
lattice parameter corresponds to shortening TM-TM bonds due to oxidation of the TM upon
charging.[89] During the discharge, the a lattice parameter increases due to reduction of the TMs
and returns to 2.86 A at the end of the discharge. Lattice parameter a cannot fully return to its
initial state due to decreased ordering of the TM layer which inhibits bond lengths from returning
to their original state.

The changes in the c lattice parameter over cycling are more complex than the changes in
lattice a. The c lattice parameter is 11.05 A in the pristine state and it increases to a maximum of
11.32 A around 4.05 V in the charging, and then decreases to 11.29 A at the end of charge. The
initial increase in the c lattice parameter is due to the increased electrostatic repulsion between the

negatively charged oxygen layers along with the removal of the positively charged sodium ions.
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The following decrease of the c lattice parameter from 4.05 V to 4.4 V could be due to the oxidation
of oxygen which reduces the magnitude of repulsion between the oxygen layers. The magnitude
of repulsion is decreased due to charge of oxygen reducing from -2 to a value closer to -1. During
the discharge, the c lattice parameter increases first to 11.30 A around 3.80 V and decreases to
11.18 A at the end of discharge. Similar to the charge process, the oxidized lattice oxygen could
initially be reduced, which increases the repulsion between the layers until 3.80 V and where the
reduction of electrostatic repulsion by the addition of sodium ions reduces the c lattice parameter.
And similar to a lattice parameter, the ¢ lattice parameter cannot fully return to its initial state due
to irreversible changes in TM layer ordering. The volume of NLNMO unit cell was calculated
from refined a and c lattice parameters. The initial unit cell volume is 79.81 A® and decreases to
78.68 A3 at the end of charge. It recovers in the discharge process and increases back to 79.45 A3
in the end of discharge. Similar to lattice @ and lattice c, the shrinking of the total volume cannot
fully recover even at the end of discharge, indicating the loss of honeycomb ordering within the
TM layer. The initial lattice parameters are essentially identical to the parameters of previously
reported structures but have larger changes during the charging and do not return to their initial
states, indicating a different mechanism of redox reactions in the material reported here.[245]
The overall structure of NLNMO was explored with sXRD and the loss of TM ordering
within the TM layer is observed with the severe decrease of superlattice peak. The local
environment of NLNMO was probed with pair distribution function (PDF) shown in Figure
5.4(g,h). PDF results of pristine NLNMO powder were refined through small box (unit-cell based)
refinements. The observed PDF pattern matches the calculated pattern from P63/mmc space group.
The a and c lattice parameters obtained from PDF refinement (a = 2.88 A, ¢ = 11.00 A) are

consistent with the Rietveld refined values from sXRD. The anisotropic thermal displacement
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parameter was modeled as U12 in the PDF refinement and shows an increase in the refinement
liability, which indicates anisotropic behavior of this material.

The changes of local environment in NLNMO over cycling was studied with operando
PDF (Figure 5.4(h)). A series of PDF patterns were collected while an NLNMO AMPIX cell was
charged to 4.4 V and discharged to 2.0 V. The peak positions of different local bonding species
evolve distinctly during cycling. The bond length of M-M bonds (M = Na, Li, Ni, Mn) decreases
during charge and increases during discharge, which is in good agreement with the decreased
lattice parameter a observed in sXRD. The decrease of M-M bond length during charge is primarily
caused by the oxidation of TM ions, and this bond length increases during discharge as the TM
ions are reduced. Similarly, the TM-O bond length is observed to decrease during charging and
the bond length increases during discharging (TM = Ni, Mn, Li as here Li are within the TM layer).
The potential contribution of oxygen redox was also investigated with the changes of Na-O bond
length in operando PDF. In the charge process, an increase of Na-O bond length was initially
observed, followed by a slight decrease at the end of the charge. The initial increase of Na-O bond
length is caused by the reduced electrostatic attraction between oxygen and sodium ions with the
removal of positively charged sodium ions. At high voltage, the decrease of the Na-O bond length
can be explained by the oxidation of the oxygen ions, as this increases the electrostatic attraction
between oxygen and sodium ions. During discharge, the Na-O bond length slightly increases in
the beginning, followed by a continual decrease until the end of discharge. The oxidized lattice
oxygen could initially be reduced, which leads to a decrease of electrostatic attraction between
oxygen and sodium ions, until enough sodium ions intercalate back into the structure to provide
increased attraction. It is noticeable that the changes of Na-O bond length in PDF are remarkably

similar to the changes of the ¢ lattice in sXRD. The changes in the Na-O bond length in PDF
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matches well with our analysis of the pre-edge intensity changes of O K-edge in XAS and with

the proposed oxygen redox activity at high voltage.
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Figure 5.5: Ex situ EXAFS spectra of NLNMO at (a) Ni K-edge and (b) Mn K-edge at different states of charge.
(c) A model of the crystal structure of NLNMO with the first two nearest neighbors starting from the atom
centered in the circled in dashed red lines. (d) The bond length of Mn/Ni-TM and the (e) bond length of Mn/Ni-
O at different states of charge. The black points represent the Mn- bonds while the red points represent the Ni-
bonds. DOS near the Fermi level for fully charged NLNMO with (f) no Ni migration and (g) with Ni migration.
(h) The cumulative number of unoccupied oxygen states above the Fermi level.

The higher energy region of XAS, known as extended x-ray absorption fine structures

(EXAFS), can provide information about both the local structure and oxidation states of the
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irradiated material. Herein, the Fourier transformed EXAFS spectra for NLNMO (Figure 5.5(a,b))
at Mn and Ni K-edges are studied to quantify the changes of Ni and Mn local ordering. EXAFS
analysis is a powerful method to determine the local interatomic distances in TM oxides, and the
best-fit values of the structure parameters used for NLNMO are listed in Tables 5.1. In Mn and Ni
K-edge EXAFS spectra, the first intense peak corresponds to the TM-O distance in the first
coordination sphere and the second intense peak correspond to the TM-TM distance (Figure 5.5
(c,d,e)). The magnitudes of the TM-O and TM-TM bonds for both Mn K-edge and Ni K-edge are
compared and shown in Figure D.3 with blue lines as guides. The Mn-O peak has a larger
magnitude than the Mn-TM peak whereas the Ni-O peak has a smaller magnitude than the Ni-TM
peak. Ni and Mn have higher electron backscattering ability than Li because they have higher
atomic numbers. Since the Mn-TM peak has a smaller magnitude than Ni-TM peak, it is inferred
that Mn atoms typically surround Li atoms in the TM layer. Ni atoms may be mostly surrounded
by other Ni atoms and Mn atoms, which increases the magnitude of the Ni-TM peak. The preferred
transition metal positioning observed in the EXAFS data is corroborated by the findings in the
sXRD data. The Mn atoms surrounding Li atoms can together form the partially ordered LiMng
honeycomb structures,[246] which lead to the superlattice peak observed in sXRD. TM layer
ordering in 4d TM sodium cathodes has been shown to alter the oxygen bonding to trigger oxygen
redox.[240] This same phenomenon can be seen for the NLNMO reported here for 3d TM sodium

cathodes, enabling a new route for oxygen redox.
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Tables 5.1 a & b: Ex situ EXAFS fit results for indicated samples collected at the Mn K-edge (Table 5.1a) and
the Ni K-edge (Table 5.1b). The phase-corrected bond length (R) and Debye-Waller factor (%) are shown for
each interaction.

a) EXAF'S fit results for Mn K-edge.

Sample Pristine c33V c42V c44V d29vV d2.0V
Ruin-o (4) 1.913 1.913 1.904 1.904 1.912 1.912
Ruin-1vt (4) 2.895 2.877 2.872 2.882 2.885 2.887
ounox 107 3.5 3.8 4.1 4.5 3.5 3.6
omnrm x 107 44 4.6 5.1 5.6 4.5 4.6

k-range: 2.566 - 13.167, R-range: 0.873 - 3.085

b) EXAFS fit results for Ni K-edge.
Sample Pristine c33V c42V c44V d29vV d2.0V
Rwio1 (4) 2.043 1.975 1.9148 2.0127 2.019 2.022
Ruicrv (4) 2.882 2.872 2.861 2.875 2.871 2.893
Rni-o2 (4) 3.361 3.356 3.414 3.378 3.343 3.358
owi-o1 x 1073 6.3 10.3 11.0 10.2 11.0 6.7
ovitu x 107 5.6 5.0 5.3 6.2 5.3 5.7
oni-02x 1073 4.8 3.9 5.0 6.5 5.1 4.9

k-range: 2.566 - 13.167, R-range: 1.169 - 3.420

In the charge process, as sodium is extracted from the crystal lattice, the first coordination
Ni-O interatomic distance changes clearly whereas the Mn-O distance has negligible changes. The
Ni-O interatomic distance decreases during charge to 4.2 V, representing the Ni oxidation during
charge. From 4.2 V to 4.4 V, the Ni-O interatomic spacing increases, which implies a slight
reduction of Ni oxidation state at high voltage, thus indicating a different reaction pathway related
to oxygen activity. After discharge to 2.0 V, the Ni-O interatomic distance exhibits little change
compared to the pristine state, showing that the Ni oxidation is mostly reversible. This is in good
agreement with the data from the XANES spectrum that Ni redox reaction is reversible whereas
Mn remains inactive during charge and discharge. The TM ordering within the TM layer can be
evaluated by the Debye-Waller factor (o) as well as the peak intensity of Ni-O and Mn-O peaks in
EXAFS. The Debye-Waller factor (o) reflects the random thermal and static vibrations of the
absorbing atoms around their equilibrium atomic positions. Larger values of the Debye-Waller
factor are a result of structure distortions that deviate from the ideal model.[70] As displayed in

Tables 5.1, the Debye-Waller factor increases for TM-O during charging, which indicates
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structure distortion of the TM-O bond. Specifically, the Ni-O Debye-Waller factor increases
significantly during charging, indicating that the NiO¢ octahedron distorts more than the MnOg
bond during cycling. This increased distortion during charging may signify a change in Ni-O
covalency through the creation of unsymmetrical oxygen bonds. This distortion could also be
caused by the migration of Ni from its pristine state. The peak intensity of Ni-O and Mn-O peak
in EXAFS are also compared in Figure D.3, where a drop of peak intensity in TM-O bond is seen
at high voltage, especially for the Ni-O case. The peak height is highly dependent on the system
ordering; thus, the large drop of Ni-O peak intensity indicates severe disruption of the local TM-
O honeycomb ordering, which can result from the TM migration.

To further explore the local TM migration and the effect of the loss of TM ordering, density
of states (DOS) were calculated for NLNMO at fully charged state with and without Ni migration
(Figure 5.5 (f,g) and Figure D.4). At high voltage, undercoordinated oxygen can lead to a slight
reduction of TM. This can induce electron transfer from the O to the TM, causing O gas release
along with the reduction of TM.[231] Oxygen gas release has been reported during the high voltage
region in other Ni containing oxygen redox active cathodes.[247] TM reduction is also observed
in our Ni XAS results where Ni is reduced from 4.2 to 4.4V. After Ni migration, there is a reduction
of the number of unoccupied oxygen states above the Fermi level (Figure 5.5 (f,g), Figure D.4.
This can inhibit oxygen reduction upon cell discharge, resulting in irreversibility during the first
cycle. The combination of oxygen loss and Ni migration can result in irreversible oxygen redox
activity that will lead to reduced capacity in the following discharge.[212]

This experimental study of the origin of the irreversible oxygen redox activity combined
with information gleaned through literature review, reveals that the inclusion of Ni is detrimental

to the reversibility of oxygen redox at high voltage in NIBs. The inclusion of Ni may enable
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irreversible O gas release, and Ni migration within the structure can alter the bonding environment
of oxygen so that it is not favorable for further oxygen redox activity. To mitigate O gas release,
other TMs, such as Fe, should be included to enhance TM-O hybridization.[247] Unlike LIB
cathode materials, the inclusion of Ni in sodium cathodes that exhibit oxygen redox due to TM
ordering should be carefully managed to optimize the reversibility of oxygen redox activity at high
voltage.

5.4 Conclusions

Meso-structured controlled P2-type Nao.sLio.12Nio22Mno.6602 (NLNMO) was synthesized
by meso-structure controlled carbonate co-precipitation with transition metal layer ordering in the
pristine structure as confirmed by sXRD and EXAFS. NLNMO, synthesized in this study, has a
rate dependent plateau during the first charge, which likely indicates oxygen redox activity. To
evaluate the redox activities of NLNMO at high voltage, ex situ XAS was used to observe the O
K-edge, Ni K-edge, and Mn K-edge during the first electrochemical cycle. An increase in the O
pre-edge integrated intensity was observed from 4.2 V- 4.4 V whereas the Mn K-edge shifted
negligibly, and Ni was reduced in this voltage range. This indicates that oxygen redox activity is
responsible for the plateau at high voltage during the first charge. After the first charge, the plateau
disappears and will not appear in the following cycles: the superlattice peak observed in sXRD
also diminish after first cycle, indicating loss of ordering in the TM layer. Ni migration was studied
through EXAFS and DOS and is considered to be responsible for the loss of TM layer ordering
and the decrease of available states in oxygen above Fermi level. This change of oxygen
environment, along with O gas production, is likely the cause of the irreversibility of oxygen
redox. Through this work we demonstrated that the inclusion of Ni in sodium cathodes is

detrimental to the reversibility of oxygen redox at high voltage. This work emphasizes the
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importance of TM layer ordering on inducing oxygen redox activity and reveals the unfavorable
effect that Ni has on its reversibility. As such, future compositional design of sodium cathodes
should avoid adoption of high Ni content in order to enhance reversible oxygen redox and achieve
energy-dense and long-lasting sodium cathodes.

Chapter 5, in full, is a reprint of the material, “The Negative Impact of Transition Metal
Migration on Oxygen Redox Activity of Layered Cathode Materials for Na-ion Batteries” as it
appears in the Journal of The Electrochemical Society, H. S. Hirsh, Y. Li, J. H Cheng, R. Shimizu,
M. Zhang, E. Zhao, Y. S. Meng, 2021, 168, 040539. The dissertation author was the co-primary
investigator and author of this paper. The author performed the materials synthesis,

electrochemical test, SEM, XRD, and data interpretation and analysis.
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Chapter 6 Role of electrolyte in stabilizing hard carbon as an anode for rechargeable sodium-ion
batteries with long cycle life

6.1 Introduction

Low-cost and reliable energy storage is essential for a safe, stable, and sustainable electrical
grid. [21,177] Sodium-ion batteries (NIBs) with Co and Ni free cathodes are one of the promising
solutions for grid energy storage, considering elemental abundance and their environmentally
benign nature.[101,178] While the energy density of NIB cathodes has increased over the years,
the commercialization of NIBs for grid energy storage is hindered by the inferior electrochemical
performance of sodium anode materials.[178] Graphite, a common anode material for
conventional lithium-ion batteries (LIBs), is not applicable for NIBs due to its negligible reversible
capacity in carbonate-based electrolytes.[248] Though glyme-based electrolytes enable reversible
capacity of sodium in graphite through solvent co-intercalation, the capacity is limited to ~100
mAbh/g, and the reaction potential increases to about 0.75 V vs. Na metal.[249] Alternative anode
materials for NIBs include sodium metal which has the highest theoretical capacity (1166 mAh/g)
and lowest reaction potential, but it has severe safety hazards and a short lifetime.[250] Alloy and
conversion types of anodes, such as Sn and SnO», also have high capacity, yet poor lifetimes caused
by large volumetric changes during electrochemical cycling.[127,251] Insertion compounds, such
as NiCo0,0;4 and TiO», have relatively high average voltages (>0.5 V vs Na*/Na®), which reduce
the energy density of a full cell. [153,252] Other anode materials like soft carbon and reduced
graphene oxide also have high average voltages and shortened lifetimes due to low first cycle
Coulombic efficiencies (CEs) (less than 60%).[253,254] A promising exception is hard carbon
(HC), which has been widely investigated as an anode material for NIBs because it is relatively

safe, has a high capacity (> 200 mAh/g), and has a low reaction potential near 0 V vs. Na*/Na°.
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By definition, HC, also known as non-graphitizing carbon, cannot be converted into
graphite through heat treatment. It contains regions of parallel groups of graphite-like layers with
no long-range order that form voids between the groups of layers. An additional advantage is that
HC can be sustainably synthesized from biomass precursors such as banana peels, corn husks,
peanut shells, as well as polymer/plastic derivatives.[118,120,255-257] The HC bulk structure,
governed by the synthesis conditions, determines its electrochemical properties and
performance.[258,259] Previous research has discovered ways to optimize the HC bulk structure
(defects, surface area, graphitic like regions, and voids) for maximum capacity, CE, lifetime, and
lowest average voltage.[258]

Even with an optimized bulk structure, the low first cycle CE and poor rate capability of
HC have hindered its use in NIB full cells. The first cycle CE of HC in high performing carbonate
electrolyte is between 60-80% at a rate of C/20, and only ~30% of the capacity is retained at a
higher rate.[260] A low first cycle CE limits the lifetime of a battery because it reduces the total
amount of sodium available in the system. This is especially problematic for commercialized cells
where the only sources of sodium are from the cathode material and the lean amount of electrolyte.
In literature, it has been proposed that the low first cycle CE is a result of trapped sodium in the
bulk structure.[124,258,261] In addition, a battery that has excellent rate capability is essential for
grid storage applications. Solutions for grid storage handle power fluctuations, which would be
severely impaired by a poor rate performing battery.[262] The origin of the poor rate capability is
proposed to be dictated by the poor kinetics of sodium filling the HC structural voids during the
plateau region of the voltage curve.[258,263]

However, recent research suggests the first cycle CE and rate performance is not solely

determined by the HC bulk structure but is also highly dependent on the choice of electrolyte.[264]
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For example, an HC anode with an ether-based electrolyte (1M NaBF4 in TEGDME) has shown a
first cycle CE of 87% and a retention of 84% of its C/20 capacity at 2C.[264] Electrolyte is known
to have a major role in the formation of the solid electrolyte interphase (SEI). An ideal SEI that
inhibits parasitic reactions between the HC surface and the electrolyte should be thin, ionically
conductive, conformal, and robust. These aspects can affect both the first cycle CE, through
consumption of sodium-ions, and rate performance, through impedance at the interface. This raises
the question that if the first cycle CE and rate capability are controlled by the HC bulk structure or
by the SEI formation.

Properties of the SEI can vary with different electrolytes and electrochemical testing
conditions. However, minimal research has been conducted on the formation of the SEI on HC,
with most of the focus on carbonate-based electrolytes (summary in Table 6.1). Moreover, in the
few studies that used non-carbonate electrolytes (TMP, DEGDME), the exact chemical
composition and SEI morphology were not examined.[265,266] Previously, quantifying the
consumption of Na* due to the SEI formation and observing the SEI’s morphology at the nanoscale
(HC is a beam-sensitive material) were very challenging. Due to the recently developed techniques
such as titration gas chromatography (TGC) and cryogenic transmission electron microscopy

(cryo-TEM), the SEI can now be better characterized. [267]
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Table 6.1: Summary of electrolytes and techniques used to characterize the SEI of HC in literature.

Technique Washed? Rate Citation
1M NaClO4 in PC
IM NaClO4 in EC:PC 1:1 . .
1M NaClO4 in EC:PC 1:1 w/ 10% DMC 0> Peak fitting DMC it GAD A
1M NaPFs in EC:PC 1:1 w/ 10% DME
0.5M NaBOB in TMP ..
IM NaPF, in TMP XPS peak positions TMP 1 cycle C/10  [265]
AT DEC LA XPS elemental content, SEM DMC 15cycles  C/6 [266]

0.8 M NaPFs in EC:DEC 1:1

1M NaPFs in EC:DEC 1:1

1M NaClO4 in EC:DEC 1:1

1M NaTFSI in EC:DEC 1:1 XPS peak fitting & elemental content DMC sodiated C/20 [269]
1M NaFTFSI in EC:DEC 1:1

1M NaFSI in EC:DEC 1:1

3M NaFSI in PC

3M NaFSI in PC:EC XPS peak fitting, TEM PC 5 cycles c/10  [270]
IM NaClO4 in PC
1M NaClO4 in PC w/ 0.5% FEC i .
IM NaClOs in PC w/ 2% FEC XPS peak positions, SEM Not listed 1 cycle c/1o0 - [271]
1M NaClO4 in PC w/ 10% FEC

. ) ) .. . sodiated,
IM NaClOq4 in PC:EC 1:1 XPS peak positions, SEM Not listed desodiated c/6  [116]
1M NaClO4 in PC XPS peak positions, TOF-SIMS, TEM Not listed 1 cycle Cc/10 - [129]
1M NaPFs in PC XPS peak fitting & elemental content, SEM, X?E?DV;;E l;fd sodiated, gﬁb This
1M NaBF, in TEGDME EDS, Cryo-TEM Unwashed desodiated C /20’ paper

In this study, we explored the origin of the first cycle CE and rate capability of HC in two
electrolytes: conventional carbonate electrolyte and ether electrolyte. Electrochemical testing,
TGC, and ex-situ Raman spectroscopy were applied to observe the (de)sodiation processes and the
reversibility of metallic sodium in the HC bulk structure. Cryo-TEM, scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) were used to characterize both the morphological and composition changes of
the SEI for carbonate- and ether- based electrolytes at three different cycling rates. A long-term
electrochemical study of HC in these two electrolytes was used to determine how the SEI
formation affects the lifetime of the anode material. These techniques demonstrate that SEI is the

dominant influence on both the first cycle CE and rate capability of HC.
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6.2 Methods

6.2.1 Electrochemical Characterization

Composite anodes were prepared by mixing a slurry of 90.4 wt. % HC (Xiamen Tmax
Battery Equipments Limited) and 9.06 wt. % carboxy methyl cellulose sodium salt (CMC) 250,00
MW with DI water as the solvent. The slurry was cast onto aluminum foil and dried under vacuum
at 80°C overnight. Na metal was used as the counter electrode. 1M NaPFg in PC was used for the
conventional carbonate electrolyte cells, and 1M NaBF4 in TEGDME was used for the ether-based
electrolyte cells. For all cells, except those used for TGC measurements, 50 uL of electrolyte and
one layer of glass fiber GF/F (Whatman) was used as the separator. Cells used for TGC
measurements had 70 pL of electrolyte and two layers of glass fiber GF/F (Whatman) as the
separator. Electrodes 14 mm in diameter with an active mass loading of 3.2-4.0 mg/cm? were
assembled in 2032 coin cells in an argon-filled glove box (H20 < 0.1 ppm) and tested on an Arbin
battery cycler. Coin cells were allowed to rest 8 h before electrochemical tests were performed.
The voltage range was maintained between 0.005V-2 V and the C-rates were calculated, assuming
a theoretical specific capacity of 150 mAh/g. Electrochemical impedance spectroscopy (EIS) was
carried out with 10 mV perturbation and AC frequencies from 100 kHz to 1 mHz. A SP-150
Biologic Potentiostat was used to measure impedance after 1 cycle at a rate of C/3. An equivalent
circuit model was used to fit and analyze the data using Zview software (v. 3.4a, Scribner
Associates, Inc.)
6.2.2 Materials Characterization

TGC was performed using a Shimadzu GC instrument equipped with a BID detector and
using an ultra-high purity Helium (99.999%) as the carrier gas. The samples were prepared in an

argon-filled glovebox (H2O < 0.1 ppm). Each sample was immediately transferred to a glass flask
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after disassembling and sealed using a septum under Argon. Then, 0.5mL of ethanol was injected
into the container to fully react with ionic and metallic sodium. After the reaction is completed, a
30 uL gas sample was taken from the container using a gastight Hamilton syringe and immediately
injected into the GC. The amount of ionic and metallic sodium was quantified based on the amount
of detected Ha gas by the GC.

Raman spectroscopy was performed using Renishaw inVia Raman Microscope. The
samples were sealed between two very thin transparent glass slides in an argon-filled glovebox
(H20 < 0.1 ppm). The measurements were run using a 532-nm laser source, 1800 I/mm grating,
and x20 magnification.

The morphology of the electrodes was identified using an FEI Apreo SEM equipped with
EDS operating at 3 kV. For the cryo-TEM sample preparation, a TEM grid was directly dropped
into the pristine HC powders to pick up the particles. For the cycled HC particles, the sample
particles were first dispersed in the corresponding electrolyte solvents (PC or TEGDME), then the
particle suspension was dropped onto the TEM grid. The TEM grids with particle suspension were
dried under vacuum overnight. Once dried, the sample grids were sealed in airtight bags before
being transferred to the TEM facility. The grids were mounted onto a TEM cryo-holder (Gatan)
via a cryo-transfer station. TEM characterizations were carried out on JEM-2100F at 200 kV.

XPS was performed using an AXIS Supra by Kratos Analytica. XPS electrode samples
were disassembled and removed from their cells. Washed samples were washed with either PC or
TEGDME and then dried under vacuum. Unwashed samples were directly dried under vacuum.
The XPS was operated using an Al anode source at 15 kV, scanning with a step size of 0.1 eV and
200 ms dwell time. Fits of the XPS spectra were performed with CasaXPS software to identify the

chemical composition of the surface of the electrodes.
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6.3 Results and Discussion

6.3.1 Electrochemical performance comparison with different electrolytes

Electrochemical measurements provide insight into the origin of the first cycle CE and rate
capability of HC in PC electrolyte in comparison to that in TEGDME electrolyte. To investigate
cycling rate dependence, HC was electrochemically tested at three different rates (C/20, C/10, and
C/3). The results are shown in Figure 6.1: 1) The HC cycled in the PC electrolyte has a lower first
cycle CE than that in the TEGDME electrolyte at all rates (68.7% vs. 84.8% at C/3). This indicates
that more sodium is trapped in the HC bulk structure or in the HC-SEI when cycled in PC
electrolyte. 2) Overpotential increases significantly at faster rates for the PC electrolyte whereas
the increase is less evident for the TEGDME electrolyte. This is exemplified by the differences of
the plateau voltages, extracted from the low voltage peaks of the dQ/dV curves, for sodiation vs.
desodiation as shown in Figure E.1. Larger overpotentials imply either slower reaction kinetics of
the bulk (de)sodiation mechanism or an increase of interface resistance in the PC electrolyte
system. 3) Reversible capacity for the PC electrolyte decreases rapidly, from 247.5 mAh/g at C/20
to 112.4 mAh/g at C/3, whereas the reversible capacity for the TEGDME electrolyte only slightly
decreases, from 268.1 mAh/g at C/20 to 259.0 mAh/g at C/3. The section of the HC-PC voltage
curve most effected by the current rate is the plateau region (Table E.1), corresponding to the void
filling mechanism. The bulk structure and/or SEI formation phenomena are potentially responsible
for the differences in the electrochemical performances of HC in the PC and the TEGDME

electrolytes.
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Figure 6.1: First cycle voltage profiles and their corresponding differential voltage plots of HC with PC (red)
or TEGDME electrolyte (blue) at a rate of (a,d) C/20, (b,e) C/10, and (c,f) C/3. The numbers highlighted in the
differential voltage plots indicate the plateau voltages during (de)sodiation.

6.3.2 Sodiation/desodiation processes of HC

To investigate the irreversible sodium that controls the first cycle CE of HC, TGC was used
to separate the contribution of metallic sodium trapped in the HC bulk structure and the sodium in
the SEI. This method was inspired by the Li metal TGC technique, first used to detect the
mechanism of irreversible capacity for lithium plating/stripping.[267] The following reaction:

2Li + 2H>0 2 2LiOH + Hx(g)
was applied to quantify the amount of residual metallic Li versus Li-containing compounds in the
SEI on a stripped Li electrode. The TGC technique was also used to quantify the amount of metallic
Li inserted into a graphite anode[272]:
2LiCy + 2H>0 2 2LiOH + 2xC + H>(g)
This method works by measuring the amount of H> gas formed to calculate the amount of

irreversible metallic Li in the electrode. The irreversible capacity, not accounted for by irreversible
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metallic Li, is ascribed to the SEI formation. These two types of irreversible lithium can be
separated because the SEI components do not react with water to form H> gas. In this study, ethanol
was used as the titration solvent, because water could react with a possible SEI component, NaF,
thereby forming HF. The potential reaction between HF and the aluminum current collector could
then lead to the further generation of H» [273] Possible components of the SEI, along with the
pristine HC electrode, were tested with the TGC method and none reacted with ethanol to form H»
(Table and Figure E.2). It confirms that the H> gas was only produced by reacting ethanol with
metallic sodium (Na° and NaCx) based on the following reactions:
2Na + 2CH3CH>;OH 2 2(CH3CH>O Na™) + Hx(g)
2NaC, + 2CH3;CH>OH 2 2(CH3CH>O Na™) + 2xC + Hx(g)

The results of TGC tests are shown in Figure 6.2, where the calculated amounts of metallic
Na at different states of charge for HC in PC and TEGDME electrolytes are compared. Both the
PC and the TEGDME electrolytes show a volcano-like shape where the amount of sodium
calculated from the electrochemical capacity is always larger than the amount of metallic sodium
detected by TGC. This indicates that Na is involved in SEI formation throughout the first cycle.
The amount of metallic sodium that can be stored in the HC bulk structure, is NaCi (theoretically
NaCsg for a capacity of 280 mAh/g) for PC and NaCo for TEGDME. Assuming the SEI formation
process is highly irreversible, the increase in the amount of metallic sodium stored in the HC bulk
structure partially explains why TEGDME has a larger reversible capacity than PC. Additionally,
there is negligible trapped metallic sodium detected in the HC bulk structure after one cycle for
both electrolytes. Unlike the Li metal deposition and stripping, residual metallic sodium in the HC
bulk structure is not the reason for the low first cycle CE. Instead, the first cycle CE of HC is more

likely determined by the SEI formation process with Na inventory lost. The slight reduction of
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sodium utilized in the SEI upon desodiation could be due to partially reversible SEI species. This
conclusion is also in agreement with the observation reported in literature that HCs with larger

surface areas have lower first cycle CEs due to more interphase reactions.[120,122,255,274,275]
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Figure 6.2: Sodium stored in the HC at different states of charge with PC (a,b) or TEGDME electrolyte (c,d)
measured by TGC (open circles) and electrochemistry (filled circles) with their representative voltage profiles
tested at a rate of C/10. (e) Analysis of capacity usage, reversible Na, metallic Na in bulk HC structure, and SEI
Na*, for HC with PC and TEDGDME electrolyte using the TGC method. The error bars represent the standard
deviation from the average values of the measured metallic Na vs. SEI Na™.

The rate capability of HC has been proposed to be controlled by the kinetics of the sodium
void filling mechanism, which occurs during the low voltage plateau.[258,263] If HC has similar
(de)sodiation processes in the PC and TEGDME electrolytes, then it is unlikely that the kinetics
of these processes control the rate capability of HC. Raman spectroscopy was used to study the
(de)sodiation processes. As shown in Figure 6.3, the Raman spectra of pristine HC contain two
characteristic peaks termed the G and D bands. The G band (~1580 c¢cm™) is characteristic of
graphitic carbon and is related to the in-plane motion of the carbon atoms in graphene planes.[276]
The D band (~1360 cm!) is related to the presence of disorder or defects in the graphene

planes.[277] The shift of these bands and/or the presence of a new peak can be induced by the
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(de)sodiation processes. An initial inspection of the TEGDME and PC samples (Figure E.3)
reveals that the two characteristic peaks remain visible for both systems throughout the first cycle
and that no other peaks manifest. This implies that: 1) the HC structure remains intact and 2) there
is no intercalation staging since there is no splitting of the G band.[278,279] These observations
are in agreement with the current understanding of the sodium storage mechanism in HC and

indicate that both electrolytes elicit similar (de)sodiation processes.
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Figure 6.3: Raman spectra (a) G-band positions and (b) representative voltage curves for HC with PC or
TEGDME as the electrolyte tested at a rate of C/10. (¢) A schematic showing the sodium pathway (green dotted
arrows) through the graphitic region of the HC structure to reach the structural voids.

In addition to the presence of the D and G bands, the position of the G band can reveal
more information about the (de)sodiation processes (Figure 6.3). The G band position is controlled
by both charge transfer and lattice parameter changes in the graphitic regions.[280] For both
samples, the G band position initially has a red shift for the slope region and then a blue shift for
the voltage plateau region during sodiation. Upon desodiation, the reverse trend occurs. The initial
red shift in the G band during the sloping region of sodiation indicates sodium intercalation in the
graphic regions.[279] The G band position reaches a minimum at the beginning of the voltage
plateau region and a blue shift occurs as sodium fills the voids in the HC bulk structure (Figure
6.3(c)).[281] Given that there is a more significant blue shift of the G band for TEGDME sample
upon maximum sodiation and that the plateau region has a larger capacity than the PC sample,
ether-based electrolytes could enable an increase in HC void filling. This could be due to an

increase in overpotential for the PC electrolyte, where less sodium can be stored in the voids at
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equivalent voltages. Given this information on the similar (de)sodiation processes for both PC and
TEGDME electrolytes, the rate performance of HC should not be solely controlled by the kinetics
of the bulk structure. The formation of the SEI, as influenced by the choice of electrolyte and
electrochemical conditions will thus be the focus of this study.
6.3.3 Morphology and composition of SEI with different electrolyte

The sodium consumption, resistance, and stability of an SEI are related to its morphology
and chemical composition. The SEI morphology and elemental composition of HC with PC and
TEGDME electrolytes were first explored by cryo-TEM, SEM, and EDS (Figure 6.4 and Figure
E.4, E.5, and E.6). In order to observe the nano-scale structure of the SEI by TEM, while
preserving the intrinsic morphology of the SEI, cryogenic protection is required to minimize the
beam damage. Clear differences in the SEI morphology on the irregularly shaped HC particles are
observed for PC and TEGDME. The SEI formed in the PC electrolyte consists of a dense outer
layer and a porous inner layer, whereas the SEI formed in the TEGDME electrolyte is uniformly
dense around the whole HC particle. The SEI formed in the PC electrolyte morphology is also rate
dependent, while the SEI formed in the TEGDME electrolyte is not (Figure E.5). At a rate of C/3,
the SEI formed in the PC electrolyte is irregular, thick, and contains cracks, while at a rate of C/20
the SEI is thinner and more conformal. From cryo-TEM measurements, the thickness of formed
SEI in the PC electrolyte at C/3 rate ranges from 10-20 nm whereas the SEI formed in the
TEGDME is only 3-8 nm thick at the same C-rate. Additionally, EDS confirms that the SEI formed
in the PC electrolyte contains significantly more sodium, oxygen, and fluorine than the SEI formed
in the TEGDME electrolyte (Figure E.6). This, along with the cryo-TEM measurements, indicates
that the SEI formed in the PC electrolyte could be the origin of sodium inventory lost that leads to

the low first cycle CE.
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Figure 6.4: Nano-scale structures of (a) pristine and HC after 1 cycle at a rate of C/3 in (b) PC and (c)
:1“EGDME electrolyte imaged by cryo-TEM. The thickness of the SEI at various location is measured in the
images.

The actual chemical bonding environment that comprises the SEI has a critical effect on
the sodium consumption and rate capability. XPS is one of the most common and useful tools for
identifying the chemical bonding for elements that are contained in the SEI. It is essential that XPS
samples are carefully prepared because the technique is surface sensitive and the SEI can be quite
reactive. Past XPS studies prepared the SEI sample by washing it with a solvent, the intention of
which was to remove the residue electrolyte salt. This preparation step can potentially disturb or
damage the SEI prior to XPS measurements. As part of this study, we compared washed HC
samples with unwashed samples and found that the act of washing actually removes fragile and/or
reactive SEI components such as C-H, C-OH, CO3, and Na;O. This limits the observations of the
SEI to the compounds remaining on the surface after washing, which obscures the changes
between the sodiated and desodiated states of the HC SEI (Figure E.7). It is also important to note
that the salt species do not overwhelm the signals for the unwashed samples (Figure E.8) which
repudiates the arguments for washing XPS samples. We recommend that future XPS work on the

characterization of HC and other anode SEIs should be performed on unwashed samples.
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Figure 6.5: (a,b) XPS C 1s regions and (c,d) XPS O 1s regions of HC cycled with PC (left) or TEGDME (right)
electrolyte samples at different rates.

It is clear from comparing the sodiated and desodiated XPS spectra (Figure E.7) that for
both PC and TEGDME electrolytes, the majority of the SEI is formed during the first sodiation
process. Almost all the new chemical species, in comparison to the pristine electrode, appear in

the sodiated spectra with minimal changes upon desodiation. The main difference between the
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sodiated and desodiated SEI is the relative amount of C-H bonding compared with other carbon
bonds. Specifically, upon desodiation, the C-H bond increases for both electrolytes. This suggests
that the ester and ether species polymerized or that hydrocarbons are formed on the SEI during
desodiation. The overall minimal changes for the SEIs upon desodiation support the hypothesis
that the low first cycle CE, i.e., irreversible capacity, is mainly caused by SEI formation. Although
SEI formed in the PC and TEGDME electrolytes are alike in primarily being formed during
sodiation, their chemical species and relative amounts diverge.

The SEI formed in the PC electrolyte is mainly composed of alkyl/sodium carbonates (C-
H, COs), polyesters (COO, O-COO, C-H), hydroxides (-OH), sodium fluoride (NaF), sodium
oxide (Na20), and salt decomposition (NaxPFy). The SEI formed in the TEGDME electrolyte is
composed of sodium alkoxides (CH3-O, C-H), polyethers (C-O, C-H), sodium fluoride (NaF),
sodium oxide (Nax0), and salt decomposition (NaxBF,0,). Solvent and salt (from the electrolyte)
decomposition are the origin of these chemical species. PC can decompose through a ring opening
reaction by single electron nucleophilic attack pathway to form a linear alkyl carbonate.[282] This
molecule can then decompose into oxygen and propylene, which react with PC to produce
polyesters. Sodium alkoxides and polyether are derived from the decomposition of TEGDME
molecules.

The components of the SEI influence its stability and through studying these components
we can better understand why the SEI formed in the PC electrolyte is more unstable than the SEI
formed in the TEGDME electrolyte. The reaction pathway for the decomposition of PC, that
eventually forms polyesters, can lead to continuous decomposition of PC molecules and does not
form a compact and conformal morphology, as seen in the cryo-TEM images.[282] In addition,

hydroxide groups are partially soluble in PC, which means they likely cause continual parasitic
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reactions. NaPF¢ has also been shown to react with an SEI component, sodium carbonate, to form
C0..[269] Gas formation from the PC and NaPFs decomposition can damage the SEI, especially
one that contains brittle components, like sodium carbonate.[283] In addition, carbonate and
polyester species are considered unfavorable for ion transport which can lead to larger
overpotentials and poor electrochemical performance. In contrast, TEGDME decomposition
products, sodium alkoxides and polyethers, are already known to form superior, compact, thin,
and stable SEIs on tin, bismuth, and rGO anodes.[284-286] This compact and elastic nature of
alkoxides and polyethers can enable fast ion transport through the SEI.[284-286] The influence
of the electrolyte on cell impedance was further evaluated by EIS (Figure E.9). The PC electrolyte
resulted in both higher charge transfer resistance and resistance due to Na* diffusion through the
SEI than the TEGDME electrolyte. The high resistance of the PC cell is likely caused by the thick
SEI composed of chemical species with poor ionic transport properties, such as sodium carbonate
and polyesters. In contrast, the stability and fast ionic transport of SEI components formed in the
TEGDME electrolyte can enable superior battery lifetime and rate capability.

SEI formation and stability is controlled not only by the electrolyte, but also the rate of
electrochemical cycling. This factor is especially important in investigating the HC system where
the PC and TEGDME electrolytes have significantly different rate capabilities. The XPS spectra
for the SEI formed in the PC and TEGDME electrolytes for three rates are shown in Figure 6.5.
Over the different rates, the SEI formed in the TEGDME electrolyte components have minimal
changes whereas the SEI formed in the PC electrolyte composition varies. At a rate of C/3, the SEI
formed in the PC electrolyte contains a larger amount of hydroxide groups (-OH) relative to ester
(COO) and ether (CO) groups. Since hydroxide groups are partially soluble in PC, they are likely

to cause continual parasitic reactions, which limits the lifetime of a battery at fast rates. As the rate
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slows, the composition of the SEI formed in the PC electrolyte becomes more similar to the
composition of the SEI formed in the TEGDME electrolyte with a decrease of hydroxide groups
and an increase in ether groups (CO). Ether groups are not soluble in PC and can form a more
compact and therefore stable SEI. Other peaks, such as carbonate and C-H relative amounts,
remain rate independent for the PC electrolyte. The SEI formed in the TEGDME electrolyte
components and relative amounts appear to be rate independent. The one exception is a small
carbonate peak, only identified in the C/3 SEI. The carbonate peak could be a result of an altered
reaction at the faster rate or the detection of carbonate on the surface of HC due to a very thin SEI.
The other consistent SEI components reveal that they are stable at slow and fast rates for TEGDME
electrolyte. The compact and elastic nature of alkoxides and polyethers that compose the SEI
formed in the TEGDME electrolyte enables fast ion transport at all rates.[284-286]
6.3.4 Long-term cycling stability of HC

Long-term electrochemical HC studies were performed for the PC and TEGDME
electrolytes where the first three cycles were run at a rate of C/10 and the following cycles were
operated at a rate of C/3 (Figure 6.6). This mirrors how full cells are tested with the initial cycles
run at a slower rate, known as formation cycles. The HC cell with PC electrolyte performs poorly,
with a capacity of 74.9 mAh/g, CE of 98.7%, and a capacity retention of 31.6% after 150 cycles.
The capacity of the cell with PC electrolyte rapidly declines during the first 50 cycles and then
stabilizes. This, along with the relatively low average CE, shows that even the SEI formed with
PC at a slower rate is unstable and leads to a poor lifetime at faster rates. In contrast, the HC cell
with TEGDME electrolyte performs well, with a capacity of 222.9 mAh/g, average CE of 100.0%,
and a capacity retention of 90.4% after 150 cycles. This shows that SEI formed in the TEGDME

electrolyte is extremely stable at a faster rate and enables a long lifetime. The variations of the CE
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around 100% could be a result of temperature fluctuations during testing and/or potential SEI

component reversibility.
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Figure 6.6: (a,b) Voltage profiles and (c,d) specific capacity and CE vs. cycled number for HC in (left) PC or
(right) TEGDME electrolyte.

6.3.5 Schematics for SEI with different electrolytes

The results from this study were combined into a schematic for the SEI formation on HC
with PC and TEGDME electrolytes as shown in Figure 6.7. This schematic illustrates the main
chemical components, characteristics, and morphologies of the SEIs formed in PC and TEGDME
electrolytes. The PC-based SEI is mainly composed of alkyl carbonates, polyesters, sodium
fluoride, sodium oxide, and NaPFs decomposition products. This SEI appears thick, with
nonuniform density and coverage, qualities which can promote continuous reactions that shorten
the battery lifetime. In addition, this type of SEI inhibits sodium transport and becomes more
unstable at high rates, limiting the HC rate capability. The TEGDME-based SEI is composed of
sodium alkoxides, polyethers, sodium fluoride, sodium oxide, and NaBF4 decomposition products.
This thin, conformal, and uniform SEI enables cycling stability and fast sodium ion transport. This

model is in contrast with the hypothesis proposed in literature in which trapped metallic sodium
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and slow kinetics of the voltage plateau (de)sodiation processes are considered as the causes for
the low first cycle CE and poor rate capability, respectively. Adopting this model suggests shifting
the research direction away from presodiating HC, in an effort to reduce the amount of trapped

metallic sodium in the HC structure, toward improving the SEI properties.[124,261]

alkoxide

1M NaPF; in PC 1M NaBF, in TEGDME
* thick * thin
irregular » conformal

nonuniform uniform

Figure 6.7: Cross-sectional schematics of the differences between the SEI on HC in PC vs. TEGDME electrolyte.

6.4. Conclusions

In this study, the performance and mechanistic differences of HC in a conventional
carbonate electrolyte (1M NaPFs in PC) and a high performing ether electrolyte (1M NaBF4 in
TEGDME) are explored. The TEGDME electrolyte enables a higher first cycle CE, better rate
performance, and improved lifetime of HC. The trapped metallic sodium, (de)sodiation processes,
and SEI formation were examined to study the origin of these performance differences. It is found
that the same (de)sodiation processes occur in PC and TEGDME system. In addition, there is no
trapped metallic sodium found in the HC structure after the first cycle, which indicates that the
first cycle CE and rate capability are not controlled by the sodium storage processes in bulk

structure. Thereafter, the SEI formation was explored during the first cycle at three rates using
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cryo-TEM, SEM, EDS, and XPS. The results are combined to form a model for SEI formation on
HC with PC and TEGDME electrolytes. The growth of a thin, conformal, and uniform SEI in
TEGDME electrolyte enables stable cycling behavior of HC under different current densities. This
model for the HC SEI can be potentially generalized to other carbonate- and ether-based
electrolytes. HC with ether-based electrolytes has superior electrochemical performances but its
compatibility with sodium cathodes should be further explored to enable a high-energy, long-life
full cell. These findings demonstrate a new pathway through electrolyte design and interfacial
engineering to further improve the electrochemical performances of the HC anode for grid-storage
level long cycle life NIBs.

Chapter 6, in full, is currently being prepared for submission for publication, “Role of
electrolyte in stabilizing hard carbon as an anode for sodium-ion batteries” H. S. Hirsh, B.
Sayahpour, A. Shen, W. Li, B. Lu, E. Zhao, M. Zhang, Y. S. Meng. The dissertation author was
the primary investigator and author of this paper. The author designed all experiments and

analyzed all the data collected for this paper.
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Chapter 7 Conclusions and Future Perspective

Sodium-ion batteries (NIBs) are poised to become an essential technology for grid storage
because they can be made from abundant and inexpensive elements, are sustainable, and are
relatively energy-dense. However, before NIBs can be commercialized for grid storage there are
key issues that need to be resolved. Specifically, the lifetime of energy-dense electrode materials
needs to be improved. For cathode materials, this can be achieved by controlling its morphology
and composition. For anode materials, such as hard carbon (HC), the first cycle Coulombic
efficiency and rate capability need to be improved. The focus of my thesis is to investigate the
mechanisms of morphological and compositional control on NIB cathode materials as well as
determine the effect of electrolyte on the HC anode performance. The physical and chemical
properties were studied using both lab and synchrotron based advanced characterization tools.

In Chapter 2, NIB battery development and its suitability for grid storage were explored.
The worldwide prices and availabilities of NIB and lithium-ion battery (LIB) precursors were
compared. With this in mind, the energy density, cost, and lifetime of cathode materials were
evaluated across chemistries. We found that NIBs without expensive element such as Ni, Li, and
Co provide the lowest cost of energy. In addition, scientific challenges facing NIBs including
electrolytes, anode, interface, safety, and recyclability were introduced.

In Chapter 3, a new co-precipitation method was introduced to synthesize NIB cathode
material, P2-NazsFe1sMn3402, with a sphere-like meso-structure. The cooling rate during
synthesis was found to be the key parameter to control the meso-structure of this material. The
sphere-like meso-structure enabled larger capacities and improved cyclability. This enhanced
performance is attributed to the sphere-like material having a larger surface area, reduced surface

contamination, and higher TM redox activity.
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In Chapter 4, there redox mechanisms of NFMO (x=1/4, 1/3, 1/3) were investigated using
operando XAS and computation to explore the Fe:Mn ratio effects on the redox mechanisms and
the materials capacity retention. The redox mechanism of NMFO is Mn 3+/4+ and Fe 3+/4+ with
more redox utilization at higher Fe:Mn ratios.

In Chapter 5, the irreversibility of oxygen redox activity in TM layer ordered P2-NLNMO
was explored using XAS, sXRD, PDF, and computation. The irreversible oxygen redox activity
was correlated with Ni migration at high voltage that resulted in the loss of TM ordering in the
structure. Ni migration changes the oxygen environment, which inhibits the reduction of oxygen
during sodiation.

In Chapter 6, the effect of electrolyte on the first cycle CE and rate performance of HC
were explored using TGC, Raman spectroscopy, cryo-TEM, and XPS. The SEI formed on HC was
found to be the key difference between ether- and carbonate-based electrolytes because it
determines the extent of parasitic reactions and charge kinetics. Both electrolytes showed
negligible residual metallic sodium in the HC bulk structure however the ether-based SEI had
superior chemical components, uniformity, and morphology.

Given the abovementioned work, there is still room for improving the understanding and
performance of NIBs: 1) The mechanism of NIB cathode meso-structure formation during the high
temperature synthesis and cooling should be investigated. Why is the spherical shape maintained
as the oxide is slowly cooled but not when quenched? This question is difficult to answer because
both imaging and XRD measurements must be taken in sifu. In addition, synchrotron radiation
must be used for both imaging and diffraction measurements to have suitable time and spatial
resolution. This information can be useful for designing the synthesis of cathodes with different

compositions and scales.
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2) When moving to a full cell (where the opposite electrode is not excessive sodium metal),
the total amount of sodium in the system must be carefully considered. If P2-TM oxides, most of
which contain Na=2/3, is paired with an anode, such as HC, which contains no sodium, then the
system is sodium deficient. There are two methods to overcome this sodium deficiency. The first
method is to use add a sacrificial salt. This is a sodium containing salt that decomposes irreversibly
to add sodium-ions to the system. This method can decrease a cells energy density and potentially
cause unwanted side reactions. The second method is to use a cathode with Na=1. Oxides with
Na=1 tend to be in the O3 phase and have inferior capacity retention due to phase changes.

3) Electrolytes have not been fully optimized for the NIB system. Improved stability of the
electrolyte against both the cathode and anode is required to minimize parasitic reactions and
extend the lifetime of NIBs. Electrolyte stability can be improved through optimizing additives,
salts, and solvents. Nonliquid electrolytes such as liquified gas and solid-state electrolytes could
provide new avenues to improve the safety and stability of NIBs. Cost, safety, and lifetime should

be carefully considered when designing NIBs for grid storage.
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Appendix A Supporting Information for Chapter 2

Table A.1: Comparison of electrochemical energy storage systems.

Volumetric Gravimetric
Voltage Rage
Systems Energy density Energy Density  Electrolyte Type Cycle Life
[Vl
[WhL] [thg‘l]
Li-ion (graphite) 320-600 220-330 organic liquid 3.0-4.2 1000-3000
Li-ion (Si-C) 580-780 300-370 organic liquid 2.9-4.1 100-500
Li-ion (Li metal) 620-800 420-480 organic liquid 3.1-43 100-500
Li-ion all solid state 760-940 370-440 solid 3.1-43 1000-5000
Na-ion all solid state 600-750 200-280 solid 2.6-3.3 1000-5000
Na-ion (hard
190-480 180-280 organic liquid 2.6-3.3 800-1000
carbon)
Na-S (high T) 140-300 150-240 molten salt 1.8-2.1 ~4000
Li-S 390-550 340-410 organic liquid 1.8-2.0 100-500
NiMH 80-300 70-100 aqueous liquid 0.9-1.3 ~1000
NiCd 80-200 40-60 aqueous liquid 0.8-1.3 ~2000
Pb Acid 40-100 25-45 aqueous liquid 1.8-2.1 100-500
V Redox 40-60 10-30 aqueous liquid 1.1-1.6 5000-10000
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Figure A.1: (a) Retention of the capacity versus first discharge energy density (Wh/kg), (b) retention of the
capacity versus first discharge capacity, and (c) first discharge energy density versus first discharge capacity
for layered cathode materials in Na-ion batteries. Blue circles are Li, Ni, and Co-free sodium cathode materials
and red circle are Li, Ni, and/or Co containing sodium cathode materials. The numbers refer to the data in
Tables A.3 and A 4.
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Figure A.2: Capacity retention of the capacity versus first discharge energy density (Wh/kg) for layered cathode
materials in Na-ion batteries with numbers corresponding to the materials in Table A.2 and A.3. Blue circles
are Li, Ni, Co-free sodium cathode materials and red circle are Li, Ni, and/or Co containing sodium cathode

materials. The size of the circle represents the severity of the testing conditions using the calculated retention
index (equation 2.1).
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Table A.2: Layered oxide, polyanion, and PBA type NIB cathode materials properties. Note: Cycle life is Depth
of Discharge (DOD) dependent. The numbers we show in the table are only taking into consideration of 80-

100% DOD.
1 dis 1st dis. Grav. 1* dis. Vol. retentionlow high
Compound Type cap. energy density energy density C-rate # cycles % V V phase DOI
[mAh/g] [Wh/kg] [Wh/L]
Nao.e7[FeosMnos]O2 Layered 168 491 2219 0.1 20 76 15 43 P2 10.1038/ncomms10308
Nao.e7[FeosMnos]O2 Layered 200 600 2441 0.05 50 64 1.5 43 P2 10.1021/acs.chemmater.5b00097
Naoo[ Cuo.22Feo30Mno.s]O2 Layered 95 331 1458 0.1 100 96.8 25405 O3 10.1002/adma.201502449
Nag.67[Mno e6Fe020Cu0.14]O2 Layered 175 490 2037 0.05 100 52 1.5 43 P2 10.1021/acs.chemmater.7b01146
NaoezMn2iFei 302 Layered 153 379 1552 0.01 10 875 1538 P2 10.1149/2.032304jes
Nao7Mni2Fer20: Layered 146 369 1506 0.01 10 76 1538 P2 10.1149/2.032304jes
Nao.s2Mni;3Fe230: Layered 139 3885 1634 0.01 10 741 1538 03 10.1149/2.032304jes
NaosMni2Fei20: Layered 137 344.4 1452 0.01 10 956 1538 03 10.1149/2.032304jes
NaCrisFe13Mni302 Layered 185 419 1852 0.05 35 5375 1542 03 10.1039/C6TA10818K
Nazs[Fe12Mni2]02 Layered 190 520 2121 0.05 30 79 1542 P2 10.1038/NMAT3309
NagsMnisFeisCuisMgisO2 Layered 127 392.7 1570 0.1 100 85.04 1542 03 10.1021/acsami.7b15590
Nao.e7[FeosMnos]O2 Layered 115 361 1476 0.1 25 82 2 4 P2 10.1016/j.electacta.2015.10.003
Nao.e7[FeosMnos]O2 Layered 125 362.1 1486 0.1 25 847 2 4 03 10.1016/j.clectacta.2015.10.003
Nao.ssMgo.1Mnos902 Layered 174 427.8 1740 0.1 200 556 1.5 44 P2 10.1016/j.jpowsour.2015.02.069
Nao 7Mng sFeo.47A10.0302 Layered 160 416.8 1697 0.1 50 763 1.5 42 P2 10.1021/acs.inorgchem.8b00284
Nao.s7Mno.9sMgo.0sO2 Layered 182 425.8 1773 0.08 25 63 1541 P2 10.1039/C4EE00465E
Naog77MnisFexs0+2 Layered 132 378 1574 0.02 50 848 1538 03 10.1039/c4ta06688j
Naz3sMn79Zn2902 Layered 195 481 2049 0.1 50 60 1542 P2 10.1002/aenm.201802379
Naos3CrisFersMniTingO2 Layered 161.4 354 1458 0.1 100 347 1.5 41 O3 10.1016/j.clectacta.2018.11.137
Nao s7MngsFeo25Alo.1502 Layered 138 408.8 1647 0.1 50 899 2145 P2 10.1021/acsaem.8b01015
Nazis[Mno.7Zno3]02 Layered 190 436.7 1878 0.1 200 80 1.5 46 P2 10.1016/j.nanoen.2019.02.042
NazsMng sFeo1Mgo.102 Layered 156 422 1700 0.1 50 90 1.5 42 P2 10.1007/s11581-019-03208-w
Nags7Fe02sMno.7502 Layered  96.6 2583 1068. 0.1 50 985 1543 P2 10.1149/2.0701912jes
Naos[Lio.12Nio22Mno.6]02 Layered 116 3523 1481 0.1 50 91 2 44 P2 10.1021/cm403855t
NaFeosC00502 Layered 160 513 2393 0.05 50 8 25 4 03 10.1016/j.elecom.2013.05.012
NaNii3Co13Mni30; Layered 142 427 2022 0.1 50 93 2 44 03 10.1002/adfm.201701870
Nay 67Nio.1Cuo2Mno,02 Layered 114.7 3824 1638 0.1 100 66 2 45 P2 10.1039/¢7ta00880e
NaziNiisMn202 Layered 150.1 520.7 2247 0.5 30 69.6 2 45 P2 10.1016/j.matlet.2014.07.153
Nay3NizeMgioMna302 Layered 117.1 385 1596 0.5 30 1024 2 45 P2 10.1016/j.matlet.2014.07.153
Naz;sNizwAlisMn2s0, Layered 147.2 496.8 2081 0.5 30 948 2 45 P2 10.1016/j.matlet.2014.07.153
NazsNizwFeoMn2s0; Layered 155.3 509 2184 0.5 30 90.1 2 45 P2 10.1016/j.matlet.2014.07.153
Naz;sNizeCo1sMn2302 Layered 144.1 489 2133 0.5 30 852 2 45 P2 10.1016/j.matlet.2014.07.153
NasFe3(PO4)2(P207) Polyanion 105.7 308.6 499 0.2 250 85 2 4 Pn2a 10.1038/s41467-019-09170-5
Na3V2(POs)s Polyanion 113 400 430 1 1000 86.7 23 39 Pn2a  10.1002/aenm.201200803
NasNiV(PO4); Polyanion 80 271 292 1 500 83 2.5 4.1 R-3c 10.1021/acs.nanolett.6b04044
Na:MnSiOs Polyanion 155 440.4 671 1 500 89.5 2 43 Pn 10.1016/j.jpowsour.2017.05.069
Nags1Fe[Fe(CN)sJoos PBA 179 551.5 694 0.125 150 100 2 42 FCC 10.1039/c3ee44004d
Nay s7Nio.0sMno.os[Fe(CN)J098-4.06H.O  PBA 117 3825 635 0.833 500 94 2 4 FCC 10.1021/acsami.6b10884
Nag saNi[Fe(CN)sJo.71:6H20 PBA 66 2043 318 0.285 200 99.7 2 4.1 FCC 10.1039/c3ta13223d
NaxZn3[Fe(CN)sJo-9H.0 PBA 56.4 181.2 259 0.15 50 852 2 4 R-3c 10.1039/c2¢c33771a
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Table A.3: Li, Ni, Co- free NIB cathode materials properties.

1st dis. energy

# Compound Ist dis. cap. density C-rate # cycles retention low V high V phase re.tention year DOI

[mAh/g] index

[Whikg]

1 Naoe7FeosMnosOa 168 491 0.1 20 76 15 43 P2 0.981 2015 10.1038/ncomms10308
2 Naos7MnosFeosOa 200 600 0.05 50 64 15 43 P2 1 2015  10.1021/acs.chemmater.5b00097
3 NagyCuo2Feo30Mno40: 95 331 0.1 100 96.8 25 405 O3 0.784 2015 10.1002/adma.201502449
4 NapsMnoesFeo20Cuo1402 175 490 0.05 100 52 15 43 P2 1.1 2017  10.1021/acs.chemmater.7b01146
5 NaosMnzsFe130: 153 379 0.01 10 8758 15 38 P2 0.721 2013 10.1149/2.032304jes
6 NaogeMni2Fei20: 146 369 0.01 10 7602 15 38 P2 0.721 2013 10.1149/2.032304jes
7 Nao2Mni5Fe230, 139 388.5 0.01 10 7410 15 38 03 0.721 2013 10.1149/2.032304jes
8 NaosMni2Fein02 137 344.4 0.01 10 9562 15 38 03 0.721 2013 10.1149/2.032304jes
9 NaysFe12Mni,0z 230 619 0.1 10 93 15 42 P2 0.932 2017 10.1016/j.matlet.2017.05.084
10 NaysFesMn2s02 193 470 0.05 40 79 15 43 P2 0.98 2014 10.1016/j. jpowsour.2014.04.048
11 NaCrisFeisMni302 185 419 005 35 5375 15 42 03 0.941 2017 10.1039/C6TA10818K
12 NayFeoMni202 190 520 0.05 30 79 15 42 P2 0.931 2012 10.1038/NMAT3309
13 Nao;MnysFersCursMgueO2 127 392.7 0.1 100 8504 15 42 03 1.112 2018 10.1021/acsami.7b15590
14 NaggFeosMnosO2 115 361 0.1 25 82 2 4 P2 0.762 2015 10.1016/j.clectacta.2015.10.003
15 NaggFeosMnosO2 125 362.1 0.1 25 84.7 2 4 03 0.762 2015 10.1016/j.clectacta.2015.10.003
16 NageasMgo1MnossO2 174 4278 0.1 200 556 15 44 P2 1369 2015 10.1016/j.jpowsour.2015.02.069
17 NaysMgo2sMno7202 170 4492 0.058 50 953 2 45 P2 0.922 2018 10.1038/nchem.2923
18 NaysFeioMni202 210 555 0.1 50 419 15 43 P2 1.041 2018 10.1149/2.0911802jes
19 NaggMnoeFeosO2 200 501 0.1 100 777 15 43 P2 1.141 2018 10.1007/s11581-018-2442-5
20 NaosMnoeFeosZno.10: 182 489 0.1 100 883 15 43 P2 1.141 2018 10.1007/s11581-018-2442-5
21 NaMnO; 190 519.2 0.05 100 658 2 42 Pmnm 0928 2014 10.1021/ja509704t
22 NaMnO; 123 339 0.1 20 9593 125 375 C2m  0.895 2011 10.1149/2.035112jes
23 NapeMnosCuoi0z 132.8 3527 1 100 80 2 4.1 Pi/c Tl:“ 1.247 2018 10.1021/acsami.8b00614
24 NagMnosFeosrAlo0:02 160 416.8 0.1 50 76.3 15 42 P2 1.012 2018  10.1021/acs.inorgchem.8b00284
25 NagsMnossMgoosO2 182 4258 0.08 25 63 15 41 P2 0.919 2014 10.1039/C4EE00465E
26 Nag7MnisFexs02 132 378 0.02 50 84.8 15 38 O3 0.820 2015 10.1039/c4ta06688]
27 NaysFeosMnosO: 135 338 0.1 20 94 1.5 4 03 0.895 2012 10.1149/2.058302jes
28 NaysFeosMnosO: 173 455 0.1 20 85 15 425 O3 0.967 2012 10.1149/2.058302jes
29 NaossFeossMnosOz 133 341 0.1 20 93 1.5 4 03 0.895 2012 10.1149/2.058302jes
30 NaossFeossMnoasOz 161 420 0.1 20 87 15 425 O3 0.967 2012 10.1149/2.058302jes
31 NaosFeosMno40: 135 350 0.1 20 88 1.5 4 03 0.895 2012 10.1149/2.058302jes
32 NaosFeosMno40: 156 397 0.1 20 83 15 425 O3 0.967 2012 10.1149/2.058302jes
33 NaoesFeoesMnossOz 131 331 0.1 20 87 1.5 4 03 0.895 2012 10.1149/2.058302jes
34 NaossFeoesMnossOz 147 360 0.1 20 78 15 425 O3 0.967 2012 10.1149/2.058302jes
35 NaysMnssFexsO2 150 392 0.1 100 60 15 42 P2 1.112 2018 10.1002/batt.201800034
36 NaxMn7eZnysOs 195 481 0.1 50 60 15 42 P2 1.012 2018 10.1002/2enm.201802379
37 NapssCrisFersMniTieO:  161.4 354 0.1 100 347 15 41 O3 1.084 2019 10.1016/j.clectacta.2018.11.137
38 NageMnoeFeo2sAlo1s02 138 408.8 0.1 50 89.9 21 45 P2 0.927 2018 10.1021/acsaem.8b01015
39 Nao 65:Mn.62002 210 491.1 0.1 60 86.7 15 43 03 1.061 2018 10.1016/j.ensm.2018.10.025
40 NaosFeosMnosO; 126 327.8 1 60 82.6 15 42 O3 1338 2019 10.1007/510853-018-03277-8
41 Naz3sMno7Zno 302 190 436.7 0.1 200 80 15 46 P2 1.427 2019 10.1016/j.nanoen.2019.02.042
42 NaoeMnosCuoiMgo102 84 2333 2 500 93 2 42 P2 2261 2019 10.1016/j.jpowsour.2019.01.086
43 NasMgisTieMni02 230 561 0.2 50 69.5 15 45 P2 1.157 2019 10.1016/j.chempr.2019.08.003
44 Nag7Cu027Z100.06Mno 6702 84 295.6 1 200 85 25 41 P2/P3 1304 2019 10.1002/anie.201811882
45 NaysMnosFeoMgo102 156 422 0.1 50 90 15 42 P2 1.012 2019 10.1007/511581-019-03208-w
46 NaosZneisMng7s02 158 404.6 0.1 40 69 2 44 P2 0.9071 2018 10.1007/511581-018-2681-5
47 Na"“[(M“"'gfc"'”)“T“"] 180 479.8 0.1 200 86 15 43 P2 1341 2019 10.1002/adfim.201901912
48 NaoeFeo2sMnoss0; 96.6 2583 0.1 50 98.5 15 43 P2 1.041 2019 10.1149/2.0701912jes
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Table A.4: Li, Ni, Co- containing NIB cathode materials properties.

1st dis cap. 1st dis energy density retention . retention
# Compound [mAN/g] [Whikg] C-rate # cycles %] low V. high V phase index Year DOI
49 NaosLioi2Nio22MnoesO2 116 3523 0.1 50 91 2 44 P2 0927 2014 10.1021/cm403855t
50 Nao7sNio2FeossMno4202 87 280.95 0.1 100 92 2.5 4 P2-03 0769 2017  10.1021/acsami.7b11282
51 NaoseMnosiCoo3Ninz02 121 390 1 100 50 2 45 P2 1361 2017  10.1002/adfm.201701870
52 NaFeosC0002 160 513 0.05 50 85 25 4 03 0.628 2013 10.1016/j.clecom.2013.05.012
53 NaNiosC002Mno202 146 432.6 0.5 50 80 15 42 03 1187 2017 10.1039/c7ta08443a
54 NauNisMnas0: 164 604 0.5 300 27 25 43 P2 1430 2016 10.1016/j.nanoen.2016.06.026
55 NaNiCoisMnis0z 142 427 0.1 50 93 2 44 03 0927 2017  10.1002/adfm.201701870
56 NaoeNioiCuoaMnos02  114.7 382.4 0.1 100 66 2 45 P2 1055 2017 10.1039/c7ta00880¢
57 NauNiisMnas0: 150.1 5207 0.5 30 696 2 45 P2 1.090 2014 10.1016/j.matlet.2014.07.153
58 NauNieMgioMn2sO2  117.1 385 0.5 30 1024 2 45 P2 1.090 2014 10.1016/j.matlet.2014.07.153
59  NamNizwAlioMns0Ox  147.2 496.8 0.5 30 94.8 2 45 P2 1.090 2014 10.1016/j.matlet.2014.07.153
60 NaxpNigoFeioMmsOx  155.3 509 0.5 30 90.1 2 45 P2 1.090 2014 10.1016/j.matlet.2014.07.153
61 NawNiwCowMnysOy  144.1 489 0.5 30 85.2 2 45 P2 1.090 2014 10.1016/j.matlet.2014.07.153
62 NaosLioaMnosO: 220 593 0.1 50 68 15 45 P2 1090 2018 10.1016/j jpowsour.2017.12.072
Nay;Feq3Mny;0,

— Nay;;Feq,Mn,,0,

©

(]L) j Na,;sMng sFeq 47Alg 030,

"('6 j Nay;FeysMn;50,

E ] Nay3Mng 70,F €4 10 Tip.1O;

8 Nay3Mgg 5Mng 7,0,

le) Nay ;Zng 1sMng 7,0, Avg. Cost % of Battery

e . Components

"C—U" : Nay;3Ni;;3Mny30,

@) : Nay3NizeMg+,0Mny30,

Nag gLip.12Nig 22Mng 6602
NaNi;;3C04,3Mn4;30,
Na,;Fe,,C0,,0,

0 10 20 30 40
$/ kW hcathode

Figure A.3: Price of energy ($/kWh) for selected sodium cathodes that are Li, Ni, Co-free (blue) and contain
Li, Ni, and/or Co (red). (Inset) A pie chart that contains the average cost percentage of lithium-ion battery
components, with cathodes representing 44% of the total battery cost (CC=current collector). The price of each
element is sourced from metalary.com.
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Table A.S: Cost analysis for NIB full cells at 1KWh level constructed with different cathodes. The unit price
for the cathode materials are from the calculation in Figure A.3, and the price of other cell components are
sourced from prevailing commercial prices.

Materials Nay;FeisMny30; Nay;3Fei2Mn 202 Nays7MnosFeo.47A10.0302 Nay;[MnysFezs] Oz Nay.67[(Mno.ssFe22)09Tioa]O2  Nays[Mgo2sMno72]O2  Nag.sZn.1sMno7s02
Nominal
Voltage (V) 2.79 3.10 2.61 2.61 2.66 2.64 2.56
specific
capacity 168.00 200.00 160.00 150.00 180.00 170.00 158.00
(mAh/g)
Cathod Capacity (Ah) 358.42 322.58 383.14 383.14 375.94 378.79 390.63
t]
A0 T nass (2) 213347 1612.90 2394.64 255428 2088.55 2228.16 247231
estimated
commereial 0.44 0.62 0.64 0.73 0.92 L11 L18
unit price
$/kg)
cost (8) 0.93 1.00 1.53 1.85 1.91 2.47 2.92
specific
capacity 280.00 280.00 280.00 280.00 280.00 280.00 280.00
(mAh/g)
Anod mass (g) 1408.09 1267.28 1505.20 1505.20 1476.91 1488.10 1534.60
node commercial
unit price 5.00 5.00 5.00 5.00 5.00 5.00 5.00
$/kg)
cost ($) 7.04 6.34 7.53 7.53 7.38 7.44 7.67
voume (L) 1.08 0.97 1.15 1.15 1.13 1.14 1.17
Electrolyte _commercial 4.00 4.00 4.00 4.00 4.00 4.00 4.00
7" unit price ($/L)
cost (8) 4.30 3.87 4.60 4.60 4.51 4.55 4.69
mass(g) 196.75 160.01 216.66 225.53 198.08 206.46 222.61
Conductiv commercial
ORQUCLY it price 5.00 5.00 5.00 5.00 5.00 5.00 5.00
e Agent N
$/kg)
cost (8) 0.98 0.80 1.08 1.13 0.99 1.03 1.11
mass(g) 196.75 160.01 216.66 225.53 198.08 206.46 222.61
commercial
Binder unit price 15.00 15.00 15.00 15.00 15.00 15.00 15.00
($/kg)
cost (8) 2.95 2.40 325 3.38 2.97 3.10 3.34
mass (g) 284.46 215.05 319.28 340.57 278.47 297.09 329.64
Cathode  commercial
current unit price 1.50 1.50 1.50 1.50 1.50 1.50 1.50
collector ($/kg)
cost (8) 0.43 0.32 0.48 0.51 0.42 0.45 0.49
mass (g) 426.69 322.58 478.93 510.86 417.71 445.63 494.46
Anode commercial
current unit price 1.50 1.50 1.50 1.50 1.50 1.50 1.50
collector ($/kg)
cost (8) 0.64 0.48 0.72 0.77 0.63 0.67 0.74
area (m2) 14.22 10.75 15.96 17.03 13.92 14.85 16.48
commercial
Separator  unit price 1.20 1.20 1.20 1.20 120 1.20 1.20
($/m2)
cost (8) 17.07 12.90 19.16 20.43 16.71 17.83 19.78
Packaging cost ($) 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Total energy
(kWh) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cathode
loading 30.00 30.00 30.00 30.00 30.00 30.00 30.00
(mg/cm2)
Anode type Hard carbon Hard carbon Hard carbon Hard carbon Hard carbon Hard carbon Hard carbon
Cathode
current Al Al Al Al Al Al Al
R Other . collector
ns Anodecurrent Al Al Al Al Al Al Al
collector
N/P ratio 1.10 1.10 1.10 1.10 1.10 1.10 1.10
lean electrolyte 3.00 3.00 3.00 3.00 3.00 3.00 3.00
usage (g/Ah)
C‘“b(?,‘/:)m"“ 5.00 5.00 5.00 5.00 5.00 5.00 5.00
b“‘d(?,/'o)”‘"‘) 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Total cost cost (8) 42.34 36.11 46.34 48.20 43.53 45.53 48.75
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Continued Table A.5: Cost analysis for NIB full cells at 1IKWh level constructed with different cathodes. The
unit price for the cathode materials are from the calculation in Figure A.3, and the price of other cell
components are sourced from prevailing commercial prices.

Materials Nay;3NiisMn;30; Nay3NizoMgi9Mny 302 Nay 5[ Lio.12Nio.22Mny.66] 02 NaNii;3Co13Mn130: Nare.5C00502 LiCoO:
Nominal Voltage (V) 3.47 3.29 3.03 3.01 3.21 3.80
specific capacity (mAh/g) 150.00 117.00 116.00 142.00 160.00 150.00
Capacity (Ah) 288.18 303.95 330.03 332.23 311.53 263.16
Cathode mass (g) 1921.23 2597.87 2845.11 2339.62 1947.04 1754.39
estimated commercial unit 244 202 267 15.96 2115 30.00
price (8/kg)
cost ($) 4.68 524 7.60 37.35 41.18 52.63
specific capacity (mAh/g) 280.00 280.00 280.00 280.00 280.00 330.00
mass (g) 1132.15 1194.09 1296.56 1305.17 1223.85 877.19
Anode  commercial unit price 5.00 5.00 5.00 5.00 5.00 15.00
(S/ke)
cost ($) 5.66 597 6.48 6.53 6.12 13.16
voume (L) 0.86 091 0.99 1.00 0.93 0.79
Electrolyte °°mme‘“i31L“““ price 4.00 4.00 4.00 4.00 4.00 7.50
cost ($) 3.46 3.65 3.96 3.99 3.74 5.92
mass(g) 169.63 210.66 230.09 202.49 176.16 146.20
C“:‘;‘c‘ﬁ:i‘“ °°mme‘(csif‘li;m‘ price 5.00 5.00 5.00 5.00 5.00 5.00
cost ($) 0.85 1.05 1.15 1.01 0.88 0.73
mass(g) 169.63 210.66 230.09 202.49 176.16 146.20
Binder °°mme'(cs‘f‘li;m‘ price 15.00 15.00 15.00 15.00 15.00 15.00
cost ($) 2.54 3.16 345 3.04 2.64 2.19
mass (g) 256.16 346.38 379.35 311.95 259.61 233.92
Cathode commercial unit price
cL:lrrcnt (S/ke) 1.50 1.50 1.50 1.50 1.50 1.50
cost ($) 0.38 0.52 0.57 0.47 0.39 0.35
mass (g) 384.25 519.57 569.02 467.92 389.41 350.88
Anode commercial unit price
cL:lrrcnt S/ke) 1.50 1.50 1.50 1.50 1.50 5.00
cost ($) 0.58 0.78 0.85 0.70 0.58 1.75
area (m2) 12.81 17.32 18.97 15.60 12.98 11.70
Separator °°‘“me‘(‘§fl‘;;i‘“ price 1.20 1.20 1.20 1.20 1.20 1.20
cost ($) 15.37 20.78 22.76 18.72 15.58 14.04
Packaging cost ($) 8.00 8.00 8.00 8.00 8.00 8.00
Total energy (kWh) 1.00 1.00 1.00 1.00 1.00 1.00
Cathode loading 30.00 30.00 30.00 30.00 30.00 30.00
(mg/cm?2)
Anode type Hard carbon Hard carbon Hard carbon Hard carbon Hard carbon Graphite
Cathode current collector Al Al Al Al Al Al
A Othcr‘ Anode current collector Al Al Al Al Al Cu
B N/P ratio 1.10 1.10 1.10 1.10 1.10 1.10
lean ele(cg‘jl‘glg)‘e usage 3.00 3.00 3.00 3.00 3.00 3.00
carbon ratio (%) 5.00 5.00 5.00 5.00 5.00 5.00
binder ratio (%) 5.00 5.00 5.00 5.00 5.00 5.00
Total cost cost ($) 41.52 49.15 54.83 79.80 79.11 98.77
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Appendix B Supporting Information for Chapter 3

The modified co-precipitation method for pure phase meso-structure controlled NFMO
begins with synthesizing a spherical pure TM carbonate precursor. Pure TM carbonate precursor,
without hydroxide or other impurities, making it possible to specify the desired molar ratio of TM
to Na in the final product. The pH value of the co-precipitation reaction must be controlled to
obtain a pure phase TM carbonate precursor. If the pH value is too acidic, residual TM ions will
be in the solution, and if the pH value is too basic, hydroxide impurities will form. The optimal
pH range for the co-precipitation reaction was experimentally determined by testing the TM
sulfates separately with different concentrations of sodium carbonate. The residual concentration
of Fe and Mn were determined after the reaction using ICP-OES with the lowest residual TM

concentrations at a pH range of 7.8-9.0 shown in Figure B.1 and Table B.1.

pH: 11.5 10.5 9.5 9.0 8.5
Figure B.1: Mn(SO4) (top) and Fe(SO4) (bottom) aqueous solutions mixed with Na>COs at different pH values.

Table B.1: Residual TM in solutions shown in SI Figure 1. The optimized pH values are highlighted for Mn
and Fe.

Mn Fe
A residual R . residual
initial pH final pH initial pH final pH
conc. conc.
11.85 10.68 0 11.69 10.8 0.000417
10.55 9.88 0 10.5 10.03 5.386 E-05
10.06 9.6 0.000110 9.58 8.8 0
9.58 7.69 0 9.01 8.36 0.001305
8.4 6.25 0.079366 8.53 6.22 0.000344
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Figure B.2: (a) XRD spectra of iron manganese precipitates synthesized at different pH and atmospheres with
enhanced view (b) of the hydroxide impurity peak at 1.26 A.

The co-precipitation reaction was initially tested in an air atmosphere for the synthesis of
Fe1/4Mn3,4COs3 using pH values of 7.8, 8.3 8.6, 8.8, and 9. The precursors synthesized under air
were determined to contain an impurity, identified by a small peak found in the XRD data at 1.26
A shown in Figure B.2. This hydroxide impurity is formed by a TM reaction with oxygen in the
solution. A common method to reduce oxygen gas in aqueous solutions is to bubble N> gas through
the reaction vessel. Through this method, a pure phase of Fe14Mn34CO3 was obtained as confirmed
by XRD result. The refined XRD data of Fe14Mn34CO; and SEM images of the particles are
shown in SI Figure 3. The Fe14Mn34COs3 particles were spherical in shape and between 0.6-3.0

um in diameter.
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#167a=b=4.772 A c=15.642 A

a=B=90"y=120°R,=8.20% R,=8.94%

Atom |Site| Wycoff Position |Occ.
Fe | 6b 0 0 0 ]0.25
Mn | 6b 0 0 0 |[0.75
C 6a 0 0 025 | 1
O |18e0.2691] O 025 | 1

Figure B.3: (a) XRD spectra and Rietveld refinement of Fe14Mn34COs synthesized by co-precipitation and with

the refined atomic positions and lattice parameters in the table and (b, ¢) SEM images showing the spherical

morphology.

To synthesize phase pure meso-structure controlled particles using spherical carbonate
precursors, the following parameters were sequentially optimized: calcination atmosphere,
calcination time, calcination temperature, molar ratio of NaCOs, and cooling time. First, we
compared synthesizing a pure phase of NFMO in an argon atmosphere versus an air atmosphere.
The result was that NFMO calcinated in air had a higher fraction of P2 phase than NFMO
calcinated in an argon atmosphere. Second, calcination time was tested. NFMO calcinated in air
for 15 hours contained a higher fraction of P2 phase than NFMO calcinated for 12 hours. Third,
the calcination temperature for NFMO was set at 850°C, 900°C, and 950°C. The sample prepared
at 900°C was determined to contain the smallest quantity of impurities. Fourth, the sodium content

of NayFe14Mn3/40,, was adjusted and tested with x=0.61, 0.67, and 0.75 shown in Figure B.4. The
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result of testing these combinations indicated that a pure phase of P2- NaxFei4Mn340, was

synthesized with x=0.67 and a calcination of 900°C for 15 h under air.

a) —NFMO 8500 —N(0.75)FMO g b)
o oy e R e 7
~——NFMO 950C —N(0.61)FMO
J\,\_/\_/\\/\/\/U\/\M o " P2
B e - 01 - 01
£ g
8 0.9 1 1.1 1.2 1.3 1.4 1.5
E‘ d-spacing (Angstrom) 3 o S
2 2| 32" g
pr B o o 8
c = c
2 S No ] J L
£ 58883 E J / \
) e L
—_J
1 1.5 2 25 3 3.5 4 1 1.5 2 2.5 3 3.5 4
d-spacing (Angstrom) d-spacing (Angstrom)

Figure B.4: (a) XRD spectra of NFMO calcinated at different temperatures and (b) NFMO with different
sodium content.
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Figure B.6: Partial density of states for NaxFeo.2sMno.7sO2 when x=3/8, 5/8, and 8/8.

Table B.2: XRD Refinement parameters for slow cooled and quenched NFMO.

Slow cool

#194 a=b=2.915Ac=11.2554
a=Pp=90°y=120°
R;=9.07% Rw=9.45%

Quench

#194 a=b=2.916A c=11.286A
a=Pp=90°y=120°
Ry=11.1% Rw=11.9%

Atom | Site Wycoff Position Occ. Atom | Site Wycoff Position Occ.
Fel 2a 0 0 0 0.25 Fel 2a 0 0 0 0.25
Mnl 2a 0 0 0 0.75 Mnl 2a 0 0 0 0.75

01 4f | 1/3 | 2/3 | 0.0891 2 01 4f | 1/3 | 2/3 | 0.0891 2
Nal 2b 0 0 0.25 0.199 Nal 2b 0 0 0.25 0.209
Na2 2d | 23| 1/3 0.25 0.431 Na2 2d | 231173 0.25 0.343
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Tables B.3 (a,b): Surface contamination concentration determined by titration of Na2CO3 with HCI

a) Calibration

mass of start oH | end oH volume of 0.05 M HCI calculated mass of
Na,CO; (g) P P solution (mL) Na,CO;s (g)
0.0011 10.4 7.79 0.2 0.00105
0.0102 11.15 7.86 1.3 0.00688
0.0498 11.46 8.07 6.4 0.03391
0.1002 11.58 8.03 11.9 0.06306
b) Test
A volume of adjusted mass °
material mlz;:e(:g;ln(tl;l ! Sta&t eli_(ll 0.05 M HC1 (g) (according coﬁaﬁﬁiﬁ?on
& P P solution (mL) | to calibration)
INLFA(0) 1.0004 12.75 | 7.45 8.6 0.0710 7.10
quench
IO 1.0002 11.67 | 8.02 5.3 0.0432 4.32
slow cool
120 ‘@WWWM%MWO
5110 ! .'..”“. .;.".."o.’o".n""o-.nf %
ﬁ . PYLLTY ;
E |, ) §
S 90 . 222233 um&:«: ‘g
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Figure B.7: Specific discharge capacity versus cycle number at a rate of C/10 and coulombic efficiency as a

function of cycle number.

10

20 30
cycle number

115




Figure B.8: TEM images of (a) quenched and (b) slow cooled NFMO with the surface contamination outlined
in orange.
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Appendix C Supporting Information for Chapter 4

Table C.1: NIB cathodes with first discharge energy density greater than 450 Wh/kg made from abundant TM
from literature.
st dis. energy 4 | retention

Compound density C-rate cycles, (%) low V| high V| phase DOI

(Wh/kg)
Na2/3Fel/2Mn1/202 619 01 | 10 93 15| 42 | P2 10.1016/j.matlet.2017.05.084
Na0.67Mn0.5Fe0.502 600 0.05 | 50 64 1.5 | 43 | P2 | 10.1021/acs.chemmater.5b00097
Na2/3Mgl/3Ti1/6Mn1/202 561 02 | 50 | 695 | 1.5 | 45 | P2 | 10.1016/.chempr.2019.08.003
Na2/3Fel/2Mn1/202 555 01 | 50 | 419 | 15| 43 | P2 10.1149/2.0911802jes
Na2/3Fel/2Mn1/202 520 0.05 | 30 79 15| 42 | P2 10.1038/NMAT3309
NaMnO2 519.2 0.05 | 100 | 65.8 2 | 42 |Pmmnm 10.1021/ja509704t
Na0.67Mn0.6Fe0.402 501 01 | 100 | 777 | 15| 43 | P2 10.1007/s11581-018-2442-5
Na0.653Mn0.92902 491.1 01 | 60 | 8.7 | 15| 43 | 03 10.1016/j.ensm.2018.10.025
Na0.67Fe0.5Mn0.502 491 01 | 20 76 15| 43 | P2 10.1038/ncomms 10308
Na0.67Mn0.66F¢0.20Cu0.1402 490 0.05 | 100 52 1.5 | 43 | P2 | 10.1021/acs.chemmater.7b01146
Na0.67Mn0.6Fe0.3Zn0.102 489 01 | 100 | 883 | 15| 43 | P2 10.1007/s11581-018-2442-5
Na2/3Mn7/9Zn2/902 481 0.1 | 50 60 15| 42 | P2 10.1002/aenm.201802379
Na0.67Mn0.702Fe0.198Ti0.102]  479.8 0.1 | 200 86 15| 43 | P2 10.1002/adfm.201901912
Na2/3Fel/3Mn2/302 470 0.05 | 40 79 15 | 43 | P2 | 10.1016/jjpowsour.2014.04.048
Na0.5Fe0.5Mn0.502 455 01 | 20 85 15 | 425 | 03 10.1149/2.058302jes

Table C.2: Selected refinement parameters for XRD of NFMO13, NFMO12, and NFMO11.

A (A) C (A) O Z-POSITION  WR (%)
NFMO13 2.8894 11.198 0.0870 3.67
NFMO12 2.8925 11.198 0.0913 2.61
NFMO11 2.9103 11.230 0.0791 431
NFMO13 NFMO12 NFMO11
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Figure C.1: XRD data of the pristine cathode and cathode after 1 cycle for NFMO13, NFMO12, and NFMO11.
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Table C.3: 1% cycle CE and % (discharge) capacity retention after 50 cycles for NFMO13, NFMO12, and

NFMOL11, corresponding to Figure 4.3.

1%t cycle CE (%) % retention (50 cycles)
NFMO13 165 105
NFMO12 191 84.5
NFMO11 158 75.4
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Figure C.2: The Mn K-edge position as analyzed us the (a) half-height method and (b) edge-crest method.

Figure C.3: XANES spectra of the Mn K-edge for (a) MnO, Mn:03, and MnO: and the Fe K-edge for (b) FeO

and Fe:0s.
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Figure C.4: FEFF9 simulations of the Fe K-edge for a) NFMO13,
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Figure C.5: Extracted Fe K-edge edge-crest positions and Mn K-edge inflection points for NaTMO: in

literature.
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Figure C.6: Calculated DOS of NFMO13, NFMO12, and NFMOI11 at different states of charge (Na=0, 3, 5,
and 8 out of 8 possible Na atoms) with blue representing Mn DOS, red representing Fe DOS, and green

representing O DOS. DOS sign refers to spin state.
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Appendix D Supporting Information for Chapter 5

Table D.1: NIB cathodes with oxygen redox. Compounds containing Ni are highlighted in blue.

claim ox. redox 1st char. cap. 1st volt. | char. ret. at

Compound Ni cont. Phase 1st CE Comments

reversibility (mAh/g) hysteresis | 10™ cycle
NazsNiisMn230: 0.33 P2 N 160 0.75 0.17 0.69 0.1 2.6-4.3 |[247]
NazsNiisMn230: 0.33 P2 N 160 0.98 0.41 0.70 0.1 2-4.5 |[287]
more Mg and less Ni reduces
Naz3Nio.23Mgo.0sMn230; 0.28 P2 N 150 0.95 0.17 0.86 0.077 | 2-4.5 |[288]|phase transition and has better
retention
NaLio.7Nio26Mn0.4C00.2602 | 0.26 03 N 181 0.81 1.01 0.80 0.17 | 1.5-4.5 [[289]
Nao.7sNio.23Mno.6902 0.23 P2 N 180 0.75 0.54 0.73 0.1 2-4.5 |[230]
NayisFez9NizoMnsyO2 0.22 P2 Y 145 0.94 0.2 0.94 0.1 2.6-4.3 |[247] iron hybridizes with O
Nay.Lio.oMnosO» 0 P2 Y 165 0.98 1.19 1 0.067 | 2-4.6 [[290] reversible but fades
Nay3NbosMno.4O; 0 dr‘z‘;id;ﬁd N 214 076 | 094 0.62 0.05 | 1.0-4.0 |[291] at 50C
Naz3Mgo.2sMno.202 0 P2 Y 148 1.10 1.09 1.18 0.067 | 2-45 [42]
NaysLio3sMnos502 0 P2 Y 175 0.85 1.09 0.73 0.1 2-4.4 1[292]
NaysMnsZnzO02 0 P2 Y 195 2.08 0.99 0.86 0.1 1.5-4.2 |[179]
Naop.72Li0.24Mno7602 0 P2 Y 210 1.29 1.44 1.17 0.05 | 1.5-4.5 [[228]
NaysMgisTisMni202 0 P2 Y 175 1.41 1.58 1.19 0.1 1.5-4.5 | [76]
NaysLio.asFeo.1Ruo.s5502 0 P2 Y 126 1.16 0.78 0.99 0.1 1.5-4 [[293]
Naz3Mgo..sMno.7202 0 P2 Y 155 1.39 137 1.29 0.05 | 1.5-4.4 [[294]
Na;RuO; 0 ordered R-3m| Y 186 0.96 0.4 0.86 0.2 1.5-4 [[240]
Naz3MnQO2.33 0 Pl Y 78 2.73 1.37 2.17 0.1 1.5-4.5 |[295] poor crystallinity
Nay3sMnosZne302 0 P2 Y 115 1.65 1.9 1.63 0.1 1.5-4.6 | [74]
Nao.sMgo2Mno.6C0020: 0 P2 Y 148 1.45 1.27 1.49 0.1 1.5-4.6 |[296]
Nao.sLio.2sMnos502 0 honeycomb Y 163 0.83 0.94 0.84 0.067 | 2-45 [[297]
Nay.sLio.oMnosO» 0 ribbon Y 115 0.90 0.54 0.93 0.067 | 2-45 [[297]
Nao.s7Cuo.28Mno.202 0 P2 Y 110 0.93 0.6 0.94 0.1 2-4.5 |[298]

Figure D.1: Spherical Nii4Mn34COs3 precursors of NLNMO.
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Table D.2: Refinement parameters of NLNMO

#194 a=b=28933A  c¢=11.0148 A
a=p=90° y=120°
Rp=2.98% Rw=4.60%

Atom Site Wycoff Position Occ
Nil 2a 0 0 0 0.259
Mnl 2a 0 0 0 0.649
Lil 2a 0 0 0 0.120

o1 4f 1/3 2/3 0.9224 2.00
Nal 2b 0 0 1/4 0.237
Na2 2d 1/3 2/3 3/4 0.522

ICP results: Nag 77L10.13Nig21Mng 6602

Table D.3: Refinement parameters of powder NLNMO PDF pattern

a=b=2.8772 A, c=10.9957 A, a=B=90°

Li

O EEN O EON © EEN O &)
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1/3
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o ©O O O O o o

1/3
2/3
2/3
1/3
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2/3

0.5

0.5

0.25
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0.59
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0.41

=120°

0.00205
0.00205
0.00205
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0.00205
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0.04

0.04

0.08305
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0.00438
0.00438
0.00438
0.00438
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Figure D.2: Schematic diagrams of the O K-edge sXAS electronic transitions from the Ols state to empty states
in the transition metals of NLNMO. The diagram is simplified to show one electron energy and does not

distinguish between spin-up and spin-down states.
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Figure D.3: Fourier transformed EXAFS of NLNMO at the Mn K-edge and Ni K-edge. The blue lines at a FT

magnitude of 2 are guides to compare the backscattering ability.
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No Ni Migration Ni Migration
a) b) -Mn

Figure D.4: Calculated DOS for fully charged NLNMO with (a) no Ni migration and (b) with Ni migration with
their respective TM layer structures (c, d). Purple represents Mn atoms, silver represents Ni atoms, and red
represents oxygen atoms.
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Appendix E Supporting Information for Chapter 6
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Figure E.1: Plateau voltages of the first cycle of HC in PC or TEGDME electrolyte at different cycling rates.

Table E.1: Percent of plateau capacity during the first cycle of HC in PC or TEGDME electrolyte at different
cycling rates.

TEGDME PC
Rate sod. desod. sod. desod.
0.333 66% 71% 40% 41%
0.1 65% 70% 62% 67%
0.05 65% 70% 62% 68%
Standard  Detected H, Area 8000 [ ' " Calibrafion: :
@ 7000] Y = 2.4349x10° X — 0.00775 ]
NaPFg 2025 g 6000 |- X: Detected H, area
~ Y: Mole of H, (x10)
NaBF, 2004 T 5000
'g 4000 Background
Na,CO4 3013 § 3000

NaF 3127 8 2000
1000
NaOH 2115 H H H

NaPF; NaBF, Na,CO; NaF NaOH

=)

Table and Figure E.2: TGC results of the potential SEI components of HC in PC or TEGDME electrolyte.
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Figure E.3: Raman spectra of HC in PC or TEGDME electrolytes at different states of (de)sodiation.
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b

~17.5 nm

20 nm

Figure E.4: Cryo-TEM images of HC after 1 cycle at a rate of C/3 in (a,c) PC and (b,d) TEGDME electrolyte.
The thickness of the SEI at various location is measured and labeled in the images.

NaPFgin PC

NaBF, in TEGDME

Figure E.S: SEM images of pristine HC, HC after 1 cycle at a rate of C/3, C/10, and C/20 with PC (top row) or
TEGDME (bottom row) as the electrolyte. The scale bar represents 5 pm.
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Figure E.6: EDS mapping of (a) prlstme HC, (b,c) HC after 1 cycle at a rate of C/3, (d,e) C/10, and (f,g) C/20
with PC or TEGDME electrolytes.
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Figure E.7: XPS C 1s regions of washed (left) and unwashed (right) samples of HC at different states of charge
with (a,b) PC or (c,d) TEGDME as the electrolyte. XPS O 1s regions of washed (left) and unwashed (right)
samples of HC at different states of charge with (e,f) PC or (g;h) TEGDME as the electrolyte.

E.1 XPS sample preparation discussion

There are two key observations of the differences between the washed and unwashed XPS
samples. 1) There are components in the unwashed samples that are not identified in the washed
samples. This implies that these SEI components are susceptible to being removed by washing.
For PC, the washed samples are missing the C-H, C-OH, COs3, and Na,O bonding species. These
bonding species could either be dissolved in PC or physically removed during the washing process.
In fact, -OH species are partially soluble in PC and likely removed by excess PC during

washing.[299] Additionally, organic carbonates tend to form on the part of the SEI farthest from

128



the HC surface. Hydroxyl and carbonate species tend to form a loosely packed SEI which could
aid in their removal, as well as any chemical species attached to them, like sodium oxide.[300] For
TEGDME there are less differences between the washed and unwashed samples, with only the C-
H peak not visible in the washed sample. Hydrocarbons have been reported to form on the top
layer of the SEI and the C-H peak is missing for both washed electrodes implying that the outer
layer of the SEI is removed by washing for both PC and TEGDME.[283] However, the reduced
differences of the washed and unwashed TEGDME samples, when compared to the PC samples,
suggest that the SEI formed in the TEGDME electrolyte is more stable chemically and/or
mechanically than the SEI formed in the PC electrolyte. 2) There are components in the washed
samples that are not identified in the unwashed samples. This implies that either the SEI
components are depth dependent and/or washing the sample promotes new chemical reactions.
However, it is more probable that the SEI has a multilayered structure as previously reported in
literature. [301,302] Specially, C-F bonding is only visible on the washed samples for both SEI
formed in the PC and TEGDME electroltyes. This bonding is likely caused by the reaction of the
salt anions with either the HC surface or with solvent decomposition products on the HC surface.

It is also important to note that the salt species do not overwhelm the signals for the
unwashed samples (Figure E.8), which repudiates the arguments for washing XPS samples. For
these reasons, in order to observe the complex surface species of the SEI, samples were not washed
with a solvent. Instead, samples were cycled with limited electrolyte and dried under vacuum to
remove the electrolyte solvent. This method of sample preparation enabled observation of a more

complete picture of the SEI and was used throughout this study.
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Figure E.8: XPS F 1s regions of washed (left) and unwashed (right) samples of HC at different states of charge
with (a,b) PC or (c,d) TEGDME electrolyte.
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Figure E.9: Nyquist plots of HC in PC (red) or TEGDME (blue) electrolyte after 1 cycle at a rate of C/3. The
fit of the data is based on the circuit (inset). The table contains the values from the impedance data fit.

The circuit model in Figure E.9 accounts for the ohmic resistance of the electrolyte (Rs), the
resistance due to Na* diffusion through the SEI on HC (Ry), the double layer capacitance of the

electrode/electrolyte interface (CPE), the charge transfer resistance (Rci, Rer2), the double layer
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capacitance (CPEz, CPE3), and the Warburg impedance (W,) known as the impedance of solid-

state diffusion of Na- through the bulk of HC.
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