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Abstract

The world’s crucial need for energy storage has provoked intense interest in cheaper,
more sustainable battery chemistries, such as Na-ion. One of the main bottlenecks
toward the utilization of Na-ion batteries, however, is the lack of an optimal cathode
material. In this thesis, the class of cathode compounds known as layered transition
metal oxides are investigated because of their ability to reversibly intercalate
(insert/extract) a relatively large quantity of Na and Li-ions (i.e. high capacity).

P2-Nay/3[Ni; ;3Mny 3]0, is first investigated to probe its utility as a cathode
but is demonstrated to possess certain drawbacks including Na deficiency in the
as-synthesized state, unsatisfactory cyclability, and a strong driving force for Na-ion
ordering. These obstacles are shown to be sufficiently overcome by means of partial
metal substitution of Fe as well as a new pre-treatment process using Na-naphthalide
to intercalate extra Na-ions into the pristine structure.

Attention is then turned to the mechanism by which partial Fe substitution
improves cyclability. It is found that this enhancement largely stems from an
altered structural transition at high voltages (i.e. "Z'-phase) resulting in less overall
volume changes. The true structural identity of the "Z"-phase is then resolved for
the first time as an evolving P2:02 intergrowth.

Finally, the possibility of using oxygen (instead of heavier transition metals)
as a redox center is examined for a collection of layered transition metal oxide
materials. It is discovered that oxygen-redox can be activated in the presence of
Mg in P2-Nay/3 [Mgg28Mng 72]O2 and is reversible over hundreds of cycles in O3-
Li[Lij 5Nij sMng 5]O,. Moreover, through investigation of P2-Nag,[Li,Mn;_,]O; (y
= 1/5, 1/4), it is determined that the discharge voltage of oxygen-redox compounds
strongly depends on cation ordering within the transition metal layer.

In total, the aim of this thesis is to communicate new fundamental insight
into the nature of layered transition metal oxide cathodes in order to provide a
platform for their further development.
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The invention of the lithium-ion (Li-ion) rechargeable battery changed the
world. It facilitated a revolution of the portable electronics industry, allowing
smart phones, laptops, and tablets to be capable of running all day on a single
charge and become an integral part of our daily lives., More recently, the cost

of the Li-ion battery has decreased to the point where a similar revolution has



2 1. Introduction

begun in the automobile industry with mass production of electric vehicles (EVs).[3]
Rechargeable Li-ion batteries are also being used to support renewable energy
sources, such as solar and wind, acting as modulators on the grid to compensate
for differences in energy supply and demand.[4, 5]

As with all classes of technology, the world is racing to improve rechargeable
batteries year after year. Primary considerations include cost, energy density,
cycle life, power capability, and safety.|6] Unfortunately, optimizing one of these
parameters usually comes at the detriment of another.|7] In the past decade, there
has been a renewed interest in the development of sodium-ion (Na-ion) rechargeable
batteries as a lower cost alternative to Li-ion.[8] Although a large amount of research
has been dedicated to Na-ion batteries to date, much more is still needed for this
technology to truly compete with Li-ion, particularly with regards to energy density.
Successful implementation can only be achieved if there is first a solid foundation
in understanding of the underlying chemistry.

Currently, one of the main bottlenecks to Na-ion technology is the lack of a
suitable positive electrode material. While many classes of material, including
polyanion and prussian blue analogues, have been identified as candidates to fill this
void, layered sodium transition metal oxides (NaMO,) are the most promising
in terms of energy density.

The intent of this chapter is to provide a survey of the current knowledge
base on layered NaMO, positive electrodes for Na-ion batteries which will be built
on in subsequent chapters. Analogous Li-ion materials are also considered when
appropriate parallels can be drawn. The chapter will begin with a brief introduction
to basic battery principles before moving on to an in-depth review of layered
transition metal oxide systems. A discussion follows regarding the detrimental
phase transitions which occur in these cathode systems when most of the Na (or
Li) is removed. Finally, the intriguing prospect of storing charge on oxygen, instead

of heavy transition metals, will be examined in detail.
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1.1 History and Key Concepts

1.1.1 A Brief History of the Battery

The original concept of a battery arose from experiments undertaken by Luigi
Galvani where it was observed that touching a frog’s leg with two different metals
simultaneously (in a closed loop) induced a muscle spasm. Galvani initially thought
that the animal itself was a source of electricity but a prominent physicist of the
time, Alessandro Volta, argued that the electricity must be produced by the metals
themselves.[9] In 1800, Volta proved his hypothesis by inventing what is considered
the world’s first battery, known as the "Voltaic pile". This battery contained stacks
of silver and zinc disks which were separated by a cloth soaked in brine. |10} |11]

Over the next century and a half, a diverse array of battery types followed
this advancement. In 1866, the ubiquitous (non-rechargeable) alkaline battery was
invented by Georges-Lionel Leclanche.[10, [12] The first rechargeable battery, the
lead-acid battery, was invented by Gaston Plante in 1860.|13] This was later followed
by Waldmar Jungner’s nickel-cadmium battery in 1899 and Thomas Edison’s nickel-
iron battery in 1901.]2} [14] These landmark chemistries eventually matured into
today’s nickel-metal hydride batteries.[14]

In the early 1970s, Whittingham and colleagues at Stanford University started
experimenting on a new class of materials that could store ions by a mechanism
known as "intercalation'.|2] This process involves the storage of a guest species (e.g.
Li*) within a crystalline host matrix (e.g. TiSy) with minimal volume change.[15]
They went on to commercialize a battery at Exxon composed of the intercalation
compound, TiS,, on the positive side of the battery and a Li-Al alloy on the negative
side of the battery.|16-18] Lazzari and Scrosati in Italy later demonstrated the
benefit of pairing Whittingham’s TiS, with another intercalation compound, WO,
(instead of the Li-Al alloy), to develop the first true Li-ion battery (where Li exists
purely in ionic form). By creating a cell with two intercalation electrodes, labeled a

"rocking chair battery", the authors were able to boast improved cyclability.[19]
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By 1980, a substantial amount of research had been dedicated to discovery
and advancement of intercalation compounds. Of note, fundamental research on
transition metal oxide (TMO;) hosts that could store Na-ions was carried out
by Fouassier, Delmas, Hagenmuller, and others in France.|20-23] Building from
this platform, John Goodenough at the University of Oxford made the pivotal
discovery that Li* could be reversibly de-intercalated from LiCoO, at high voltages
(= 4 V vs. Lit/Li), a revelation that would significantly increase the amount
of energy a battery could store.[1], 24]

Similarly paramount discoveries followed for the negative side of the battery.
Samar Basu and others at Bell Labs demonstrated that Li* could be reversibly
intercalated into graphite at a very low voltage (this material would eventially
become the negative electrode of choice for Li-ion batteries).|25-27] At nearly the
same time, a petrolium coke negative electrode was developed by Akira Yoshino
of Asahi Kasei Corp in Japan.[28] This allowed Sony in 1991 to commercialize a
new battery chemistry to power their camcorders, using Goodenough’s LiCoO4 on
the positive side and Yoshino’s petrolium coke on the negative side.[2, |29] This
new generation of Li-ion batteries boasted a step change in energy density and

ushered in the age of portable electronics.

1.1.2 How Batteries Store Energy

Active and Inactive Components

As was first discovered by Volta over two centuries ago, the energy which a battery
possesses is derived from its two "electrode" materials; one that is positive and one
that is negative. A convention has arisen among the battery research community
of referring to the positive and negative electrodes as the cathode and anode
respectively.[30] Despite the electrodes only acting as such during discharge (from
an electrochemical perspective), this is the convention that will be followed for
the remainder of this thesis.

A schematic of a conventional Li-ion battery is shown in Figure[l.1] The anode

material in this case is graphite and the cathode material is LiCoOs. An electrolyte
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Conventional
Lithium-Ion Battery
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Figure 1.1: A schematic of the conventional Li-ion battery is shown during discharge
with Li-ions and electrons moving from anode to cathode in order to power the light bulb.

is found in between the two (shaded as yellow) which acts to electronically isolate
chemical reactions occurring at the two electrodes while providing a conducting
pathway for Li-ions to be transported between these reactions. This is typically
a Li salt, such as LiPFg, dissolved in a carbonate-based solvent such as dimethyl
carbonate (DMC) and ethylene carbonate (EC).

There are several other components which should not actively participate in
the electrochemical reactions but are equally important to the proper function
of the battery. The positive current collector (typically Al metal) and negative
current collector (typically Cu metal) facilitate the flow of electrons between their
respective electrodes and the outer circuit. The separator provides a physical
barrier between the electrodes to prevent electrical short circuiting yet is porous
to allow electrolyte infiltration.

The maximum amount of energy that a battery can store is a direct function
of the properties and quantity of the anode and cathode materials. The mass and

volume of all other components within the system should therefore be minimized
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to optimize the energy density.

Redox Reactions: Chemical to Electrical Energy

The battery is an incredibly efficient transducer of energy from chemical to electrical
form and vice versa. It operates by separating the two half reactions of a reduction-
oxidation (redox) reaction, a type of chemical reaction that involves the transfer of
electrons. When the battery is discharged, the anode is oxidized (donates electrons)
and the cathode is reduced (receives electrons). To maintain charge neutrality, ions
also proportionally flow from anode to cathode. This process is reversed during
charge. Because the electrolyte only conducts ions between the two half reactions,
the redox reaction can only proceed if the electrons journey out of the battery
and around an outer circuit. The internal chemical reaction of the battery can
therefore be governed by controlling the flow of electrons on the ezternal circuit.
This can be achieved using something as complicated as a battery management
system or as simple as a light switch.

For intercalation electrodes such as LiCoQOs, it is important to note that the
Li-ions are neither oxidized nor reduced during charge and discharge. It is the
CoOy host rather which acts as the supplier/recipient of electrons for the redox
reaction.[31] This can be conceptualized as the oxidation/reduction of Co-ion
between the 34+ and 44 oxidation states.

All chemical reactions involve a change in the free energy of the system. The
more negative this change is (energy supplied by the system), the greater the driving
force is for the reaction to proceed. In an electrochemical cell such as a battery,
this driving force (i.e. the electromotive force) to discharge can be quantified in
terms of voltage (units of volts [V]) by the Nernst equation:[30]

AG

E=—
2 F

(1.1)

where F is the voltage of the battery, AG is the change in the Gibb’s free energy of
the system, z is the number of electrons transferred (i.e. charge of the ion), and

F' is the Faraday constant. The electromotive force of the battery can be utilized
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Figure 1.2: A typical Na;MO; electrochemical load curve is shown, using Nag/;3MnOs
as an example. This measures the battery’s voltage response to an applied current. The
specific capacity can be logged either in terms of mAh g=! (bottom x-axis) or in terms of
the (de-)intercalated Na-ions, = (top x-axis). Adapted from Ref. [32] with permission
from The Royal Society of Chemistry.

by inserting electronics such as a light bulb on the external circuit. Conversely, by
applying an opposing voltage greater than E to the battery, the redox reaction will

proceed in reverse "storing" the energy given to it by the circuit, or charging.
Important Battery Parameters and Units

The voltage, F, is an intensive property of the battery which means it is independent
of the quantity of reactants/products involved in the reaction. On the other hand,
the capacity of a battery is an extensive property (scales with the quantity of
reactants/products) and is determined by how many ions and electrons that can
be provided/stored by each electrode.[30] The capacity is typically quantified in
terms of the number of hours a 1 A current could be supplied (units of Ah). This
value can be multiplied by the average voltage to determine the energy stored
by the battery (units of Wh).

When investigating the fundamental properties of electrode materials, it is
beneficial to calculate the intensive form of capacity and energy characteristic to

a material. This can be done by dividing the capacity and energy by the mass of
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the electrode material to obtain specific capacity (mAh g=!) and specific energy
(mWh g~') respectively. Alternatively, one can divide by the volume of the electrode
material to obtain capacity density (mAh L™') and energy density (mWh L™').

For intercalation electrodes such as LiCoO,, the specific capacity can be easily
translated to the moles of Li-ions which are inserted or extracted from the host
(Az) by the equation:

Az = q(jé) (1.2)

where ¢ is the specific capacity, M is the molar mass of the electrode material,
z is the number of electrons transferred and F' is the Faraday constant. Figure
[1.2] shows a typical NaMOs electrochemical load curve which tracks a battery’s
voltage response to an applied current. The top and bottom x-axis labels read
r in Na,MnO, and mAh g~! respectively, demonstrating the linear relationship
between the two sets of units. Electrochemical load curves are incredibly useful in
monitoring changes of an electrode material as a function of their composition.
Another metric used to analyze rechargeable batteries is cyclability. This is
usually quantified in terms of capacity retention (% of first cycle capacity retained)
as a function of cycle number. The cyclability of a material gives insight into the

reversibility of the electrochemical and structural processes occurring.

1.1.3 Comparison of the Li and Na-Ion Battery

Na-ion batteries function in a manner very similar to Li-ion batteries with the
obvious distinction of utilizing Na-ions instead of Li-ions to transport/store charge
between/in the electrodes. However, such a seemingly simple substitution can
dramatically impact the battery performance.

A few of the most basic properties of Li and Na are summarized in Table [1.1]
The reduction potential of Na metal is approximately 0.3 V greater than that of Li
metal which corresponds to a slightly decreased operating voltage for the battery.
Moreover, the mass of Na is significantly greater than Li which reduces the specific

capacity of the battery for the same amount of charge delivered.



1. Introduction 9

Table 1.1: A comparison of Li and Na. Adapted from Ref. [33] with permission from
The Royal Society of Chemistry and [34], 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Category Lithium Sodium

E° vs. SHE (V) -3.04 -2.7

Cost Carbonates ($ ton™1) 5000 150

Molar Mass (g) 6.9 23.0

Cation Radius (A) 0.76 1.06

Coordination Preference Octahedral and Octahedral and
Tetrahedral Trigonal Prismatic

Despite these disadvantages, the cost difference between the two alkali metal
precursors immediately reveals the motivation for developing Na-ion batteries. At
$150 per ton, the Na raw materials amount to just 3% the cost of the analogous Li
compounds. When comparing these parameters, however, it must be considered
that Li or Na-ions usually make up a relatively small percentage of an intercalation
electrode (e.g. 7% mass of LiCoO,, 20% mass of NaCoOs). At the cell level, this
percentage is diluted even further by the current collectors, cell casing, and other
inactive components. While this has the positive effect of mitigating the mass
difference between Na and Li, it also greatly diminishes the cost savings. In fact,
a recent analysis by Vaalma et al. concluded that there is no direct economic
benefit in terms of dollars per watt hour for the Na-ion electrodes available today
(cathode: NaMnO,, anode: hard carbon).|35] However, in applications where cycle
life is more crucial (e.g. grid storage), some Na-ion cathodes such as prussian blue
analogues may already be competitive in terms of dollars per watt hour per cycle.[36]
Moreover, the tremendous abundance and widespread geographical distribution of
Na compared with Li should theoretically make it more resistant to any pricing
fluctuations caused by political or economic disruptions.

Probably the most substantial benefit of the Na-ion chemistry is that it enables
the use of Al metal as a negative current collector instead of Cu.[37] While Li
alloys with Al, Na does not. A negative current collector composed of Al metal
is not only cheaper and lighter than Cu but also functions to make the battery

safer. If Li-ion batteries are overdischarged and the Cu current collector potential
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rises above approximately 3.5 V vs. Li*/Li, Cu will oxidize and begin to dissolve
into the electrolyte. On subsequent charging of the battery, the dissolved Cu is
reduced onto the anode forming dendrites which can short circuit the battery and
cause dangerous fires or explosions.[38, 39] On the other hand, Al is passivated
by the electrolyte and does not dissolve even when charged to voltages greater
than 4 V vs. Li*/Li. The superior stability of the Al negative current collector
can even allow the Na-ion battery to be discharged to an operating voltage of 0
V (Eeathode = Fanode = 2.8 V vs. Na' /Na) for dramatically safer transportation,
as recently demonstrated by the start-up company Faradion.[40]

Another benefit of the Na-ion chemistry is the option to utilize a greater variety
of elements (including cheap, abundant Fe) in layered NaMOy intercalation cathodes.
The compositional diversity stems from the fact that a layered structure forms in
this class of compound as a result of large differences in the ionic radii between
small transition metal ions and larger alkali metal ions.[41] High-spin Fe?" has
a relatively large ionic radius for a TM (0.645 A), approaching that of Li* (r =
0.76 A).[42] Therefore, conventional high temperature synthesis of LiFeO, results
in a disordered rock salt phase that is electrochemically inactive. Conversely,
the larger ionic radius of Na* (1.06 A) enables the formation of an ideal layered
structure for NaFeO,.[43] A similar effect is seen for NaMO, compounds containing
Cr and, to a lesser extent, Ni.[44, 45]

While beneficial in some respects, the greater size of Na' also poses some
challenges. For example, there is generally a greater volume change of the host
structure during (de-)intercalation of NaMO, intercalation cathodes. Moreover,
the larger size also allows Na™ to be stable in a trigonal prismatic coordination
often resulting in multiple phase transformations, as will be discussed in the
next section.[46]

Overall, Na-ion batteries possess certain advantages from a safety and structural
perspective. Although the economic benefit of Na-ion batteries may have been
slightly exaggerated in the past, the low cost advantage could still be realized if

electrode materials with higher energy density and longer cycle life are developed. [47]
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Common NaMO, Crystal Structures

02

Figure 1.3: The figure illustrates the four most common NaMOs crystal structures: O3,
P3, P2, and O2 (from left to right). All TMs (blue) are in octahedral sites whereas Na
can be located in either trigonal prismatic sites (green) or octahedral sites (orange). The
black rectangle overlaid on each structure represents the unit cell.

1.2 Layered NaMQO, Cathodes

The three most promising classes of cathode material for Na-ion batteries are
the layered NaMOy (e.g. Na[Nil/gMnl/gFel/g]Og), prussian blue analogue
(e.g. Nalvnge[Fe(CN)ﬁ]), and polyanion chemistries (e.g. NagV3(POy)3)[50].
Each have shown sufficient promise to warrant efforts toward their commercial
development by Faradion, Natron Energy, and RS2E researchers respectively.
The layered NaMOy compounds are the most promising in terms of specific
capacity and energy. , In application, however, many of these compounds are
encumbered by low operating voltages with various steps in the voltage curve, Na
deficiency in the as-synthesized compound, and inadequate Cyclability. Thus,
a fundamental understanding of NaMOy cathodes’ electronic and atomic structure

evolution is vital in order to make the needed improvements.

1.2.1 Structural Information and Classification

In 1980, a method for describing layered TMOy compound was proposed by Delmas
and coworkers. This system organizes the various types of layered oxide structures
by their alkali metal ion coordination and oxygen stacking sequence. Four of the

most common NaMO, structures are illustrated in Figure[I.3] A letter and a number
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are assigned to describe each structure. The letter indicates the coordination of the
alkali metal ion: P - trigonal prismatic and O - octahedral (also T - tetrahedral less
commonly). The number indicates the minimum number of TMO, slabs needed in
the unit cell to reproduce the oxygen stacking sequence: O3 - ab ca bec, P3 - ab
be ca, P2 - ab ba, and O2 - ab cb. An apostrophe symbol can also be added to
indicate a distortion of the ideal unit cell (e.g. P’2 Nay;sMnOs,).

The preferred coordination of an alkali metal ion is primarily dependent on its
size.|56] Li™ prefers smaller sites such as tetrahedra and octahedra while larger
ions such as K™ have a strong tendency toward large trigonal prisms. Due to
the intermediate size of Na™, however, it can occupy both octahedra and trigonal
prisms.[57] In fact, the energy difference between these two sites is so minimal that
the stable Na™ coordination varies dependent on the Na occupancy in the compound
(x in Na,MO,).[58] During synthesis, the O3 structure tends to form for compounds
with higher Na contents (z > 0.8) while P2 and P3 structures are more stable at
intermediate Na contents (0.5 < z < 0.8).]55] The O2 phase is only formed at x ~ 0,
which generally can only be accomplished by electrochemical preparation.|59|

Interestingly, room temperature Na™ (de-)intercalation can also alter the Na*
coordination of NaMO, compounds through a "gliding" of the TMO, slabs. The
layer gliding enables structural transitions between O3 <» P3 and P2 « 02.]43]
However, other transitions such as O3 <> P2 cannot occur at room temperature
because these would require breaking the strong TM-O bonds.[60] Although facile,
the layer gliding structural transitions often have a negative effect on the cyclability
of the cathode material and should therefore be avoided if possible.|61]

P-type structures are generally thought to have faster diffusion than O-type
structures as the activation energy to move from trigonal prism to trigonal prism
is smaller than that required to move from octahedron to octahedron (via an

intermediate tetrahedron).[53] |57, 62]
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1.2.2 NaMO, Trade Offs: Voltage, Capacity, and Cyclability

As explained in section [I.1.2] energy is the product of capacity and voltage.
Therefore, raising either of these two metrics will improve the energy storage
capability of the compound. However, enhancing battery materials is often a
process of optimizing between various trade offs. For example, increasing voltage
can come at the expense of the capacity if the potential exceeds the stability limit
of the electrolyte. Likewise, boosting the capacity can compromise cyclability
as NaMO, compounds often become less stable as more Na is de-intercalated.
Thus, understanding the fundamental mechanisms of these trade offs is key to

improving electrode chemistries.

Voltage Controlled by TM Layer Composition

The energy change (i.e. voltage) during the (de-)intercalation of layered oxide
cathode materials is primarily determined by the compounds’ electronic structure,
which is chiefly influenced by the composition of the TM layer.|63] There are three
key properties of each TM which effect the voltage:

1. Nuclear charge (atomic number)
2. Electron configuration (i.e. oxidation state)

3. Covalency of the TM-O bond

As a general rule, the voltage of a NaMO, compound tends to increase with the
atomic number of M across the period [64] because the 3d states drop in energy
due to a greater charge of the nucleus. This approximation, however, often breaks
down due to electronic interactions with the coordinating oxygens.|[65, 66|

When a TM is octahedrally coordinated by oxygen, the five 3d orbitals of the

TM are split in energy by the crystal field into the lower energy to, (3d,,, 3d

TY> Yz

and 3d,.) and higher energy e, states (3d,2_,2 and 3d,2).|68] Depending on how

-y
many d electrons the TM cation has (i.e. its oxidation state), the highest energy

electrons will either be located in the e, states (higher in energy and available at
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Figure 1.4: An illustration of the crystal structure of a layered oxide compound is shown
on the left with the oxygen coordination environment highlighted. A molecular orbital
diagram of the TM-O interaction is shown on the right, using a nd? electron configuration
for the TM as an example. Adapted with permission from Ref. . Copyright 2017
American Chemical Society.

a lower voltage) or in the ty, states (lower in energy and only accessible at higher
voltages). Moreover, energy states are more stable when they are unoccupied, half
occupied, or fully occupied. This makes the configurations of [Ar]3d°, [Ar]|3d3,
high-spin [Ar]3d®, low-spin [Ar|3d%, [Ar]3d®, and [Ar]3d'? particularly stable.
The higher energy e, states are then further impacted by covalent interactions
with oxygen anions. This was presented elegantly in a paper by Okubo and
Yamada and is shown in Figure . The covalency of the TM-O bond drives
the antibonding e,* states higher in energy thus making electrons accessible at even
lower voltages. One of the best examples of this is the "redox potential paradox"
given by Nanba et al. who demonstrated that over the same Na composition range
for two similar NaMO, compounds, the Ni**/?* redox couple occurred at higher
voltage than Ni**/3* due to the higher covalency of the Ni** - O 2p interaction. |64
The ty, states are less effected by covalency due to the geometry of an octahedron.
A summary of the common oxidation states and electron configurations for

all 3d TMs is shown in Table [[.2] By experimental investigation, it has been
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Table 1.2: Summary of the common oxidation states and electron configurations of 3d
TMs in layered oxide compounds. Adapted from Ref. [55], 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Common Oxidation States

Element in Layered Oxides (Spin State) Electron Configuration
Sc 3+ [Ar] 3d" (tg,° €,°)
Ti 44 [Ar] 3d° (tg,° €,°)
\% 3+ [Ar] 3d? (tg,” €,°)
4+ [Ar] 3d' (t2," €,)
Cr 3+ [Ar] 3d® (t24% €,°)
4+ [Ar] 3d? (t24% €,°)
Mn 3+ (High Spin) [Ar] 3d* (t9,% €,)
4+ [Ar] 3d? (tg,” €,°)
Fe 3+ (High Spin) [Ar] 3d® (t24° €,?)
4+ (High Spin) [Ar] 3d* (t24% €,)
Co 3+ (Low Spin) [Ar] 3d° (t2,° €,°)
4+ (Low Spin) [Ar] 3d® (tg,” €,°)
Ni 2+ [Ar] 3d® (tg,° €,)
3+ (Low Spin) [Ar] 3d7 (t2,° e,1))
Cu 2+ [Ar] 3d? (t2,° €,°)
Zn 2+ [Ar] 3d'0 (12,5 e,%)

determined that the TM redox couples of Cr*t/3+ Fet*/3+ Co*t/3+ and Ni*t+/3+/2+
have suitable operating voltages (>3 V vs. Na®/Na) for use in NaMO, cathodes, |55,
701-74] which matches well with the trends discussed above. The Mn**/3+ and Ti**/3+
redox couples typically show lower voltages yet are often still incorporated into
NaMO, materials to add structural stability and because of their high abundance.
4d and 5d redox couples have also been examined, such as Ru®*/4*.|75] However,
the heavier mass and lower abundance of these elements seemingly limits their

utility to fundamental studies rather than practical applications.

How Voltage Impacts Capacity

The capacity of a NaMOsy cathode is equivalent to the quantity of Na-ions (Az) that
can be reversibly (de-)intercalated. In order to keep = within a structurally stable
range as well as preserve an electrochemically stable interface, a lower and upper
voltage limit is imposed. Tuning of the TM layer composition, as described above,

alters the voltage limits needed to cycle the same Az. However, a proportional
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upward shift in the operating range can be detrimental as voltages that are too high
compromise the interface stability and lead to oxidation of the electrolyte in place
of the cathode. Consequently, higher voltage cathodes may have lower capacities
as the upper voltage limit is constrained by the electrolyte stability (related to
voltage) and not structural stability (related to x).

A good example is provided by comparing two prevalent Li-ion cathodes: LiCoOq
and Li[NiggsMng;Cog1]Os (NMC811). While both cathodes have virtually the
same theoretical capacity (274 vs. 276 mAh g™! respectively), NMC811 shows
a much higher capacity (160 vs. 190 mAh g=!) when cycled to the same 4.3 V
cutoff.[76] [77] To obtain the same capacity as NMC811, LiCoOs must be charged
to 4.5 V but this initiates interface reactions that quickly degrade the reversible
capacity of the compound.|7§]

NaMO, compounds display similar phenomena. Two studies on partial Ti
substitution (for Mn) found this raised the average voltage of the cathode material.[74}
79] In both cases, however, the capacity of the compound decreased as less Na
had been extracted from the compound when the 4.5 V upper voltage limit was
reached. On the other hand, the cyclability of both compounds increased as a

result which highlights another important relationship.

How Capacity Impacts Cyclability

Improving the capacity of a cathode often leads to worsened cyclability. Strategies to
increase the capacity of cathode materials are therefore better described as efforts to
combat the degradation reactions which limit the amount of Az that can be utilized.

A graphic illustrating the common degradation mechanisms is shown in Figure
[1.5][80] These processes can be divided into three main categories: 1) interface
reactions (electrolyte decomposition, surface layer formation, TM dissolution, gas
evolution), 2) first order structural changes (structural disordering, irreversible
phase transitions), and second order structural changes (micro-cracking, loss of

contact to conductive particles).
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Figure 1.5: The above schematic elegantly illustrates the many mechanisms that can
degrade a cathode material. Reprinted from Ref. , with permission from Elsevier.

It is often quite difficult to pinpoint which of these mechanisms is the root cause
of limiting cyclability. Yabuuchi et al. showed the negative effect of increasing
the upper voltage cut off (and the quantity of Na extracted) on the cycling of
03-NaFeO, reproduced in Figure Although increasing the voltage window
just 0.1 V higher (from 3.4 to 3.5 V) improves the capacity by 25%, charging
to higher voltages, dramatically decreases the discharge capacity (even as charge
capacity continues to rise). The authors attributed this decline in cyclability to
first order structural changes (structural phase transitions/disorder).[81] However, a
follow-up study by Lee et al. later found evidence of oxidized Fe (Fe'") catalyzing
a reaction with the electrolyte that created a resistive surface layer.[82] It is both

degradation reactions that cause the battery performance to deteriorate.

Strategies to Increase Capacity (Without Sacrificing Cyclability)

In order to suppress degradation reactions and increase reversible capacity, the
compound’s structure must be stabilized over a greater Az and the cathode
electrolyte interface must be able to endure the voltage range needed.

To preserve the integrity of the interface, one effective strategy has been applying

a protective surface coating. For example, a carbon coating has been shown to
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Figure 1.6: The voltage load curve is shown for 5 cells of NaFeOs charged to different
cutoff voltages. No further reversible capacity is gained on charging beyond 3.5 V vs.
Na™ /Na. Reproduced with permission from Ref. |81]

improve the cyclability of O3-NaCrOs when charged to 3.6 V vs. Na®/Na.[83]
However, the procedure for applying the carbon coating is limiting as it necessitates
a high temperature heating step under Ar gas that would not be feasible for easily
reduceable metals such as Mn and Co. [55] Another successful surface coating is AlyO3
which can be applied via atomic layer deposition (ALD). This process has been shown
to stabilize the CEI of P2-Nay3[Ni; ;3Mny/3]04 to boost cyclability when charged to
4.5 V vs. Na™/Na.[84] More recently, Na,TizO7, a material extensively investigated
as an anode material,[85] has been trialled as a coating on Nay/3[Nij/3Mny /3]0,
also showing improved cyclability with an upper voltage cutoff of 4.5 V.[86]

In terms of structural integrity, NaMO, compounds can be effectively stabilized
by bulk substituents.[54] For example, the structural transitions which plague
NaFeO, during cycling are dramatically reduced when 50% of the Fe is substituted
for Co (O3-Na[Fe;/2Co1/2]02).|72] This modification enables more than 2/3 of the
Na (compared to only 0.4) to be reversibly de-intercalated from the compound,

substantially boosting the specific capacity from 100 to 160 mAh g=!. A deeper
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discussion of the structural degradation mechanisms occurring in NaMO, materials
will follow in Section [L.3l

Overall, it has been substantiated that NaMO, performance is often a trade
off between voltage, capacity, and cyclability. Another key specification of battery
materials, which has not yet been discussed, is rate capability (i.e. ability to deliver
capacity at high currents). This metric is heavily influenced by Na-ion ordering
which features more prominently in NaMO, materials than Li analogues. This

phenomenon will now be discussed.

1.2.3 Na-ion Ordering in NaMQO; Compounds

A long-range repetitive arrangement of Na-ions (or Li-ions), which occurs to lower
electrostatic repulsion, is known as ordering. Although Li-ion ordering does occur at
times in LiMOg compounds,[87] there is generally a larger driving force for Na-ions
to order in NaMOy compounds. This is because Na is more electropositive than
Li, meaning Nat-Na* repulsion is stronger than Lit-Li™ repulsion.[63] Moreover,
the P2 and P3 type structures (which form with Na but not Li) have two times
the available Na sites compared to O-type structures. Therefore, the number of
possible ordering arrangements increases dramatically for intermediate Na contents
where these structures are stable.

Ordering of Na-ions is generally considered disadvantageous in terms of kinetics
(rate capability).[88] Mo et al. demonstrated that Na™-Na*t repulsion was actually
the primary rate limiting factor in P2 type compounds.[89] Fortunately, experimental
evidence demonstrates that Na-ion ordering can be effectively controlled by tuning
the TM composition.[90, 91]

Na-ion ordering can only occur if there is a concurrent charge ordering of the
TM layer.[90] In most single TM NaMOy compounds, dynamic TM charge ordering
(e.g. between Mn3* and Mn**") readily occurs to facilitate Na-ion ordering as all
metals in the TM layer have the same redox potential and can easily exchange

electrons. This is largely reduced in systems with two or three transition metals but



20 1.2. Layered NaMQO, Cathodes

can still occur if the redox potentials of metals are very similar.[91] This section will

review the literature on Na-ion ordering as well as examine strategies to disrupt it.

Na-ion Ordering in Single TM NaMO, Compounds

Na-ion ordering is commonly identified by electrochemical and/or diffraction
methods. Each ordering scheme typically occurs over a very narrow range of Az, but
changes the system’s energy rather suddenly in that region. Consequently, Na-ion
ordering often appears as a noticeable "step" in the electrochemical load curve.[92] 93]

NaCoQs is an excellent example of a single TM compound that shows a high
degree of Na-ion ordering. Berthelot, Carlier, and Delmas investigated P2-Na,CoO4
(where x > 0.5) using in situ X-ray diffraction (XRD) of a galvanostatic intermittent
titration technique (GITT) experiment. 95| By employing these techniques collectively,
they were able to demonstrate that the steps in the voltage curve coincided
with discontinuities in the lattice parameter evolution of the structure. The
most pronounced voltage steps occurred at © = 2/3 and = = 1/2. At these
compositions, extra peaks were also evident in the diffraction pattern, corroborating
prior computational and experimental studies concluding the presence of an ordered
superstructure of Na-ions.[96-98|

Na-ion ordering is also seen in a variety of other NaM Oy compounds including P2-
Na,VO,.[94] The in situ XRD of P2-Na, VOq shown in Figure [1.7] elegantly displays
the shifting of the superstructure peaks (induced by Na-ion ordering) over solid
solution regions as narrow as Ax = 0.04 mol Na. In addition, NaNiOy, NaMnO.,
and NaCrO, all demonstrate pronouced voltage steps on cycling suggesting Na-ion
ordering is also occurring in these compounds. [93} 99, 100].

Recently, Toumar et al. predicted 18 distinguishable ground state Na-ion ordering
configurations in the O3 structure using high throughput density functional theory
(DFT).[88] The calculations modeled structures over a full range of Na contents
0 < x <1 and contrasted the ordering phenomena in NaMOs compounds containing
each 3d TM independently. It is noteworthy that the two phase behavior of NaFeOq

in the range of 1/2 < z < 1 was well represented by the predictions; although
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Figure 1.7: The electrochemical voltage curve of P2-Nay,;3VO; is shown at the top
(a) with biphasic and monophasic domains labeled appropriately. In situ XRD of P2-
Nay/3VO3 recorded during a GITT experiment is shown at the bottom (b) with select
Na-ion ordering superstructure peaks circled. Reprinted by permission from Springer
Nature: Nature Materials Ref. .

there has been no evidence by diffraction of Na-ion ordering in Na;,,FeO, as of

yet. 82, However, the deficiency in the study lies in that most O3 NaMO,

compounds transition to a P3 structure after de-intercalating a small quantity of

Na (Az ~ 0.1 — 0.3 mol Na,). As such, direct experimental comparison is not

possible for most of the compounds modeled. A comparable in-depth study of

Na-ion ordering in the P2 or P3 structures would be helpful to further conceptualize

the behavior of Na-ions throughout (de-)intercalation.
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Figure 1.8: The electrochemical voltage curve of Nay /3 [Niy /3Mny /3]02 is shown at the
top along with the equilibrium voltage calculated by DFT. The three ground state Na-ion
ordering configurations at x = 2/3, 1/2, and 1/3 calculated by DFT are shown at the
bottom. The green and pink circles differentiate the two unique Na sites (green - edge
sharing with TM, pink - face sharing with TM). Adapted from Ref. with permission
from the PCCP Owner Societies.

Na-ion Ordering in Multi-TM NaMOQO,; Compounds

Although a multi-metal TM layer generally coincides with weakening Na-ion
ordering behavior (e.g. P2-Nag/3[Mn;sFeq /9]0 ), P2-Nay/3[Ni; ;3Mny /3] O,
is a marked exception to this trend. In 2013, Lee et. al evidenced Na-ion ordering
in Nag/3[Ni; ;3Mng,3]O, (pristine and after 1 cycle) by synchrotron XRD. The
authors also predicted three ground state ordering configurations for this compound
at x = 2/3,1/2, and 1/3 using DFT, which corresponded well to voltage steps seen
in the experimental electrochemistry (Figure . A recent work on P3-NaTiS,
proposed that Na T diffusion in highly ordered P-type structures may be restricted
to 'anti-phase' boundaries between large ordered domains.[104] Presumably, the
limited diffusion pathways caused by the ordering has a detrimental effect on the

rate capability of P2-Nay3[Ni;/3Mny /3]0y as well.
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Gutierrez et al. recently exhibited that the Na-ion ordering in this compound
could be completely suppressed by merely changing the ratio of Ni to Mn from 1:2
to 1:3 (Nag g1 [Nij/4Mns/4]O5).[105] They theorized the introduction of a third metal
center (Mn3* into the TM layer disrupted the charge ordering. It is surprising that
such a minor alteration in the composition would be sufficient to evoke this change,

4+/3+ redox couple could still facilitate charge ordering

especially since the Mn
within the TM layer. The authors do cite partial substitution of Ti and Mg in
Na, /3[N11 /3Mn, /3]02 as examples of third metal centers introduced in other studies
to disrupt Na-ion ordering, but these experiments were conducted with significantly
higher levels of substitution (> 1/6).[74, 106] Moreover, a study on Co®** substitution
in Nay/3[Nij;3Mny/3]Os to the same extent showed the voltage step at = 1/2
(caused by Na-ion ordering) was clearly maintained, despite the introduction of a
third metal center.|107] An alternative explanation of the suppressed Na-ion ordering
in Nage1[Nij/4aMng/4]Os could be the presence of additional non-stoichiometric
oxygen in the material (i.e. introduction of TM vacancies). Indeed, the very similar
composition of Nag 7s[[Jo.08Nig.23Mng ge]O2 ([J: TM vacancy) also exhibits a smooth
voltage profile without Na-ion ordering.[108]

In general, the most successful substituents reported in the literature have
been those that are not redox active including TM vacancies [J, Lit, Mg?*, Zn?*,
AT and Ti'*.[71} [74, 106, 108-110] However, the substitution of Fe?' has also
been shown to suppress Na-ion ordering in some cases, |91}, 103, |111] which could
make Fe?*t preferred to inactive substituents as it does not reduce the theoretical

capacity of the compound.

1.2.4 The Issue with Na-Deficient NaM O, Compounds

Prior discussion illuminated the ways in which the TM layer composition of NaMO4
cathodes can be adapted to produce higher voltage and capacity as well as improved
cyclability and kinetics. One of the problems that remains somewhat elusive is
the deficiency of Na-ions in as-synthesized Na,MO, materials (z < 1). P2 and

P3-type Na,MO, compounds can only be synthesized with a Na content in the
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range of 0.5 < x < 0.8. When tested in a half cell against a Na metal counter
electrode, the deficit is not an issue. Extra Na-ions provided by the counter
electrode can be inserted on discharge to compensate for the deficiency, allowing
for the cathode’s Na content at the end of discharge to be higher than the pristine.
However, in a full cell when paired with an anode that does not initially contain Na
itself (e.g. hard carbon), the capacity of the battery is limited by the insufficient
quantity of Na-ions in the cathode.

Presently, two possible approaches for overcoming Na deficiency in Na, MO,
compounds have been identified: sacrificial salts and high energy ball milling with
Na metal. The sacrificial salt, NaN3, was first investigated in 2013 by Singh et al.
The authors showed that the first cycle coulombic efficiency (i.e. ratio of discharge
to charge capacity) of P2-Nay/3[Mn; 5Fe; /2]O5 could be improved by incorporating
the salt into the cathode mixture (active material + conductive additive + binder
+ NaN3).|112] The same group later ran tests in full cells (vs. a hard carbon anode
instead of Na metal) which further validated the concept.[113] There are, however,
a few drawbacks to using NaNj3. The first is the evolution of Ny gas when NaNj
decomposes during the initial charge. The gas could easily diffuse to the anode side
of the cell and disrupt the formation of the necessary solid electrolyte interphase
(SEI). The second drawback is that the salt adds extra volume and mass to the
electrode which lowers the energy density of the battery.[114] In 2017, Sathiya et al.
proposed the use of NayCOg3 as a sacrificial salt, however it has many of the same
problems as NaNj.[115] NayCOj3 will also evolve gas (COg) during the first charge
and clearly also adds additional mass to the electrode material. Moreover, the
presence of surface carbonate species has been shown to be detrimental to electrode
kinetics and cause the de-fluorination of the typically used binder polyvinylidene
fluoride (PVDF) during electrode slurry preparation.[55] |116]

An alternative approach to overcome Na-deficiency proposed by Zhang et al. is
a high energy ball milling of the cathode active material (P2-Nay/3[Mn; oFeq/2]O2)
with Na metal.[114] When fresh interfaces are created by the ball milling process,

the Na metal effectively reduces Nay /3[1\/[111 2Fe /2]02 while inserting additional
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Figure 1.9: Nay 3[Mn; sFe; /5]O2 was ball milled with Na metal in order to reduce the
Na-deficiency intrinsic to Na;MO2 compounds. XRD was performed a) before and b)
after the ball milling process showing a change of the structure from P2 to P’2. The
lattice parameters and an illustration of the structures are shown as an inset. Adapted

with permission under the Creative Commons Attribution 4.0 International License from
Ref. [114].

Na-ions into the layered structure. This results in a distortion of the P2 structure
to P2 (shown in Figure caused by the increased fraction of Jahn-Teller active
Mn** (t9,® €,').]117] This approach may be better than sacrificial salts as there is
neither evolution of potentially detrimental gases during battery operation nor any
volume added to the battery electrode. It remains to be seen, however, whether
high energy ball milling could be utilized at the commercial scale.

The issue of Na deficiency in P2 and P3-NaMO, compounds is one that will
need to be addressed if these types of compounds are to achieve the capacities

necessary to compete at a commercial level.

1.3 High Voltage Structural Transitions in Layered
Oxide Cathodes

Na,MOy compounds often undergo one or more structural transitions during

(de-)intercalation. These structural transitions can be categorized as follow:
« Distortions (indicated by a ’ symbol, e.g. P’2)

« Na layer re-coordination as a result of gliding TMO, slabs (e.g. O3 < P3)
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Figure 1.10: The approximate interlayer distances are plotted as a function of Na or Li
content in the compound for O3-LiCoOs2 (data from Ref. 119], O3-LiNiO, (data
from Ref. [120-122]), O3-NaCoO2 (data from Ref. [51]), O3-Nag9[Nig45Mng 5502
(data from Ref. , @ﬂ), 03-Na[Ni; ;3Mn; j3Fe; 3]02 (data from Ref. [51]), P2-
Nay/3[Nij 3Mny/3]Oo (data from Ref. ), and P2-Nay /3[Mn; joFe; /5]O2 (data from
Ref. ) This graph clearly demonstrates the generally greater interlayer contraction
of NaMOs compounds compared with LiMOs compounds. * The intermediate interlayer
spacing for Nag 9[Nip.45Mng 55]O2 has not been reported thus the value used here is that
of Na0,4[Ni1/2Mn1/2]02.

» Migration of TMs to the Na layer

Analogous to Li compounds, the structural transitions that occur at low Na contents
(and generally high voltage) tend to be the most detrimental to the cycling stability
of the compound. In particular, materials significantly depleted of Na undergo
a sharp contraction of the interlayer space (distance [d] between adjacent TMO,
slabs) which has been shown to cause particle fracture and electronic isolation.,
, These volume changes are generally greater for Na compounds than Li
compounds because of the larger ionic radius of Na*t, as shown in Figure [1.10]
The detrimental high voltage structural changes often necessitate employing a

lower voltage cutoff on charging to sustain cycling.[77] Therefore, understanding
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and engineering solutions to prevent the structural transitions occurring at low
Na contents provides a significant opportunity for meaningful gains in capacity
and voltage. This section will review the current understanding of the structural

transitions in as-synthesized O3 and P2 structured compounds.

1.3.1 O3 Phase Transformations
LiMO, Compounds

03-LiMO, compounds have been studied to a much greater extent than their NaMO,
counterparts. As such, there are key learning points gleaned from investigating Li
materials (especially at low Li-contents) that can be applied to Na compounds. Thus,
03-LiM O, materials’ structure and phase transformations are first reviewed here.

One of the Li-ion cathode materials most utilized for commercial applications is
03-LiC00,.[127] The structural evolution of this compound is summarized in Figure
[I.11} Structural characterization of Li,CoOs using in situ XRD was first carried
out in 1992 by Riemers and Dahn and soon after by Ammatucci et al. (charging to
4.35 V and 5.1 V vs. LiT/Li respectively).[118, 128] Both reports demonstrated the
maintenance of the O3 structure at lower voltages (higher =) with the exception of
a monoclinic distortion (O’3) caused by Li-ion ordering at = = 0.5. Upon further Li
extraction beyond x & 0.31, however, Ammatucci et al. discovered the formation of
two new phases (XRD data in Figure[I.11p). One new phase at 5.1 V (z & 0) had
a very small interlayer spacing of d ~ 4.29 A and was classified by the authors as
an O1 structure. This layered-type structure contains octahedral vacancies in the
Li layer that face share with TM octahedra (Co in this case) in each adjacent TM
layer (Figure [1.11[).[118] The other new phase, occurring at 4.6 V (z &~ 0.12), was
later identified as a hybrid structure by Van der Ven et al. and Lu et al. containing
alternating layers of O1 and O3-type; this hybrid structure was labeled as the H1-3
phase (also Figure [L.11[d).[126] [129] The presence of hybrid phases with varied
stacking sequences may also be relevant to Na-ion compounds.

03-LiNiO,, the parent compound of commercially relevant Ni-rich cathodes,

has also been studied in great detail. Ammatucci et al. initially indicated that
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Figure 1.11: The structural evolution of LiCoOs is shown. The electrochemical load
curve is shown in a) for reference (Reprinted from Ref. with permission from Elsevier).
The in situ XRD data in b) focuses on the (003) reflection at x < 0.31 (Reproduced with
permission from Ref. . Copyright 1996, The Electrochemical Society.). The phase
diagram of the compound is shown in ¢) along with the corresponding differential capacity
curve (Reprinted from Ref. with permission from Elsevier). The H1-3 structure
appearing at low z is illustrated in d) along with its structural components, O3 and
O1 (Reproduced with permission from Ref. . Copyright 1998, The Electrochemical
Society.).

the O3 phase was maintained upon full de-intercalation (5.1 V) of Li,NiO, albeit
with a significant volume contraction (d =~ 4.53 A) However, later work by
Crogguenec et al. determined that the phase of this compound at the end of charge
was not necessarily fixed at O3 but rather largely dependent on the Ni-Li anti-site
disorder (i.e. Niin Li layer and vice versa) in the as-synthesized compound.[120,
In compounds with low anti-site disorder, the O1 phase was evident upon full
de-intercalation with an interlayer spacing of d ~ 4.35 A. Although Na-ion

compounds do not experience anti-site disorder, TMs can migrate to the Na layer
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Figure 1.12: The electrochemical load curve of 03-Na,CrOs is shown in a) cycled
to different voltage cutoffs (Adapted with permission from Ref. [131]. Copyright
2014 American Chemical Society.). b) shows the Cr migration mechanism proposed
by Bo et al. (Adapted with permission under the ACS AuthorChoice License
from Ref. https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.5b04626.
Further permissions related to the material excerpted should be directed to the ACS.)

during de-intercalation. Thus, LiNiOy represents an informative model on how

this may change the mechanism of structural evolution.
TM Migration in O3-NaMO, Compounds

As was previously discussed, the most promising 3d TMs to incorporate in NaMO,
materials to optimize voltage are Cr, Fe, Co, and Ni. There have been in-depth

structural studies on single TM O3-NaMO, compounds containing each of these
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TMs. While there is a general lack of consensus regarding the terminology and
structural classifications, many NaMO, materials containing these TMs have been
studied in detail.

Both O3-NaCrO, and O3-NaFeO,; undergo significant TM migration upon
(de-)intercalation that distorts and evolves the O3 structure to limit cyclability. Bo
et al. recently proposed a mechanism for the degradation of NaCrOs, shown in Figure
[1.12] involving the O3 structure initially transforming to a monoclincally distorted
P’3 (from x = 1 to « ~ 0.7) which remains stable until  ~ 0.4 at which point a
transition back to O3 occurs.|132] The authors argue that during this transition, Cr
migrates into the Na-layer and this eventually transforms the structure further into
a CrOy disordered rock salt. By contrast, NaFeOy does not transition to a P3-type
structure on charging, but still undergoes a similar process when charged beyond
r ~ 0.5 with Fe3* ([Ar] d®: no crystal field preference between tetrahedral and
octahedral) migrating to tetrahedral sites in the Na layer.|81,|101] The TM migration
in NaCrOs and NaFeO, unfortunately makes both compounds inappropriate as
a cathode material despite their adequate voltage and high elemental abundance.
In multi-TM systems, however, it has been proposed that reducing the Cr or Fe

fraction is effective for suppressing migration and improving cyclability. [55]

The "X"-Phase, "Y"-Phase, and Suppression of TM Migration

Kubota et al. demonstrated that O3-Na[Coy /2Fe;/2]O5 outperforms either of the two
single TM parent compounds in terms of reversible capacity.[133] Unlike NaFeOa,
Na[Coy joFe; /2] O, transitions to a P3 structure on charging, which presumably helps
to combat Fe migration at intermediate Na contents as there are no tetrahedral
sites in the Na layer for the Fe to migrate to. On continued charging of the
compound past x = 0.4 (x in Na,[Coy/oFe;/5]O,), there is another phase transition
that manifests itself as a rapid contraction of the interlayer spacing, which the
authors assign as a "P’3-O’3 solid solution transition".|133] The sharp decrease
of the interlayer spacing seen for O3-Na[CoyoFe;/2]Os (z < 0.4) has also been

observed for other charged O3 NaMOy compounds, albeit with varying conclusions
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Figure 1.13: Operando synchrotron XRD (A = 0.1174 A) of 03-Na[Nij ;3Mn; /3Fe; /3]Og
is shown with the various phase transitions labeled on the left and the electrochemical
load curve on the right. The O3’ phase indicated by the authors is consistent with the
"X"-phase as is evident by the progressive positive shift of the (003) peak indicating
interlayer contraction. Adapted with permission from Ref. [135], 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

on the structure’s identity. For consistency, the high voltage (low x) structural
transition of O3 compounds which occurs through progressive interlayer contraction
will be labeled hereon as the "X'-phase (as it has been done by some authors
[134]) to better communicate its ambiguity.

O3-type NaMO;y compounds containing only Co and/or Ni (without Cr or
Fe) also undergo structural transition with interlayer contractions corresponding
to the aforementioned "X"-phase yet display greatly improved reversibly capacity
relative to NaFeO, and NaCrOg., Improved cyclability seems to be related
to suppressed TM migration as predicted by DFT and experimentally verified with
transmission electron microscopy (TEM).[51]

Zheng et al. presented ez situ XRD of O3-Nago[Nigs5Mng 5502 after the
compound was charged to 4.5 V (x < 0.1) which showed the formation of a new

phase (hereon labeled the "Y"-phase) with a very small interlayer spacing (d =~ 4.44
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Table 1.3: A summary of the interlayer spacing of O3 compounds charged to low Na
contents (z).

Compound Voltage (V) ~x d(A) Phase Assigned Ref.
Li, CoO, 5.1 0 429 01 [118]
Li,NiO, 4.45 0 435 Ol [130]
Nax[Nio.45Mn0,55]Og 4.5 0 4.44 03 l79]
Li,[NiggMng1Cop1]Os 4.6 0.25 4.58  None [138]
Na,CrO, 4.0 0.1 471  Rock-salt [132]
Na$[N11/3MH1/3F€1/3]OQ 4.5 0 4.87 03 l51]
Na,FeO, 4.5 Unk. 4.9 Spinel [51]
Na, [Mn; /3Fe; /3]0 4.3 0.08 5.02 'X' [139]
Na, [Fe; /2Co1 /2] O4 4.5 0.18 506 O3 [51]
Na,CoOq 4.5 0 525 O3 [51]
Na,NiOy 4.5 0.06 555 O3 [51]

A).[?Q] This new phase appeared to stem from a biphasic reaction and therefore
should be distinct from the "X"-phase which shows a progressive collapse of the
interlayer space. This interlayer spacing of charged Na,[Nig45Mng 4502 is much
smaller than has been seen for any other charged O3-NaMO, compounds, to the
best of my knowledge, but does, however, approach that of the fully de-intercalated
O1-Li;NiOy and O1-Li,CoOs (z =~ 0).[118| [130]

Yuan et al. demonstrated that partial substitution of Fe for Mn and Ni, resulting
in the composition Na[Nig 4Mng 4Feq 2] O,, altered the compound’s behavior to match
that of the "X"-phase (authors assigned as OP2).[111] They cited the possibility of
Fe migration as the cause for this difference. In situ synchrotron XRD was later
collected on the closely related composition Na[Ni; /3Mny j3Fe; /3]02, by Xie et al.,
which clearly showed the evolution of the "X"-phase (labeled as O3’ by the authors)
(Figure [1.13)). An additional study demonstrated that the interlayer spacing of
this compound decreased to d ~ 4.87 A at 4.5 V, which is still significantly larger
than that of the previously discussed "Y'-phase.[51]

Table summarizes the end of charge structures of several relevant O3-type
layered oxide compounds. A thorough understanding of the "X" and "Y"-phases
is important to be able to utilize the capacity at high voltage/low Na-contents

(x <0.4). As of now, the literature clearly lacks consensus as to the nature of these
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two phases, how they might relate to one another, and whether TM migration to
the Na layer plays a role. In the papers reviewed above alone the conservatively
labeled "X"-phase was designated as O3, 0’3, OP2, and O’3-P’3 intergrowth, despite
displaying largely the same characteristics. A unifying theory on the topic would

be extremely helpful and warrants significant effort moving forward.

1.3.2 P2 Phase Transformations

As discussed previously, the O3 structure is stabilized by high Na contents during
synthesis (z > 0.8). Upon de-intercalation, most O3-type NaMO, compounds
transition to a P3 structure when approaching intermediate Na contents (0.4 <
x < 0.7) and then transition again to the "X"-phase at low Na contents (z < 0.4).
By contrast, P2-structured NaMO, compounds are synthesized with intermediate
Na contents (0.5 < z < 0.8) and undergo a different structural evolution upon
cycling. For instance, it may be expected that if Na*t is intercalated into the P2
compound so as to increase the Na content beyond 0.8, the TMO, slabs would glide
to form the O2 structure, analogous to the O3 <+ P3 transition; however, this does
not occur in practice.[95| 140] Presumably this is due to the fact Na occupancy
is unfavorable in the O2 structure as all Na sites face share with TM octahedra.
The P2 stability range is therefore extended to x > 0.9 electrochemically. |95, (140,
141] The suppressed layer-gliding at high Na contents is theoretically beneficial
to the cyclability of P2-type compounds.|61]

At low Na-contents (z < 0.4), layer gliding can occur as there is no longer
enough Na present to destabilize the O2 structure. In 2001, Lu and Dahn used
operando XRD to show that P2-Na,[Ni; ;3Mnj/3]O, transitioned to the O2 structure
via a biphasic reaction at  ~ 1/3.[59] The O2 structure observed had a very small
interlayer spacing of d ~ 4.44 A, which coincidentally matches almost exactly with
the interlayer spacing of the charged O3-Na,[Nig45Mng 55]O2 compound discussed
previously. It seems despite the different structure and TM layer composition of
these two compounds, the interlayer spacing of approximately 4.44 A represents

that of a fully de-intercalated Na-ion compound.
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No other P2-type Na,MO, material, to the best of my knowledge, has been
reported to undergo such a dramatic interlayer contraction as Nag/s [Ni; /3Mny /3}02.
In fact, most P2-type compounds by contrast undergo a distinctly different (and
more controversial) structural evolution when charged to high voltages (low Na
contents). Nag/g[Mnl/QFel/g]Og is one such compound. In 2012, Yabuuchi et al.
showed by ex situ synchrotron XRD that charging the compound to 4.2 V caused a
conversion to a new structure which they identified as the OP4 phase (alternating
P2-type and O2-type layers).[142]

A later operando XRD experiment by Mortemorde de Boisse et al. demonstrated
for the first time that the interlayer spacing of Na,[Mn; /9Fe; /9]O, phase progressively
decreases during the high voltage phase.[124] In the operando set up, however, the
authors could not identify enough diffraction peaks to determine the stacking type
so they labeled this ambiguous structure the "Z"-phase. It will be referred to
as such hereon.

A follow-up study by Pang et al. using operando synchrotron XRD reported
the "Z"-phase of Na,[Mn;sFe;/5]O2 to be OP4 but asserted a different stacking
sequence than Yabuuchi et al’s (alternating layers of P2 and O3 rather than P2
and 02).[140] The transition of the P2 structure to this P2-O3 stacking sequence
of OP4, however, would require a breaking strong TM-O bonds to rearrange the
TMO, slab itself rather than a more facile gliding of the slabs. This impracticality
is something the authors did not address.

Talaie et al. later used pair distribution function (PDF) analysis of the total
X-ray scattering from chemically de-intercalated Na,[Mn; s2Feq /2]02 to propose a
new model for the high voltage "Z"-phase. The authors argued that over 10% of the
Fe migrates to the Na layer, a process that instigates a layer glide to O2 stacking
in order to create stable tetrahedral sites for Fe*™ to occupy.|70] They provided
further evidence of the Fe migration with 5"Fe Mossbauer spectroscopy (°"Fe-MS)
by fitting an extra doublet with large quadrupolar splitting (QS). A model of the
Fe migrated O2 structure is shown in Figure along with the PDF and 5"Fe-MS

fittings. The same group later identified that partial substitution of Mn with Ni or
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Figure 1.14: A model for the high voltage "Z"-phase of Na,[Mn; /5Fe; /5]O2, as reported
by Talaie et al., is shown with supporting evidence. An illustration of the model is shown
in a), a fitting of the PDF data is shown b), and a fitting of the 5"Fe-MS data is shown in
c). Adapted with permission under the Creative Commons Attribution 3.0 License from
Ref. Published by The Royal Society of Chemistry.

Cu served to alleviate most of the TM migration and improve cyclability; however
the change did not suppress the phase transformation to O2 stacking.

Very recently, Kubota et al. revisited the subject of the high voltage "Z"-phase
when investigating the compound Nagy/3 [Nil/4Mn2/3Cu1/12]Og. The authors
proposed that the "Z"-phase of this compound was a disordered OP4 structure
(i.e. P2 and O2-type layers not alternating) termed P2-O2 50:50 intergrowth using
a combination of operando and ex situ XRD with stacking fault simulations to
argue their case. A schematic comparing the OP4 and P2-O2 50:50 intergrowth
is shown in Figure [1.15

In summary, P2-type compounds are structurally stable (i.e. no layer gliding)
over a larger range of z than O3-type compounds, making them a promising
class of cathode materials. Like O3 compounds, however, P2 compounds undergo a
structural evolution at high voltages (low Na content, < 0.4) that is detrimental to
cyclability. The P2 to O2 biphasic transition of Nay/3[Ni; 3Mny/3]O, has been shown
in particular to be associated with a rather severe volume contraction (> 20%). Some
improvement to the cyclability is seen, however, in P2 compounds that transition to

the high voltage structure termed the "Z'-phase. The exact nature of this "Z"-phase
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Figure 1.15: This schematic compares the ordered OP4 structure (alternating
P2 and O2-type layers) with the disordered P2-O2 50:50 intergrowth assigned to
Nag /3[Nij 4Mny 3Cuy /12]O2 (2 < 0.3) by Kubota et al. "Ch. 1" and "Ch. 2" indicate the
two different choices of glide vector to achieve O2 stacking from P2 stacking. Reproduced
with permission from Ref. Copyright 2017, The Electrochemical Society.

currently lacks consensus in the literature. It is important to reiterate that the
utilization of the cathode at low Na contents not only delivers additional capacity
but also does so at a high voltage, offering a substantial payoff in energy density.
As such, understanding the structural evolution of P2 (and O3) compounds at low

Na contents is an important component of developing better cathode materials.

1.4 Oxygen Redox in Layered Oxide Cathodes

The large variety of cathode materials discussed so far compensate the (de-)intercalation
of Na or Li-ions through the (oxidation) reduction of a TM redox center (e.g.
Co**/3+). The past decade has garnered significant interest in a new class of
cathode materials where the oxide anion can participate in the redox reaction to
provide extra capacity beyond what is theoretically possible through TM-redox
alone. This class of cathode materials, often labeled O-redox compounds, offers
huge promise to potentially increase the quantity of Li or Na-ions that are stored
while simultaneously reducing the cathode weight and cost by lessening the need

for TMs (i.e. large increase in specific capacity).
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Figure 1.16: The electrochemical load curve for Li,Nig13Cog.13Mngs5402. This
compound displays the characteristic long plateau on the first charge (red) followed
by a dramatic change to the load curve’s shape on subsequent cycles. Reprinted by
permission from Springer Nature: Nature Chemistry Ref. [145].

Most of the research on O-redox compounds has focused on "Li-rich" materials
(Li:TM ratio > 1) which are generally derivatives of the compound Li;MnOj (i.e.
Li[Li; ;3Mny/3]O2 with Li occupying the Li layer and TM layer). More recently,
O-redox has been identified in Na-ion compounds as well. In this penultimate section
of the Introduction, the literature on O-redox compounds will be reviewed with an

emphasis on advances in the fundamental understanding of how O participates.

1.4.1 Li-ion O-Redox Compounds

Interest in Li-rich cathodes began as early as 1997 with the identification of a solid
solution existing between LiCoO, and Li;MnOj.|146] This was soon followed by
the investigation of Li[Li;/5Cra/sMny/5]O, in 2001.[147] Most notably, the solid
solution between Li[Ni; s2Mny /2]02 and LisMnOj3 was explored by Lu and Dahn
in 2001 who observed "anomalous capacity" (not attributable to Mn or Ni redox)

when the cathode was charged beyond 4.5 V.[148] This extra capacity manifested
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itself as a long voltage plateau on the electrochemical load curve. A typical Li-rich
voltage curve is shown in Figure for reference illustrating this behavior. On
first charge, the voltage profile displays an initial sloped region (region 1), followed
by a long plateau (region 2), and finally an uptick which takes the voltage to the
upper limit (region 3). On subsequent discharge and cycling, the region 2 plateau

is lost, resulting in a severe hysteresis (energy inefficiency).

Initial Investigations of "Anomalous" Capacity

For the Li[Li1_2y)/3sMn(s_y)/3Ni,]Os (y < 0.5) materials, Lu and Dahn initially
reconciled the source of "anomalous" capacity to be irreversible extraction of O
from the structure on charge followed by Mn reduction on discharge.[149] This
theory was later corroborated by work from Armstrong et al. who used online
electrochemical mass spectrometry (OEMS) to confirm that O gas was evolved
from the structure (O-loss).[150] During this period, the O-loss theory was called
into question by findings from electrochemical cycling carried out at 55 °C which
pointed to electrolyte degradation along with H*-Li* ion-exchange as the primary
electrochemical mechanism.|[151}, [152] However, Tran et al. demonstrated that this
process did not occur to any appreciable extent at room temperature using 'H magic
angle spinning-nuclear magnetic resonance (MAS-NMR).[153] Instead, the authors
argued for O-loss and subsequent "densification" of the structure; this involved TMs
at the surface, destabilized by O-loss, migrating toward the bulk of particles.[153]
Substantiating this speculation, it had been shown previously that Lit could be
extracted from both the TM and Li layers on charge, which would leave a high
quantity of vacancies in the structure for TMs to diffuse through.|154]

Competition between O-Loss and O-Redox

Work by Hong et al. contradicted this model however, showing that the weight loss
of the electrode during the plateau (from O-loss) was not enough to account for
the extra capacity seen.|155] Thus reversible O-redox was first suggested. Ito et
al. then performed operando X-ray absorption spectroscopy (XAS) and evidenced

limited Mn reduction on discharge, also indirectly evidencing O-redox.[156] In
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2011, Yabuuchi et al. suggested the reversible O-redox reaction on cycling may
occur through re-reduction of the O, gas evolved from the structure on charge
back onto the surface of the cathode as LiyCO3.[157] This proposed process was
endorsed by findings in other reports.[158, [159]

By 2013, it was becoming clear that the bulk and surface processes of Li-rich
compounds may be different. This led Koga et al. to propose a new hybrid
model in which reversible O-redox occurred in the bulk of particles while O-loss
on charge produced densificiation near the surface.[160, [161] Soon after, the first
direct evidence of O-redox in the bulk was obtained via soft XAS of the O K-
edge. This technique revealed an increased intensity in the pre-edge region of
the spectra during the plateau.|162] Reports by Luo et al. in 2016 reinforced
these findings with further evidence of O-redox using resonant inelastic X-ray
spectroscopy (RIXS).[145, 163] Moreover, the same authors also demonstrated
that O-loss (vs. O-redox) is only predominate when charging beyond the end of
the plateau (region 3 of Figure [1.16]), a finding also corroborated by others.[145]
164] Around the same time, Seo et al. showed through DFT that O could in fact
be oxidized when charging Li-rich compounds because of the very ionic nature
of the Li-O bond.[165] Thus, computational and experimental results seemed to
be converging on the theory of O-redox and attention turned to understanding

the processes that limited its reversibility.

Reversibility of O-Redox and Voltage Fading

A significant amount of resources had been dedicated to developing Li-rich materials
for EV batteries as part of a USA Department of Energy (DOE) project.|166]
Commercialization has so far been thwarted mainly due to the issue of "voltage
fading": the decline of the average discharge voltage with cycling.[167] Important
work by Croy, Thackeray, and others elucidated irreversible TM migration into
the Li layer as the primary cause for this decline.|168-171]

Sathiya et al. reported that TM migration and voltage fading were an "inseparable

part" of the charge/discharge of Li-rich materials and was correlated directly with
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Figure 1.17: Resonant inelastic X-ray scattering (RIXS) maps are shown for the
compound Li[Lip 17Nig.21Cop 0sMng 54]O2 at different states of charge during the first
cycle a) and on the 500th cycle b). The electrochemical load curve (solid: C/68 current
rate, dashed: 2C current rate) and XAS is also shown for comparison. Reproduced with
permission under the Creative Commons Attribution 4.0 International License from Ref.
[175].

O-loss.[172] The authors, however, argued that this effect could be curtailed by
1) utilizing large cations (e.g. Sn) in the TM layer, which they claimed are
less likely to migrate and 2) using 4d and 5d redox active TMs, which could
"reductively couple" to the O-redox reaction.[159) [172] The proposed reductive
coupling mechanism was elaborated on by Saubanere et al. who declared reversible
O-redox could only occur through the creation of "peroxo-like" species (i.e. O-O
bonding) with the subsequent covalent stabilization of those species by 4d or 5d
TMs (i.e. TM(O2)™ where n< 4).[173] In accordance with this concept, DFT
calculations indicated that the interaction of 3d TMs and O was not sufficiently
covalent to facilitate reversibility.[174]

Invalidating these conclusions, Gent et al. exhibited sustained reversibility of the
O-redox couple for Li[Lij 17Nig 21 Cog.osMng 54]O2 even on the 500th cycle.|175] Their
results, obtained using RIXS mapping of the O K-edge, are shown in Figure [1.17]
Moreover, the authors claimed their spectroscopy results indicated that reversible

migration of TM cations between the TM and Li layer octahedral sites was in fact
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coupled to the O-redox reaction. However, this concept of reversible TM migration
into octhedral sites in the Li layer is inconsistent with others’ data. For example, a
recent report by Kleiner et al. of a long duration synchrotron XRD study evidenced
reversible migration of TMs into Li layer tetrahedral sites (=~ 8% each cycle) but
indicated that TM migration into Li layer octahedral sites was irreversible.[171] Tt
is evident that the nature and role of TM migration in O-redox is still ambiguous.

Presently, RIXS mapping is being heavily promoted as the go-to method for
identifying O-redox by Yang and others at the Advanced Light Source synchrotron.|176]
They claim the "signature of O-redox" is a low energy emission indicated by an
arrow in Figure [I.I7/[175H177] Interestingly, the feature seen in the RIXS maps
of charged Li-rich cathodes was shown to match well with that of Li;O, giving
possible credence to the idea of "peroxo-like" bond formation.[178] However, the
authors were quick to advise that further theoretical investigation was needed
before conclusions could be drawn regarding the true origin of this signature beyond
merely evidencing oxidized O.[177]

Overall, the battery research field seems to be coming to a consensus on the
certain O-redox mechanisms characteristic of Li-rich cathodes. These can be
summarized as follows: 1) O-redox is reversible upon cycling,[175] 179} 180] 2) O-O
interactions of some sort may serve to stabilize the oxidized O,[67, |174, 181] 3) TM
migration to the Li layer appears to happen to some extent during the charging
process either reversibly or irreversibly,[169-172, 182] and 4) although heavily reliant
on composition, O-loss seems to be largely a surface process.[160} 164} [183-185]

However, many questions still remain unanswered particularly surrounding the
nature of oxidized O and how it relates to hysteresis and O-loss. Recently, there
have been reports of O-redox in Na-ion cathode materials. Most of these compounds
cannot be classified as Na-rich as their Na:TM ratio is generally not greater than 1
with the exception of 4d TM systems. Nonetheless, the Na-ion chemistry may serve
as a convenient test bed to better understand the fundamental mechanisms of the O-

redox chemistry and possibly engineer solutions to overcome the present limitations.
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Figure 1.18: The electrochemical load curves for Na-ion compounds displaying
anomalous capacity on charge are shown including a) P2-Nasg[Li;/4Mng/4]Oo2
(Reproduced from Ref. [186] with permission from WILEY), b) P2-Nay /3[Mgg.2sMng 72]O2
(Reproduced from Ref. [187] with permission from The Royal Society of Chemistry), and
c¢) P2-Nag 5[Li; ;5Mny/5]O2 (Reproduced from Ref. [188] with permission from The Royal
Society of Chemistry).

1.4.2 Na-ion O-Redox Compounds

O-redox in Na-ion batteries is a fairly recent subject within the battery research
field. Yabuuchi et al. initiated inquiry in 2014 with investigations of two compounds
that documented "anomalous capacity" in NaMO, cathodes for the first time (P2-
Nas 6[Li14Mng 4]Og and P2-Nag/3[Mgo 2sMng 72]O2).[186, 187]. Both compounds
showed a long plateau on charge (Figures and b) and significant hysteresis,
reminiscent of the Li-rich voltage curve.

In 2016, De la Llave et al. reported a new compound (P2-Nag g[Lig2Mngg]Os)
with slightly less Na and Li but similar performance to the one reported by Yabucchi
et al.[189] The authors established via DFT and experiments that O was oxidized
in this compound, but presumed O-loss rather than O-redox. Interestingly, a
P3-structured compound with the same composition was reported the same year
and remarkably displayed a >4 V plateau on discharge with minimal hysteresis
(Figure c).[188] The authors ascribed this phenomenon to reversible O-redox,

but with minimal supporting evidence.
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It is very interesting, indeed, that the stacking sequence (P3 vs. P2) at this
composition seemed to affect the voltage hysteresis and reversibility to such a great
extent. By contrast, P3-Nay/3[Mg;/3Mny/3]O2, reported in 2019, did not overcome
the voltage hysteresis seen for P2-Nag/3[Mgp2sMng.72]O4.[190]

Rong et al. further characterized low hysteresis P3-Nag g[Lig.2Mng g]Oy showing
neutron PDF evidence of O-O "dimerization" with a bond distance of approximately
2.5 A.[191] The authors attributed the structural stability of the compound to the P-
type structure but did not venture to comment on why the P2-structured compound
did not show the same low hysteresis. Very recently, a similarly minimal hysteresis
was seen for the compound Nay 7 [[J; /7Mng,7]O2 (d: TM vacancy).[192] The authors
proposed that TM layer vacancies were an essential component to the low hysteresis.

The above reports on Na-ion O-redox compounds display several inconsistencies
that warrant further investigation. Like the analogous Li-rich compounds, questions
remain regarding the mechanism of hysteresis. Nonetheless, the present literature
suggests that Na-ion compounds could provide vital insight toward achieving
truly reversible O-redox (with low hysteresis) and pave a path to higher energy
battery cathodes.

1.5 Thesis Objectives

The cost of batteries must be lowered and their performance improved if these
devices are to satisfy the world’s growing need for energy storage. Na-ion batteries
represent a promising avenue for achieving these goals. Therefore, the investigation
and analysis of this battery chemistry warrants significant effort. In particular,
selecting a suitable cathode material remains a critical yet elusive task due to
the strict requirements posed by today’s applications (i.e. cheap, safe, high
energy, high power, etc.).

The objectives of this thesis center on advancing the fundamental understanding
of NaMO, cathode materials in order to provide a valid platform for their further
development. However, it is worth noting the similarity between NaMO, and

LiMO, compounds and consequently, the key learning points ascertained herein
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may well find applications in Li-ion cathodes as well. The new inquiries presented
in pursuit of the aforementioned goal will be divided among three results chapters
(Chapters , and |5) On a principal level, each of these chapters can be considered
to include strategies to improve the energy density of NaMO, cathode materials
while utilizing low-cost and abundant elements.

A more detailed outline of this thesis’s objectives are as follows:
1. Investigating new P2-type NaMO, cathodes (Chapter [3))

+ Develop insight into the high voltage P2-Nay/3[Ni; 3Mny/3]O4 cathode
material, especially concerning its electrochemical performance, cation

ordering phenomena, and structural changes.

o Explore the ternary composition space of Na,, [Ni(x,y) 72Mny iy /QFey}Oz
(x > 2/3, 0 < y < 1) to identify structural trends, phase stability
boundaries, and specific candidate materials to achieve a high-performing

Na-ion cathode.
+ Validate Fe as a redox-active component of P2-Nay 3[Ni; sMny /2Feq /3]Os.
o Overcome the issue of Na-deficiency in P2 compounds by a Na-naphthalide
pre-treatment procedure.
2. High voltage structural evolution of P2-type compounds (Chapter [4)
o Perform operando measurements to elucidate the structural evolution of
P2-NaMO, compounds.

o Develop a comprehensive model to better explain the structural changes
seen for the so-called "Z"-phase when P2-NaMO;, compounds are charged
to high voltages (low Na contents).

3. Oxygen redox in layered oxides (Chapter [9)

o Further the understanding of which specific structural and electronic
properties of a compound facilitate the oxidation of oxygen within the

stability limit of the electrolyte.
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o Identify new ways to suppress oxygen gas loss in favor of solid state

oxygen redox.

o Address the first-cycle hysteresis of oxygen redox compounds and develop

novel methods for controlling this phenomenon.
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2.1 Materials Synthesis and Initial Characterization

2.1.1 Solid State Synthesis

Solid state synthesis represents a relatively uncomplicated method for making
mixed metal oxide systems. It involves obtaining the pertinent precursor materials,
mixing those precursors to an acceptable level, and then heating the mixture to
high temperatures to induce thermal decomposition and diffusion. This method

is commonly used for making Li-ion and Na-ion cathode materials.
Precursors

To synthesize the compounds analyzed in this thesis, NayCO3 and/or Li;CO3 was
mixed with the appropriate transition metal oxides (e.g. MnOs, MnyO3, Fe;Os,
NiO, MgO). Other sodium and lithium sources (e.g. NaOH) are better options for

use as precursors when lower temperature structures are targeted.
Mixing and Heating

Mixing the precursors is either carried out by hand with a mortar and pestle or by
using a ball mill. Subsequently, the powder is typically pressed into pellets using a
die set and hydraulic press under several metric tons of pressure. These steps serve
to increase surface area and shorten the diffusion lengths between the precursor
particles, which increases the speed of the chemical reaction.|1] The pellets are then
placed in a furnace and temperatures high enough to ensure the reactions are no
longer diffusion limited.[1] The exact temperature selected is optimized in order to

obtain a desired structure with a high degree of crystallinity and no impurity phases.
Choice of Atmosphere

Like temperature, the atmosphere in which the solid-state reaction takes place can
have a significant impact on the synthesis outcome, particularly for tuning the
TM oxidation states. In terms of metal oxides, this is due to the oxygen partial

pressure and can be rationalized by the following equation:
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TM,0,(s) <> TM,0,_.(s) + goz(g) (2.1)

As such, high oxygen partial pressures will maintain higher oxidation states
for the TMs because it shifts the equilibrium of Equation to the left.[1] By
contrast, an Ar atmosphere during heating, despite being inert, can reduce the
TM oxides at high temperatures due to the entropy gain of evolving O, gas, thus
shifting the equilibrium of Equation to the right.

2.1.2 Resorcinal Formaldehyde-Gel Synthesis

Another synthetic process for producing Na or Li TMO, compounds is the resorcinal
formaldehyde-gel (RF-gel) synthesis. This method has proven to be successful in
generating high performing cathode materials.|2] Precursors of the desired metals
(typically metal acetates: M[CH3COQ], y > 1) are first dissolved in an aqueous
media before being combined with a solution of equal parts resorcinol (CgH;505)
and formaldehyde (CH20). When subsequently heated to approximately 80 °C,
the resorcinol formaldehyde solution polymerizes, trapping the metal ions in an
atomically dispersed solution throughout the polymer.[2, |3] The gel is dried and
then heated to 500 °C to decompose the organic component of the gel and isolate
an intimately mixed powder containing the metal ions. A final heating step is then
performed to produce a compound of the desired crystal structure (typically at
approximately 900 °C although the exact value is variable for different compounds

to best optimize the structure).

2.1.3 Inductively Coupled Plasma

An inductively coupled plasma (ICP) is a specific type of plasma that is maintained
via induction from a high-frequency magnetic field.[4] This type of plasma can be
incorporated with a spectrometer to create an instrument that is able to identify
the composition of an unknown compound to a very high degree of accuracy.
The compound of interest is first dissolved, or digested, into a liquid matrix

(usually 2% HNO3). It is then diluted so the concentrations of each constituent
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can be interpolated from available standard solutions with known molarity.[5] The
diluted solution is then fed into an ICP instrument that uses plasma to convert
the liquid solution into free ions.

There are two main types of ICP instruments that use different methods of
detection for differentiating and quantifying the free ions. The first, optical emission
spectrometry (OES), utilizes the characteristic light (in the visible spectrum) that
is emitted from an atom as its electrons decay from an excited state to a ground
state.|5] The second method, mass spectrometry (MS), uses a quadrupole to separate
the ions based on their mass to charge ratio (m/z).[6] ICP-MS therefore has
the advantage of isotope differentiation.[6] ICP-OES was used in the analysis

of compounds in this thesis.

2.1.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerful tool for characterizing the
morphology of a material. This technique makes use of the low wavelength of high
energy electrons (A ~ 0.1 A for energies of ~10 keV) to perform high resolution
imaging superior to that of optical microscopy.

In SEM, free electrons originating from a source material, emitted either by
heating the material to high temperatures (i.e. thermionic emission) or by the use
of an electric field (i.e. field emission), act as an "electron gun'.|7] The electrons
are then accelerated through a sequence of condenser lenses forming a beam which
can be rastered over an area of interest in the sample.|7] When the electron beam
interacts with the sample, secondary electrons, auger electrons, back-scattered
electrons, and X-rays are produced which can all be captured for analysis.[7] The
most common detection mode for imaging utilizes the secondary electrons because
these allow for the highest spacial resolution.|7]

SEM is often used in battery research to characterize the particle size and

distribution as well as the shape of the electrode materials.
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2.2 Electrochemical Methods

Electrochemical testing is key to developing a good understanding of an electrode
material and how it performs in a battery as this is predominantly the intended
utility. However, it also provides an important method of synthesizing metastable
compounds through the controlled (de-)intercalation Na™ or Li*, which cannot be
created via other methods.[8] This section provides an overview of the electrochemical

methods used in this thesis.

2.2.1 Electrode Preparation

On their own, electrode materials rarely perform well in an electrochemical cell. This
is because most electrode materials (especially layered oxides) are semi-conductors
meaning they do not conduct electrons well. In order to avoid a large internal
resistance caused by this lack of conductivity, composite electrodes are usually
prepared by creating a mixture of active, conductive, and binder materials.[9] The
most common conductive additive is carbon black and common binder materials
include the polymers: polyvinylidene difluoride (PVDF) and polytetrafluoroethylene
(PTFE). Any added materials should be electrochemically inert within the voltage
range required. The ratios of each component vary depending on the material (active:
conductive: binder ratio of 75:15:10 or 80:10:10 were used in the experiments

presented in this thesis).

Preparing Casted Electrode Laminates

The electrode composites utilized in the experiments presented in Chapters [3| and
were prepared via the casting method. This involves the initial creation of a PVDF
solution in the solvent N-methyl-2-pyrrolidone (NMP) (~ 6% by mass).[10] This
binder solution is then added to the active material and conductive additive and
mixed thoroughly — usually by ball milling. Once a homogeneous ink is created, it
is then coated directly onto the current collector (e.g. Al metal) using a specialized
doctor blade or rolling pin. The coated foil is then dried at approximately 80

°C to evaporate the NMP solvent while leaving the composite electrode adhered
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to the current collector. Once completed, discs are punched from this electrode
laminate for use in electrochemical testing. Casting is the preferred method for
commercial electrode production as it can be executed in a highly automated

roll-to-roll processing line.

Preparing Free-Standing Electrodes Films

Free-standing electrode films were prepared for the experiments presented in Chapter
These are created by mixing the active material, conductive additive, and PTFE
binder with a mortar and pestle until agglomeration occurs. The agglomerated
mixture is then folded over on itself several times and further mixed to improve
homogeneity. Finally, a manual rolling press is used to reduce the thickness of the
electrode composite to ~100 pm. The free-standing composites are then cut to

an appropriate size and used for electrochemical testing.

2.2.2 Electrolyte Preparation

While the Li-ion research field is now quite established and high-quality electrolytes
can be purchased directly from suppliers (e.g. BASF), the Na-ion electrolytes used
in the experiments presented in this thesis were largely prepared in-house. NaPFg
was used as an electrolyte salt (to make the electrolyte solution ionically conducting)
and a blend of ethylene carbonate (EC), propylene carbonate (PC), and/or diethyl
carbonate (DEC) was used as a solvent. A non-aqueous, carbonate-based solvent
was chosen over a water-based solvent to stabilize the electrolyte over a greater
voltage range. The electrolytes were prepared by adding approximately 10 mL of
solvent to the salt to create a 1 M solution. This process was carried out entirely
within an Ar-glovebox so as to avoid even trace levels of HyO in the electrolyte.
The solution was then stirred for several hours and subsequently filtered to remove
any undissolved particulates (e.g. NaF impurity). Dried molecular sieves were
then added to the electrolyte solution to maintain a high degree of dryness and

avoid undesired de-fluorination of the NaPFg salt.
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Figure 2.1: A schematic representation of a typical Na-ion coin cell is shown with the
parts labeled to the right.

2.2.3 Coin Cell Assembly

Coin cells are the most conventional architecture for testing battery materials in a
laboratory setting. They come in various sizes which are normally documented by
four numbers to indicate the diameter and thickness (e.g. 2032: 20 mm diameter, 3.2
mm thickness). A schematic of the various components is shown in Figure Coin
cells are usually assembled by placing the positive (larger) coin cell casing on the
work surface and then carefully stacking the parts in order. For the counter/reference
electrode, a thin Na metal foil is typically prepared by compressing a small Na
metal chunk with a hydraulic press and then punching a small disk for use. During
the cell assembly process, the electrolyte is directly added to the separator drop
wise until saturation. Once all parts are stacked, the cell is hermetically sealed

by a coin cell crimping machine and is ready for testing.

2.2.4 Galvanostatic Cycling

Galvanostatic cycling or constant-current cycling is one of the most common
electrochemical measurements performed on battery materials and was used often

in this thesis to assess a material’s performance. Testing is carried out in a battery



64 2.2. FElectrochemical Methods

cycling machine (MACCOR or Bio-Logic) with the current rate normalized to the
mass of active material and the voltage under constant monitoring. When the
voltage of the battery reaches a pre-defined upper voltage cutoff on charge (typically
4.5 V), the current is reversed and the cell is discharged until a pre-defined lower
voltage cutoff is reached (typically 1.5 V). This process is typically repeated over
many cycles. The two main parameters recorded for a cell during cycling are 1)
experiment time and 2) voltage (monitored as a function of time). The specific
capacity (¢) is determined by taking the product of the time (¢) and current (i)
and normalizing by the active mass (m) as follows:
1At

q= m (2.2)

The specific energy (W) can then be calculated as the integral of the voltage
(F) with respect to the specific capacity:

W= /E dg (2.3)

As discussed in section of the introduction, galvanostatic cycling is typically
plotted as an electrochemical load curve with capacity on the x-axis and voltage
on the y-axis. Alternatively, taking the derivative of capacity with respect to
voltage (dg dE™') is often useful for identifying subtle changes in the slope of
the load curve. These features can be related to the phase transformations of

an electrode material by Gibb’s phase rule:
F=C-P+2 (2.4)

where F' is the number of thermodynamic intensive variables that are needed to
define the system (i.e. degrees of freedom, e.g. pressure, temperature, voltage), C'
is the number of components present, and P is the number of phases present.|[11]
An intercalation electrode is generally defined as a two component system (C' = 2,
TMO; host + guest species). Thus when the electrode enters a biphasic (two-phase,
P = 2) domain, then ' = 2 — 2+ 2 = 2. In this case, assuming temperature

and pressure are held constant, the system is adequately defined and no other
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Figure 2.2: The graphical user interface of the Battery Viewer program is shown. This
application allows for detailed data inspection of each cycle (top display) or relevant

statistics plotted as a function of cycle number (bottom display).

intensive variable (e.g. voltage) can vary. As such, the phenomenon of a biphasic

reaction will manifest itself as a voltage plateau in the electrochemical load curve.

On the other hand, if the electrode is in a single phase regime, then F = 3 and

with temperature and pressure remaining constant, the voltage can vary, producing

a sloped electrochemical load curve.

2.2.5 Data Analysis with MATLAB

To provide fast, comprehensive data analysis for galvanostatic cycling, a software

application was created in MATLAB named Battery Viewer. Figure [2.2] illustrates

the graphical user interface of the software as well as some of its capabilities. The
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program was designed to process data output from both MACCOR and EC-LAB

battery cyclers as well as enable direct comparison of multiple batteries at once.

2.2.6 Online Electrochemical Mass Spectrometry

Online electrochemical mass spectrometry (OEMS) is a useful method for identifying
and quantifying the gaseous products of an electrochemical reaction. It was used in
this thesis to probe specifically for the evolution of Os gas in an O-redox NaMO,
cathode, which is presented in Chapter The technique works by coupling a
custom-made electrochemical cell (with a gas inlet and outlet port) to a mass
spectrometer via sealed tubing. Inert gas (e.g. Ar) is then flowed through the cell
at a controlled rate. This in turn flows any evolved gases out of the cell and toward
the MS where the molecules are ionized. The ionized molecules are differentiated by
the MS based on their mass to charge ratio (m/z) and can be accurately quantified
as a function of experimental time. Thus, the technique is able to directly correlate

gas evolution with particular stages of the electrochemical cycle.

2.2.7 FEx Situ Sample Preparation

Fx situ sample preparation refers to the process of removing a battery electrode of
interest after it has undergone an electrochemical testing protocol. This method
was most often used in this thesis to probe the electrode material at various states
of charge over the first electrochemical cycle. In general, coin cells were used to
charge/discharge the material to the desired state. As soon as the testing protocol
was finished, the coin cells were quickly transported into an inert Ar glovebox. Once
there, the cells were carefully disassembled, making sure to avoid short circuits,
and the electrode material was removed. Subsequently, the electrode material was
washed vigorously with dimethyl carbonate (DMC) to remove any salt adhered
to the surface. Finally, the washed electrode material was dried under vacuum to

remove the DMC and carefully packaged for further characterization.
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Figure 2.3: A schematic depicting the variables involved in Bragg’s Law (Equation
is shown. The difference in path length between subsequent atomic planes is highlighted
in orange.

2.3 X-ray and Neutron Scattering

2.3.1 A Brief Introduction to Diffraction

Diffraction is one of the most frequently used and arguably best technique for
characterizing a compound’s crystal structure. The technique itself harnesses the
physical principle that waves of the correct wavelength impinging on an ordered
collection of atoms (i.e. a crystal structure) will constructively and destructively
interfere to create an interference pattern. A simple relationship for this interference
pattern was discovered by Bragg in 1912. He recognized that constructive interference
can only occur if the difference in the path length (2) between two waves interacting
with successive planes of atoms is equal to an integer multiple (n) of the wavelength
(A).[12] A schematic of this principle is shown in Figure 2.3] As is evident in the
schematic, the difference in path length (24§, highlighted in orange) is related to
the spacing (d) of the atomic layers by an angle (f). As such, Bragg’s Law[13]

can be derived as follows:
nA =260 (2.5)

d = dsin(6) (2.6)

nA = 2dsin(0) (Bragg’s Law) (2.7)
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Figure 2.4: A synchrotron XRD pattern for P2-Nay/3[Ni; ;5Mny/3]O2 is plotted as a
function of Q (A=) and Angle (26, for two different wavelengths \) for comparison. It
can be noticed from the graph that these units are not linearly related to one another.

Bragg’s Law applies to X-rays, neutrons, and electrons as each can behave as
both a particle and a wave. In a typical diffraction experiment, the intensity of
the diffracted beam is recorded as a function of angle 26 (for reasons related to the
experimental geometry). In this thesis, the magnitude of the scattering vector @) is
used instead of 26. () is defined by Equation and represents a wavelength
independent unit of measurement (i.e. better for comparing data originating from

different sources, e.g. synchrotron XRD, laboratory XRD, and neutron diffraction).

_ Amsin(f) 27

Q=" T (28)

Figure [2.4) compares a synchrotron XRD pattern plotted in terms of () with the
corresponding 26 values of Cu ka; (A = 1.54 A) and synchrotron radiation
(A = 0.2113 A).

It is important to note that Bragg’s Law can sometimes predict reflections

at an angle 6 which do not occur in practice, leading to a so-called "forbidden'

reflection. This is because the intensity of the diffracted radiation relates to the
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type of crystal structure present as well as the identity of the atoms that compose
it. A specific atomic plane can be defined by its normal vector (using the unit cell
basis) with a magnitude that is inversely proportional to the spacing of the planes
in that direction (i.e. h k [).[12] Each distinct atom type that composes the crystal
structure will scatter radiation to a different extent which is characteristic to that
atom. This is quantified by the atom’s scattering factor/length (f) and depends
strongly on the type of radiation used. Bringing these two points together, the
intensity of the diffracted radiation from a plane of atoms (defined by the (h k 1)

vector) is equivalent to the square of the structure factor (F'), defined as follows:|12]
F = Z fi€27ri(hui+kvi+lwi) (29)

where u;, v;, and w; are the unit cell coordinates of the atom 1.

There are two additional terms which, along with the structure factor, affect
the diffraction intensity for a particular @ value. The first is the multiplicity (p),
which quantifies the number of non-unique reflections for a given d-spacing;|12] for
example, digg = do1o = doo1 = digp = doip = doo1 (dnkr) in a cubic structure leads to
a 6x increase in intensity at that d. The second is the Debye-Waller (D-W) factor
(sometimes called the temperature factor). This represents the average displacement
of an atom from its average site in the unit cell.[15] The D-W factor reduces the
intensity of a reflection as any displacement of an atom from its average position

leads to diffuse scattering instead of Bragg scattering.

2.3.2 X-ray Diffraction

X-ray diffraction (XRD) is the most commonly utilized diffraction method and
is intrinsically well suited for analyzing crystal structures as the wavelength (\)
of X-rays is of the same order of magnitude as the spacing of the atomic planes
(~0.1-10 A). X-rays interact with the electrons of the atoms; thus the X-ray
scattering factor (f) of an atom scales with the number of electrons the atom has,
and accordingly, with the atomic number z. However, f also decreases significantly

as a function of increasing () because of the atomic form factor. This relationship
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is related to the nature of the interaction between the X-ray and electron cloud.|16]
This means that a typical XRD pattern will show higher intensity peaks at low
() values and lower intensity peaks at high () values.

The Lorentz-polarization factor (LP) must also be considered when calculating
the intensity of an XRD reflection. This factor takes into account the polarization
of the X-ray beam and the geometry of the atomic planes (Equation .

1 + cos?(26)

LE= sin?(#) cos(6)

(2.10)

XRD can either be performed on a laboratory diffractometer or at a synchrotron.
A laboratory diffractometer takes an elemental source (e.g. Fe, Co, Cu, Mo, Ag)
and harnesses its characteristic X-ray emission, usually Ka (discussed further in
subsection .[12] By contrast, a synchrotron produces X-rays through the
rapid deceleration of electrons in a magnetic field,[14] which are subsequently
monochromatized (a single wavelength selected) and directed toward the sample.
XRD can be conducted in a few different geometries that are classified as either
reflection mode (e.g. Bragg-Brentano) or transmission mode (e.g. Debye-Scherrer).[17]

All diffraction experiments analyzed in this thesis are powder XRD. This method
involves grinding a material into a fine powder. The sample powder can then be
measured under the assumption that a large number of crystallites exist and are
randomly oriented in reference to the X-ray beam.[14] In reality, some degree of
preferential orientation is difficult to avoid, particularly in the reflection mode.[18]

Operando or in situ X-ray diffraction methods are especially useful for capturing
a material’s crystal structure as it is changing during an experiment. One example
is high temperature-XRD (HT-XRD), which uses a customized furnace that is built
as an attachment into the diffractometer. Utilizing this attachment, XRD can be
carried out during the synthesis of a material (as a function of time and temperature)
in order to capture key phase transitions. Likewise, operando electrochemical XRD
is an extremely powerful method for capturing an electrode material’s structure
as a function of its state of charge. This technique is typically conducted using a

customized electrochemical cell that has one or two X-ray transparent windows.
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Both of these operando methods require modified set-ups to those traditionally used
(e.g. custom HT-XRD attachment vs. normal furnace) and as such, extra caution
must be taken to avoid spurious features originating from these modifications

and impacting the results.[19]

2.3.3 Rietveld Refinement

The Rietveld method for powder diffraction refinement was named after Hugo
Rietveld for his approach.[20] The method uses a least-squares minimization
to refine a simulated diffraction pattern to match closely with an experimental
diffraction pattern. The refinement procedure can be summarized by four key
steps: 1) calculate the position and intensity for each reflection using the unit
cell and structure factor of a hypothesized model structure, while also taking
into account Debye-Waller and Lorentz-polarization factors, 2) convolve these
intensities with appropriate peak profile functions stemming from instrumental
broadening and material-dependent broadening (e.g. strain, particle size), 3) add
the newly convolved intensities to a background function, and 4) compare this
simulated pattern to the experimental data (calculate "goodness of fit") and allow
certain parameters of the model to be methodically adjusted using a least-squares
minimization algorithm (e.g. Levenberg-Marquardt least-squares minimizer [21]).

The "goodness of fit" between simulated and experimental data can be calculated
in a variety of ways but the most common method is to use R factors, particularly
the weighted profile R factor (Ry,) and the expected R factor (Rexp). Ruwp iS
a discrepancy index that quantifies the weighted sum of the squared differences
between the observed and computed intensity values.[22] Ry, represents the best
possible Ry, that is possible to achieve with that data.[18] The ratio between these

two R factors has been termed the goodness of fit or x (often reported as x?).[22)]
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The R factors and x? are calculated as follows: |18, 22]

1/2

Ry = { (Z w;[y; (obs) — yi(calc)]Q)/(Z w; [yi(obs)]2> } (2.11)

N 1/2
Rexp = {(N _py/ Zwiyi(obsf} (2.12)
x> =R. /R, (2.13)

where y; is the intensity (observed and calculated), w; is the weighting of each
intensity difference, N is the number of observations, and P is the number of

refined parameters.

2.3.4 Neutron Diffraction

Neutron diffraction (ND) can be used as a complimentary technique to XRD.
While X-rays are scattered by the electron clouds of atoms, neutrons are primarily
scattered by the nuclei.[23] This affects the scattering factor f (called scattering
length for neutrons) dramatically, which in turn affects the structure factor F. For
example, there is no atomic form factor for neutron radiation (i.e. F' has much
less -dependence),[16] meaning the signal to noise ratio of higher @ reflections
is generally much better for ND than XRD. Moreover, while the X-ray scattering
factor rises slowly with the atomic number, the neutron scattering length changes
sporadically from element to element (and even isotope to isotope).[24] This provides
an advantage of being able to differentiate two atom types that are very close in
atomic number (e.g. Mn-25 and Ni-28).[25] ND does, however, have the drawbacks
of being much more difficult to access (only available at special facilities) and

requiring a longer measurement acquisition time.|26]

2.3.5 Total Scattering and Pair Distribution Function

When analyzing diffraction data, a background is typically fit which encompasses
scattering from the air and sample holder as well as diffuse scattering from the
sample itself. In a total scattering experiment, the scattering from the sample

(Bragg and diffuse) is carefully isolated from the background signal and then Fourier
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Figure 2.5: A pair distribution function (PDF) of a material is shown. This real space
visualization of atom pair distances can be qualitatively and quantitatively interpreted
through the peak positions, areas, widths, and rp.x. Reproduced with permission from
Ref. [27].

transformed into real space (from reciprocal space).|28] This gives a distribution
function (G) of atom pairs (as a function of their distance r) within the crystal
structure, which is weighted by the atoms’ scattering factors/lengths (i.e. pair

distribution function or PDF). The equation to calculate the PDF is as follows:|[29)

Gy == [ QIs(@) - 1sin(@r) dQ (214)

™

where G(r) is the PDF and S(Q) is the total scattering function of the material. In
reality, it is impossible to collect @) values to oo but a sufficiently broad range of
Q (> 20 A~') must be used in order to obtain a high resolution PDF.[27] As this
is not attainable on most laboratory instruments (e.g. using Cu ka), synchrotron
X-ray or neutron radiation is often used.

PDF is particularly useful for materials with little or no long range order (i.e.
amorphous materials).[27] Powder diffraction depends on long range order in the
crystal structure to obtain Bragg reflections. By contrast, a PDF can detect and
expose the short range ordering of a compound. PDF can be qualitatively and
quantitatively analyzed through the peak characteristics, each representing one

or more atomic pairs, as shown in Figure [2.5
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Figure 2.6: The labeled electronic structure of an atom is shown with selected dipole-
allowed electronic transitions. Electron excitation transitions (occurring through the
absorption of an X-ray photon) are shown in purple whereas electron decay transitions
(occurring through the emission of an X-ray photon) are shown in red.

2.3.6 X-ray Absorption Spectroscopy

Diffraction and total scattering experiments focus on the elastic interactions of
radiation with a sample. In addition to these, there are also significant inelastic
scattering processes that occur, especially during an X-ray experiment. Inelastic
scattering occurs through the excitation of a compound to a higher vibrational,
rotational, or electronic state.[30] As a result of this excitation, the X-ray photon
will donate some of its energy to the material and is thus inelastically scattered. An
example of this phenomenon when an incident photon is absorbed by a atom with
subsequent emission of another photon with lower energy (i.e. fluorescence).[31]
The characterization technique known as X-ray absorption spectroscopy (XAS), or
sometimes X-ray absorption fine structure (XAFS), focuses on the absorption of
X-rays corresponding to the electronic transitions of a material. This is a powerful
technique for collecting element-specific information on oxidation state, coordination
environment, and electronic structure of a material.[20]

A monochromator is used to isolate X-rays of a certain energy (E) from a
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synchrotron X-ray beam. This monochromatized X-ray beam can be used to
determine the absorption coefficient of the material (1) as a function of E, by
measuring the intensity of the X-ray beam before (I;) and after transmission

through a sample (I;) with the Beer-Lambert law:[206]

I, = Iye (2.15)
I

u o log ( O) (2.16)
I,

where x is the sample thickness. This is how most XAS measurements are conducted.

The absorption coefficient of a material p(E) will show sharp increases at certain
energies which depend on the elements present in the sample and their electronic
states. This is because a material can only absorb an incident X-ray photon when
the photon energy is exactly equal to the energy needed to make an electronic
transition.[32] In XAS, the X-ray energy is scanned over a range that encompasses
the specific energy needed to excite a core electron (e.g. 1s state) to the unoccupied
states above the Fermi energy. The sharp increase in absorption of the sample
when the correct threshold energy (to allow an electronic transition) is reached
is referred to as an absorption "edge'.

The lowest unoccupied energy states are often relatively bound to an atom and
thus behave much like atomic orbitals. Due to the symmetry of atomic orbitals,
electrons are only "allowed" to transition between orbitals according to certain

criteria known as selection rules:[32]
o Dipole: Al = +1
o Quadropole: Al =+2,0

where [ is the orbital angular momentum (i.e. s orbital: [ = 0, p: | = 1, d:
[ =2, f: [ = 3). Dipole transitions tend to dominate an X-ray absorption
spectra as their transition probability is approximately 100 times greater than
quadrupolar transitions.[32]

An atomic orbital can be labeled according to its principal quantum number

(K:n=1,L n=2 M: n=3, N: n=4).[33] The excitation process from
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Figure 2.7: A normalized XAS spectrum is shown for the Mn K-edge of P2-
Nag)3 [Niy /3Mny /3]02 with various aspects of the spectrum labeled. X-ray absorption near
edge structure (XANES) is highlighted in blue and the extended X-ray absorption fine
structure (EXAFS) is highlighted in green.

the absorption of an X-ray photon is generally labeled by the initial state of
the electron (e.g. 1s — 4p: K-edge of a 3d TM). This is further illustrated in
Figure As mentioned previously, an X-ray photon emission can also follow an
absorption event.[33] This is also illustrated in Figure [2.6{and must follow the same
selection rules. This behavior is relevant for resonant inelastic X-ray scattering

(RIXS) discussed later in this section.
X-ray Absorption Near Edge Structure

The XAS spectra can be divided into two main parts: the X-ray absorption near
edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS).
These are both illustrated in Figure for the Mn K-edge of P2-Nay 3[Ni; ;5Mny /3] Os.
This thesis only incorporates XANES analyses. The most common use of XANES
for battery materials is to investigate the TM oxidation state by measuring the TM
K-edges. The energies of the main-edge, pre-edge, and white line (defined in Figure
have each been shown to correlate to the oxidation state of the element.[34]
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35] Thus by comparing the measured spectrum to a set of standards, oxidation
state can be determined. Moreover, by probing the edges of a battery material at
different states of charge (by preparing ex situ samples), the charge compensation

mechanism of a battery can be investigated.|36]

Soft X-ray Absorption Spectroscopy

Soft X-ray absorption spectroscopy (soft XAS) simply specifies the energy range
of the X-ray beam used for the XAS experiment: typically less than 1000 eV. The
oxygen K-edge and 3d TM L-edges can be found within this energy regime. Using
this energy range therefore has the advantage of directly probing the electronic
states of a battery material that are most often involved in charge compensation (i.e.
TM 3d and O 2p). Unfortunately, X-rays of this energy range are easily absorbed in
air so the measurement must be carried out under ultra-high vacuum.[37] Related to
this, soft XAS is not usually measured in a transmission-mode but rather by utilizing
the compound’s fluorescence.|26] The fluorescence-mode of detection assumes that
for every photon absorbed by the sample, there will be a photon that is emitted.[38]
The emitted photons can be quantified by a detector and compared with the incident
intensity to obtain the absorption coefficient (x). Typically only the XANES region

of a soft XAS spectrum is analyzed.

Resonant Inelastic X-ray Scattering

Resonant inelastic X-ray scattering (RIXS) has proven to be an incredibly useful
method for identifying changes in the oxygen oxidation state.[39] As was stated
in the soft XAS section above, the absorption of X-ray photons (by the excitation
of an electron) will subsequently generate the emission (fluorescence) of another
X-ray photon as electrons relax to fill the core hole. The fluorescence emitted from
the sample also contains significant information on the electronic structure of the
material. In a RIXS experiment, the fluorescence signal is differentiated by its
energy using an high resolution, energy discriminatory detector.[40] The recorded

fluorescence data can then be plotted as a function of both excitation energy and
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emission energy.[39] This is usually done as a color map. In this thesis, the RIXS

spectra shown are obtained by exciting the O K-edge and analyzing the K, emission.

2.4 Other Techniques
2.4.1 Density Functional Theory

Density functional theory (DFT) is one of the best computational methods for
calculating materials’ properties. It is a first principles method, which means its
theory is derived from the fundamental laws of physics and not based on empirical
information. A material’s electrons are determinant of its properties which can

be modeled by the time-independent Schrodinger equation:[41]
HU = EV (2.17)

where H is the Hamiltonian operator, ¥ is the electron wave function, and F
is the energy of the system.

In 1964, Hohenberg and Kohn developed a theorem that proves a system’s total
energy (FE) is a functional (i.e. a function of a function) of the electron density p(r)

(where r is position).[42] The system energy (E) can be calculated as follows:[43]

Bl =Tl + [ Veuldolrddr+ [ oty [ (P Bl 2a1s)

where T'[p] is the kinetic energy, Vi (r) is the attractive nuclear potential and
E.c[p] is the exchange-correlation energy. The third term of the equation represents
the coulombic electron-electron repulsion.

While all the other terms can be solved exactly, the FE,.[p] involves certain
approximations. This term is essentially a correction that decreases the coulombic
interaction between electrons (in the model) because of the Pauli exclusion principle
and the correlation between electron movements.[43]

Using such approximations (e.g. LDA, GGA, etc.) for the exchange-correlation
energy, the electron density can be solved though a self-consistent field method

using the Kohn-Sham equation:[43]

2ZI p(rl) / — D7
v e [ s o @
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where ¢;(r) belongs to a series of one electron wave functions such that:

plr) = Y- 0n(r)f (220)

In Equation 2.19, R; is the position vector for the nucleus and Z; is its charge
while V,.(r) is the functional derivitive of the exchange-correlation energy, V is
the Laplacian, and ¢; is the eigenvalue solution to the equation. In Equation [2.20]
N is the number of electrons in the system.|43]

If a system’s total energy is minimized (according to Equation 7 the
ground state properties of that system can be determined. In the case of strongly
correlated systems (e.g. TMO, compounds), however, most approximations lead to
an inaccurate exchange-correlation energy. Therefore, these compounds require an
additional Hubbard U term to be added to Equation [2.18, which more effectively
addresses the electron self-interaction error and better models the ground state
properties.[44]

In this thesis, DF'T was used to calculate the ground state energy and electronic
states of various structural models. All DFT calculations were carried out using
the software package Quantum Espresso, which utilizes a plane wave basis set to
represent the one electron wave functions. As is standard for DF'T calculations, the
number of electrons (V) was reduced by using pseudopotentials to model the core
electrons. The Broyden—Fletcher-Goldfarb—Shanno (BFGS) algorithm was used for
geometrical optimization. In addition, the software calculated the magnetization

for each atom by integrating over a sphere around the atom.

2.4.2 °"Fe-Mossbauer Spectroscopy

>"Fe-Mossbauer spectroscopy (°"Fe-MS) is a specialized technique for the study of
Fe in compounds. It takes advantage of what is known as the Mossbauer effect: the
emission or absorption of a y-ray by the nucleus of an atom without loss of energy
due to recoil or thermal broadening.[45] In *"Fe-MS, a 5"Co source is used. This
source has an unstable nucleus which decays to produce a v-ray. This y-ray can

then be absorbed by the Fe nuclei in the measured sample if its energy matches
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exactly with the energy required to excite the nucleus to a higher energy state. This
is similar conceptually to the excitation of electrons discussed previously, however,
Mossbauer spectroscopy utilizes the Doppler effect (instead of a monochromator)
to scan the v-ray energy. The intensity of absorption can then be quantified as a
function of the energy probed in units of mm s~!. With this technique, it is possible
to detect minute changes in the interaction energy of the Fe nuclei and surrounding
electrons, which were previously thought to be negligible.[45]

The interaction of “Fe nucleus with the surrounding electrons produces a shifting
or a splitting of the nuclear energy levels that is captured with *"Fe-MS.[46] The
"isomer shift" or center shift (CS) is impacted predominantly by the s orbital electron
clouds surrounding the Fe nucleus and is dependent on the valence state of the
ion (lower CS = higher oxidation state).[46] Another important parameter is the
quadrupolar splitting (QS) of the Mossbauer signal. This is caused by interactions
with the surrounding electric field that result in the nucleus deviating from spherical
symmetry (higher QS = less isotropic).[46]

5"Fe-MS has been used in a variety of studies to investigate the Fe oxidation
state and coordination environment in battery materials.[47-50] It is used in this
thesis to probe the oxidation state of Fe in Nay /3[N iy /6Mny joFe; /3]02 and investigate
the possibility that Fe changes coordination environments during charge (from

octahedral to tetrahedral coordination).
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3.1 Abstract

Layered sodium transition metal oxide compounds with a P2 structure represent a
promising class of compound as cathodes for Na-ion batteries due to their high energy
density. In this chapter, Nay/3[Ni; 3Mny/3]O2, a model P2 compound displaying high
voltage (de-)intercalation, is investigated in detail to probe its utility as a cathode.
The drawbacks of this compound are outlined which include Na deficiency in the

as-synthesized state, unsatisfactory cycle life, and a strong driving force toward

85
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Na ordering which is thought to be detrimental to the rate performance. After
gaining a fundamental understanding of these challenges, practical solutions are
offered by way of tuning the electrochemical properties with partial Fe-substitution
as well as a new pre-treatment process (Na naphthalide solution) to overcome

the Na deficiency of P2 compounds.

3.2 Introduction

In order to expand the applicability of the Na-ion battery, there is a strong need
for better cathode materials. The ideal cathode would have high voltage, high
capacity, high power, and a long cycle life as well as be safe from thermal runaway
and composed of sustainable, low cost elements. As of now, no such perfect cathode
exists. Some of the most promising candidates under investigation are from the
class of materials known as layered sodium transition metal oxides (NaMOy).

As was set out in the Introduction Section there are four different
NaMO, structural types. P2 and O3-type compounds are by far the most widely
explored. P2 cathodes may benefit from generally faster diffusion as compared
to O3 because of lower migration barriers as well as better structural stability
(fewer phase transitions).|1] One of the first P2-type NaMO, cathodes studied was
Nag/3[Ni; ;3Mny/3]O9.2] This compound has a high average voltage of approximately
3.5 V vs. Na™/Na (when cycled between 2.3 V and 4.5 V), which is compensated
by the Ni**/?* redox couple.[3] It also has a relatively good capacity for this voltage
range of 130 mAh g~!, however that capacity fades quickly on cycling.[3] Another
limitation is the ordering of the Na-ions that occurs during the charge/discharge
cycle hampering rate capability.[4]

There have been many active and inactive element substituents tested in
order to improve the properties of Nay/3 [Niy /3Mny /3]02. Zhao et al. discovered
that substitution of Al, Mg, Co, or Fe for Ni smooths the voltage steps in the
electrochemical load curve corresponding to Na ordering arrangements.|5] Moreover,

Li et al. later showed that Mg substitution might also improve Na mobility.|[6]
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In parallel to the exploration of Nag/g[Nil /3Mny /3]02, perhaps an even more
promising compound was discovered, composed entirely of inexpensive and abundant
elements: Nag/3[Mny ;2Fe; /2]O,.[7] This compound retains its capacity (190 mAh g™!)
much better on cycling, but has a significantly lower average voltage of 2.7 V
when cycled between 1.5 and 4.3 V. Talaie et al. later showed that by partially
substituting Ni for Fe and Mn in the transition metal (TM) layer of this compound,
the capacities and cycling retention could be further improved.[§]

In this chapter, Nag/3[Ni; ;3Mny/3]Os is first explored in detail to understand its
advantages and main drawbacks in its use as a cathode. The identified drawbacks
include Na-ion ordering at various states of charge, poor capacity retention, and
that the compound can only be synthesized in Na deficient form (r = 2/3 in
Na,MO,). So far, Na deficiency has been intrinsic to all P2 type Na cathodes.
Subsequently, possible approaches to overcome these drawbacks will be presented
along with evidentiary support. The composition space between MnQO,, NaFeOs,,
and Na[Ni; ,Mny /o]O, is explored with the goal of determining the composition
that optimizes both sustainability and performance. This led to the discovery
of Nayg/s [Ni; s6Mn; oFey /3]02 which boasts among the highest specific energies of
P2-type Na cathodes. Finally, the problem of Na deficiency is addressed using a
pre-treatment process of the reducing agent, Na-naphthalide, to intercalate extra

Na-ions into the compound prior to cycling.

3.3 Experimental

All compounds were synthesized via solid state methods described in Section [2.1] i.e.
mixing NayCO3 (5% excess) and the relevant metal oxides (NiO, MnyO3 or MnOa,
Fe;03 and MgO) and heating the mixture to temperatures between 900 °C and 1030
°C. For all Fe containing compounds, this process was done in a tube furnace under
flowing oxygen gas while all other compounds were heated in a box furnace in air.

These compounds were prepared into electrodes by mixing them with carbon
Super P to improve conductivity and PVDF as a binder using NMP as a solvent.

The resulting ink was coated onto Al foil and dried at 80 °C for 12 or more
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hours before being punched into discs. The electrode disks were assembled into
coin cells using Na metal as a counter electrode, glass fiber separators, and 1M
NaPFg in EC:PC or EC:DEC as an electrolyte. These coin cells are described

in more detail within Section 2.2

For galvanostatic cycling tests, the materials were charged and discharged at a
constant specific current of 10 mA g~! using a MACCOR battery testing system.
Ex situ samples were recovered from the coin cell, washed with DMC to remove

residual salt, and dried under vacuum.

Chemical analyses were performed on a Perkin Elmer Optima 8000 ICP-OES.
The compositions reported were normalized so the cations existing in the TM layer
of the compound sum to 1. SEM was conducted on a Zeiss Merlin Analytical
SEM. Lab powder X-ray diffraction (XRD) was carried out on a Rigaku Smart Lab
instrument with a Cu ka source and in parallel beam geometry. Synchrotron XRD
was collected at the Advanced Photon Source (APS) in Chicago, IL on 11-ID-B or
11-BM. Data reduction as well as refinements were carried out using the GSAS-II
software package.[9] Neutron diffraction was carried out on the GEM instrument at
ISIS Neutron Source (Harwell, UK). X-ray absorption spectroscopy was measured
at Diamond Light Source (DLS) B-18 and data was normalized with the Athena
software package.[10] °"Fe Mossbauer spectroscopy was collected in transmission
mode using a 5"CoRh source under flowing nitrogen gas and fitted with the method
outlined by Lagarec and Rancourt using the software package, Recoil.[11] High
temperature XRD was performed on the Rigaku instrument described above utilizing
an Anton Paar HTK 2000N high temperature attachment. Operando XRD data
was collected for Nay/3[Nij3Mng/3]O2 at APS on the 11-ID-B beamline using the

AMPIX cell described by Borkiewicz et al.[12].
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Table 3.1: ICP-OES Composition Confirmation

Element Na Ni Mn
Concentration (ppm) 0.85(1) 0.99(1) 1.95(2)
Normalized Composition 0.70 0.32 0.68
Expected Composition 0.67 0.33 0.67

3.4 Results and Discussion

3.4.1 Nay/3[Ni;3sMny/3]O,: A High Voltage Cathode

Pristine Characterization

Nay /3 [Ni; /3Mny /3]02 was synthesized with solid state methods and the composition
was confirmed with ICP-OES, shown in Table Synchrotron XRD was used
to identify the crystal structure of the compound as the P2 structure, which has
hexagonal symmetry (space group: P63/mmc). The Rietveld refinement fitting is
plotted in Figure [3.1] and the corresponding structural parameters are documented
in Table . The a parameter (i.e. TM to TM distance) is 2.896 A and the ¢
parameter (i.e. 2x interlayer spacing) is 11.110 A. The refined fraction of Na in
trigonal prismatic sites that share edges with TMs is approximately double that
of Na in trigonal prismatic sites that share faces with TMs.

There are also three extra peaks in the data, highlighted in the inset of Figure
which are not modeled in the refinement. Lee et al. established that these peaks
were a result of a particular Na-ion ordering arrangement occurring at = = 2/3 in
Na,MO,, which they classified as "Large Zig Zag" (LZZ) ordering.[3]

Neutron diffraction (ND) was also carried out to differentiate the scattering
contribution of Ni and Mn. These elements have very similar X-ray scattering factors
(based on atomic number: Mn: 25, Ni: 28) but have very different neutron scattering
lengths (Mn: -3.73 fm vs. Ni: 10.3 fm).[13] [14] The ND pattern (Figure[3.2) provides
evidence for the ordering of these TMs. There are extra peaks, highlighted in the
grey regions, which do not correspond to the standard (disordered) P2 model. These
peaks have been previously shown to be due to "honeycomb" ordering of the Ni

and Mn, which is illustrated in the inset.[15]
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Figure 3.1: XRD data is shown with the corresponding fitting from the Rietveld
refinement. Refined parameters are listed in Table [3.2] This data set was collected at
APS 11-ID-B with the aid of Dr. Olaf Borkiewicz (APS beamline scientist).

High Temperature - XRD

Given that P2 compounds are generally thought to have a very high Na diffusion
coeflicient, it is interesting that the Na-ions in Nay/3[Ni; ;3Mny /3]0, are static enough
at room temperature to present the long range order evidenced in the diffraction
techniques. High temperature XRD (HT-XRD) was performed to see at what stage

of the synthesis procedure the Na ordering peaks become visible.

Table 3.2: Rietveld refinement results for Nay /3[Ni; ;3Mny/3]O2 from data collected at
APS 11-ID-B.

S.G. P63;/mmec, a: 2.8968(1) A, c: 11.1099(4) A,
Rwp: 11.48%, Rexp: 0.58%

Atom x y =z SOF Uiso (A2)
Na(2b) 0 0 1/4 0.218(4) 0.032(2)
Na (2d) 2/3 1/3 1/4 0.449(4)  0.032(2)
Ni(2a) 0 0 0 1/3 0.0035(4)
Mo (2a) 0 0 0 2/3 0.0035(4)

O (4f)  2/3 1/3 -0.0929(3) 1 0.014(1)
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Ni/Mn Ordering in Na, ,[Ni ,Mn, .|O,

T
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Figure 3.2: The same XRD data as Figure is replotted in order to compare to
the ND data (bottom). Ni/Mn ordering is evident in the ND due to the difference in
scattering lengths of two nuclei. A model of the "honeycomb" Ni/Mn ordering is shown in
the top right of the figure. The ND data set was collected at ISIS Neutron Source by Dr.
Matthew Roberts.

An in situ synthesis was conducted utilizing the HT-XRD attachment, as
described in the Experimental Section and is presented in Figure |3.3] The
precursors were placed into a heated chamber and a pattern was taken every 30
minutes over the heating procedure. The heating steps are shown in Figure [3.3pb.
At approximately 400 °C, peaks corresponding to the P3 layered structure started
to become visible, particularly the strong (003) peak at @ = 1.1 A=, Upon further
heating to 700 °C, the P3 crystallized more at the expense of the precursor peaks.
After holding for 7 hours at 700 °C, the furnace temperature was heated to 900 °C.
On ramping past approximately 850 °C, the P3 peaks disappeared and new peaks
corresponding to the P2 structure were evident. Interestingly, this is at almost
the exact temperature which NayCO3 decomposes. This is in line with findings by

Sathiya et al. which showed that using excess NayCOj3 during synthesis promoted
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Figure 3.3: High temperature XRD (HT-XRD) was used to track the synthesis process
of Nag/3[Nij/;3Mny/3]02. The XRD patterns shown in a) are colored based on the
temperature shown in the color bar as well as stacked corresponding to the time (hrs).
b) shows the various heating steps more clearly over time as well as the key structural
events of the synthesis process extracted from the diffraction patterns.

the P2 structure over the P3. As will be shown in subsequent sections, the
stability of different stacking sequences is heavily dependent on Na content.

On cooling to room temperature, the "LZZ" Na ordering peaks appeared, shown
in the inset of Figure [3.3h. What is surprising, however, is that they become visible
at 300 °C. The stabilization of the Na ordering at such a high temperature shows just
how thermodynamically favorable taking on such an arrangement is for the structure.

As will be shown in the next section, this has a detrimental effect on Na mobility.
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Figure 3.4: The electrochemical performance of Nay 3[Ni; ;3Mny/3]0O2 was probed with
galvanostatic cycling at 10 mA g~! between 1.5 and 4.5 V vs. Nat/Na. The first cycle is
shown in a), the differential capacity plot in b) and the capacity retention in c).

Electrochemistry

Presently, experimental studies have only examined the ordering of the pristine
Nag/3[Nij ;3Mny/3]O9 compound. However, Lee et al. predicted through density
functional theory (DFT) calculations that several ordering schemes occur corresponding
to different voltage "steps" in the load curve, particularly those at Na contents
of Na,[Nij/sMny/3]Os, x = 2/3,1/2 and 1/3.[3] The electrochemical performance
of this material was therefore reinvestigated.

Nayg/3[Nij /3Mny 3]0, was cycled galvanostatically (constant current) at a low
rate of 10 mA g~! in order to see equilibrium processes occurring. The resulting
voltage response is shown in Figure with the load curve of the first cycle shown
in a). It is immediately clear that there are many steps in the load curve which are
even more evident in the dg dV ! plot in Figure . As was computed by Lee et
al., voltage steps are associated with Na-ion ordering and seen in a variety of similar
compounds.[17, Interestingly, no diffraction-based evidence has been provided
for the existence of Na-ion ordering in Na,[Ni; /3Mny /3]02 other than the pristine
x = 2/3, already discussed. The discharge capacities, shown in Figure , fade

quickly with cycling, the cause of which, will be discussed in detail in Chapter [4]
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Operando XRD: Dynamic Na Ordering on Initial Charge
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Figure 3.5: Operando XRD was carried out at APS 11-ID-B on initial charge of
Nag/3[Ni; ;3Mng/3]O2 to 4.1 V vs. Na™ /Na. Superstructure peaks stemming from Na-ion
ordering are highlighted with purple shading. The bump marked with an asterisk at 3.96
V is a spurious feature of the background subtraction and is not a peak. Intense peaks
from the counter electrode (metallic Na) are omitted from the pattern.

Dynamic Na Ordering Evidenced by Operando XRD

Synchrotron operando XRD was undertaken to identify if there were any extra peaks
stemming from long range Na ordering at either the x = 1/2 or 1/3 compositions.
Ex situ work has been carried out previously by Lee et al. but the samples were not
adequately protected from moisture exposure. For the operando data reported
here, the patterns corresponding to the first charge up to 4.1 V vs. Na® /Na are
shown in Figure . At x = 1/2, there are indeed several extra peaks that appear
in the pattern. This is the first diffraction-based experimental evidence of Na-ion
ordering at this composition. Attempts to fit this data to the computationally
predicted model by Lee et al. were unsuccessful. Instead, the ordering arrangement
of Nay/5[Nij/3sMny 3Oy matches that of Na;,CoO, reported by Bertelot et al.
and Huang et al., : an orthorhombic v/3a x 2a x ¢ superstructure (space
group: Pnmn) of the original small hexagonal unit cell (space group: P6s/mmc).

A Rietveld refinement was carried out with this larger unit cell with the results
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Figure 3.6: A Rietveld refinement of the 3.54 V (Naj /5[Ni; ;3Mny/3]O2) pattern from
the background subtracted operando XRD data set. The highlighted inset shows the
good fit of the small Na ordering peaks by the model. The Na-ion ordering arrangement
proposed by Huang et al. is shown at the bottom right. Refined parameters are shown

in Table @

shown in Figure [3.6) and Table [3.3] The inset of Figure [3.6) highlights the good
fit of all the additional peaks stemming from the Na-ion ordering superstructure.
The Na-ion ordering arrangement proposed by Huang et al. is illustrated on the
crystal structure in the figure and is made up of alternating rows of Na-ions face
sharing with a TM and Na-ions that edge share with a TM.

No extra peaks are seen at the composition = 1/3. This is not surprising
as it was previously shown that this composition is plagued with stacking faults
(interlayer disorder). Therefore, while Na ordering could very well be occurring
at this Na content, the domain size may be too small to probe with long-range
diffraction techniques.

All of these results clearly support the fact that Nay/3[Nij/;sMny/3]O, is a highly
ordered material. While this compound has the strong appeal of a very high average

voltage and capacity, its capacity retention on cycling is far from satisfactory.
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Table 3.3: Results from the Rietveld refinement of the 3.54 V (Naj /»[Ni; /3Mny/3]O2)
pattern. Fit is shown in Figure

S.G. Pnmn, a: 4.9706(5) A, b: 5.7229(4) A,
c: 11.298(1) A, Rwp: 23.71%, Rexp: 7.65%

Atom  x y z SOF Uiso (A?)
Na (2b) -0.035(5) 1/4 374 T 0.065(5)
Na (2a) 0.331(5) 3/4 3/4 1 0.065(5)
Ni (4e) 0 1/4 0 /3 0.013(1)
Mn (4¢) 0 1/4 0 2/3  0.013(1)
Ni (4d) 1/2 0 0 1/3  0.013(1)
Mn (4d) 1/2 0 0 2/3  0.013(1)
O (4¢)  0.322(2) 1/4 0.1032) 1 0.035(3)
O (de)  0.347(4) 3/4 0.067(2) 1 0.035(3)
0 (8g) -0.172(2) -0.012(2) 0.083(1) 1  0.035(3)

Moreover, the various voltage steps caused by Na-ion ordering are not favorable for
a real battery cell as this could cause sudden changes in the delivered power to a
device (unless an advanced battery management system is used). Significant research
has therefore been dedicated to tuning the composition of this compound with
substituents to improve the capacity retention and suppress the Na-ion ordering

while retaining a high voltage.

3.4.2 Exploration of Na[Ni, Fe, Mn|O, Compounds

While Ni and Mn are commonly found in commercial Li-ion battery cathodes
materials, Li-ion layered oxide compounds containing Fe have shown relatively poor
performance to date. It has been postulated that this is due to the large ionic
radius of Fe*™ (comparable to that of Li"), which induces anti-site disorder.[21]
Na-ion layered oxide cathodes have an inherent benefit by comparison as Na™ is
larger than Li™ and therefore, layered structures are more easily stabilized even
for large TMs such as Fe?".[22]

As such, the composition space between MnO,, Na[Ni; ,Mn; /]Os and NaFeO,
was explored with the goal of identifying a P2 compound that contains mostly Fe
and Mn due to the low cost of these elements but also has a high voltage. The
capacity compensated by the Mn*t/3* redox couple should therefore be kept to

a minimum as this generally operates at a much lower voltage than the Ni*t/2*
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Figure 3.7: Twelve compositions were synthesized at 900 °C under flowing oxygen and
the resulting compounds were evaluated with XRD. a) shows the compositions on the
ternary composition diagram with the numbers referencing Table b) shows the refined
weight percentages of the P2 and O3 phases. ¢) and d) show the P2 a and ¢ parameters,
respectively. e) and f) show the O3 a and ¢ parameters, respectively.

and Fett/3+ redox. Figure displays a ternary composition diagram between
the previously mentioned end member compositions. In total, twelve compositions
(listed in Table were investigated by XRD. Full refinement results are available
in the Appendix (Figures - and Tables -[A12). A summary of the
results is plotted on the ternary diagram as a linearly interpolated color map.

The P2 and O3 lattice parameters, shown in Figure [3.7c - f, change steadily with
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Table 3.4: Numbered Compositions from Figure

# 1 2 3 4 5 6 7 8 9 10 11 12

Na 2/3 2/3 2/3 2/3 2/3 3/4 3/4 3/4 5/6 5/6 5/6 1
Ni 0 1/12 1/6 1/4 1/3 1/8 5/24 7/24 1/6 1/4 1/3 1/3
Mn 1/3 5/12 1/2 7/12 2/3 3/8 11/24 13/24 1/3 5/12 1/2 1/3
Fe 2/3 1/2 1/3 1/6 0 1/2 1/3 1/6 1/2 1/3 1/6 1/3
o 2 2 2 2 2 2 2 2 2 2 2 2

composition as expected by Vegard’s Law.[24]

Moving from top to bottom in this ternary diagram, the Na content increases
from 0 to 1. No compositions were synthesized above the Nay/sMO, (M = Ni, Fe,
and/or Mn) line because 1) this would decrease the amount of capacity compensated
by the high voltage Ni**/?* and Fe’*/3* redox couples and 2) the ideal cathode
candidate would not be Na deficient as this limits its capacity in a full cell (i.e. not a
half cell vs. Na metal). As can be seen in Figure , P2 compounds could only be
synthesized very close to this upper limit. Shifting down in the ternary diagram of
Figure [3.7b, the color changes from yellow to blue indicating the weight percentage
of the P2 phase decreases at the expense of the O3 phase. It is well known that the
stability of the P2 vs. O3 phases depends heavily on the Na content.[25, 26|

Interestingly, the percentage of P2 phase also seems to decrease as a function of
Fe content (with Na remaining constant), moving from right to left in the diagram.
The relationship of the structural stability (P2 vs. O3) based on the TM composition
is much less understood than the relationship with Na content. For example, some
groups have been able to extend the P2 solid solution as high as x = 0.83 Na per
formula unit by substituting Li into the TM layer of the compound.[27-29] One
hypothesis is that the P2 vs. O3 stabilities depend heavily on the interlayer spacing
(P2 stabilized by greater spacing, O3 stabilized by lesser spacing).[30] The Li-O
bond is very ionic, which means more charge will be localized on the oxygen rather
than shared between the cation and anion (covalent). This excess negative charge
on oxygen may increase the interlayer repulsion, and consequently the interlayer
spacing, causing the stabilization of P2 with higher Na contents. This is also in line

with findings by Delmas et al. that there is a correlation between the covalency of
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the TM-O bond and the synthesized structure (higher covalency stabilizes 03).[31]
Along that line of thinking, it is proposed here that the higher covalency of the
Fe-O bond as compared to the Ni-O and Mn-O bonds, reduces interlayer repulsion
and causes the preference for the O3 structure seen in these results.

Now returning to the original objective of identifying a low cost, high voltage
P2 compound, it is clear that there are three options which fall in the P2 region
of the diagram: that is Nag/3[Nij/3_, /oMno /3, oFe,]Oy where y = 0, 1/6 and 1/3.
Although the y = 1/3 composition is optimal in terms of cost (lowest amount
of Ni), it was decided to characterize both the y = 1/6 and 1/3 to try to better
understand the influence of Fe on the electrochemical and structural properties
of the material. The y = 0 composition, which has already been detailed in this

chapter, will be used as appropriate for comparison.

3.4.3 Na2/3[N11/3,y/2Mn2/3,y/2Fey]02 (y = 1/6, 1/3)

The composition of two Fe containing compounds, Nag/3 [Ni; /aMny/1oFey /6]02 and
Nag/3[Nij sMny pFeq /3]O9 were confirmed with ICP-OES (Table and further
evaluated with synchrotron XRD (Appendix Figures [A.13|and [A.14] Tables
and , ND, and SEM shown in Figure . The SEM images in Figure

show that all three compounds crystallized into faceted particles ranging in size
from 1 to 5 pm and were made up of stacked layers, which likely stem from the
layered crystal structure. ND (Figure [3.8b) revealed that the honeycomb (TM
ordering) superstructure peaks are lower in intensity in Nay /3[N11 /aMny7/10Fe; /6]02

than Na2/3 [Nil/gMﬂg/g]Og, and completely disappear for Na2/3 [Nil/GMnl/gFel/g]Og.

Table 3.5: ICP-OES Composition Confirmation

Element Na Ni Mn Fe
Concentration (ppm) 0.748(7) | 1.569(38) | 0.633(4) | 0.471(7)
Normalized Composition | 0.68 0.59 0.23 0.18
Expected Composition 0.67 0.58 0.25 0.17
Concentration (ppm) 0.829(15) | 1.553(23) | 0.481(4) | 0.959(31)
Normalized Composition | 0.67 0.53 0.32 0.15
Expected Composition 0.67 0.5 0.33 0.17
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b)  Neutron Diffraction: Loss of TM Ordering
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Figure 3.8: Scanning electron microscopy (SEM) images (taken by Dr. Urmimala
Maitra) are shown in a) for Nag/3[Nij /3_, oMng/3_, oFe,]Og; y = 0 (bottom), y = 1/6
(middle), and y = 1/3 (top). The neutron diffraction patterns (samples measured by Dr.
Matthew Roberts) for each of these compounds are shown in b) with the grey regions
highlighting the superstructure peaks stemming from honeycomb ordering of the TMs.
The asterisks identify a very small quantity of Fe3Oy.

This indicates that the substitution of Fe successfully disrupts the ordering between
the Ni and Mn. This is in contrast to Mg substitution which retains the honeycomb
superstructure.

The substitution of Fe also has a rather profound effect on the electrochemistry.
As can be seen in Figure [3.9h, the galvanostatic load curve was substantially
smoothed by the addition of Fe. This is even more evident in the differential
capacity plot in Figure [3.9b. The substitution of Fe not only breaks down the
ordering in the TM layer in the pristine material but also seems to suppress the
dynamic ordering of the Na-ions during charge and discharge. This comes at only a
slight cost to the initial specific energy delivered (y = 0: 640, y = 1/6: 599, and
y = 1/3: 587 Wh kg!). The first cycle discharge capacity is decreased for the Fe
substituted samples and there is greater hysteresis of the load curve (AV of charge
and discharge) at low Na contents. The structural evolution at low Na contents will
be addressed in the next chapter. On the other hand, capacity retention improves

with increasing Fe content as can be seen in Figure [3.9c.
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Figure 3.9: The electrochemical performance of Nay/3[Nij/3sMny/3]O2 (y = 0),
Nay/3[Nij 4Mnz/19Fe; 6]O2 (y = 1/6), and Nag3[Nij sMn, oFe; 3]0z (y = 1/3) were
probed with galvanostatic cycling at 10 mA g~! between 1.5 and 4.5 V vs. Na®/Na. The
first cycle is shown in a), the differential capacity plot in b) and the capacity retention in

c).

While the voltage range used here (1.5 - 4.5 V vs. Na®/Na) is probably too
large for real world applications, these compounds do show significant capacity
above 3 V and have among the highest specific energies for any Na cathodes
reported. To better understand the mechanism of charge compensation in these
Fe substituted compounds, the X-ray absorption near edge structure (XANES)
was examined, ex situ, at several states of charge.

XANES is an excellent method for tracking oxidation states of a specific element
of interest. In Figure , the XANES of Nag/3[Ni; /4Mnz,15Fe; 5]05 is shown in a)
and that of Nag/3[Ni; sMn; j9Feq /304 is shown in b). The various stopping points
are shown in Figure [3.12] The Ni K-edge (excitation of the Ni 1s core electrons)
shows the most change of the three TM edges on charge and discharge. On initial
charge to 4.5 V, the Ni K-edge shows a positive shift for both compounds indicating
a change to a higher oxidation state. Unfortunately, there is no good Ni** oxide
standard, but the edge energy of both compounds does reach a very similar energy
to that of KoNi*TFg, suggesting tetravalent Ni at the top of charge. Interestingly,
the rate of change of the Ni K-edge energies is different for the two compounds.
For Nag/3[Nij/4Mnz,10Fe; /6]O, the edge shifts progressively until the upper voltage
cutoff of 4.5 V is reached. On the other hand, for Nay/3[Ni; sMny oFe; /3]O,, the
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Figure 3.10: The XANES spectra of a) Nag/3[Nij;uMny/aFe;5]O2 and b)
Nag /3 [Niy s6Mny oFeq /3]02 are shown at various states of charges. Data was collected with
the help of Dr. Nuria Tapia-Ruiz at DLS B-18 (Harwell, UK).

Ni K-edge shifts dramatically up until 4.0 V and then shows minimal change at
higher charging voltages. It is generally understood that Ni?* is oxidized before
Fe?* in NaMO, compounds, so this difference between the two compounds is likely

an effect of the different concentrations of Ni.
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The Mn K-edge does not show any rigid movement for either compound on
charge. This is expected as Mn** is already the maximum oxidation state in layered
compounds. [34] Upon discharge below 2.5 V, however, the edge shifts negatively
towards that of the MnyO3 (Mn®*") standard indicating a reduction of Mn to account
for this lower voltage capacity. At these low voltages, more Na is inserted into the
compound than was present in the pristine state. This is only possible because
P2 compounds are synthesized in a Na deficient state, as was discussed in the
Introduction chapter (Section [I.2.4). It is therefore natural that another redox
couple has to be activated to compensate for this extra insertion.

The Fe K-edge shows the least change of the three TM edges probed. This has
been the case for a number of similar compounds, even when Fe is active in the
charge compensation of Na extraction.[7] The two most noticeable modifications of
the edge during charging are a) a decrease in the intensity of the "white line" - the
most intense peak of the edge corresponding to electronic transitions from the 1s to
4p states and b) a slight increase in the intensity of the "pre-edge’ - the small peak
before the edge corresponding to transitions from the 1s to 3d states. Normal dipole
selection rules indicate the pre-edge transition should be forbidden. Nevertheless, it
is always seen in layered compounds due to a) slight anisotropy of the octahedra
leading to mixing of the 3d and 4p orbitals and b) quadrupolar transitions which
should appear an order of magnitude or so lower in intensity than allowed dipole
transitions. The changes to the white line are consistent with the oxidation of Fe
reported for Nag/3[Mny oFe; /2]O,.[7] The pre-edge is more complicated. On one
hand, an increase in intensity could merely indicate an increased anisotropy of the
octahedra. On the other hand, it could also suggest that a small percentage of Fe
is moving to tetrahedral sites, thus increasing anisotropy.

A technique that is more sensitive to the local environment of Fe, *"Fe-Mossbauer
Spectroscopy (°"Fe-MS), was therefore employed to better understand the behavior of
Fe. Stopping points for the ex situ samples are again shown in Figure [3.12] 5"Fe-MS
was carried out on the compound with higher Fe content, Nay/3[Ni; s Mny j2Feq /3]0,

at various states of charge and the results are shown in Figure [3.11] The pristine
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STFe-Mossbauer Spectroscopy
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Figure 3.11:  %"Fe-Méssbauer Spectroscopy was conducted on a) pristine

Nay/3[Nij sMny oFe; /3]0 and several ez situ samples charged to b) 4.0 V, d) 4.2V,
and f) 4.5 V as well as 1.5 V discharged samples cycled ¢) 1 and e) 5 times. The blue
curves indicate the fitting of an Fe3* doublet and the orange curves are an Fe*T doublet.
When necessary, a black curve is used to indicate the sum of the components. Dr.
Adam Sobkowiak conducted the measurements as part of a collaboration with Uppsala
University.

sample produced a doublet with hyperfine parameters, tabulated in Table
consistent with high spin (S = 5/2) Fe3*. Upon charging to 4.0 V vs. Na®* /Na, an
asymmetry appears in the spectra. This can be fitted with an additional doublet
with a pronounced decrease in the center shift (CS) value. A decrease in the CS
indicates an increase of the electron density at the nucleus. Accordingly, this doublet

has previously been attributed to the presence of Fe4+., The intensity of the
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Table 3.6: 5"Fe-Mossbauer Spectroscopy Parameters (* = Fixed Value)

CS QS FWHM Relative
(mm s™') (mm s™') (mm s™') Intensity
Pristine 0.34(1) 0.68(1) 0.25(1) 100 % (Fe*™)
Charged 4.0 V. 0.33(1)  0.85(1)  0.24(1) 90 % (Fe?)
0.14(1)  0.68(1)  0.24* 10 % (Fe*+)
Charged 4.2 V 0.30(1) 0.75(1) 0.31(1) 84 % (Fe?™)
0.09(1)  0.54(1)  0.31% 16 % (Fe*t)
Charged 4.5 V 0.30(1) 0.78(1) 0.35(1) 80 % (Fe’*)
0.14(1)  0.58(1)  0.35* 20 % (Fe't)
Discharged 1.5 V, 0.34(1) 0.69(1) 0.25(1) 100 % (Fe®T)

1 cycle
Discharged 1.5 V, 0.35(1) 0.64(1) 0.25(1) 100 % (FedT)
5 cycles

Fe** signal increases further for samples stopped at 4.2 V and 4.5 V, up to a total
spectral weight of 20%. If it is assumed that the charge passed by the battery on
charging is equivalent to the amount of Nat extracted and that Ni is fully oxidized

to the 4+ state, then the expected reaction would be as follows:
Na;/:g[Ni%%Mn‘l%Fefjg]O%* - Naafl[Ni‘f%Mni‘ﬁFe?'/?]ng (3.1)

In that case, the Fe** signal would be expected to have a contribution of 70%.
This is a disparity that has been previously observed with a number of Fe containing
NaMO, materials to varying degrees.[8, 36] While the possibility of partial charge
compensation by O?~/m~ (n<2) cannot be ruled out completely, a more likely cause
is reduction of the cathode by reaction with the electrolyte. Fe seems to catalyze
this reaction as has been clearly demonstrated by Lee et al. for charged NaFeO,.[37]

The existence of tetrahedrally coordinated Fe can also be probed with 5" Fe-
MS. The signal for such a species exhibits a very large quadrupolar splitting (QS)
value as was shown by Talaie et al.[8] The addition of a doublet with large QS to
the data presented here, however, did not improve the fit quality to the spectra.
Therefore, it was determined that there is no significant migration of Fe in this
compound. On discharge to 1.5 V, the spectra returns to a single Fe?* doublet and
even after 5 cycles, there are no additional signals indicating good electrochemical

reversibility of the compound as a cathode.
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XANES and 5"Fe-MS: Ez Situ Stopping Points
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Figure 3.12: The stopping points of each of the ex situ samples used for
XANES and °"Fe-MS measurements, showing Nay /3[Nij4Mny/15Fe; 6]O2 in a) and
N32/3[Nil/6Mn1/2Fel/3]OQ in b)

Despite the seemingly good chemical reversibility of Nag/3[Ni;4Mnyz/12Feq /6]02
and Na2/3[Nil/ﬁMn1/2Fe1/3]Og, both compounds still show unsatisfactory cycle
retention (<75 % after 50 cycles). The plateau in the electrochemical load curve
above 4.0 V on charge has been seen in a number of compounds and indicates
dramatic structural changes which are deleterious to capacity retention. |8 |38-40]
In Chapter [ this high voltage structural evolution will be examined in detail to
better understand the mechanism of these structural transitions.

Another more general concern with P2 compounds is their Na deficiency. In
Section [3.4.2] efforts were made to increase the Na content in the as-synthesized
compound but this led to the formation of the O3 structure. A different route
to overcoming this Na deficiency will now be discussed, which is a pre-treatment

with the reducing agent: Na-naphthalide.

3.4.4 Overcoming Na Deficiency in P2 compounds

P2-type Na cathodes can only be synthesized in a Na deficient state. This can be
thought of as the compound existing at approximately a 33% state of charge (at
x = 0.67 in Na,MO,). In a simple "half-cell" laboratory test, metallic Na is used
as an anode. The metallic Na anode can supply extra Na to the cathode if the

battery is discharged to voltages below the starting point, utilizing that extra 33%
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Treatment Process
Y
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OV VEL!
HF

Pristine Cathode Mix with Na -
Powder Naphthalenide in T

s

Treated Cathode
Wash with THF Powder

Figure 3.13: A schematic of the Na naphthalide treatment process is shown. The
P2-type cathode powder is mixed with a Na naphthalide solution. The solution reduces
the material, inserting Na-ions into the vacant sites in the Na layer. The powder is then
washed with THF solution to remove excess solution before being dried under vacuum.

capacity. This is why the compounds presented so far can have such high discharge
capacities. In a "full cell", however, hard carbon materials are most often used in
place of Na metal to improve safety and reversibility. These hard carbon materials
do not contain any Na and therefore cannot supply extra Na to the system to
balance out the deficiency of the P2 cathode the way Na metal can.

Various efforts have been made to compensate the lack of Na in P2 compounds
such as adding of a sacrificial salt (e.g. NaN 3), ball milling the cathode directly
with Na metal,[42] and adding excess NayCOj precursor during synthesis.[16]
Here, an alternative method is reported by means of pre-treatment of the cathode
material with a Na naphthalide solution.

Before the wide adoption of cathode materials that are prepared in the discharged
state (e.g. LiCoQ,), solutions of Na and Li naphthalide were used to screen
cathode materials for their intercalation chemistry. The reducing agent is

easily prepared by adding metallic Na (or other alkali metals) to a solution of
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Figure 3.14: Nay/3[Ni; ;3Mny 3]0z was treated with Na naphthalide and the success of
this treatment process was investigated with a) Mn K-edge XANES to look at oxidation
state changes and b) XRD to identify the structural changes. The concentration of the
treatment solutions are identified as either low (L: 1/6 mol Na), medium (M: 1/3 mol Na)
or high (H: 2/3 mol Na). The XANES data was measured at DLS B-18 and the XRD
data was collected via the APS-11BM mail-in program.

naphthalene in tetrahydrofuran (THF) in equal molar ratios. The Na metal reduces

the naphthalene to the reactive naphthalide anion as follows:

Na (s) + CyoHg (sol) — Na*t (sol) + [C1oHg]™ (sol) (3.2)

The Na naphthalide solution is a dark green color and has almost the same
reducing potential as Na metal itself (-2.71 V vs. SHE).[43]

Once the solution is prepared, it can then be directly added to a vial containing
the P2 cathode powder as illustrated in Figure|3.13] The naphthalide anion reduces
the material while intercalating Na™* to keep charge neutrality. Once the reaction
is complete, the treated cathode powder is washed with THF to get rid of any
excess reagents and then dried under vacuum. Nays [Ni; /3Mn2/3]02 was used
as a model compound to test the feasibility of this treatment with the reaction

expected to occur as follows:

N3@/3 [Nif;})l\/[n;lf?)]Og_ +Na™[C Hs]™ (sol) — (33
Na* [Ni25,Mn33]02™ + CoHg (sol) '
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XRD Refinement: Treated Na, ,[Ni, ,Mn, .|O,
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Figure 3.15: XRD data for the Na-naphthalide treated Nay/3[Ni; 3Mny/3]O2 compound
is shown with the corresponding fitting from the Rietveld refinement. Refined parameters
are listed in Table The inset clearly shows the orthorhombic distortion (peak splitting)
caused by the presence of Jahn-Teller active Mn?3+.

XANES was conducted on the Mn K-edge to confirm the Mn oxidation state
changed from 4+ to 3.5+ as predicted in Equation (Figure ) Three
concentrations of the Na naphthalide in 10 mL of THF were prepared: Low (L):
1/6 mol equivalents of Na*[C;oHg]~, Medium (M): 1/3 mol equivalents, and High
(H) 2/3 mol equivalents. The solutions therefore contained enough Na to fill
50%, 100%, and 200% (excess) of the available sites, respectively. The Mn K-
edge progressively shifts in the negative direction with increasing concentration,
indicating the reduction of Mn. In theory, the medium concentration solution
should contain enough Na*[C;oHg|™ to fully reduce the Mn in the compound to
3.5+, however, it seems the high concentration solution (excess) was necessary, as
evidenced by the XANES edge for this sample presenting halfway (qualitatively)
between the MnyO3 (Mn3*) reference and the untreated compound (Mn?T).

The presence of a significant quantity of Jahn-Teller active Mn3* in P2 compounds

has previously been shown to cause an orthorhombic distortion to the ideal hexagonal
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Figure 3.16: The first charge/discharge cycle for the Na naphthalide treated
Nay/3[Nij ;3Mny/3]Og is shown. Extra capacity is clearly seen at the beginning of the first
charge and is highlighted in green.

structure, termed P’2.[45] This distortion is clearly seen in the XRD when compared
to the untreated sample in Figure [3.14p. The crystallographic parameters were
refined by a Rietveld refinement shown in Figure and Table [3.7] The results
confirm that the structure has transitioned to the distorted P’2 structure (space
group: Cmcem). Moreover, the total Na content refines to 0.97 in Na, [Nil/gMHQ/g,]g
which further verifies the the success of the treatment process. The refinement
showed that all Na-ions exclusively occupy the edge sharing trigonal prismatic
site (and not the face sharing site).

Finally, the treated material was galvanostatically cycled in a half cell with the

Table 3.7: Rietveld refinement results for Nay/3[Nij3Mny/3]Og treated with Na
naphthalide, from data collected at APS-11BM.

S.G. Cmcm, a: 2.94044(2) A, b: 5.25120(4) A,

c: 10.72137(7) A, Rwp: 12.78%, Rexp: 9.76%
Atom |x |y z SOF Uiso (A2)
Na (4¢c) [0 | 0.6767(2) | 1/4 0.971(3) | 0.0030(4)
Ni(4a) [0 |0 0 1/3 0.0032(1)
Mn (4a) | 0 | O 0 2/3 0.0032(1)
O (8f) | 0 | 0.6623(3) | 0.9027(1) | 1 0.0101(3)
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electrochemical load curve shown in Figure [3.16] On assembly, the open circuit
voltage read 1.77 V vs. Na' /Na; significantly lower than the typical 2.6 V for
compounds synthesized in oxygen containing atmospheres. When the cell was
charged, the initial Az = 1/3 Na was extracted along a lower voltage plateau at
approximately 1.9 V (highlighted in green). This is the same voltage seen when Na
is inserted into the Nay /3 [Ni; /3Mny /3]02 compound beyond the starting composition
during discharge, as was shown previously in Figure |3.4]

In summary, it has been proven that the pre-treatment of P2 compounds (using
Nag/3[Nij ;3Mny/3]O4 as a model compound) by Na naphthalide solution successfully
compensates the Na deficiency of the as-synthesized compound. The feasibility of
implementing this solution into a commercial electrode roll to roll process should be
explored. A major challenge to this will be the high reactivity of the Na naphthalide
solution. Despite this obstacle, such a process would almost certainly be more easily
implemented than a ball milling step (with metallic Na) and would not have the

first cycle gassing issues associated with sacrificial salts/precursors.

3.5 Conclusion

As was previously established, an ideal battery cathode should have a high capacity,
high voltage, high rate, good safety, satisfactory cycling retention, and be composed
of sustainable elements. As a class of compounds, P2-type Na cathodes show great
promise to meet these stringent requirements. In this chapter, Nay/3 [Ni; /3Mny /3]02
was first studied in detail as a model P2 compound due to its very favorable
specific energy. Due to size/charge difference of Ni and Mn and their 1:2 ratio in
the compound, the stable honeycomb ordered superstructure forms. Additionally,
Na-ions were also evidenced to order, even at temperatures as high as 300 °C,
demonstrating the strong thermodynamic driving force for this phenomenon to
occur. Moreover, the first experimental evidence of dynamic Na ordering upon
charge, corresponding to Nay /o[Ni; ;3Mny /3] Oo, was shown with synchrotron operando
XRD. The addition of low-cost Fe in the compound was probed, and shown to

relieve the ordering completely. Nag/3[Nij/6Mny oFeq /3]0 was demonstrated to
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utilize all three TM redox couples in charge compensating Na, giving a relatively high

specific energy and improved cycling retention compared with Nag/3[Ni; ;5Mny/3]Os.

Finally, the significant problem of Na deficiency in as-synthesized P2 compounds

was addressed by demonstrating the effectiveness of a new pre-treatment method

involving a Na naphthalide solution.
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4.1 Abstract

Layered oxide cathodes often undergo structural transitions when charged to high
voltages (> 4 V vs. Na*/Na). Among P2-type NaMO, materials, some compounds
such as Nag /3 [Ni; /3Mn; /3]02 undergo a simple (yet detrimental) transition to a fully
de-sodiated O2 structure. Others progress through a more complicated structural

pathway which has been difficult to probe in the past due to a considerable amount
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of interlayer disorder. This uncertainty has led some authors to designate this
type of high voltage structure as the "Z"-phase. In this chapter, operando and ex
situ synchrotron XRD of Nag/3[Nij/3_,oMnys_y0Fe |0y (y = 0, 1/6, 1/3) and
Nay/3[Mny soFeq /5]O4 are presented and analyzed. This data is further evaluated by
comparison to simulated XRD patterns of structures containing varying percentages
of (O2-type) stacking faults in order to discern the true structural identity of the
"Z"-phase. It is shown that the "Z"-phase is not actually one unique phase but
rather an evolving intergrowth of P2 and O2. Na extraction is compensated by
an increasing fraction of vacant O2-type layers at the expense of the sodiated P2-
type layers. As the OP intergrowth proceeds through key ratios of O2 to P2-type
layers, semi-ordered layer stacking arrangements are evidenced. For example, when
the O2:P2 ratio is 1:1, the O2 and P2-type layers tend to alternate, analogous
to the OP4 structure. Understanding the nature of the "Z"-phase is important
for greater utilization of NaMO, capacities and this chapter aims to contribute

fundamental insight towards achieving this goal.

4.2 Introduction

Layered transition metal oxide cathodes, such as LiCoQO,, are currently being
pushed to higher voltages each year by battery manufacturers in the pursuit
of increased energy densities. This corresponds to a greater amount of Li-ions
extracted on charge. In the 1990s, researchers discovered that after a critical
amount of Li-ions are removed from LiCoQO,, structural changes occur which
result in a sudden decrease of the interlayer spacing.|l] A similar phenomenon
has been observed across a wide range of LiMO; and NaMO; compounds
including LiNiOs, Li[Nig gCoq.15Al005/O2 (NCA), Li[NigsMng1Cog1]O2 (NMC811),
Nag/3[Nij;3Mny/3]O2, and Nag,3[Mn; oFe;/2]O5.[2-6]

For LiCoQO,, Chen et al. and Van der Ven et al. showed experimentally and
computationally that the decreased interlayer spacing can be explained by the

staging of Li-ions which induce Ol-type stacking faults into the O3 structure.|[7,
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8] The new phase that is formed is a hybrid of the lithiated O3 and de-lithiated
O1, termed H1-3, with Li-ions occupying every other available layer.

In recent years, there has been significant debate as to the exact nature of
the high voltage structural evolution in P2-type Na-ion cathode materials. While
some compounds such as Nag/3 [Ni; /3Mny /3]02 undergo a more straightforward
biphasic transition from a partially sodiated P2 structure to a fully de-sodiated
O2 structure, via layer gliding, [5, (9] other compounds evolve more complexly. One
such compound is Nag/3[Mn; sFe;/5]Os.

When Nay/3[Mn; j5Fe; ] O, was first reported by Yabuuchi et al., it was suggested
based on synchrotron XRD that the P2-structure transformed to a hybrid structure
on charging to 4.3 V vs. Nat/Na, analogous to the H1-3 structure of LiCoOy. This
new hybrid structure was reportedly composed of partially sodiated P2-type layers
alternately stacked with vacant O2-type layers and labeled as the OP4 structure. [6]

Later work by Mortemard de Boisse et al. on the same compound, however,
adopted a more conservative viewpoint. By using operando XRD, the authors
demonstrated that most of the Bragg reflections broadened to an indiscernible
extent on charge. They therefore decided to label the high voltage phase of
Nag/3[Mn; oFeq/5]O, as the "Z'-phase, highlighting its ambiguous nature.|[10]

Building from this idea, Talaie et al. claimed that the high voltage "Z"-phase of
Nag/3[Mny oFeq /9]0y was distinctly different from the OP4 described by Yabuuchi
et al.[11] The authors used a combination of operando XRD and pair distribution
function (PDF) analysis to argue that the high voltage phase is in fact an O2-phase
with Fe (and other TMs) migrating to tetrahedral sites in the Na layer. The authors
made a key observation that the operando XRD showed a progressive decrease of
the interlayer space on charge and suggested this was caused by a corresponding
progressive increase in TM migration to tetrahedral sites.|[11] It is this continuous
contraction of the interlayer spacing during the final stages of charge which will be
designated in this thesis as the characteristic signature of the "Z"-phase.

The high voltage "Z"-phase has since been observed in a range of charged P2
compounds containing Ni, Mn, Fe, Cu, Mg, and Zn. [12-15] Recently, Kubota et al.
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examined Nag/s [Ni; /4Mny3Cuy /12}02 with ez situ synchrotron XRD and operando
XRD and proposed a slight modification to the OP4-phase (originally theorized
for Nag,3[Mny oFe; /5]O,).[16] Instead of the high voltage phase having perfectly
ordered alternating P2 and O2-type layers, they suggested that the P2 and O2-type
layers were randomly interspersed i.e. an intergrowth of the P2 and O2 phases.
In this chapter, the high voltage "Z"-phase will be discussed in the context of the
compounds identified and examined in Chapter : Nag/3[Niy /3y /2Mny sy oFe, |Og
where y = 0, 1/6, and 1/3. At the outset, the biphasic P2 to O2 transition
of Nag/3[Nij/3sMny 3]0y will be reexamined as this constitutes one of the most
simple high voltage phase transitions. It will then be shown that substituting
Fe into this compound changes the phase transition mechanism from P2+<02 to
P2<'"Z". Subsequently, through the use of the XRD stacking fault simulation
software FAULTS, a new model for the "Z"-phase will be proposed. Importantly,
this model provides an alternative explanation for the continuous decrease of the
interlayer spacing on charge which does not involve TM migration to tetrahedral
sites in the Na layer. It will be argued that at any one composition snapshot, the
"Z"-phase is indeed an intergrowth of P2 and O2 but one which maintains some
degree of order (not random). The "Z"-phase, however, constantly evolves during
charge/discharge by altering (increasing/decreasing) its ratio of O2 to P2-type
layers, and therefore should not be viewed as a single phase in the traditional sense.
The chapter will culminate with a new analysis of the high voltage "Z"-phase of

Nag/3[Mn; oFe; /5]O, utilizing this evolving intergrowth model.

4.3 Experimental

The synthesis procedure of Nag/3[Nij/3sMny 3|02, Nag,3[Ni;/sMnz/1oFe; 5]O4, and
Nay/3[Nij sMny oFeq /3]O9 was described in Chapter . Nag/3[Mny oFe; /5]O, was
synthesized via a similar solid state method in which NayCOs3 (5 % excess) was
ball milled with stoichiometric amounts of Fe,O3 and MnsO3 for 1 hour at 400
rpm. The powder was then pressed into a pellet and heated to 900 °C in a box

furnace in air for 10 hours.
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Operando XRD measurements of Nag 3[Niy 3Mny /3|02, Nag/3[Nij 4Mnz/10Fe; /6]Os,
and Nag/3 [Ni; s6Mny oFeq /3]02 were conducted in Dr. Claire Villevieille’s laboratory
at the Paul Scherrer Institut (PSI) on a Cu ka source PANalytical Empyrean
diffractometer in Bragg-Brentano (reflection) geometry using the custom built cell
previously reported.[17] Self-standing electrodes were used in the cell to avoid
severe attenuation of the signal from the current collector. These electrodes were
prepared by mixing 75 % active material, 10 % carbon black, and 15 % PVDF
(Kynar Flex) in a suspension of acetone and ethanol. The mixture was cast with a
doctor blade onto glass. Once the solvent evaporated, the laminate was peeled off
the glass and electrodes were punched. The assembled operando cell was charged
and discharged at a rate of 5 mA g~! with an upper voltage cutoff of 4.5 V vs.
Na™ /Na. The preparation of the self-standing electrodes as well as the operando
XRD measurements were carried out by Dr. Juliette Billaud.

Synchrotron XRD of the Nay/3[Mn;/sFe;/5]O; powder was measured at the
Advanced Photon Source (APS) 11-ID-B in Debeye-Scherrer (transmission) geometry
with an X-ray wavelength of A = 0.2113 A (58.7 keV). A 2D area detector was
used at a distance of 95 c¢m and the data was subsequently reduced using the
software GSAS-IL.[18] Operando synchrotron XRD of Nay/3[Mny pFe; 2]O, was also
carried out at this location using the same parameters and the facility’s custom built
AMPIX cell.[19] For this measurement, electrodes were prepared by the method
described in Chapter [3| but cast directly onto the separator rather than onto a
current collector. The cell was charged and discharged at a rate of 10 mA g=*
with an upper voltage cutoff of 4.5 V vs. Nat/Na. All XRD refinements shown
in this chapter were carried out with GSAS-II.

The background for the laboratory operando XRD experiments stayed consistent
throughout the charge/discharge cycle of the cell. Therefore, the background of the
first pattern was refined with GSAS-II and then subtracted from all patterns to
obtain color maps of the data using MATLAB. The data sets were also corrected
for sample displacement. By contrast, the synchrotron operando XRD dataset of

Nay/3 [Mn; 2Fe; /2]02 did not show a constant background (probably due to motor
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movement). As such, each background was individually fit by interpolating a cubic
spline through selected background points using MATLAB. With this method, subtle
broad diffraction features are too easily incorporated into the background so the
analysis focuses on the clear, discernible reflections and color maps are not included.

The computer program FAULTS[20] (an extension of the DIFFaX|21]) was
used to simulate stacking faulted structures originating from the gliding of layers
within the P2 structure. The specific structural parameters of the models used

are discussed when appropriate in the results section.

4.4 Results and Discussion

4.4.1 Naz/g[Nil/gMng/g,]OQ: P2 to O2 Transition
Operando XRD

Operando XRD was conducted on Nay/3[Ni; 3Mny 3]0 over the first charge /discharge
cycle between 2.5 and 4.5 V vs. Nat /Na with the results shown in Figure 4.1 (lattice
parameters in Figure ) On initial extraction of Na from the compound, the
interlayer spacing (d) steadily increases due to a decrease of shielding between
adjacent repulsive oxygen layers. At the same time, the compound’s intralayer TM-
TM distance steadily decreases due to the shortening of the TM-O bonds as oxidation
occurs.|15] This is consistent with virtually all layered oxide cathode materials. As
discussed in detail in the last chapter, the step in the voltage curve at approximately
3.55 V corresponds to Na ordering when x =~ 1/2 for Na,[Ni; 3Mny/3]0,. Two of
the extra peaks which emerge from this ordering are just visible in the color map
shown in Figure and are highlighted with circles for clarity.

After charging to approximately 3.7 V (55 mAh g 1!), the interlayer spacing of the
compound stops increasing at d &~ 5.69 A. Despite the fact that the P2 diffraction
peaks are retained at this point of charge, Lu et al. previously demonstrated the
presence of a small percentage of O2-type stacking faults in the structure.[5] As
there is no significant change of the P2 lattice parameters for approximately 20

mAh g~! and no appearance of a second phase, the extraction of Na during this
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Figure 4.1: The first charge/discharge cycle of Nay /3 [Nil/gMn2/3]02 (2.5 -4.5V vs.
Nat/Na, i = 5 mA g~') was monitored with operando XRD. All data shown here is
background subtracted and corrected for sample displacement. An intensity color map of
the diffraction data is shown in a) and the same data is plotted in a stacked fashion next
to the voltage curve in ¢). In b) and d), key regions of the pattern are highlighted during
charge and are color coded by capacity (color bar is shown next to the voltage curve).
Finally, the interlayer distance and TM to TM distance were extracted from the data at
each point of charge/discharge and plotted in e).

period likely occurs through a process known as staging, where Na is completely
extracted from some layers provoking a layer glide from P2 to O2-type stacking.

On further charging of the compound, there is a sudden uptick in the voltage to
approximately 4.2 V where a long plateau, indicative of a biphasic transformation,
can be seen. This is highlighted in orange in Figure f.Th and e. At this point, a
clear second phase is visible consistent with the growth of the O2 phase. The most
intense (002) peak of the O2 phase can be seen growing at Q = 1.41 A~'. This
corresponds to an interlayer spacing of d ~ 4.44 A which is over 20 % decreased
from that of the charged P2 phase. An additional broad peak centered at () =

2.64 A~' can also be seen in Figure {4.1{d. It will be shown in the next section
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Ez Situ XRD: Charged Na, ,[Ni, ;Mn, [O,
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Figure 4.2: Ez situ synchrotron XRD was conducted on a sample of Nay /3[Ni; ;3Mny /3]0
charged to 4.5 V vs. Na®/Na. The P2 (0 % stacking faults) and O2 (100 % stacking
faults) were simulated for comparison with the program, FAULTS. The synchrotron XRD
was measured by Dr. Leighanne Gallington at APS 11-ID-B.

that the intensity in this region can be used to differentiate the O2 structure from
the OP4 structure. Upon reaching the 4.5 V cutoff, the P2 reflections are still
seen. This indicates the P2 to O2 transition is a kinetically slow process, as the
current rate of 5 mA g=! used is very low.

On discharge, the peaks corresponding to the O2 phase disappear completely
while the P2 reflections return. The P2 (002) peak then appears to split slightly on
discharge but this could be due to stack pressure differences within the operando
cell. Despite this, the lattice parameters of the P2 phase (Figure ) revert,
to their pristine values at the end of discharge (2.5 V). The capacity fading
seen in this compound stems largely from the volume change associated with

the P2-O2 transition.[22]

Ex Situ Synchrotron XRD

To better understand the high voltage O2 structure, synchrotron XRD was conducted
on a sample recovered from a cell charged to 4.5 V shown in black in Figure £.2]

Reflections associated with the P2 phase are still present in the diffraction pattern
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Two Possible Glide Vectors for P2 to O2
a) [1/3,2/3, 7] b) [2/3,1/3, 7]
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Figure 4.3: A schematic of the two possible glide vectors to transform the P2 structure
to O2 are illustrated in a) and b). The vertices of the triangular grid represent the
TM positions and the unit cell is bolded in the bottom left of each of the grids. In
P2 configuration, the black and red/orange grids would align. Transformation to the
close-packed O2 structure therefore requires a shift of the layer along one the glide vectors

shown.

as they were in the operando XRD; however, the majority phase in the diffraction
pattern is clearly O2. The stacking faults program, FAULTS (an extension of
DIFFAX) was used to simulate the XRD pattern of the O2 phase (shown in orange).
The peaks of this simulated pattern are broadened due to the two different glide
vectors TMOs slabs can traverse to transform from P2 to O2 stacking. This is
illustrated in Figure [1.3 which shows the difference in shifting the adjacent TMO,
layers along the [1/3, 2/3, z| direction (red) compared with the [2/3, 1/3, z| direction
(orange). The simulated pattern was generated assuming an equal probability of
these two glide vectors and matches extremely well with the experimental data.
In particular, it can be seen that the broad peak at Q = 2.64 A~!, also seen in
the operando data, is reproduced well in the simulation.

Overall, the data shown here corroborates previous reports on the structural
evolution of Nag/3[Ni;/3Mny/3]O,.[5} 9, [15] 23} 24] In the last chapter, it was found
that substitution of Mn and Ni for Fe improved the capacity retention of the cathode.
In the next section, it will be shown that the improved capacity retention can be
correlated to a different high voltage structural process where the P2 to O2 phase

transition is avoided in favor of a transformation to the poorly understood "Z"-phase.
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Figure 4.4: The first charge/discharge cycle of Na2/3[Nil/4Mn7/12Fel/6]Og (25-45V
vs. Nat/Na, i = 5 mA g~!) was monitored with operando XRD. All data shown here is
background subtracted and corrected for sample displacement. An intensity color map of
the diffraction data is shown in a) and the same data is plotted in a stacked fashion next
to the voltage curve in ¢). In b) and d), key regions of the pattern are highlighted during
charge and are color coded by capacity (color bar is shown next to the voltage curve).
Finally, the interlayer distance and TM to TM distance were extracted from the data at
each point of charge/discharge and plotted in e).

4.4.2 Na2/3[Nil/g_y/gMn2/3_y/2Fey]OQ (y = 1/6, 1/3): P2 to
"Z"-Phase

Operando XRD

Nay/3[Nij4Mnz/19Feq 6]O2 and Nag/3[Nij sMny oFe; 3]0, were investigated with
operando XRD to compare the high voltage structural processes to Nag/3 [Ni; /3Mny /3]02.
The results for Nag/3[Nij4Mnz,15Fe; 5]O4 are shown in Figure and the results
for Nay/3[NijsMny oFe; /3]0, in Figure

On initial charging, the lattice of both compounds (Figures and [4.5)
follow the expected trend of decreasing intralayer TM-TM distance and increasing

interlayer distance, as was found for Nay/3 [Ni; /3Mny /3]02. This evolution progresses
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Figure 4.5: The first charge/discharge cycle of Nay/3[Nij sMny oFe; /3102 (2.5 - 4.5 V
vs. Nat/Na, i = 5 mA g~!) was monitored with operando XRD. All data shown here is
background subtracted and corrected for sample displacement. An intensity color map of
the diffraction data is shown in a) and the same data is plotted in a stacked fashion next
to the voltage curve in ¢). In b) and d), key regions of the pattern are highlighted during
charge and are color coded by capacity (color bar is shown next to the voltage curve).
Finally, the interlayer distance and TM to TM distance were extracted from the data at
each point of charge/discharge and plotted in e).

steadily until reaching a high voltage plateau at approximately 4.1 V, marked by
an orange shaded region in Figures [4.4c, 4.4, [4.5c, and [4.5p. This is in contrast to
Nag)3 [Ni; /3Mny /3]02 which demonstrated O2-type stacking faults as early as 3.7 V.
Immediately before the 4.1 V plateau, both compounds display a large interlayer
spacing of d ~ 5.69 A with approximately 1 /3 mol Na per formula unit remaining
in the structure, similar to Nag/3[Nij/;5Mny/3]Oo.

Charging beyond 4.1 V instigates a two phase domain for both compounds,
with the P2 reflections decreasing in intensity and the growth of a new peak to the
right of the P2 (002) peak at Q ~ 1.2 A~! (Figures and ) Assuming this

reflection belongs to a (00!) index of a new phase, the @) value corresponds to an
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interlayer spacing of d ~ 5.24 A which is significantly larger than that of the O2
phase seen for Nay/3[Nij ;3Mny 3]0, (d ~ 4.44 A). At the end of the plateau, the
P2 reflections are gone and the most intense (00/) peak of the new phase begins to
shift dramatically to higher @, shaded in red in Figures .4k, 4.4k, 4.5, and [4.5e.
This rapid decrease of the interlayer spacing is consistent with the formation of
the "Z"-phase, as discussed in the introduction of this chapter.

In both compounds, the (001) peak of the "Z"-phase seems to initially sharpen,
while increasing its maximum intensity, and then broaden again near the top of
charge (Figures and [4.5p). This behavior represents an important new clue into
the structural identity of the"Z'-phase, which to the best of my knowledge, has not
been reported previously. Meanwhile, the P2 (102) peak of the P2 phase broadens
considerably and sharply decreases in @ (Figures and ) A final observation
of note is a clear splitting of the P2 (004) peak, seen in the color maps (Figures
and [£.5p), to higher and lower @Q. It will be explained in the next section how
this splitting also gives significant insight into the nature of the "Z"-phase.

At the end of charge (4.5 V cutoff), the "Z"-phase of Nay/3[Ni; 4Mnz/12Fe; /5]02
attained a minimum interlayer spacing of d &~ 4.88 A while Na, /3[Ni1 6 Mny s9Feq /3]0,
attained d ~ 4.99 A. Both of these values represent a significant increase from
the d ~ 4.44 A seen for the O2 phase of Nag/3[Nij ;3Mny 3]0 and, consequently,
a less severe overall volume contraction.

On discharge, the reflections associated with the "Z"-phase disappear completely
for both Nag3[Ni; ;4Mnz/10Fe; 5|02 and Nag 3[Niy 6Mny oFeq /3]0 and the P2 structure
is restored. This demonstrates that the high voltage phase transformation is largely
reversible, at least for the first cycle.

While many factors can contribute to the capacity fading of an electrode on
cycling, there has been a high correlation between volume change and capacity
retention shown for many anode and cathode materials. |3, [25-29] Therefore, the
suppression of the P2-O2 phase transition and its associated volume change by Fe
substitution is likely the predominant reason for the improved capacity retention

on cycling seen in Chapter [3]
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Figure 4.6: Ez  situ  synchrotron XRD conducted on a sample of

Nay/3[Nij sMn joFe; /3]O2 charged to 4.5 V vs. Na'/Na, is shown at the top in
black. Extra peaks identified with an asterisk (*) stem from the wax used to seal the
capillary and the octothorpe (#) symbol indicates a small amount of hydrated P2
phase. Several patterns were simulated with FAULTS for comparison. The ordered
OP4 (purple) and disordered OP 50:50 (blue) intergrowths were simulated assuming
different interlayer spacing of the P2 and O2 layers, matching that of Nay/3[Ni; ;3Mny/3]O2
(doo = 4.44 A, dpy = 5.69 A). The O2 pattern (orange) was simulated assuming the
average interlayer spacing (d = 5.07 A). Certain peaks are highlighted with yellow or blue
shading for reference in text. The synchrotron XRD was measured by Dr. Leighanne
Gallington at APS 11-ID-B (Chicago, IL).

Ex Situ Synchrotron XRD

Further analysis of the "Z"-phase was carried out through ez situ synchrotron XRD
of Nag/3[Ni; sMny /oFeq /3]0 after charge to 4.5 V (Figure . The experimentally
obtained diffraction pattern at the top (black) was compared to a simulated pattern
of the OP4 structure (purple), a simulated pattern of a random OP intergrowth
with 50% P2 and 50% O2-type layers labeled OP 50:50 (blue), and a simulated
pattern of the O2 structure (orange) with the interlayer distance set equal to the
average interlayer distance of OP4.

The three most intense peaks in the experimental diffraction pattern, highlighted
in yellow ((001) peak at Q =~ 1.24 A=, (100) peak at Q ~ 2.55 A=, and (110) peak

at ) =~ 4.41 A‘l), are all well represented by each of the three simulated patterns.
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There are, however, key differences elsewhere in the data. The experimental pattern
shows three broadened (107) peaks highlighted in blue. While both the OP4 and OP
50:50 simulations show similar broadened peaks in these regions, the O2 simulated
pattern does not. This importantly eliminates the possibility that the "Z"-phase
contains purely O2 stacking, as was claimed previously,[11} 14] and instead strongly
supports the "Z"-phase being an intergrowth of P2 and O2-type layers with a ratio
close to 1:1 (i.e. the ordered OP4 or disordered OP 50:50).

Although the OP4 and OP 50:50 simulations are quite similar, the OP4 pattern
has several sharp peaks which are not evident in the experimental data or the
OP 50:50 simulation. This indicates that the "Z'-phase of the 4.5 V charged
Nag/3[Nij sMn; 2Feq /3]0, sample does not have perfectly alternating O2 and P2
layers. On the other hand, the OP 50:50 simulation, which contains completely
random O2 and P2 layers, has a very broad first (00/) peak which does not perfectly
match the experimental data either. A more thorough analysis of the possible OP
intergrowth structures was therefore necessary to better understand the true identity

of the "Z"-phase. The results of this analysis are shown in the following section.

4.4.3 A New "Z"-Phase Model: An Evolving Intergrowth

The computer program FAULTS was used to simulate the XRD patterns for OP
intergrowth models with varying ratios of O2 to P2-type layers as well as (dis)order
in their arrangement. In the previous two sections, the P2 structure of each of
the studied compounds was shown to have a rather large interlayer spacing of
approximately 5.69 A immediately before the high voltage phase transformation.
On the other hand, the O2 structure of Nay/3[Ni;;5Mny/3]O; at the end of charge
had a very small interlayer spacing of just 4.44 A. It therefore seems extremely
unlikely that the O2 and P2-type layers in the "Z"-phase intergrowth have the same
interlayer spacing. All modeled intergrowth structures in this section were therefore
assumed to contain O2-type layers with an interlayer spacing equal to that of the

02 structure (dps = 4.44 A) and P2-type layers with an interlayer spacing equal to
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Modeling OP-Intergrowths for Simulations
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Figure 4.7: The graphic provides an illustration of the unit cell parameters used in the
FAULTS XRD simulations. All intergrowth structures were modeled with P2-type layers
having an interlayer spacing of 5.69 A, approximately equal to that of the P2 structure
immediately before the high voltage phase transition in Nay/3[Ni; /,Mny/15Fe; 5]O2 and
Nay/3[Nij sMny joFe; /3]O2. The O2-type layers are modeled to match the O2 phase of
charged Nay 3[Ni; 3Mny/3]O2 which has an interlayer spacing of approximately 4.44 A.
The TM to TM a parameter is kept constant at 2.84 A for all models. An OP4 structure
is shown in the middle as an example of one of the many possible OP intergrowths models.

Table 4.1: Layer Definitions for OP Intergrowth FAULTS XRD simulations.

Layer . Untransitioned Transition Vector to Layer
No Contains Na? Stacking tx  ty  t,

1 Yes ab 0 0 1

2 Yes ba 0 0 1

3 No ab 1/3 2/3 0.78

4 No ba 1/3 2/3 0.78

5 No ab 2/3 1/3 0.78

6 No ba 2/3 1/3 0.78

the charged P2 structure (dpy = 5.69 A) as illustrated in Figure @ The TM-TM
distance (unit cell @ parameter) was kept at a constant value of 2.84 A.

Two series of XRD simulations were carried out with the results shown in Figure
4.8l This was accomplished by defining 6 structural layers (composed of one TMO,

layer and one Na layer) along with corresponding transition vectors in the FAULTS
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Simulated XRD: Random OP-Intergrowth
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Figure 4.8: The figure shows simulated XRD data for two series of OP intergrowths
with varying percentage of O2-type layers (vs. P2-type layers). The first series (a and b)
is modeled based on the assumption that O2 and P2 layers are interspersed completely
randomly in the structure. The second series (¢ and d) is modeled with an ordered
intermediate OP4 structure when the O2:P2 ratio is 1:1.

input file. The layer definitions used are shown in Table [£.1] Layers 1 and 2 had
transition vectors that would make them P2-type layers, whereas layers 3-6 had
transition vectors that would make them O2-type layers. A transition of 1 unit in
the z direction was set equal to the P2-type interlayer spacing of 5.69 A whereas a
transition of 1 unit in the x or y directions was set equal to the TM-TM distance
(a parameter) of 2.84 A. Continuous series of XRD simulations were created by

varying the transition probabilities between these 6 layers.
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Simulating a Series of Random OP Intergrowths

The first series, shown in Figure and [4.8p, simulates the evolution of the OP
intergrowth diffraction pattern while varying the percentage of O2-type layers
randomly interspersed within the structure.

This was done by the following

transition probability matrix:

0 1—-2 0 =z/2 0 x/2]
Qi Qg Q6 l—z 0 =z/2 0 =x/2 0
o — Qo1 (g2 Qx| | 0 l1l—z 0 =z/2 0 z/2
N o jl=2z 0 z/2 0 z/2 0
Q61 o Q66 0 1—-z 0 z/2 0 x/2
1l—-z 0 z/2 0 z/2 0 |

where o;; is the transition probability from layer ¢ to layer j and z is varied from 0
(ordered P2) to 1 (ordered O2). This transition probability matrix (a) also assures
that layers with ab oxygen stacking are followed only by layers with ba stacking (and
vice versa) because the parent compound from which the "Z"-phase intergrowth
evolves is the P2 structure with ab ba stacking. The existence probability of each

layer (g;) relates to x and the total O2-type layer percentage is derived as:
% O2-type layers = (g3 + ga + g5 + gs) % 100%

In Figure and b, it is evident that the P2 (002) peak shifts to higher values
of () with increasing percentages of O2-type layers, indicating a decrease in the
average interlayer spacing. This is expected from the simulation as the O2-type
layers were modeled with a significantly smaller interlayer spacing than the P2-type
layers. However, this also matches the characteristic contraction of the average
interlayer spacing seen for the "Z"-phase experimentally with operando XRD. Until
now, the only explanation for this phenomenon in the literature, to my knowledge,
is a progressive transition metal migration proposed by Nazar and coworkers.|[11,
14] Therefore, this simulation importantly identifies an alternative mechanism by

which the signature of progressive interlayer space contraction can be produced.
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Simulating a Series of OP Intergrowths to Include Intermediate OP/

Through examination of the ex situ XRD in the previous section, it was found
that the end of charge (4.5 V) "Z'-phase of Nay/3[Ni;/sMn; sFe; /3]0, is an OP
intergrowth with approximately 50 % O2-type layers. In the simulation, however,
the first (00l) peak of the disordered OP intergrowth (Figure [4.8b) with 50 %
O2-type layers is extremely broad and weak, not matching the experimental data.
A new series of simulations was therefore conducted, assuming an ordered OP4
intergrowth as an intermediate between the P2 and O2 end members, shown in

Figures and d. The transition probability matrix for this series is as follows:

0 1-22z 0 =z 0 =
1 -2z 0 xz 0 z 0
X ! 0000 for 0 <z <1/2
1 0 0 000
0 1 0 000
1 0 0 0 0 O]
a =
[ 0 1/2 0 1/2
0 1/2 0 1/2 0
0 2 -2z 0 r—1/2 0 x—1/2 for 1/2 <z < 1
2-2r 0 x-1/2 0 x-1/2 0
0 2-20 0 z-1/2 0 z-1/2
12— 2z 0 r—1/2 0 x—1/2 0 |

where z is again varied between 0 (ordered P2) and 1 (ordered O2) but with the
ordered OP4 (z = 1/2) as an intermediate.

This series of OP intergrowths produces very similar diffraction patterns to the
random intergrowth series but with two key differences. The first is the P2 (004) peak
now splits when the O2-type layers are increased to approximately 50 % into the OP4
(006) and (008) peaks. This matches extremely well with the splitting seen in the
experimental data for both Nag3[Niy 4Mny/12Fe; 5|02 and Nag 3[Nij sMn; oFeq /3]0,.
The second difference is the most intense (00/) peak (Figure [4.8d) now sharpens

at 50 % O2-type layers rather than broadening. This also matches well with the
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Figure 4.9: The figure shows simulated XRD data for a series of OP intergrowths with
varying degrees of disorder in the alternation of P2 and O2-type layers with the ratio of
02:P2 type layers kept constant at 1:1. This series moves from the perfectly ordered OP4
structure XRD simulation to a 100% disordered OP 50:50 structure XRD simulation.

1 15 2

experimental operando XRD data discussed previously, suggesting the ordered OP4

intermediate may be preferred to a disordered OP 50:50 phase.

Simulating Disorder in the OP4 Structure

However, the ex situ XRD data of the Nag/3[Ni; sMny 2Feq /3102 4.5 V sample does
not match a perfectly ordered OP4 structure (Figure , as was shown in the
last section. Therefore, a final series of intergrowths were simulated moving from
a perfectly ordered OP4 structure to a 100 % disordered (OP 50:50) intergrowth,
shown in Figures [4.9h and [£.9b. The transition probability matrix for this is:

0 /2 0 1/2 — 2 /4 0 1/2 — 2/4]
/2 0 1/2—x/4 0 1/2 — z/4 0
o — 0 1—x/2 0 x/4 0 x/4
1 —x/2 0 x/4 0 x/4 0
0 1—x/2 0 x/4 0 x/4
1—xz/2 0 x/4 0 x/4 0

where x constitutes the amount of disorder in the intergrowth and is varied between

0 (perfectly ordered OP4) and 1 (completely disordered OP 50:50 intergrowth).
Figures and both reveal that the introduction of only a small amount

of disorder (= 30%), can broaden the lower intensity peaks of the OP4 structure

with high [-dependence (such as the (006) peak) to the point where they are difficult
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Figure 4.10: The high voltage evolution of Nay 3 [Ni; s6Mny joFeq /3]02 (top) is compared
directly with the simulated OP intergrowth series with OP4 as an intermediate (bottom).
The plots on the left focus on the most intense (00!) peak while the color maps on the
right focus on the more subtle changes to higher @) values. The asterisks (*) in the color
map mark reflections that do not belong to the active material (i.e. stemming from carbon
black and Be).

to distinguish above the background. The presence of such disorder, as well as any
deviation from the ideal 50:50 ratio of OP4, could account for the discrepancies

seen between the experimental and simulated XRD patterns.
Analysis of the Nay/3[Ni; sMn,,,Fe; /3]0, "Z"-Phase

The simulated OP intergrowth series (with OP4 as an intermediate) is compared
directly with the experimental operando XRD data for Nay/3[Ni; sMny oFeq /3]0
in Figure m The most intense (000) peak of the experimental data is seen to
sharpen at nearly the exact same value of Q as the simulated OP4 (d ~ 5.07A).
This evolution proves that the O2 and P2-type layers within this intergrowth are
not randomly interspersed (as in simulations of Figures but have a tendency
to alternate when possible. Moreover, the changing position and breadth of the
(001) peak implies the intergrowth steadily evolves by varying the percentage of
O2-type layers as Na is extracted. The color maps corroborate this hypothesis; the
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Figure 4.11: This figure summarizes the evolving OP intergrowth model for the "Z"-
phase. On charging Nay3[Ni; sMn; 9Fe;/3]O2 to 4.1 V, Na is extracted from P2-type
layers which transform to O2-type layers, decreasing the average interlayer spacing. The
top left insert highlights the high voltage region of the load curve for which this graphic
pertains.

experimental P2 (004) peak mirrors the simulated patterns by splitting to lower
and higher values of ) while the P2 (102) peak shifts steadily to lower values of Q.

The dynamic variation in the O2:P2 type layer ratio within the "Z"-phase
intergrowth suggests a staging mechanism, where Na is removed from P2-type layers
which subsequently glide to form O2-type layers. The proportion of vacant O2-type
layers steadily increases on charge to compensate the removal of Na. A schematic
illustrating this explanation is displayed in Figure m For Nay 3[Ni; sMny /2Feq /3]0,
the P2 structure initially undergoes a conventional biphasic transition on charge to
an OP intergrowth containing approximately 38 % O2-type layers (based on the
position of the most intense (00/) peak). Further Na extraction follows through the
staging mechanism described where the ratio of O2 to P2-type layers progressively
increases. When the voltage reaches the 4.5 V cutoff, the OP intergrowth contains
approximately 56 % O2-type layers.

It has been established that this proposed evolving OP intergrowth model
for the "Z'-phase matches the experimental results of Nay/3[Nij;sMn; 2Feq /3]0,
and Nag/3[Nij/4Mnz/1oFe; 5]02 extremely well. In the next section, it will be
demonstrated that this model can be extended (and adapted) to encompass other

NaMO; materials including Nag/3[Mn; sFeq /9] Os.
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Figure 4.12: The first charge/discharge cycle of Nay/3[Mny j5Fe; /9]O2 (2.5 - 4.5 V vs.
Na™/Na, i = 10 mA g~!) was monitored with synchrotron operando XRD. All data shown
here is background subtracted using a method described in the experimental section. In
b) the most intense (00/) peak is followed throughout charging and are color coded by
capacity (color bar is shown next to the voltage curve). The interlayer distance and TM to
TM distance were extracted from the data at each point of charge/discharge and plotted
in c¢). This data was collected in the AMPIX cell at the APS 11-ID-B (Chicago, IL).

[y

4.4.4 Nay/3[Mn, ) Fe,5]O,: "Z"-Phase Analysis
Operando XRD

Probably the most studied of the NaMO, cathode materials, Nag/3[Mn 9Fe; /9] Oo,
has been well documented to undergo a structural transformation when charged
above 4 V vs. Na'/Na.[11] Synchrotron operando XRD was conducted on this
material to analyze the structural transformation in the context of the new evolving
OP intergrowth model presented in the last section. The results are shown in
Figure with the cell background subtracted. On charging beyond the P2 solid
solution region (> 4 V), most of the peaks broaden and a new reflection appears
at a higher @) than the P2 (002) peak, characteristic of the "Z"-phase. In contrast
to Nag/3[Nij 6Mny oFeq /3]0, however, the initial 'Z'-phase that is formed has a

slightly higher average interlayer spacing of d ~ 5.35 A (compared with d &~ 5.26
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Figure 4.13: The synchrotron XRD pattern (black) shown was part of the operando
experiment displayed in Figure at 4.08 V during charging. The background (stemming
largely from the glassy carbon windows of the cell) is shown in red and the peaks from
the Na metal counter electrode are shown in grey. The ordered OP6 intergrowth (33%
O2-type layers), shown in blue, was simulated with FAULTS with a parameter of 2.877 A
and interlayer spacings of dos = 4.44 A, dpy = 5.69 A. The data was collected at APS
11-ID-B (Chicago, IL).

A) Assuming the same O2 and P2 interlayer spacings as Nag /3 [Nil/GMn1/2F61/3]OQ,
this distance corresponds to an O2-type layer percentage of approximately 26%
(12% less than that of Nag/3[Ni; sMnyoFe;/3]O, after the biphasic region).

When the compound is further charged to 4.08 V, the (00/) peak sharpens at
Q~ 119 A~' (d =~ 5.27 A). The interlayer d-spacing at this point, however, does
not correspond to the expected 50 % O2-type layers of the OP4 structure but rather
contains 33%; a 2:1 ratio of P2 to O2-type layers. The diffraction pattern at 4.08
V was therefore compared to a simulated OP6 structure (6 TMO, layers per unit
cell) with 33 % O2-type layers shown in full in Figure . All distinguishable
peaks in the experimental pattern can be appropriately indexed by this large OP6
unit cell. Lower intensity peaks with a high [-dependence do not appear probably
due a small amount of disorder in the alternation of P2 and O2-type layers, as
was the case with the OP4 of Nay/3[Nij sMn;sFeq/3]Os.

With continued charging of Nag/3[Mny oFeq /9]0, the (001) peak progresses
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steadily to higher ) with an initial slight decrease in sharpness as the O2 to P2
ratio moves away from the ideal 1:2 of OP6 (Figure . Once @) progresses
beyond ~ 1.24 A=' (d ~ 5.07 A), the peak becomes noticeably broader and its
maximum intensity again drops. These changes are likely a consequence of evolving
through an ordered OP 50:50 intermediate similar to Nag,3[Ni; sMny oFe; /3]Oq. At
the end of charge (4.5 V), the average interlayer spacing reaches d ~ 4.99 A or
an O2-type layer percentage of approximately 56%.

The significance of these results is the fact that the "Z"-phase can evolve through
multiple ordered OP intergrowths with different O2:P2 ratios during charging.
While Nay/3[Nij sMn; 9Fe;/3]O9 undergoes an initial biphasic transition directly
to an OP intergrowth with 38% O2-type layers, Nay/3[Mny 5Fe; /5]O; transitions
to one with only 26%. This allows the structure to evolve through the ordered
OP6 at 33% stacking faults on further charging. Further work is needed to better
understand the characteristics which determine the structure at the end of the
biphasic transition. Through optimization, it may even be possible to completely
stifle the biphasic transition in favor of a structure that steadily morphs from

P2 to O2 without phase boundaries.

4.5 Conclusion

Extending the upper voltage cutoff of cathode materials is favorable in terms
of energy density as more ions can be extracted which, in turn, leads to more
capacity being delivered at high voltages. However, the majority of P2-type
NaMO, compounds undergo a structural transition when most of the Na has been
extracted that is detrimental to capacity retention on cycling. Some compounds,
such as Nag/3[Nij3Mny/3]O2, undergo a rather severe biphasic transition directly
to a fully de-sodiated O2 phase. Others, such as Nay/3[Ni; sMn;/sFe;/3]O9 and
Na2/3[Mn1 2Feq /2]02 go through a more complicated structural transformation
designated as the "Z"-phase.

The evidence presented in this chapter has helped unravel the mystery of the

"Z"-phase through a series of XRD experiments and stacking faults simulations.
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It has been shown that the "Z"-phase is not actually one single phase but rather
an evolving intergrowth of P2 and O2-type (Na)MO, layers. When a critical
amount of Na (z ~ 1/3 in Na,MO,) remains in the structure during charge, the
staging of Na-ions becomes favorable. At this time, Na is completely extracted
from some of the P2-type layers which causes them to glide and create a close
packed octahedral coordination of the Na vacancy sites (O2-type). The option of
two unique glide vectors that transform the P2-type layers to O2-type inherently
causes much of the long range order in the structure to be lost and XRD reflections,
in turn, are severely broadened. Until now, this behavior has made the "Z"-phase
incredibly difficult to characterize.

As Na is extracted from the OP intergrowth, the percentage of vacant O2-type
layers increases at the expense of the sodiated P2-type layers. It is evident that
the P2 and O2-type layers tend to arrange into non-random stacking sequences at
key O2 to P2 ratios, such as the OP6 at 1:2 (33:67) and the OP4 at 1:1 (50:50). It
is quite possible that other layer stacking arrangements (eg. OP6 (67:33)) could
be included within the intergrowth’s evolution if the reaction were allowed to
proceed further, however, the stability of the carbonate-based electrolyte imposes
an upper limit to the reaction at this time.

It is still unclear why some compounds undergo a biphasic reaction directly to
02 while others evolve through an intergrowth path. The compounds transitioning
to the OP intergrowth favorably undergo less overall volume change because less Na
is removed before reaching the upper voltage cutoff. This leads to improved capacity
retention but worsened first cycle capacities. From an application perspective,
however, cathodes transitioning to an OP intergrowth should be preferred over
a biphasic P2 to O2 transition as utilizing such compounds would allow volume
change to be controlled by the voltage rather than capacity. Moreover, the P2 to O2
transition should result in significant internal stress of the structure at the O2-P2
phase boundary due to lattice mismatch, which could lead to particle fracture. On
the other hand, the OP intergrowth does not possess such a clear boundary during

evolution and thus may impede the build up of such stresses.
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Although improved with compounds evolving via the "Z"-phase, severe volume
changes still pose a significant obstacle to utilizing higher voltages. As such,
engineering solutions such as binder optimization could provide a route to better
utilize the cathode capacity at high voltages. Tuning the chemistry of the cathodes
may also alleviate some of the volume change complications. For example, introducing
mobile species (such as Li*) in the TM layer which can migrate to the Na layer on
charge, may serve to "pillar" the O2-type interlayer space against severe contraction
and further optimize cathodes.

Discerning the identity of the high voltage "Z"-phase represents an important
advancement in the understanding of NaMO, cathode materials. The evidence

presented can provide a platform for their further development and improvement.
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5.1 Abstract

It has been recently discovered that oxygen can reversibly store charge in layered
sodium and lithium transition metal oxides to achieve extra capacity beyond the
theoretical limit of transition metal redox. This provides an avenue for a true
step change in the energy density of batteries. Many questions remain, however,

regarding the governing mechanisms of the O-redox reaction. In this chapter, a model

143
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"Li-rich" cathode material, Li[Li; /5Nip/sMng /5]02, is first investigated and shown
to display long term reversible O-redox but with severe voltage hysteresis on the
first cycle. Subsequently, Nay/3[Mgg.2sMng 72]O; is examined and also demonstrates
O-redox, but is activated in the presence of Mg instead of Li in the transition metal
layer. This compound also shows significant first cycle voltage hysteresis despite
no evidence of irreversible O, gas loss. In order to remedy the first cycle voltage
hysteresis, the effect of various transition metal substituents (Mg, Co, Fe, Ni and Zn)
is explored with varying degrees of success. Finally, the study of two Li-substituted
compounds, Nag, [Li,Mn;_,|Oy (y = 1/5, 1/4), revealed that the first cycle hysteresis
of an O-redox reaction can be controlled by a particular superstructure ordering

arrangement within the transition metal layer of the compound.

5.2 Introduction

Today’s lithium layered oxide cathode materials (e.g. LiCoO,, NMC811) have
a theoretical capacity of approximately 275 mAh g=!, which corresponds to the
extraction/insertion of 1 mol of Li-ions per mol TM. In practice, only about 2/3
of this capacity can be effectively utilized due to phase changes not unlike that
which were discussed in Chapter []

Traditional understanding of intercalation cathode materials is that Li-ion
(or Na-ion) extraction and insertion is charge compensated by the oxidation and

reduction of TMs, for example:

LiCo** Oy — Liy_,Co®T70, + zLiT 4 ze~ (oxidation) (5.1)

This convention has so far set a fundamental limit on the capacities of today’s
cathode materials even if the structural changes at low Li contents were somehow
overcome. In some compounds such as Li;MnOs, however, Li-ions can be extracted
beyond the theoretical limit for the TM redox couples. The theoretical capacity
of this compound based on TM redox is 0 mAh g~!, but based on Li-content, it
is 459 mAh g=!; 68% more than LiCoO,.
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There were initially several different hypotheses for what allowed this to occur.
One suggestion was that Mn*" in the compound may be oxidized to Mn5*.[1]
2|. However, this theory has not been well corroborated and most researchers
maintain the belief that Mn** is the highest valence state achievable in an oxygen
coordinated octahedral environment.[3] Later, Robertson et al. surmised that the Li-
ion extraction in Li,MnOs; was compensated by LiT-H* exchange with H produced
by the breakdown of the electrolyte at high voltages.|4] However, it was later agreed
by most that LisMnO3 seems to predominantly compensate Li extraction with

irreversible oxygen gas loss (O-loss) from the structure,|5, |6] possibly via the path:

Using density function theory (DFT), the Ceder group showed that O?~ can be
oxidized on charge when in very specific environments: Lit-O?~-Li* configurations
at an angle close to 180°.[7] In this arrangement, the O 2p orbital is essentially
non-bonding (i.e. is not stabilized by a TM) and its electrons are therefore accessible
within the stability limit of the electrolyte. This theory does not account for what
happens to the oxygen species (O™, n<2) after oxidation though.

Over the last decade, understanding of "Li-rich" (Li:TM ratio > 1) cathode
materials has grown substantially. With in situ XANES and online electrochemical
mass spectrometry (OEMS) measurements, it has been shown unequivocally that
Mn?* is not oxidized to higher valence states and electrolyte breakdown has only a
negligible contribution to the charge capacity.[8, 9] What is still uncertain however,
is the nature of oxygen after it has been oxidized. Is its irreversible loss from
the structural lattice inevitable or can oxygen redox (O-redox) be stabilized in
the solid state?

A compound that has brought us a little closer to answering this question is
Li[Lig2Nig.13C00.13Mng 54]O2. Luo et al. showed that the charging process can be
divided into three stages: 1) normal TM oxidation (i.e. Ni**/4* and Co**/1+),
2) further Li extraction compensated by the formation of localized electron holes

on oxygen, and finally 3) O-loss from the structure.[10] It is the second stage



146 5.2. Introduction

Typical “Li-Rich” Cathode Electrochemistry

1 1 1 1 1

1 0.8 0.6 0.4 0.2 0
x in Li;Nij/4Mn7/1502

Figure 5.1: The first and second cycle voltage curves are shown for
Li[Li; 6Ni; ;4Mny7/19]O2 galvanostatically charged/discharged at a current rate of 30
mA g~! between 2.0 and 4.8 V vs. LiT/Li.

which is of primary interest because the O-oxidation occurs largely in the solid
state and is therefore more likely to be reversible than if O?~ is fully oxidized
to gas and is evolved from the structure. The same authors later showed that
Li[Liy /5Ni; s Mng 5]Oo undergoes largely the same three step process on charge but
has the cost/safety advantage of being Co—free.

A typical electrochemical load curve of a Li-rich cathode is shown in Figure [5.1
Li-rich cathodes undergo what has been called a first cycle "activation". With
this terminology, however, it is sometimes overlooked that "activation" describes
what is an irreversible process; that is, the reaction pathway taken on charge is
different from the one taken on discharge. This leads to a large first cycle hysteresis,
or energy inefficiency, with nearly a 1 V difference in the average charge and
discharge voltages and a coulombic efficiency typically less than 80%. After the
first cycle, the shape of the load curve is altered substantially as is shown in Figure
(orange). Although the energy efficiency does improve after the first cycle, the
average discharge voltage of approximately 3.5 V vs. Li*/Li is still lower than most

of the current cathodes in commercial use (e.g. LiCoOq: 4.0 V vs. Li*/Li)[15] [16].
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If an approach can be found to utilize the O-redox couple in a completely reversible
way in Li-rich cathodes (i.e. capacity > 250 mAh g=! and voltage > 4.3 V), this
could lead to a true step change in energy storage technology.

Recently, it has been established that O can also participate in the charge
compensation of layered NaMO, compounds. Because of the larger size of Na-ions
compared to Li-ions, "Na-rich" compounds (Na:M ratio > 1) can so far only be
synthesized with larger 4d or 5d elements, such as Ru and Ir.[17, 18]

Having an excess of Na-ions (or Li-ions in the case of Li-rich) is necessary to
achieve higher capacities. However, non alkali metal-rich compounds also exist
which could still aid our fundamental understanding of O-redox behavior. One
such non Na-rich cathode is P2-Nay/3 Mg 2sMng 72]O2, which shows anomalous
capacity on charge that cannot be ascribed to the Mn**/4* redox couple.[19]
Another important series of compounds is Na,[Li,Mn;_,]Os (0.5 < 2z < 1 and
y > 3x).[20] Specifically, at the composition Nag,s[Li;;5sMny/5]O,, the discharge
voltage curve largely mimics the charge voltage curve giving real hope of completely
reversible solid state O-redox.|21-23]

Many questions still exist regarding the fundamental mechanisms governing

O-redox behavior. These questions can be effectively categorized into three topics:

1. Which structural or electronic properties of layered TM oxides facilitate the

activation of the O-redox couple?

2. Once O is oxidized, what influences the balance between reversible O-redox

(solid state) and irreversible O-loss (gas)?

3. What are the causes for the intrinsic hysteresis usually associated with O-redox

and how can this be avoided?

It is the goal of this chapter to answer these questions by studying several
different NaMO, and LiMO, cathodes. First, the cationic and anionic processes are
differentiated in a model Li-rich cathode: Li[Li; /5Ni;/5Mns/5]O,. It is found that

solid state O-redox is not merely a first cycle phenomenon but persists on cycling,
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despite the different reaction pathways on charge and discharge. Subsequently,
Nag/3[Mgp.28Mng 72] Oz is examined in order to better understand the requirements
for O oxidation. This compound also surprisingly shows no O-loss despite a
significant quantity of charge stored on oxygen. Finally, two different pathways
are examined for reducing the first cycle hysteresis. The first avenue explored is
the effect of different substituents (Mg, Co, Fe, Ni and Zn) on the electrochemical
behavior. While this route is somewhat successful, a study of two Li-substituted
compounds, Nag,[Li,Mn;_,]Oy (y = 1/5, 1/4), reveals that the crystal structure,
in particular the ordering within the TM layer, may play the most significant role

in determining the hysteresis of an O-redox reaction.

5.3 Experimental

All Li-rich compounds were synthesized via a resorcinol formaldehyde gel (RF-gel)
method. Stoichiometric amounts of LICH;COOe2H,0, Ni(CH3COO),04H,0, and
Mn(CH3COO),04H,0 precursors were dissolved in 50 mL of distilled water. A
separate solution was also prepared containing equal parts resorcinol and formaldehyde.
The two solutions were combined along with a 5% excess of Li in the form of Li;CO3
to control pH and then heated at 80 °C until the solution became a gel. The gel
was subsequently heated at 100 °C for 12 hrs, then 500 °C for 15 hrs, followed by a
final step at 850 °C for 15 hrs. This procedure is described in more detail in the
Methods (Section and in a paper by Luo et al.[24] All NaMO, compounds were
synthesized by mixing Na,COj3 and the relevant metal oxides (MnyO3 or MnO», NiO,
Zn0O, Co304, FeyO3, and/or MgO), and heating to temperatures between 800 °C
and 900 °C either in a box furnace in air or a tube furnace under flowing oxygen gas.
Electrode pellets were prepared by mixing the active materials with carbon Super
P and PTFE in a mortar and pestle. Once the dry mixture was homogeneous, it
was rolled to decrease its thickness to ~ 100 ym and increase its structural stability.
The electrode pellets were assembled into coin cells using Na or Li metal as a counter
electrode, glass fiber separators, and 1M NaPFg in PC or 1M LiPFg in EC:DMC as

electrolytes. These cells were charged and discharged at a constant specific current
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of 10 mA g~! (unless otherwise stated) using a MACCOR battery testing system.
To obtain ez situ samples, coin cells were opened and that cathodes removed,
washed with DMC, and dried under vacuum. The online electrochemical mass
spectrometry (OEMS) experimental set-up utilized a Thermo Fischer quadrupole
mass spectrometer with a Pfeiffer Vacuum turbomolecular pump and Bronkhorst
mass-flow controllers. The electrode material was charged and discharged in a
specifically designed OEMS cell with gas inlet and outlet ports and Ar gas flowing
through the cell at a rate of 0.8 mL min~!.

Laboratory XRD was performed on a Rigaku Smart Lab instrument with a
Cu ka source in parallel beam geometry. Synchrotron XRD was collected at the
Advanced Photon Source (APS) in Chicago, IL on 11-ID-B with an area detector
at a distance of 95 ¢cm from the sample using an X-ray wavelength of A = 0.2113 A.
Operando synchrotron XRD data was collected using the AMPIX cell described by
Borkiewicz et al.|25]. Data reduction as well as Rietveld and Pawley refinements
were done using the software GSAS-I1.[26] As was the case for other chapters, all
diffraction data is plotted in terms of @ (i.e. 27/d) for better comparability between
data sets of different radiation wavelength (). Ex situ total scattering data was
also collected at APS 11-ID-B with an X-ray wavelength of A = 0.2113 A but the
detector distance was set to 18 cm in order to obtain a larger range of (). Data
reduction was handled with the software GSAS-II and the pair distribution function
was calculated using the software PDFGetX3.[27]

X-ray absorption spectroscopy (XAS) of the Mn K-edge was measured in
transmission mode at Diamond Light Source B-18 and data was normalized with the
Athena software package.[28] Soft XAS on the O K-edge of Nay/3[Mgp.2sMng 72| O
was measured on beamline 8.0.1 of the Advanced Light Source (ALS) in Berkeley,
CA in total fluorescence yield (TFY) mode. Soft XAS on the O K-edge and
Ni L-edges of Li[Li;/5Ni;/5Mn3/5]0O2 and the O K-edge, Mn L-edges, and Co L-
edges of Nag/3[Mgi/4Mny7/12Co1/6]O2 were measured on beamline BL27SU of the
Spring 8 synchrotron (Sayo, Japan) in partial fluorescence yield (PFY) using the

appropriate emission line. Resonant inelastic X-ray scattering (RIXS) maps of
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the O K-edge for Li[Li; /5NijsMng 5|09 and Nag/3[Mgp.osMng 72]Oa were measured
at beamline 8.0.1 of the ALS in Berkeley, CA USA.[29] Single excitation energy
RIXS spectra for Nag/3[Mg;,4Mnyz/12Co1/6]O2 were measured at beamline BL27SU
of the Spring 8 synchrotron (Sayo, Japan).

Computational modeling of the compounds was done with density functional
theory (DFT) as implemented in the Quantum ESPRESSO package. [30] The
generalized gradient approximation (GGA) of the exchange and correlation functional,
devised by Perdew, Burke and Ernzerhof, was employed.|31] The core valence
interaction was described using norm-conserving pseudopotentials and ultrasoft
pseudopotentials for Nay/3[Mg; 3Mny 3]0 and Li[Li; /6Ni; ,4Mnz/12] O2 respectively.[32)
The electron wave functions were modeled with a basis set of plane-waves within an
optimized energy cutoff and Monkhorst-Pack k-point grid of 100 Ry and a 3 x 3 x
3 for Nay/3[Mgi/3Mny 3]0, and 80 Ry and 2 x 2 x 4 for Li[Li; /6Nij 4Mnyz/12]O; to
adequately sample the Brillouin zone. A Hubbard-U correction term was included
in the calculations to more correctly model the Mn (U = 4.0 ¢V) and Ni (U = 6.0
eV) 3d states. The simplified rotational-invariant formulation of U by Cococcioni
and de Gironcoli was used for this purpose.[33] Supercells, composed of several
units cells were used to model the compound of interest. These supercells were
relaxed until all forces on the atoms decreased to less than 0.08 eV A~! and the
total stress of the cell was below 0.5 kbar. All crystal structures throughout the
chapter are visualized using the software VESTA.[34]

5.4 Results and Discussion
5.4.1 Li[Li;/5Ni; sMnj3/5]O2: A Model Li-rich Cathode

Li[Li; /5Ni; 5Mn3/5)O2 was synthesized via the RF-gel method described in the
experimental and section of the Methods. This compound can be thought of as
a solid solution midway between Li[Ni; /2Mn; /2]02 and LioMnOj or a nano-composite
of the two end members. Synchrotron XRD was conducted on the material and
is shown in Figure [5.2] There are superstructure peaks fitting the monoclinic
C2/m space group which stem from the honeycomb ordering of Li and Mn. The
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Figure 5.2: The synchrotron XRD is shown for Li[Li; 5Ni; 5sMng/5]O2. Peaks in the
region of 1.4 to 1.85 A~!, shown in the inset, stem from the long range ordering of Li and
Mn.

in-plane ordering of the metals is the same as was discussed in Chapter |3 for
Nay/3[Nij/3sMng/3]0,. In well crystallized Li;MnOg, these superstructure peaks are
sharp, however in Li[Li; /5Nip/5sMng /5]02, the peaks are broadened due to stacking
faults. It is difficult to model the broadened superstructure peaks properly in
a Rietveld refinement so this region was excluded from the refinement and the more
simple R3m space group, typical of the O3 structure, was used. The fitting of the
refinement is shown in Figure [5.3] with the refined structural parameters displayed
in Table [5.1] There was very little anti-site exchange evidenced between Li and Ni

(< 2%) demonstrating reasonable success of the synthesis procedure.

Operando XRD

The structural changes in this compound were monitored by operando XRD (Figure
5.4). The patterns are background subtracted and stacked from bottom to top
corresponding to the electrochemical load curve. Key points in the load curve are
colored corresponding to the capacity-based color bar (green: pristine, yellow: end
of theoretical capacity from Ni>*/4* red: end of first charge, and blue: end of
first discharge. The O3 phase persists throughout the first charge/discharge cycle

with no second phase visible at the end of charge.
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Figure 5.3: XRD data is shown with the corresponding fitting from the Rietveld
refinement. The region of Q = 1.4-1.85 A was excluded from the refinement as this region
contains broadened superstructure peaks. Refined structural parameters are listed in

Table This data set was collected at APS 11-1D-B.

One of the most noticeable changes is in the monoclinic superstructure peaks,

highlighted in Figure [5.4b. After reaching the end of the Ni%t/4* redox couple

(yellow line), the intensity of the superstructure peaks decrease dramatically and

continuously until the end of charge (red line). The intensity is not recovered

on discharge (blue line). Additionally, the asymmetric evolution of the interlayer

Table 5.1: Results from the Rietveld refinement of pristine Li[Li; /5Ni; ;sMng/5]02. The

fit is shown in Figure

S.G. R3m, a: 2.8586(2) A, c: 14.2401(8) A,
Rwp: 10.94%, Rexp: 0.66%

Atom x y z SOF Uiso (A?)
Ti(3a) 0 0 0 0.988(2) 0.01
Ni(3) 0 0 0 0.012(2) 0.01
Li(3) 0 0 1/2 0.212(2)  0.0016(5)
Ni(3b) 0 0 1/2 0.188(2) 0.0016(5)
Mu(3b) 0 0 1/2 0.6 0.0016(5)
O(6c) 0 0 02418(2) 1 0.007(1)
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Figure 5.4: Operando XRD data for Li[Li;/5Ni; 5sMng/5]O2 is plotted (background
subtracted) in a) along with the electrochemical load curve. Key points in the load curve
are colored according to the capacity color bar: green - pristine, yellow - end of theoretical
TM redox, red - end of charge, and blue - end of discharge. The superstructure peak
evolution is shown in b) and is seen to decrease on charge. The refined cell parameters
are shown in ¢). This data was collected in the AMPIX cell at the APS 11-ID-B (Chicago,
IL).

distance (Figure [5.4k) corroborates the occurrence of structural reorganization.
These phenomena strongly suggest the breakdown of intralayer (in-plane) honeycomb
ordering as O is oxidized. From this, it seems likely that the structural reorganization
is intimately linked with, if not the cause of, the first cycle electrochemical hysteresis.

One explanation for the structural reorganization could be the O-loss that
Li[Li; 5Ni; 5Mng/5]O2 experiences near the top of charge. It has also been
suggested that TM migration to the Li layer may play a role in the charge
compensation mechanism. Each of these processes could wield considerable
influence on the electrochemical reversibility. In an attempt to isolate and decipher
the multitude of factors influencing the structural evolution of this compound, soft

XAS was carried out at the O K-edge and Ni L-edge.
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Figure 5.5: Normalized ez situ soft XAS data for Li[Li; /5Ni; sMng/5]O2 is presented
for each of the points marked in a). The O K-edge is shown in b) and the Ni Lz and
Lo-edges are shown in c). The highlighted yellow regions show the main changes to each
edge, both indicating a change in oxidation state of the element. The reference Ni L-edge
spectra (bottom of ¢) for Ni**, Ni** and Ni** are from LiNij 5Mnj/504, LiNiOy, and
electrochemically prepared Nij ,Mng /504, respectively. These samples were prepared by
Dr. Niccolo Guerrini and measured at Spring 8 (Sayo, Japan) beamline BL27SU.

Ex Situ Soft XAS and RIXS Mapping

Cells were stopped at various points on the load curve during both charge and
discharge (Figure ), disassembled, and the ez situ cathode samples removed,
washed with DMC, and then dried for this soft XAS measurement. In the pristine
compound, the electronic states just above the Fermi energy correspond to empty
Mn and Ni 3d orbitals mixing with O 2p. The O K-edge pre-edge region (Figure
) corresponds to the O 2p character of those states, while the Ni L-edge (Figure
m:) probes the Ni 3d Character. The L-edge of Ni is complicated by splitting
of the Ni 2p core state to give the L3 and L, absorption features.

Clear changes can be seen on the O K pre-edge across the electrochemical
plateau in the section highlighted in yellow. This is consistent with an increase
in the hole states on O and/or a change in the covalency of the TM-O bond
and therefore demonstrates the participation of O in charge compensation. There

are also significant changes in the Ni L-edge spectra but surprisingly, many of
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Figure 5.6: RIXS maps for pristine Li[Li;/5Ni;/sMng/5]O2 and ex situ samples are
shown for various cycle numbers ending on either charge (4.8 V) or discharge (2.0 V). The
ez situ samples were prepared by Dr. Niccolo Guerrini. The measurement was conducted
at the ALS 8.0.1 (Berkeley, CA) on a low angle spectrometer which caused the elastic
peak to appear more intense.

these changes occur after the end of the theoretical Ni**/** region of the load
curve (orange line). By comparing the spectra to the measured standards, shown
at the bottom, it appears that Ni never fully achieves the 44 oxidation state,
despite the fact that the capacity at which the plateau commences, matches exactly
with the theoretical value (0.4 e). This begs the question of what the exact
role of Ni is in the charge compensation mechanism and to what extent it has
an effect on the O-redox behavior.

To understand the electronic changes to O in more detail, resonant inelastic
X-ray scattering (RIXS) maps were measured on ex situ samples after each of the
first few charge/discharge cycles as well as the 200th charge and discharge, shown

in Figure [5.6. The map of the pristine uncycled cathode, shown in Figure [5.6p
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has two key parts: 1) the elastic peak which varies its emission energy directly
with excitation energy and 2) the inelastic peak which varies its intensity but
maintains a more constant emission energy. The integrated intensity of the map
as a function of excitation energy reproduces the O K-edge absorption spectra,
which is shown above each map.

After charging to 4.8 V vs. Li*/Li, a new inelastic feature appears in the RIXS
at slightly lower emission energies, highlighted by a white dashed circle. Recently, it
has been claimed that this feature is a signature of oxidized O. [39, 41] Notably, this
signature still appears at the end of the 200th charge (Figure ) and disappears
on discharge (Figure ) This demonstrates the persistence of O participation on
cycling, despite the hysteresis evidenced in the electrochemical load curve.

The above spectroscopic methods clearly evidence the participation of O on the
first cycle and its continued reversibility on cycling. However, it remains unclear
what the cause of the first cycle hysteresis is and why Ni does not appear to be
oxidized fully from 2+ to 4+. Density functional theory (DFT) calculations were

therefore invoked to better understand this discrepancy.

DFT Calculations

DFT calculations were carried out on the similar composition Li[Li; s6Nip/4Mny /12}02
as this reduced the number of atoms needed in the supercell to 48 (12 formula
units) and was therefore less computationally expensive. This compound was also
experimentally synthesized, by the RF-Gel method described previously, in order
to compare the cell parameters and voltage evolution as a function of Li content
with those determined through first principles.

Three compositions, Li;Nij4Mnz/1,02 (v = 7/6, 11/12, 2/3), were inspected in
detail where the Ni oxidation state should nominally be 2+, 3+, and 4+ respectively.
x = 0 was also probed by DFT but this composition could not be obtained
experimentally so the results should be taken with caution.

When Li is partially removed from this compound, there exists a large number

of possible Li-vacancy configurations. Considering available octahedral sites, the
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total number of configurations for = 11/12 and 2/3 is 364 and 3003, respectively.
These configurations were initially ranked by electrostatic energy (assuming the
nominal oxidation states) using the Python Materials Genomics package,[42] and
the 12 lowest energy configurations were used as input for the DFT calculation.

Surprisingly, when a considerably higher ranked (# 1500 by electrostatic energy)
configuration for x = 2/3 was used as input for DFT to check for robustness of
the method, the relaxed structure resulted in a lower total energy (more stable)
than the previously 12 that were sampled. Upon inspection of the structure, it
was evident that Li had spontaneously migrated into tetrahedral sites above the
Li sites in the TM layer. If Li layer tetrahedral sites are also considered among
the possible Li-vacancy configurations, the total number of configurations grow
to 31,824 and 43,758 for = 11/12 and 2/3, respectively. Even considering this,
however, the lowest electrostatic energy configuration still did not have Li occupying
tetrahedral sites. Although this is by no means a deep dive into the methodology of
predicting Li-vacancy configurations (as this was not the goal of the study), these
findings clearly demonstrate that blindly assuming a strong correlation between
the electrostatic energy of the inputted structural model with the total energy of
the DFT relaxed structural model is not advisable.

In the end, 12 configurations were sampled for x = 11/12 and 23 for z = 2/3.
The formation energy for each configuration, with respect to the two end phases

(at x = 0 and 7/6), is plotted in Figure with lines connecting the lowest

Table 5.2: Li[Li; sNi; /4Mn7/15]O2 cell parameter comparison between experimentally
observed (top) and those calculated by DFT (bottom).

a(d) bA) c(d) a() B() 7 ()
0928 8598 5043 90.000 109.614  90.000

Xx=T/6 (o115 8758 5006 90.000 109.401  90.000
w—11/12 0890 8565 505 90000 1091469 90.000
0.092 8700 5.136 89.834 108.953  89.9071
w— g3 08B 8550 5059 90000 109501 90000
9.925  8.690 5.248 90.008 111.256  89.999
o N/A N/A N/A N/A N/A  N/A

9.929 8.648 4.880 90.000 109.186  90.000
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DFT: Voltage Calculation
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Figure 5.7: The formation energy of the various Li-vacancy configurations for
LizNij ;4Mn7/1502 (2 = 2/3, 11/12) are plotted with respect to the fully lithiated and fully
de-lithiated end members (z = 0, 7/6). The convex hull line, marking the lowest energy
path, is drawn in red. The corresponding calculated voltage profile is presented below
and compared with the experimental voltage profile. Since Li occupancy of tetrahedral
sites in Li-rich compounds is somewhat controversial, the convex hull and voltage profile
not including these configurations is also shown in blue.

energy configurations in the convex hull (configurations illustrated in Figure .
If entropic effects are ignored, the equilibrium voltage of the (de-)intercalation
reaction can be approximated through the change of total energies calculated by
DFT using the following equation[43]:
V(ay, 22) ~ _E(LileOQ) — E(Liz,MOsq) — (21 — xo) E(Li)
(1 — 29)F

where z; > x5, V is the average voltage, E(Li) is the DFT calculated total energy

(5.3)

of Li metal reference, and F' is the Faraday constant.
Figure shows the calculated voltages, considering the lowest total energy

structures, plotted alongside the experimental voltage curve. The red line includes
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DFT: Most Stable Li-Vacancy Ordering
a) x = 7/6 (Nominally Ni*") b) x = 11/12 (Nominally Ni*")
L et - e -

Figure 5.8: The most stable Li-vacancy configurations calculated by DFT are shown for
LizNij 4Mnz,1509 at a) x = 7/6 (fully lithiated), b) x = 11/12, ¢) x = 2/3, and d) x = 0
(fully de-lithiated). The polyhedra are drawn for Li occupying octahedral sites in the TM
layer as well as tetrahedral sites in the Li layer but not for octahedral sites in the Li layer.

configurations in which Li relaxed to occupy tetrahedral sites and the blue line
only considers configurations where Li occupies octahedral sites. A more thorough
sampling of the compositions and possible configurations would probably lead to a
better reproduction of the experimental voltage curve. For the goal of determining
the role of Ni in the compound however, the reasonable agreement seen between the
experimental and calculated voltages is sufficient validation of the computational
model. Moreover, the differences between the calculated lattice parameters at each
composition and the values determined experimentally from ez situ XRD (Table
are within an acceptable margin of error (<5%).

The TM-O bond distance usually correlates well with the TM valence state.
These distances are plotted for each of the 3 Ni (grey) and 7 Mn (purple) to the 6
coordinating O in the relaxed supercell. A dashed line of the same color marks the

average bond distance. As Li is removed from the structure, the average Ni-O bond
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DFT: Probing Ni Oxidation State
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Figure 5.9: The bond distances and magnetic moments extracted from the output of the
DFT calculation for the lowest energy configuration at each of the relevant compositions
for LizNi yMny7/1502 (x = 7/6, 11/12, 2/3, 0). The dashed lines indicate the average
value of the points per bond/atom type.

distance decreases from 2.1 A for z = 7/6 to 2.0 A for 2 = 11/12 and 1.9 A for z
= 2/3. There is virtually no further change of the Ni-O bond distance upon full
de-lithiation to x = 0. This matches well with the expected oxidation of Ni from
24 to 44. The Mn-O bond distance on the other hand maintains a fairly constant
average value of approximately 1.95 A although some distortion is evident.

The magnetic moments of the compound corroborate these conclusions. In the
pristine material (z = 7/6), the average magnetic moment on the Ni atoms is 1.6
pp, which is relatively close to the nominal value of 2 up for Ni** (e, 11). At z =
11/12, the average value drops to 1.0 up (nominally Ni**: 1.0 up, e, 1) and at
= 2/3, the average magnetic moment drops to approximately 0.2 pp (nominally

Nit™: 0.0 pp, tag T4M1)). Removing the rest of the Li from the structure, again,
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Figure 5.10: For each of the 23 Li-vacancy configurations probed, three properties are
plotted on separate axes. These are the average total energy above the minimum (black
circle), the average Ni-O bond distance (green square), and the average Ni magnetic
moment (purple diamond). Based on the average Ni-O bond distances and magnetic
moments (and not the total energies), the configurations cluster into two main groups (A
and B) which are differentiated by their Ni oxidation state.

does not produce any significant change for Ni. The Mn average magnetic moment
stays fairly constant at approximately 2.8 pp, similar to the nominal value of 3.0
pp for Mn?* (t,g M1). Considering the magnetic moments and bond distances of
Ni in the compound, it appears Ni should be oxidized from 2+ to 4+ as expected.
Why then is Ni not evidenced experimentally to fully oxidize?

Returning to the ranking of Li-vacancy configurations for the z = 2/3 composition,
a closer examination of magnetic moments and Ni-O bond distances revealed a high
sensitivity of Ni and O oxidation states to the Li configuration. This is shown in
Figure[5.10|where an arbitrary configuration number is assigned to each model on the
x-axis and the total energy (black), bond distances (green), and magnetic moments
(purple) for each configuration are plotted on the respective y-axes. Overall, the
configurations could be classified into one of two groups where A) Ni appears to be
fully oxidized to 4+ (bond distances < 1.95 A, magnetic moment < 0.25 up), or B)

O is oxidized along with Ni, lowering the average oxidation state of Ni.
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Generally, group A configurations were found to be more stable when compared
with group B. However, this does not necessarily preclude the possibility of having
some regions of the cathode where group B type configurations are prevalent.
Moreover, DFT can only relax the atomic positions if doing so decreases the total
energy of the system; it has no way to traverse even a small activation barrier
should it arise on the path towards a global energy minimum. Therefore, having an
accurate structural model to input for the calculation is imperative. Looking back
at the operando XRD experiment, it was seen that the honeycomb ordering in the
TM layer is largely lost when charged into the plateau region of the electrochemical
load curve. Since this DFT study focused on the x = 2/3 composition, just before
the plateau region, the possibility of TM layer disorder was not examined. However,
due to the longer time scales of relaxation associated with an ex situ soft XAS Ni
L-edge measurement, it may be possible that TM rearrangement occurred, lowering

the energy of the system while redistributing negative charge from O to Ni.

Conclusions

To summarize, Li[Li;/5Ni;sMns 502, a model Li-rich cathode, was probed for
its electrochemical and structural properties. Through operando XRD, it was
shown that the long range honeycomb superstructure ordering between Li and Mn
disappeared on the first charge and was not regained on discharge. This structural
change may be partially (or fully) to blame for the first cycle electrochemical
hysteresis. From soft XAS measurements, it was determined that Ni and O were
both oxidized on the first charge but Ni to a lesser extent than expected (i.e. <
4+). Despite the irreversible loss of the superstructure on the first charge, RIXS
measurements showed that O continues to reversibly participate in the charge
compensation of Li on extended cycling. The DFT results provided new insight
regarding the dependency of the Ni and O redox processes on the Li-vacancy
configuration. The possibility of dynamic relaxation of the crystal and electronic

structures of the material during experiment will be the topic of future work.
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Figure 5.11: XRD data is shown with the corresponding Rietveld refinement fitting
for Nay /3 [Mgp 2sMng 72]O2 collected on the Cu source Rigaku lab instrument. The inset
shows the Mg/Mn honeycomb ordering which gives the superstructure peaks seen in the
Q = 1.4-1.9 A~ range. Refined parameters are shown in Table

5.4.2 Nay/3[Mgj23Mng 73]Os: Oxygen Redox Without Excess
Alkali Tons or O, Gas Loss

The limitations of Li;MnOs-based Li-rich cathodes in terms of hysteresis, voltage
decay, and O-loss has inspired work on more exotic compounds such as those based
on the (de-)intercalation of Na instead of Li. Seo et al. reported the importance
of the ionic Li - O interaction for activating O-redox in "Li-rich" cathodes, and it
was later shown by Rozier et al. that the Na - O interaction in NasRu;_,Sn, O3 (y
= 1/4, 1/2, 3/4) also sufficed for this purpose.[45] 46]. This begged the question
whether a non alkali metal ion could still be sufficiently ionic to activate O. At
that time, Nay/3[Mgg 2sMng 72]O2 had recently been reported to have anomalously
high capacity. It was therefore decided to examine this compound to clarify
whether the Mg - O interaction could invoke O-participation and explain the

higher than expected capacity.



164 5.4. Results and Discussion

Table 5.3: Rietveld refinement results for Nag /3 [Mgg.2sMng 72]O2. The corresponding
fitting is plotted in Figure

S.G. P63/mcm, a: 5.0123(1), c: 11.2389(4), Rwp: 1.69%,

Rexp: 0.92%

Atom  x y z SOF Uiso (A2)
Na (62) 0.301 0 1/4 0.382(3) 0.075(3)
Na(de) 1/3 2/3 1/4 0.427(4)  0.075(3)
Mg (2b) 0 0 0 0.84  0.0112(5)
Mn (2b) 0 0 0 016  0.0112(5)
Mn (2d) 1/3 2/3 0 1 0.0112(5)
O (12k)  0.3418(7) 0.3418(7) 0.0772(2) 1 0.019(1)

Pristine Structure and First Cycle Voltage Curve

Assuming the nominal composition, Nay/3[Mgg 2sMng 72] O, has the oxidation states
of Nag /37 [Mgo 25> Mng 11°t Mng 61*7]O2?~. Given the complications that can sometimes
arise (TM and O vacancies, multiple phases, etc. [47-49]) in synthesizing mixed Mn
oxidation states, it was initially attempted to synthesize Nay/5[Mg;/3Mnjy/5]05 but
this resulted in MgO impurities. It was therefore decided to retain the composition
reported by Yabuuchi et al. as this could be synthesized as a pure phase.

Powder XRD is shown in Figure with the fitting of the data by Rietveld
refinement (refined values in Table . This compound crystallizes into the P2
structure but shows superstructure peaks related to the honeycomb type ordering of
Mg and Mn in the TM layer.[20} 50] A larger unit cell with space group P63/mcm
was used to account for these extra reflections in the refinement. Within a single
TM layer, the honeycomb arrangement of Mg and Mn is the same as Li;MnO3 and
Nay/3[Nij;3Mny 3]0, but the stacking of these layers differs slightly.[20]

The electrochemical load curve for the material is shown in Figure [5.12] The
first section of the charge curve with rapidly rising voltage matches well with
the oxidation of the small amount of Mn®*" in the compound (highlighted blue).
The cathode material then displays a long plateau region (highlighted orange)
reminiscent of the voltage profile of Li[Li; Ni; 4Mnyz/12]O, (Figure . Overall,
approximately 0.5 mol of Na is extracted beyond what is theoretically possible

through compensation by the Mn?*/4* redox couple alone.
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Figure 5.12: The first electrochemical cycle of Nay /3[Mgg.2sMng 72]O2 is shown cycled
at 10 mA g~! between 2.0 and 4.5 V vs. Nat/Na.
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Figure 5.13: Mn K-Edge XANES was conducted on ex situ samples of
Nay/3[Mgo.2sMng.72]O2 stopped at the labeled voltages on charge (left plot) or discharge
(right plot). The dashed lines are reference spectra for Mn** in Li;MnOj (blue) and
Mn?* in MnyOj3 (purple). The main edge and pre-edge are both expanded in the insets
to see the subtle changes. The ex situ samples were prepared, in part, by Dr. Urmimala
Maitra and were measured at DLS B18.

Mn K-Edge XANES

To rule out the possibility of further oxidation of Mn beyond 4+, Mn K-edge
XANES was employed. The results, shown in Figure [5.13] are plotted alongside
reference samples Mny*+tOj3 (purple dashed) and LiosMn*tOj3 (blue dashed). Ex situ

analysis of the material was conducted by charging (and discharging) the material
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to different voltages and collecting the electrode for measurement. Stopping points
during the charging of the cell are shown in the left plot while the samples stopped
during discharge are shown on the right. First, looking at the energy of the main
edge (which is expanded in the inset), it is evident that there is a slight shift to
higher energies between the pristine sample and the sample charged to 4.2 V. This
matches well with the expectation that the small amount of Mn3* in the compound
is oxidized to Mn** during the initial stage of charge. Subsequently, no further
shifts are seen in the edge indicating that Mn is not further oxidized. The pre-edge
and white line of the near edge structure, however, do show significant changes
consistent with changes in the local environment of Mn. In particular, the increase
in the pre-edge intensity is believed to stem from a greater mixing of the Mn 4p and
3d electronic states due to decreasing centrosymmetry (i.e. increasing distortion)
of the octahedral sites in which it resides.[51, 52| Because the main edge does not
shift, however, this distortion likely arises from structural changes and not from
changes to the Mn valence state. On discharge, the Mn K-edge progressively shifts
back to approximately the same energy as the pristine sample and the pre-edge
intensity is also reduced. From this data set, it is concluded that Mn**/3+ redox
plays a minor role in the charge compensation of the compound, both on charge

and discharge, and there is no indication that Mn is oxidized beyond 4+.

DFT Calculations

The absence of Mn®" in the XANES measurements provides indirect evidence of the
participation of O on charge. For more direct insight, however, DFT calculations

were again performed. For simplicity, the structural model used for the calculation

Table 5.4: Comparison of Nay/3[Mg;/3Mng/3]02 DFT cell parameters with experimental
values of Nag/g[MgO.QgMno.'m]Og.

a(d) [b@A) [c(A) [a(®) [BC) [+0)
10.025 | 10.025 | 11.239 | 90.000 | 90.000 | 120.000

Experimental

Naz/s [Mgo.stl’lo‘n] 0O,
DFT

Naz/s [Mgl/SMn2/3] O,

10.238 | 10.238 | 11.271 | 90.000 | 90.000 | 120.015
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Figure 5.14: The relaxed structural model of Nay/3[Mg;/3Mny 3]0z from the DFT
calculations is shown in a) and the calculated projected density of states (PDOS) is shown
in b). The Fermi energy (Er) is indicated by the dashed black line. From the PDOS; it
is clear that the states just below the Fermi energy are dominated by O 2p character.

was based on Nay/3[Mg;/3Mny/3]O,, with all Mn nominally in the 4+ valence state.
A 2 x 2 x 1 supercell of the hexagonal unit cell was created (Figure [5.14h) and
Na-ions were placed in the low energy "large zig zag' configuration.[53) The
cell parameters and atomic positions were relaxed and very good agreement (<
3 % difference) was seen between the experimental and calculated values despite
the slightly different compositions (Table .

Once the supercell was relaxed, the projected density of states was calculated to
determine the relative energies and mixing between the Mn 3d states and O 2p states
above and below the Fermi energy. These results are plotted in Figure [5.14b with the
0 eV arbitrarily set to the middle of the band gap. It is immediately clear that the
states just below the Fermi energy are dominated by O 2p character. It is these states
which electrons will be first removed from when the cathode material is charged.
While the Mn 3d states are quite dispersed in the valence band, the majority of
the weight can be found more than 5 eV below the Fermi energy which would
be inaccessible (i.e. Mn®* is very unlikely). The DFT results combined with the
XANES measurements strongly indicate that O is oxidized in Nag/3[Mgp 2sMng 72]O,.
However, as was discussed previously, this activation can occur in the form of direct

oxidation to Oy gas (O-loss) or solid state O-redox (with or without hysteresis).
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Figure 5.15: OEMS was conducted on the first cycle of Nay/3[Mgg.2sMng 72]O2. There
is no evidence of any direct O-loss in the form of Os. A small amount of CO» is seen at
the beginning and end of the plateau region. This was attributed to the decomposition
of residual NayCOj3 from the surface of the active material and electrolyte degradation
respectively. This OEMS experiment was completed by Mr. Robert House.

Online electrochemical mass spectrometry (OEMS) was therefore used to monitor

the gas evolution from the cathode material over the first cycle.

Online Electrochemical Mass Spectrometry

The OEMS results are presented in Figure [5.15 with the electrochemical load curve
shown on the top axis and the gas evolution shown on the bottom. Both O, and
CO, were monitored as the cell was charged and discharged. Unlike many 'Li-rich'
materials, Nay)s [Mgg.28Mnyg 72] Oy showed absolutely no direct O, gas loss. A small
amount of CO, gas was observed which was resolved to originate from residual
Nay,COj3 from synthesis and degradation of the carbonate based electrolyte. This
was determined through an 80 isotope labeling experiment not presented here.
As recently as 2016, O-loss was believed by many to be inevitable in systems based

on 3d TMS. The lack of irreversible O-loss from Nag/3[Mgg 2sMng 72]O2 on charge
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Figure 5.16: The O K-edge XAS spectra were measured in total fluorescence yield
(TFY) mode for several ex situ samples of Nagy/3[Mgo.2sMng 72]O2 with voltage stopping
points shown in a). The spectra, presented in b), show a growth of intensity in the middle
of the pre-edge region, highlighted in yellow. This increased intensity is quantified in c)
and shows a clear trend as a function of the state of charge. These ex situ samples were
prepared, in part, by Dr. Urmimala Maitra. Measurements were conducted at the ALS
8.0.1 (Berkeley, CA).

suggests this compound operates instead through reversible solid state O-redox.
To prove this, soft XAS and RIXS of the O K-edge were conducted in order to

identify the correct mechanism for the O-redox process.

O K-Edge Soft XAS and RIXS Mapping

O K-edge soft XAS was conducted on ex situ samples of Nay/3[Mgg2sMng 72]Oo
stopped at 12 points along the first cycle. These stopping points are marked in
Figure . As was the case with Li[Li; 5Ni;5sMns/5]O,, a general broadening
of the O K-edge is seen (Figure [5.16p) with intensity increasing on charge in the
middle of the two peaks in the pre-edge (highlighted yellow). On discharge, the
opposite occurs with the pre-edge peaks becoming more defined once again.
The O K-edge pre-edge region reveals the O 2p character of the states just above
the Fermi energy. The spectrum is sometimes difficult to interpret, however, as a

strong mixing of the O 2p and TM 3d states generally exists in this region. Given
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Figure 5.17: RIXS maps of the O K-edge are shown for various stopping points in the
first cycle of Nay /3[Mgo_28Mn0,7g]Og. An extra emission feature emerges upon charging
beyond 4.25 V, indicating solid state O oxidation. These ex situ samples were prepared, in
part, by Dr. Urmimala Maitra. Measurements were conducted at the ALS 8.0.1 (Berkeley,
CA).

that the DFT results for the pristine compound showed significant O 2p character
at the top of the valence band, it is highly likely that it is these states (primarily of
O 2p character) which are seen in the soft XAS after electrons and Na are removed
from the compound on charging. To further understand the nature of these new O

2p dominant hole states, RIXS maps of the O K-edge were once again utilized.
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RIXS maps were measured for a collection of ex situ samples stopped at different
voltages on the first charge/discharge cycle and are shown in Figure [5.17 The
pristine sample shows an inelastic emission at approximately 525 eV which varies
its intensity with excitation energy. The integrated intensities (with respect to
the excitation energy) reproduce the absorption spectra for the O K-edge shown
above each map. On the samples charged to 4.2 V and 4.25 V (beginning of the
voltage plateau), no significant changes are seen in the maps from the pristine.
This is consistent with the majority of the charge compensation for this region
coming from the oxidation of Mn, as seen in the XANES (Figure . For samples
stopped at higher voltages further along the plateau, however, a new feature is
observed at lower emission energies. This is the same feature seen earlier for charged
samples of Li[Li; /5NipsMng /5]02 and described in the literature as the "signature'
of O-redox.[39} 41| It is also consistent with O hole states being relatively localized
in character (i.e. having a narrow energy band).[38] On discharged samples, the
O-redox "signature" is not seen even for the sample stopped at 2.8 V (approximately
0.25 mol Na re-intercalated). This is somewhat surprising given the length of the
voltage plateau on charge nominally corresponds to the removal of approximately
0.5 mol Na via O oxidation. One possible explanation may be the instability of
the O-redox couple in contact with the electrolyte.[57] A similar phenomenon was
concluded to explain the behavior of Fe* in NaFeO,.[58] This explanation also
fits well with the small amount of electrolyte oxidation seen in the OEMS results.

Further work is needed to fully understand this behavior.

Discussion of O-Loss Mechanism

Overall, the O K-edge XAS and RIXS maps of Nag/3[Mgy2sMng72]O, clearly
demonstrate reversible solid state O-redox. Importantly, this is the first time
O-redox has been documented for a compound that does not possess an excess
of alkali metal ions (i.e. alkali metal ions in the TM layer). These results agree
well with DF'T in proving that O can be oxidized even in the presence of higher

valence Mg?" (as compared to than Lit or Na™).
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A question that remains unanswered, however, is how Nay /3[Mg0_28MI10_72]02
avoids O-loss while other O-redox compounds, including Li[Li; /5Ni; /5Mns;5]O,
do not. Based on the reported findings, a new mechanism for O-loss in 3d
TM layered oxide systems was recently proposed.[55] In Li-rich compounds such
as Li[Li; /5NijsMng/5]Og, Li is removed from both the TM and Li layers of the
compound.[59] When this compound approaches the upper voltage cutoff of 4.8 V,
the structure is highly depleted of Li (z < 0.2 in Li,Ni;sMns/502). In this highly
de-lithiated state, many O are coordinated by 2 or fewer cations. Their valence
electrons will therefore be pushed higher in energy (i.e. become more unstable),
and this creates the driving force for O-loss from the structure. It is indeed seen
for LizNi; sMng/504 that the capacity on charge beyond z = 0.2 is dominated by
O-loss.[11] Nag/3[Mgo.2sMng72]O2, on the other hand, never achieves this highly
depleted state on charging since Mg?* is retained in the structure on charge. This

presence therefore prevents O de-stabilization and loss.

Conclusion

In this section, Nag/3[Mgo28Mng 72]O2 was shown to compensate Na™ removal by
the activation of the O-redox couple without any O-loss. An important corollary to
these results is that O-loss can now be decoupled from voltage hysteresis. Dramatic
first cycle hysteresis is seen in the great majority of compounds exhibiting O-
redox, but this is the first compound that does not show O-loss coinciding with
the hysteresis. Voltage hysteresis in the cathode (or anode) is directly related to
the energy efficiency of the system. As such, the average voltage on discharge
should ideally be as close to the average charge voltage as possible. In the next
two sections, the underlying mechanisms of the voltage hysteresis are discussed

and two different avenues of improvement are pursued.

5.4.3 TM Substitution to Improve First Cycle Hysteresis

After validating O-redox activity in Nag/g[Mgo_QgMH()jg]OQ, it was investigated

whether the first cycle voltage hysteresis of the O-redox couple could be effectively
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Figure 5.18: Four new compounds were synthesized and their XRD patterns and first
cycle electrochemical load curves are shown compared with the previously discussed
Nay,3 [Mgp.28Mng 72]O2. The XRD shows all compounds form the P2 structure and some
of the compounds show the honeycomb superstructure peak (shaded grey). The first cycle
load curves show that all compounds display a plateau beyond their theoretical TM redox
capacity (Nag/3[Mgo.2sMng 72]O2: first dashed grey line, all others: second dashed grey
line). These compounds were synthesized and characterized, in part, by Dr. Urmimala
Maitra and Dr. Nuria Tapia-Ruiz.

reduced through TM substitution. A small exploratory study was conducted on

several P2-Nay/sMO, compounds where M = [Mg; ,4Mnz/10Feq 6], [Mg1/4Mnz/12Coy 6],
[Mg1/4Mny/3Niy j10], and [Zng4Mngj,]. The XRD and electrochemical results for

these compounds are presented in Figures and b respectively.

XRD and First Cycle Voltage Curves

From the XRD results, it is clear that all the newly synthesized compounds crystallize
into the P2 structure as expected with a Na composition of 2/3. The location
of the most intense reflection of the honeycomb-type superstructure ordering is
highlighted in grey. A small peak can be seen in this region for M = [Mgg.2sMng 72},
[Mg1/4Mnz/15Fes 6], and [Mgy/4Mny/sNiy j12] but not for M = [Mgy 4Mnz/15Co /6]
and [Zny/4Mng/4]. The lack of honeycomb ordering is particularly surprising for
the Zn containing compound given that Zn should possess the same charge (2+)
and approximately the same ionic radius as Mg. An abnormal amount of hkl-
dependent broadening is seen for the M = [Mg;,4Mny/3Ni; /5] composition. This

may indicate a small amount of phase separation.
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Each of these compounds were then tested in a half cell to examine their
electrochemical performance. The first charge/discharge cycle for each compound is
shown in Figure with statistics documented in Table[5.5] All of the compounds,
with the exception of Nag/3[Mgo2sMng 72]O2 (0.11 mol Na), have a theoretical TM-
redox capacity on first charge of 1/6 mol Na, which is shaded in blue. Na extraction
beyond this point likely stems from O oxidation and is shaded orange for clarity.

Nag/g,[an /41\/[113/4]02 outperforms the other compounds in terms of energy
efficiency. Looking at the voltage curve, the reason for this stems from the O-
redox voltage plateau on first charge being approximately 150 mV lower in voltage
than the Mg containing compounds. In a very recent report by Bai et al. on
Nay/3[Zny/9Mnz /9] Og, it was shown through DFT calculations that some mixing of
the Zn 3d and O 2p states occurs.[60] It is plausible that this mixing could give
rise to the lower voltage plateau seen here by slightly lowering the total energy of
the de-sodiated structure with O hole states. The amount of Na that is able to
be extracted from this compound, however, is less than all others and its average
discharge voltage shows no improvement over Nag/3[Mgg 2sMng 72]Oo.

Nag/3[Mg1/4Mny7/12Fe; 6]O2 and Nag/3[Mgy 4Mny/3Niy /12]O2 both do not show
any significant improvement over Nay/3[Mgg 2sMng 72]O; in the performance metrics
outlined in Table . Nag/3[Mgi/4Mnz/12Co1/6]O2 on the other hand delivers better
capacity on discharge and does so with a slightly improved energy efficiency of
75% (compared to 71%). For that reason, this compound represented an intriguing
possibility for better controlling O-redox by TM substitution and warranted further
study.

Table 5.5: First cycle statistics for new O-redox compounds (extra capacity from
insertion of Na beyond the pristine composition, 2/3, was not counted)

Compound: Energy Ch., Dis. Ch., Dis.
M in Na,/3sMO, Efficiency Avg. Voltage Capacity
Mg 2sMng 79 71 % 4.00V,2.73V 0.57, 0.59 mol Na
Mgy /4Mnz/19Fei 6 70 % 4.02V,2.69V 046, 0.48 mol Na
Mg1/4Mnz/12Co1/6 75 % 4.07 V, 286 V 0.58, 0.61 mol Na
Mg /4Mny/3Nij 10 63 % 4.06 V, 290V 0.43, 0.38 mol Na

Zny/4Mng; 4 81 % 3.89 V, 273V 0.39, 0.45 mol Na
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Figure 5.19: FEx situ soft XAS and RIXS were conducted on the pristine electrode,
samples charged to 4.2 V and 4.5 V, and a sample discharged to 2.0 V, shown in a). The
figure shows normalized stacked absorption spectra for the b) O K-edge, ¢) Mn L-edges,
and d) Co L-edges. The RIXS spectra for the excitation energy of 531.5 eV is shown in
d). The ex situ samples were prepared by Dr. Nuria Tapia-Ruiz. The measurement was
conducted at Spring 8 (Sayo, Japan), Beamline BL27SU.

Soft XAS and RIXS

Ez situ soft XAS and RIXS were conducted on the pristine compound, samples
stopped at 4.2 V and 4.5 V on charge, and a sample stopped at 2.0 V on discharge
(illustrated in Figure [5.19h). The O K-edge XAS (Figure [5.19b) shows the most
change between the samples on charge. From the sample stopped at 4.2 V to
the sample stopped at 4.5 V| the area under the pre-edge grew by approximately
75%. While some of the increased area is located in the middle of the pre-edge,
as is seen for Nag/3[Mgp.2sMng 72]O2 and Li[Li; ;5Nij 5Mng,5]O9, the intensity over
the whole pre-edge region seems to also increase. One must keep in mind during
the analysis of soft XAS that the technique is inherently sensitive to the near

surface region of the particles due to the relatively low penetration of low energy
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X-rays.|61] Accordingly, if a thick O containing surface layer, such as NayCOs,
were to build up on the compound, this may significantly suppress the signal
stemming from the mixed TM 3d - O 2p states in the pre-edge region. This perhaps
contributes to the increase in integrated intensity seen here, as this surface layer
is removed upon charging to high voltages.

The Mn L-edges (Figure mc) show minimal change on charge but a slight
difference in the structure of the L3 edge in the discharged sample, which is consistent
with reduction of Mn from 4+ to 3+.[62] The Co L-edges (Figure [5.19d) show no
noticeable changes in their structure or position between the samples. Co oxidation
would usually manifest itself in a shift of the most intense peak of the L3 edge to
higher energies, although this can be quite subtle such is the case for de-lithiated
LiC005.[63, 64] The lack of Co oxidation beyond 34 on charge is reminiscent of the
Ni oxidation state conundrum discussed previously for Li[Li; 5NijsMns/5]Oq. It is
possible there is a similar link between the Co and O oxidation states here, although a
more in-depth characterization would be required before conclusions could be made.

Finally, RIXS spectra were measured at a single excitation energy (due to beam
time constraints) of 531.5 eV, shown in Figure . An increased intensity at
lower emission energies is seen for the sample charged to 4.5 V. This is consistent
with the O-redox signature seen in the RIXS maps for Nag,3[MggosMng72]Oo
and Li[Li; 5Ni; sMng/5]O2, demonstrating that solid state O-redox does indeed

occur for this compound.

Conclusion

In summary, some improvement to the first cycle energy efficiency, compared with
Nay/3[Mgo.2sMng.72]O2, was made through TM substitution. This was particularly
evident in the samples which included Zn or Co, both of which coincidentally did
not show honeycomb-related superstructure peaks in XRD. Nonetheless, the soft
X-ray spectroscopy measurements on Nay /3[Mg1 /aMnz/1,Coy /6]02 did not reveal any
noticeable mechanistic differences compared with Nay/3 [Mgo.28Mng 72]Os. Moreover,

the inclusion of Co is not desirable from a cost perspective and therefore the
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improvement seen for this compound is probably too modest to have any wider-
reaching implications. The lower charge voltage of Nag/3[Zn;/4Mns/4]O5 compared
with the Mg containing compounds could be fundamentally interesting and a more

rigorous study of this compound should be the topic of future work.

5.4.4 Najy,[Li,Mn;_,]Os (y = 1/5, 1/4): Superstructure-
Controlled First Cycle Hysteresis

Another potential avenue for decreasing hysteresis is to try to make the O-redox
couple and corresponding structural evolution more reversible in nature. Currently,
most O-redox compounds show a voltage plateau on charge during O-oxidation
followed by a sloped voltage curve on discharge, indicating two different processes
(seen in Figure [5.1). In 2016, Du et al. reported a new P3-type compound,
Nag/5[Li1sMny/5]O2, which remarkably showed a plateau on both charge and
discharge, above 4 V vs. Nat/Na.[21] Later Rong et al. reinvestigated this same
material and postulated that the reversibility of the O-redox reaction stemmed
from the avoidance of O-loss by maintaining the P3-type structure on charging.[65]
This conclusion, however, does not explain the fact that no O-loss is seen when
charging Nay 3[Mgg 2sMng 72]O2, yet hysteresis still occurs. In this section, it will
be argued that the voltage hysteresis of most O-redox compounds stems from an
intrinsic instability of honeycomb-ordered TM layer on charging. This will be
shown by the comparison of two P2-type compounds, with only slightly different
compositions (Nag/s[Lii/sMny 5|02 and Nagjs[Lii4Mns/4]O2), which surprisingly
exhibit very different first cycle voltage curves (low and high hysteresis). The
favorable electrochemistry of P2-Nag /5[Lil /5Mny /5]02 originates from an increased
stability of TM-layer during charging by a new ordering scheme which is designated

here as "ribbon" ordering.

Structure of the Pristine Materials

P2—Na3/5 [Lil/5M1'l4/5]OQ and P2—Na3/4 [Li1/4Mn3/4]02 were both Synthesized via solid
state methods. Nag/s[Li;/sMny 5|09 was synthesized as a P2-type compound, rather
than P3, by changing to a higher synthesis temperature than previous reports.|[21]
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Figure 5.20: Synchrotron XRD patterns are shown for Nag /5[Lil /5Mny /5]02 (black) and
Nag/4[Li; 4Mng/4]O2 (blue) along with simulated patterns for the "ribbon" (purple) and
"honeycomb" (green) superstructures in a). The hkl values of the peak are assigned from
the small hexagonal P2 unit cell with P63/mmc symmetry. The ideal TM layer ordering
arrangements giving rise to these superstructure peaks are illustrated in b) and c) for
Nag/4[Li; 4Mng/4]O2 (honeycomb ordering) and Nags[Li; sMny/5]O2 (ribbon ordering),
respectively, with the unit cell overlaid as a black rectangle. This data was collected at
the APS 11-ID-B (Chicago, IL) and the compounds were synthesized by Dr. Urmimala
Maitra.

The powder synchrotron XRD patterns for each compound are shown in Figure
.20k with the main peaks indexed using the more recognizable small hexagonal
unit cell which has the P63/mmc space group.

Nag,a[Li; ;4Mng,4] O, shows a single superstructure peak consistent with honeycomb
ordering of Li and Mn, which was also reported for the composition, Nas g [Liy /aMn3 /4]02,
by Yabuuchi et al. Although the Mn:Li ratio of 3:1 is not the perfect stoichiometry
to achieve honeycomb ordering (Mn:Li, 2:1), it seems to be sufficiently close in this

case. This is not surprising given the high propensity for Mn** and Li* cations to
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First Cycle Electrochemical Load Curve
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Figure 5.21: The first cycle electrochemical voltage curves are shown for

Nag s [Li; ;5Mny/5]O2 (black) and Nag,[Li;/4Mng/4]O2 (blue). The voltage difference
between charge and discharge at = 0.4 (arbitrarily picked) is also included.

order to reduce electrostatic repulsion.[66] A small amount of Li;MnOg impurity
phase is also evidenced in the XRD. Nag/5[Li; 5Mn,/5]O2 on the other hand shows
several superstructure peaks which could be indexed to a 5 x v/3 monoclinic supercell
(space group: P2;/c) of the original small hexagonal P2 unit cell. This ordering
scheme is labeled hereon as "ribbon" ordering.

An illustration of the ideal TM layer ordering for both compounds are shown
in Figures |[5.20b and c. In both cases, the local environment of Li is very similar,
each with 6 surrounding Mn. The local environment of Mn, however, differs in the
two cases. In the honeycomb ordering, there is a single Mn environment in which it
is surrounded by 3 other Mn and 3 Li. In the ribbon ordering, there are two Mn
environments with one group being surrounded by 4 other Mn and 2 Li, and the
second group surrounded by 5 other Mn and 1 Li. This rather minor difference in

the two ordering schemes has profound implications for the electrochemistry.

Electrochemistry

The first cycle voltage curves of both compounds are overlaid with one another
in Figure [5.21] Nag /5[Lil /5Mny /5]02 shows a reversible plateau at approximately
4.2 V vs. Na*/Na while Nag4[Li; ;4Mnjg/4]O2 demonstrates a more sloped voltage

profile on charge and discharge. This leads to a first cycle energy efficiency of 79%
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for Nag/5[Lii/5Mny/5]O2 and only 63% for Nag,s[Lij4Mnsg 4O, (but higher charge
and discharge capacities in the latter case). More importantly, the reemergence of
the voltage plateau on discharge demonstrates the possibility of O™~ reduction at
high voltages (> 4 V). To better understand the electrochemical reversibility of
Nag5[Lii /5Mny/5]O,, and lack thereof in Nag/4[Li;/4Mng 4]|O2, operando XRD was
conducted on both compounds with special attention paid to the superstructure

peaks.

Operando XRD

The structural evolution of Nag/4[Li;/4Mng/4]O, was monitored through operando
XRD over the first charge and discharge and is shown in Figure The patterns
of the highlighted regions are colored based on the capacity. On charging, the P2
(002) peak (Figure |5.22b) shows a shift of the reflection to lower @ before rapidly
decreasing in height and broadening asymmetrically towards higher ). A similar
effect has been seen in other compounds and was convincingly ascribed to the
creation of O2-type stacking faults with Li migrating from its sites in TM layer to
vacant octahedral sites in Na layer as suggested by °Li magic angle spinning-nuclear
magnetic resonance (MAS-NMR).[22, 67]

Contrary to what occurs in the Li-rich case, the peaks highlighted in Figure[5.22
show continuous shifts during charge and discharge ruling out the possibility of a two
phase mechanism. This is consistent with the sloped nature of the voltage curve on
charge. Moreover, the progression of the intralayer TM-TM distance (Figure )
also testifies to this as it consistently decreases on charge and increases on discharge.

The evolution of the most intense superstructure peak, (1/3 1/3 1), stemming
from the honeycomb ordering of Li and Mn is shown in Figure [5.22d. Like the
superstructure peaks of Li[Li;/5Ni;;5Mng/5]O,, this peak shows an irreversible
decrease in intensity on charge and does not regain any intensity on discharge.
During charging, one might attribute this decrease in intensity to O2-type stacking
faults as many of the non-superstructure peaks (eg. (106)) also decrease in intensity.

On subsequent discharge, if the TMO, layers do not glide back along the same glide
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Figure 5.22: Operando XRD data from Nag4[Li; ;4Mn3/4]O2 is plotted (background
subtracted) in a) along with the electrochemical load curve. Key points in the load curve
are colored according to the capacity color bar: green - pristine, red - end of charge, and
blue - end of discharge. The (002) peak evolution is shown b), higher angle peaks shown
in ¢), the honeycomb superstructure peak in d) and the refined intralayer TM-TM and
interlayer distances are plotted in e). This data was collected in the AMPIX cell at the
APS 11-ID-B (Chicago, IL).

vector that they traversed on charge, the interlayer superstructure ordering would
be permanently lost. Alternatively, the break down of the intralayer superstructure
(i.e. in-plane ordering) would also cause the same effect. Since the breakdown of
intralayer order ensued upon charging Li[Li; 5Ni; 5Mns/5]O4, it seems likely the

same process may occur for Nag s [Lij4Mng/4]Oy as well.
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Figure 5.23: Operando XRD data from Nags[Li; sMny/5]O2 is plotted (background
subtracted) in a) along with the electrochemical load curve. Key points in the load curve
are colored according to the capacity color bar: green - pristine, red - end of charge, and
blue - end of discharge. The (002) peak evolution is shown b), higher angle peaks shown
in ¢) and e), and the superstructure peaks from "ribbon" ordering are shown in d). This
data was collected in the AMPIX cell at the APS 11-ID-B (Chicago, IL).

Operando synchrotron XRD was also performed on the low hysteresis compound
Nag/5[Liy/sMny;5]O, (Figure [5.23). Looking first at the P2 (002) peak (highlighted
in Figure [5.23p), on charging a new peak appears to higher @ of the (002) peak,
indicative of a new phase forming with smaller interlayer spacing. This will be
labeled as the "end of charge' (EOC) phase for simplicity. Like Nag/a[Li; 4Mng/4]Oo,

it is very likely that the emergence of the EOC phase coincides with the gliding of
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some (if not all) P2-type Na layers to O2-type stacking as well as the migration of
mobile Li into the Na layer. In Figures and e, the (100) and (110) peaks also
show appearance of new peaks (as shoulders) from the EOC phase, also at higher
@ values. It is difficult to interpret the exact indexing of the EOC phase, given the
small number of reflections available. However, as the EOC phase manifests itself
as higher () shoulders on the P2 peaks, this should indicate that the EOC phase
has a smaller in-plane and interlayer spacing than the original P2 phase. The peaks
shown with a- and c-axis dependence, such as the (102) and (106), broaden without
any clear secondary phase. This is again consistent with the EOC phase containing
O2-type stacking faults which can occur along two possible glide vectors.[68|
The @ range of 1.35 to 1.95 A~!, shown in Figure , contains many
of the superstructure peaks stemming from the ribbon ordering of Li and Mn.
The set of two peaks centered at @ ~ 1.45 A~! decrease in intensity on charge.
Interestingly, on discharge these peaks regain some of their intensity again. This is
in clear contrast to what occurs in the honeycomb ordering superstructure peaks
of Li[Li; /5Ni;sMng/5]Oo and Nag[Lij4Mng s]Oy which do not regain intensity.
Additionally, the reflections around 1.8 A~! actually show an increased intensity on
charge, demonstrating that the TM layer likely remains well ordered even in the
EOC phase. A final observation of note is that none of diffraction peaks regain the
same sharpness as the pristine material during discharge. This shows that despite
the improved structural reversibility associated with the ribbon superstructure,
there is still some irreversibility. This is not surprising given that the discharge

voltage plateau is shorter in length than the voltage plateau on charge.

Pair Distribution Function Analysis

Since many of the XRD reflections of Nag4[Li; ;4Mng/4]O2 and Nags[Li; s Mng 5]Oo
broaden on charge due to the breakdown of long range structure (i.e. stacking
faults), ex situ total X-ray scattering was also measured to better understand the
changes of the local structure of the compound on charge. The pair distribution

function (PDF), G(r), was derived from the total scattering data for each of the ez
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Figure 5.24: Ex situ PDF profiles of high hysteresis Nag,[Li;/4Mng/4]O2 and low
hysteresis Nag5[Li; ;sMny/5]O2 are presented. Key peaks in the data are highlighted and
are dominated by the contribution of the following pairs: nearest neighbor Mn-O (blue),
in-plane Mn-Mn (orange), and interlayer Mn-Mn (green). These are also presented on
the illustrated structure on the left. The ex situ samples were prepared by Dr. Urmimala
Maitra. The total scattering measurement was conducted at the APS 11-ID-B (Chicago,
IL).

situ samples and is presented in Figure [5.24. Each peak in the PDF represents one
or more atom-atom pairs at a particular distance () apart within the structure.
The peak intensity is dependent on the number of atom pairs at that distance as
well as the scattering power of the two atoms involved. As Mn has a much
larger X-ray scattering factor than Li, O, or Na, its contribution dominates the
PDF. Three of the most significant peaks in the PDF are highlighted in blue,
orange, and green and layered over the structure to the left of the figure for ease of
understanding. These peaks primarily correspond to the nearest neighbor Mn-O,
in-plane Mn-Mn, and interlayer Mn-Mn pairs, respectively. The interlayer Mn-Mn
pair (green) shows a significant broadening in both samples charged to 4.5 V. This
is consistent with the O2-type stacking faults proposed from the operando XRD
results. On the other hand, the peaks from the intralayer Mn-O (blue) and Mn-Mn
(orange) remain largely unchanged in intensity.

As discussed above, previous °Li MAS-NMR work carried out on NaMO,

compounds has suggested that Li, which occupies TM sites in the pristine structure,
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can reversibly migrate between the TM layer and the Na layer during charge and
discharge.|22, [67] It has also been proposed that TMs can reversibly migrate to the
Li-layer in Li-rich compounds.|14} 39| In the O2 structure, TM sites share a face with
an octahedral site in the Na layer above (below) and a tetrahedral site in the Na layer
below (above). Mn is known to be stable in both of these coordination environments
(albeit at lower oxidation states) and therefore interlayer migration could indeed be a
possibility.[70] However, one may expect the significant quantity of migrated Li* to
effectively "pillar" the Na layer such that sites would be too large for Mn to occupy.

From the PDF data shown above, the migration of Mn to tetrahedral sites
in Na layer can be ruled out as this would generate a new Mn-Mn pair distance
of approximately 3.3 A, as is shown by Talaie et al., which is not seen here.[71]
The possibility of Mn migration to octahedral sites within the Na layer would
also produce a similar Mn-Mn pair distance, therefore, this also is not evidenced
to any appreciable extent. However, it would be challenging to observe in-plane
movement of the Mn cations, which could occur to allow for clustering of the
octahedral vacancies left by the migrated Li species.

Taking in all of the above presented data, a possible new model to explain the
hysteresis in O-redox compounds will now be discussed by comparing Nag s [Li; s Mny /5] O,

(low-hysteresis) and Nag4[Li;4Mng;4]O4 (high-hysteresis).
Discussion

Nag/4[Li14Mng/4]O2 contains honeycomb ordering of the Mn and Li within the
TM layer in its pristine state. All Mn is nominally 4+ in this compound and
therefore all capacity extracted on charge is expected to come from the oxidation of
O. Upon charging to 4.5 V, operando XRD showed that the honeycomb ordering was
irreversibly lost and the average voltage on discharge was lower by approximately 1
V. From a charge repulsion perspective, the observed loss of honeycomb ordering
is not sensible. Even with Li leaving the TM layer, the honeycomb ordering

should be the most stable configuration to mitigate repulsion between adjacent
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a)  Charged Na, [Li, Mn, |O, b) Charged Na, [Li, Mn, O,

IO Oxidized Oxygen () Stable Oxide |

Figure 5.25: Models for a possible charged TM layer for a) Nag 4[Li; ,4Mng/4]O2 and
b) Nag/s[Li; sMny/5]O2 are presented. O coordinating the TM vacancy (left by Li) is
labeled as oxidized (yellow) and those that are not are labeled as "stable oxide" (blue). It
is clear that in the ribbon ordering of Nag/5[Li; sMny/5]O2, a smaller percentage of O
can be oxidized, making the structure more robust against cation rearrangement

Mn**. The rearrangement of the Mn ions must then be driven by something
else (e.g. O oxidation).

Looking at a top-down view of the honeycomb ordered TM layer in the charged
structure when Li has moved to the Na layer (Figure[5.25h), it is clear that all the
O are in the same local environment, coordinated in the plane by two Mn and one
vacancy. When a significant amount of charge is taken from O during charging, two
things occur to raise the energy of the system and drive the movement of Mn: 1) the
destabilization of Mn which are all now exclusively coordinated by oxidized O and 2)
a degeneracy of the now partially filled O electronic states. These two phenomena
can simultaneously be corrected with the movement of Mn to a vacant octahedral
site, either in the plane or out of the plane. In doing so, the migrated Mn creates
new O environments which are coordinated by only one Mn and two vacancies in
the plane and are therefore higher in energy. The degenerate oxidized O states are
then able to disproportionate, breaking the degeneracy and stabilizing the structure.

On discharge, Na is reinserted between the TMOs slabs, prompting the layers
to glide back to P2-type stacking and Li to return to the TM layer. The Mn and Li
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are no longer uniformly ordered to mitigate coulombic repulsion, however, and the
overall energy of the structure is then comparably higher on discharge than it was
at the same composition on charge. In the electrochemical load curve, this would
be reflected as a lower voltage on discharge, as is seen experimentally.

The ribbon ordering of the Li and Mn helps to prevent this voltage drop.
Nag/s [Li; /5Mn4/5]02 also theoretically compensates the removal of Na on charge
exclusively by the oxidation of O. However, unlike Nag/4[Li; ;4Mng;4]O,, the ordered
superstructure is retained after 1 charge/discharge cycle. Looking now at the top
down view of the ribbon ordered TM layer (Figure ) in the charged structure
(when Li has moved to the Na layer), there are already two different environments
of O. 40% of the O is coordinated by 3 Mn and cannot be oxidized, creating a
backbone of structural integrity. The other 60% of O are coordinated by two Mn
and one vacancy. The electronic states of these O will be at a higher energy and
will therefore be the states which electrons are removed from. There are also two
different environments for the Mn. One of these sites will be coordinated by 4
oxidized O while the other will only be coordinated by 2 oxidized O. Neither is
as unstable as the Mn environment of the honeycomb structure (6 surrounding
oxidized O). Thus, the barrier for Mn migration in the charged ribbon structure
should be much higher than the honeycomb structure.

When Na is reinserted into Nag s [Li; s Mny/5]O2 on discharge, the layers glide to
reform the P2 structure and Li can return to the correct TM sites. In this case, the
structure will be the same on discharge as it was on charge (at any composition)
and the electrochemical load curve would exhibit minimal hysteresis, as is seen
experimentally. Currently, a large computational effort is underway to verify this

model and will be presented in an upcoming publication.

5.5 Conclusion

In this chapter, the governing mechanisms of O-redox were explored. This can

be summarized into 3 main questions:
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1. What structural/electronic properties facilitate O-oxidation?

It was demonstrated through soft X-ray spectroscopic techniques that O can be
successfully oxidized in the presence of Li (as previously reported) and also in the
presence of Mg (newly reported). From these observations, it seems that the model
proposed by Seo et al., in which O oxidation can occur if O is coordinated in the
TM layer by alkali metal-ions, can be extended to alkaline earth metal-ions as well.

This is presumably due to the highly ionic nature of the Mg?* - O~ interaction.
2. How can solid state O-redox be favored over gaseous O-loss during charge?

Also from studying Nag/3[MggosMng 72]Os, it was found that O-loss can be
successfully avoided when O remains coordinated to at least 3 cations on average
during charge. In Li[Li; /5Ni; sMng/5]O9, the largest contributor to the first charge
capacity is solid state O-oxidation which is reversible in nature and stays active
even on the 200th cycle. However, the compound also experiences O-loss which
primarily occurs when more than 1 mol Li per formula unit has been extracted.[11]
This occurs when the average coordination number of O becomes less than three.
In Nag/3[Mgg.2sMng 72]O2, there is no O-loss as the average coordination number of

O is always at least three because Mg is retained in the compound during charging.

3. Why is there almost always a significant hysteresis of the voltage curve on

the first cycle when invoking "reversible" solid state O-redox?

This is probably the most complicated question to answer but also has the most
reward for finding a solution. Currently, most Li-rich O-redox compounds possess
honeycomb-type ordering of Li and Mn and all of these experience a large energy
inefficiency on the first cycle. While it was previously believed that O-loss and
hysteresis were somehow linked, that has been shown not to be the case here when
examining Nag/3[Mgg.2sMng 72]O,. Changing the chemical makeup of the TM layer
(i.e. substituting Mn®** by Co*") can help to boost the discharge voltage and raise

the energy efficiency, but this doesn’t help to fix the irreversible breakdown of the
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honeycomb ordering which is the underlying cause for the hysteresis. Instead, it was
found that P2-type Nag5[Li;/5sMny/5]O9 with the "ribbon" superstructure boasts a
reversible plateau above 4 V due to added stability against cation rearrangement.
This is one of the first compounds to utilize the O-redox couple in a truly reversible
way. Extrapolating these results, one very exciting prospect is the possibility of
synthesizing a Na-rich or Li-rich compound with the ribbon ordering superstructure.
In doing this, it could be possible to create a low-cost cathode material capable
of delivering both high capacities and high voltage, and thus a step change in
the battery energy density.

In my opinion, the prognosis of O-redox cathode materials is very positive. The
massive amount of research undertaken over the past few years to understand the
fundamental mechanisms of this class of materials has now provided a platform

for finally making a breakthrough.
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6.1 Conclusion

The world has a strong need for higher performing, lower cost batteries to sustain
technological innovation in portable electronics, reduce the price of electric vehicles,
and facilitate the further integration of renewable energy sources. The Na-ion
battery has the potential to play a critical role in achieving these goals due to its
utilization of abundant elements (e.g. Na, Fe, Mn, O) but only if the chemistry is
better optimized. This thesis has focused on strengthening the knowledge-base of
Na-ion layered oxide cathodes as their moderate voltages and theoretically high
capacities make them suitable cathode candidates. A short summary of the results
and key conclusions is communicated here.

In Chapter , P2-Nay/3[Ni; 3Mny /3]0, was first investigated due to its high
voltage. It was found that this compound was limited by a variety of factors including

poor cyclability and a strong driving force for its Na-ions to order. However, its

195
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Na-deficiency in the as-synthesized compound could be overcome using a new pre-
treatment procedure with Na-naphthalide. Partial Fe substitution was explored
because Fe is extremely abundant and redox active in Na-ion compounds. Two new
compositions were identified (Nag/3[Niy 4Mnz,12Feq 5]O2 and Nag 3[Nij sMny 2Feq /5]04)
that displayed a suppression of Na-ion ordering and improved cyclability relative
to Nag/3[Nij;sMny/3]O.

In Chapter [, the underlying mechanism of the improved cyclability was
investigated and determined to be a change in the structural evolution at
high voltages (low Na contents) which produced less volume contraction. This
distinct high voltage structural evolution of Nag/3[Nij/sMny/5Fe;/6)O2 and
Naz/g[Nil s6Mny pFe /3]02, known as the "Z'-phase, was resolved as an evolving,
semi-ordered P2-O2 intergrowth that changes its ratio of P2 to O2-type layers
as a function of state of charge.

In Chapter , the possibility of oxygen redox (in addition to conventional
TM redox) in layered oxide cathodes was examined. It was found that the
Mg-O interaction was sufficiently ionic to activate the oxygen redox couple in
Nag/3[Mgg.2sMng.72]O2, which occurred without O-loss from the compound. Moreover,
all oxygen redox compounds possessing "honeycomb'-type ordering in the TM layer
were found to exhibit a large first cycle hysteresis. In contrast, Nag,s[Li; s My 5|0,
possessing "ribbon"-type TM ordering, displayed a much more reversible first cycle
behavior. It was speculated this improved performance may be due to stifled
intra and interlayer TM migration.

All of these results chapters sought to communicate new fundamental insights into
Na-ion layered oxide cathodes in order to improve their performance. Importantly,
all inquiries were carried out without straying from the Na-ion battery philosophy
of utilizing abundant (and thus sustainable) elements. Although it is still unclear
whether the Na-ion chemistry will ever displace Li-ion for certain applications, it
is apparent that a low-cost and high performing cathode material will need to be

developed to achieve this. The analyses conducted in this thesis of compounds that
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charge compensate the (de-)intercalation of Na-ions through the Fe3*/4+ and 0=/~

(n < 2) redox couples support this goal and generate optimism for achieving it.

6.2 Suggested Future Work

There are several promising prospects for future research on Na-ion cathodes that

derive from the work presented in this thesis:

o Na-naphthalide pre-treatment was shown to successfully overcome Na-deficiency
in P2-type compounds. Further investigation is needed, however, to determine
the long term cycling stability of the treated compounds and whether naphthalide
causes any changes to the surface chemistry. Moreover, a solution possessing
such reducing power may come with processing challenges. Thus, it would
be shrewd to research how this pre-treatment step could be integrated into

manufacturing lines.

+ It was speculated in Chapter [3[that Fe is reduced in Nag/3[Ni; sMny j9Feq /3]0,
through a reaction with the electrolyte. To test this theory, the surface
chemistry of all Fe-containing NaMO, compounds in the charged state must
be better characterized. In addition, developing surface coating strategies
may also be beneficial as, to the best of my knowledge, this has not yet been

applied to Fe-containing NaM O, compounds.

» While Nay/3[Nij/3Mny 3]0, displayed relatively low hysteresis in the high
voltage region, Nay /3[N11 s6Mn oFey /3]02 showed a noticeably larger hysteresis
in this same region. A physical explanation for this phenomenon has so far
yet to materialize. The future investigation of this behavior is of fundamental

importance to the utilization of Fe in NaMO, compounds.

e A new model for the P2—"Z"-phase structural evolution was outlined in
Chapter 4 No such model currently exists, however, for O3-type compounds.
While a P2-type layer can only transition to O2 stacking, an O3-type layer
can glide to form either P3 or O1 stacking. The interplay of multiple
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stacking sequences at high voltages may have an effect on a compound’s
reversibility, thus the structural evolution of O3-type compounds warrants

further investigation.

The interlayer contraction and associated volume change of layered oxide
cathode materials remains an unresolved challenge. This obstacle may be
addressed through the development of specialized binders or by substitution
of mobile species such as Lit into the TM layer. Another possible avenue
to combat this issue could be the addition of Ca?* into the Na layer during
synthesis. Like Li™, this ion may serve to "pillar' the layers against severe

contraction.

The findings on oxygen redox relayed in this thesis open up an exciting
opportunity to develop materials that exhibit superstructure-controlled behavior.
Implementing the TM layer ribbon ordering into compounds with excess Na™
or Li*™ could elicit the first oxygen redox compounds capable of delivering
high capacities at a high voltage. Due to the success of the ribbon ordering,
it would also be prudent to investigate other TM layer orderings (with less

Li) to further optimize the reversibility.

Despite the remaining obstacles, the Na-ion battery research field is rapidly

progressing and shows no sign of slowing its growth in the near future. This

momentum provides hope that one day soon, Na-ion batteries could well be an

efficient, economical, and effective option for satisfying the world’s increasing

need for energy storage.
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Na,[Ni_,)2Mn,_(,., »Fe/ )]0, Ternary Diagram XRD
Description of Refinement Methodology

The P2 and O3 structural models were fit to the following XRD patterns in order
to obtain the ternary composition diagrams of Figure [A. T The variables of interest
extracted from the data were the weight fraction as well as the lattice parameters
of each phase. In depth structural characterization of each compound was not the
aim of this study, and as such, only relatively short XRD collection times were used.
Efforts were therefore made to reduce the complexity of the refinement procedure
so as to extract only the critical information. A Pawley refinement of the data was
conducted first to achieve the best possible profile parameters. Subsequently, profile
variables were fixed to the ideal values and a Rietveld refinement was carried out
(in order to get weight fractions). Site occupancies (SOF) and atom positions (x, y,
and z) were fixed to reasonable values in the Rietveld refinement. The isotropic
atomic displacement factors (Uiso) were refined only for the TM site of the structure
(P2: site 2a, O3: site 3b) as the scattering power of the TM is high compared
to Na and O. A spherical harmonics model was used as necessary to correct for

preferred orientation (caused by the flat plate sample holder).
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Figure A.1: XRD data for Nag/3[Mn; 3Fe; 3]0z (composition 1) is shown with the
corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.1: Rietveld Refinement results for Nay/3[Mn; 3Fey/3]O2 (composition 1) for the
ternary composition diagram (Figure .

P2: S.G. P6;/mmec, a: 2.9372(1) A, ¢: 11.2117(7) A,
Wt. %: 43.6(9), Rwp: 8.97%, Rexp: 6.41%

Atom x y z SOF Uiso (A?)
Na(2b) 0 0 1/4  1/6 001
Na(2d) 2/3 1/3 1/4  1/2 001
Mn(2a) 0 0 0 /3 0.008(2)
Fe(2a) 0 0 0 2/3  0.008(2)

O (4f)  2/3 1/3 -0.094 1 0.01

03: S.G. R3m, a: 2.9584(1) A, c: 16.5494(8) A

Wt. %: 56.4(7)

Atom x y =z SOF Uiso (A?)
Na@a) 0 0 0 273 0.01
Mn(3b) 0 0 1/2  1/3  0.005(1)
Fe(3b) 0 0 1/2  2/3  0.005(1)
O@s) 0 0 024 1 001
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Figure A.2: XRD data for Nay 3[Ni; /;5Mn5/15Fe; /2]O2 (composition 2) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table

Table A.2: Rietveld Refinement results for Nag /3[Ni; /15Mns /19Fe; /2]O2 (composition 2)
for the ternary composition diagram (Figure .

P2: S.G. P63;/mmec, a: 2.9251(1) A, ¢: 11.2007(5) A,
Wt. %: 65.3(7), Rwp: 9.06%, Rexp: 6.88%

Atom x y =z SOF Uiso (A2)

Na(2b) 0 0 1/4 1/6 001

Na (2d) 2/3 1/3 1/4  1/2 0.1

Ni(2a) 0 0 0 1/12  0.0001(9)
Mn(2) 0 0 0 5/12  0.0001(9)
Fe(2a) 0 0 0 12 0.0001(9)
O (4f) 2/3 1/3 -0.094 1 0.01

03: S.G. R3m, a: 2.9515(1) A, c: 16.5180(7) A
Wt. %: 34.7(5)

Atom x y z SOF Uiso (A?)
Na@a) 0 0 0 53 0.01
Ni(3b) 0 0 1/2  1/12 0.002(2)
Ma(3b) 0 0 1/2  5/12 0.002(2)
Fe(3b) 0 0 1/2 1/2  0.00202)
0@ 0 0 024 1 001
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Figure A.3: XRD data for Nag/3[Ni; sMn; 5Fe;/3]O2 (composition 3) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.3: Rietveld refinement results for Nay /3[Ni; sMn, pFe; /3]O2 (composition 3)

for the ternary composition diagram (Figure [3.7)).

P2: S.G. P6;/mmec, a: 2.9130(1) A, c: 11.1805(6) A,
Wt. %: 93.59(9), Rwp: 9.67%, Rexp: 7.21%

Atom x y z SOF Uiso (A?)
Na(2b) 0 0 1/4 1/6 001

Na (2d) 2/3 1/3 1/4  1/2  0.01
Ni(2a) 0 0 0 1/6  0.0037(7)
Mn(2a) 0 0 0 1/2  0.0037(7)
Fe(2a) 0 0 0 1/3 0.0037(7)
O (4f)  2/3 1/3 -0.094 1 0.01

03: S.G. R3m, a: 2.9476(3) A, c: 16.464(2) A
Wt. %: 6.4(1)

Atom x y =z SOF Uiso (A?)
Na(3a) 0 0 1/4 2/3 001
Ni(3p) 0 0 0 1/6  0.005(1)
Mn(@3b) 0 0 0 1/2  0.005(1)
Fe(3b) 0 0 0 1/3  0.005(1)
O 0 0 024 1 0.01
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Figure A.4: XRD data for Nay/3[Ni; ;;Mny/15Fe; 5]O2 (composition 4) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.4: Rietveld refinement results for Nay /3[Ni; ;;Mnz/15Fe; /5]O2 (composition 4)
for the ternary composition diagram (Figure

P2: S.G. P63;/mmec, a: 2.9002(1) A, c: 11.1604(5) A,
Rwp: 10.66%, Rexp: 7.79%

Atom x y z SOF Uiso (A?)

Na(2b) 0 O 1/4 1/6 0.01

Na (2d) 2/3 1/3 1/4 1/2 0.01

Ni(2a) 0 0 0 1/4  0.0018(6)
Mn(2) 0 0 0 7/12  0.0018(6)
Fe(2a) 0 0 0 1/6  0.0018(6)

O (4f) 2/3 1/3 -0.094 1 0.01
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Figure A.5: XRD data for Nay/3[Ni; 3Mny/3]O2 (composition 5) is shown with the
corresponding fitting from the Rietveld refinement. Refined parameters are listed in Table

A5

Table A.5: Rietveld refinement results for Nay/3[Ni; ;3Mny/3]O2 (composition 5) for the
ternary composition diagram (Figure .

P2: S.G. P6;/mmec, a: 2.8857(1) A, c: 11.1568(6) A,
Rwp: 14.97%, Rexp: 8.42%

Atom x y z SOF Uiso (A?)
Na(2b) 0 0 1/4 1/6 001
Na(2d) 2/3 1/3 1/4 1/2 0.0l
Ni(2a) 0 0 0 /3 0.0006(7)
Mn(2a) 0 0 0 2/3  0.0006(7)
O (4f)  2/3 1/3 -0.094 1 0.01
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Figure A.6: XRD data for Nag/4[Ni; )gMns gFe; /5]O2 (composition 6) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.6: Rietveld refinement results for Nag/4[Ni; sMng gFe; /9]O2 (composition 6)
for the ternary composition diagram (Figure .

P2: S.G. P6s;/mmec, a: 2.9254(4) A, c: 11.1453(9) A,
Wt. %: 27.4(8), Rwp: 3.78%, Rexp: 2.88%

Atom x y @z SOF Uiso (A?)
Na(2b) 0 0 1/4  1/4 001
Na(2d) 2/3 1/3 1/4  1/2  0.01
Ni(a) 0 0 0 /8 0.027(4)
Mn(2a) 0 0 0 3/8  0.027(4)
Fe(2a) 0 0 0 /2 0.027(4)

O (4f) 2/3 1/3 -0.094 1  0.01

03: S.G. R3m, a: 2.95781(6) A,

Wt. %: 72.6(29)

c: 16.3912(4) A

Atom x y =z SOF Uiso (A?)
Na(3a) 0 0 1/4  3/4 o001
Ni(3) 0 0 0 /8 0.001(2)
Mn(3) 0 0 0 3/8  0.001(2)
Fe(3) 0 0 0 /2 0.001(2)
O@s) 0 0 024 1 001
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Figure A.7: XRD data for Nag 4 [Ni5/24Mny j54Fe; /3]O2 (composition 7) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table E

Table A.7: Rietveld refinement results for Nag/4[Ni5/24Mny; j94Fe; /3]O2 (composition 7)
for the ternary composition diagram (Figure .

P2: S.G. P63;/mmec, a: 2.9150(2) A, c: 11.1341(6) A,
Wt. %: 42.5(4), Rwp: 4.18%, Rexp: 3.19%

Atom x y =z SOF Uiso (A2?)
Na(2b) 0 0 1/4 1/4 001
Na(2d) 2/3 1/3 1/4  1/2  0.01
Ni(a) 0 0 0 5/24  0.017(1)
Mn(2a) 0 0 0 11/24 0.017(1)
Fe(2a) 0 0 0 /3 0.017(1)

O (4f)  2/3 1/3 -0.094 1 0.01

03: S.G. R3m, a: 2.9511(1) A, c: 16.3539(7) A

Wt. %: 57.5(39)

Atom x y z SOF Uiso (A2)
Na (3a) 0 0 1/4 3/4 0.01
Ni(3) 0 0 0 5/24  0.0001(30)
Ma(3b) 0 0 0 11/24  0.0001(30)
Fe(3) 0 0 0 1/3  0.0001(30)
O@®e) 0 0 024 1 0.01
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Figure A.8: XRD data for Nag/,[Ni7/94Mn3/94Fe; 5]O2 (composition 8) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.8: Rietveld refinement results for Nag4[Niz/o4Mn;3/94Fe; /6]O2 (composition 8)
for the ternary composition diagram (Figure .

P2: S.G. P6;/mmec, a: 2.90345(9) A, c: 11.1069(3) A,
Wt. %: 60.8(22), Rwp: 5.06%, Rexp: 3.39%

Atom x y z SOF Uiso (A?)
Na(2b) 0 0 1/4  1/4 001
Na(2d) 2/3 1/3 1/4  1/2  0.01
Ni(2a) 0 0 0 7/24  0.009(2)
Mn(2a) 0 0 0 13/24  0.009(2)
Fe(2a) 0 0 0 /6 0.009(2)

O (4f)  2/3 1/3 -0.094 1 0.01

03: S.G. R3m, a: 2.9390(1) A, c: 16.3319(7) A
Wt. %: 39.2(43)

Atom x y =z SOF Uiso (A2)
Na(3a) 0 0 1/4  3/4 o001
Ni(3) 0 0 0 7/24  0.004(5)
Mn(3b) 0 0 0 13/24 0.004(5)
Fe(3b) 0 0 0 /6 0.004(5)
O@s) 0 0 024 1 0.01
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Figure A.9: XRD data for Nas5[Ni; sMn; oFe;/3]O2 (composition 9) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table

Table A.9: Rietveld refinement results for Nas5[Ni; sMn; pFe; /3]O2 (composition 9)
for the ternary composition diagram (Figure .

03: S.G. R3m, a: 2.96742(6) A, c: 16.2756(3) A
Rwp: 4.33%, Rexp: 2.95%
zZ SOF Uiso (A?)

Atom Xy

Na(3a) 0 0 1/4 5/6 0.01
Ni(3b) 0 0 O 1/6  0.008(4)
Mn (3b) 0 0 O 1/3  0.008(4)
Fe(3b) 0 0 O /2 0.008(4)
O (6¢) 0 0 024 1 0.01
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Table A.10: Rietveld refinement results for Nag
for the ternary composition diagram (Figure
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Figure A.10: XRD data for Nag[Ni; ;4Mnj,15Fe; /3]O2 (composition 10) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

6[Nij4Mnj/1oFe; /3]O2 (composition 10)

03: S.G. R3m, a: 2.95452(8) A, c: 16.2613(4) A

Rwp: 4.89%, Rexp: 3.18%

Atom x y z SOF Uiso (A?)
Na(3a) 0 0 1/4 5/6 001
Ni@3b) 0 0 0 1/4  0.006(3)
Mn(3b) 0 0 0  5/12 0.006(3)
Fe(3b) 0 0 0  1/3  0.006(3)
O@c) 0 0 024 1 001
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Figure A.11: XRD data for Nag/4[Ni; ;3Mn; j5Fe; 5]O2 (composition 11) is shown with
the corresponding fitting from the Rietveld refinement. Refined parameters are listed in

Table @

Table A.11: Rietveld refinement results for Nag 4 [Ni; ;3Mn; j5Fe; /56]O2 (composition 11)
for the ternary composition diagram (Figure .

P2: S.G. P6;/mmec, a: 2.9024(3) A, c: 11.082(1) A,
Wt. %: 17.5(3), Rwp: 4.88%, Rexp: 3.67%

Atom X y zZ

SOF Uiso (A?)

Na (2b) 0 0 1/4
Na (2d) 2/3 1/3 1/4
Ni(2a) 0 0 0

Mn (2a) 0 0 0
Fe(2a) 0 0 0

O (4f) 2/3 1/3 -0.094

1/3
1/2
1/3
1/2
1/6
1

0.01
0.01
0.045(3)
0.045(3)
0.045(3)
0.01

03: S.G. R3m, a: 2.94248(8) A, c: 16.2568(4) A

Wt. %: 82.5(49)

Atom X y z

SOF Uiso (A?)

Na (3a) 0 0 1/4
Ni(3h) 0 0 0
Mo(3b) 0 0 0
Fe(3b) 0 0 0
O@e) 0 0 024

5/6
1/3
1/2
1/6
1

0.01
0.006(3)
0.006(3)
0.006(3)
0.01
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Figure A.12: XRD data for Na[Ni; ;3Mn; /3Fe; /3]O2 (composition 12) is shown with the
corresponding fitting from the Rietveld refinement. Refined parameters are listed in Table

Table A.12: Rietveld refinement results for Na[Ni; 3Mn; j3Fe; /3]O3 (composition 12) for
the ternary composition diagram (Figure .

03: S.G. R3m, a: 2.9722(1) A, c: 16.0739(6) A
Rwp: 13.54%, Rexp: 12.36%

Atom x y z SOF Uiso (A?)
Na(3a) 0 0 1/4 1 0.01
Ni@3b) 0 0 0 1/3 0.001(2)
Mn(3b) 0 0 0  1/3  0.001(2)
Fe(3b) 0 0 0  1/3  0.001(2)
O@c) 0 0 024 1 001
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Na2/3 [Nil/g_y/Qan/g_y/zFey] 02 (y = ]_/6, 1/3) Synchrotron
XRD Refinements

Description of Refinement Methodology

The P2 (P63/mmc) structural model was fit to the synchrotron XRD patterns
of Nag/3[Ni;4Mny/12Fe; 5]O2 and Nag/3[Niy 6Mny oFe; 3]O9. A Pawley refinement
of the data was conducted first to achieve the best possible profile parameters.
Subsequently, profile variables were fixed to the ideal values and a Rietveld refinement
was carried out. The Na site occupancy of the two sites was constrained to sum to
2/3 (matching the nominal composition). The isotropic displacement factors for
the Na were constrained to be equivalent. The isotropic displacement factors of the

TMs were constrained to be equivalent as they occupy the same site.
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Refinement Results
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Figure A.13: Synchrotron XRD data for Nay,3[Ni; ;4Mnz/;5Fe; /6]O2 is shown with the
corresponding fitting from the Rietveld refinement. Refined parameters are listed in Table

Table A.13: Rietveld refinement results for Nay /3[Nij ;,Mnz/15Fe; 5]O2 (Figure .

P2: S.G. P63;/mmec, a: 2.9045(1) A, c: 11.1467(5) A,
Rwp: 11.41%, Rexp: 0.61%

Atom x y =z SOF Uiso (A?)
Na(2b) 0 0 1/4 0.227(4) 0.035(2)
Na(2d) 2/3 1/3 1/4 0.440(4) 0.035(2)
Ni(2a) 0 0 0 1/4 0.0041(4)
Mn(2a) 0 0 0 712 0.0041(4)
Fe(2a) 0 0 0 1/6 0.0041(4)

O (4f)  2/3 1/3 -0.0910(3) 1 0.011(1)
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Figure A.14: Synchrotron XRD data for Nay/3[Ni; sMn; joFe;/3]O9 is shown with the
corresponding fitting from the Rietveld refinement. Refined parameters are listed in Table

AnE

Table A.14: Rietveld refinement results for Nay/3[Ni; sMn; /oFe; /3]0 (Figure .

P2: S.G. P63;/mmec, a: 2.92527(4) A, c: 11.1251(1) A,
Wt. %: 98.5(3), Rwp: 8.71%, Rexp: 0.58%

Atom x y @z SOF Uiso (A?)
Na(2b) 0 0 1/4 0.106(2) 0.024(1)
Na (2d) 2/3 1/3 1/4 0.471(2)  0.024(1)
Ni(2a) 0 0 0 1/6 0.0048(2)
Mn(2a) 0 0 0 1/2 0.0048(2)
Fe(2a) 0 0 0 1/3 0.0048(2)
O (4f)  2/3 1/3 -0.0940(1) 1 0.0150(5)
Fe303: S.G. Fd3m, a: 8.342(1) A Wt. %: 1.49(5)
Atom x y =z SOF Uiso (A?)
Fe (8a) 1/8 1/8 1/8 1 0.01

Fe (16d) 1/2 1/2 1/2 1 0.01

O (32e) 1/4 1/4 1/4 1 0.01
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