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Abstract

The shift to renewable, low-carbon energy generation creates intermittency in supply. To
reduce reliance on fossil fuels, large-scale energy storage is required to store energy
when it is in abundance and supply it when scarce. Sodium-ions batteries (NIBs) can
enable this transition by using low-cost, sustainable materials. The P3 and P2 phases of
Nao.67Mno.9sMgo.102 (NMMO)are presented here are candidates for large-scale storage.

In Chapter 3, a biotemplating synthesis using naturally occurring polysaccharide dextran
successfully synthesised these materials without impurities. Conventional solid state
methods could not produce single phase P3-NMMO, and its initial capacity was 95 mAh
g1, compared to 142 mAh g for the biotemplated P3 phase. Biotemplating produced
sharply faceted plates of P2-NMMO, with a higher initial capacity than the P2 synthesised
via solid state methods, which has rounded plates. The biotemplated materials exhibited
better rate capability than the solid state synthesised materials. These differences
manifested despite synthesis methods for each phase using identical 20 h calcination
regimes.

In Chapter 4, P-type NMMO was produced using only a biotemplating synthesis, with a
calcination time of 2 h. This led to an increase in capacity retention for the P3 phase from
73% to 82%, but a decrease for P2 from 73% to 63%. P-type NMMO was doped with 1%
and 2% Ca (NCMM) to improve the capacity retention and rate capability. This did not
work in P3-NMMO, but 1% and 2% Ca doping increased the capacity retention of P2-
NCMM from 63% to 73%. Initial capacity for all materials showed no significant change.
The rate capability of 1% Ca P2-NCMM was better than both 0% and 2% P2-NCMM. These
effects may be contributed to by the large increase in particle size of 1% Ca-P2-NCMM
compared to all other samples in this chapter.

The other method of improving capacity retention and rate capability in P-type NMMO
was to combine the two phases in Chapter 5. A range of biphasic samples with varying
P3/P2 ratios were generated by altering the calcination temperature and compared
against the same P3/P2 ratios with the P3 and P2 phases calcined separately and mixed
post-synthesis. Of all the samples in this chapter, none had higher capacity or retention
than the biotemplated P3-NMMO. For both preparation methods, increasing the phase
fraction of P2-NMMO decreased the capacity retention. The mixed P3/P2-NMMO
displayed higher capacity retention than the biphasic samples at each phase ratio. This
may be because the biphases showed increased electrochemical activity of the P2 phase,
leading to structural changes and more rapid degradation.

Using biotemplating to produce NIBs can significantly reduce the energy cost of
production, while improving upon the performance characteristics of the material when
generated via solid state methods. NMMO is a high capacity, low-cost cathode material
that can be further optimised with further exploration of the strategies identified herein.
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1 Introduction
1.1 Energy storage

Energy storage is an important feature of a grid, particularly one that relies more and
more on renewable sources. Renewable energy is becoming increasingly prevalent in UK
(Figure 1-1) [1], and indeed the world. The most common forms of renewable energy are,
by capacity, wind and solar [1]. These sectors have had a lot of development in recent
years, leading to cost decreases [2] and a large uptick in their deployment, but they do
not produce constant, reliable power. The sun does not always shine, the wind does not
always blow. Suitable methods of storing this energy for use when needed, are required.

I I IBioenergy
Onshore wind
. I I I Solar PV
mannk g l l| Hydro

OO 700 700N A plalal=

2UUL _L__._ U4 UG 24U LUlZ

Generation - TWh

Figure 1-1: Graph showing the increasing generation from renewable sources in the UK up
to 2020 [1].

Pumped-hydro storage is the most common form of large scale energy storage by capacity
[3], [4]. It is a simple technology, wherein excess power supplied from the grid is used to
pump water up a hill. When there is excess power demand, the water is allowed to flow
down the hill to drive generators [5]. The advantages are the lifetime of the pumped-
hydro stations [6], in the region of 40 years, but it requires very specific geographical
conditions (of which there are very few remaining in the UK [7]) and exceedingly high
capital costs - providing a significant barrier to future development.

In contrast, batteries are scalable, can be easily tailored to fit specific requirements, and
can be deployed anywhere with minimal disruption to the local environment. This makes
them a natural fit for a decentralised, intermittent power generation network [8].

1.1.1 Battery operation

As with all energy storage devices, batteries are a way of holding a system in a state of
high potential in such a way that the energy does not immediately dissipate and can be
used when needed. They comprise of two electrodes and an electrolyte that is
electronically insulating but conducts (in the case of NIBs) sodium ions. During discharge,

16



the sodium ions are extracted from the anode and inserted into the cathode via the
electrolyte (Figure 1-2). To balance the charge, a transition metal is reduced by electrons
that have travelled through the external circuit, doing useful work. The electrodes are
physically separated by a separator, an ionically conductive and electrically insulating
material, often made of fibre glass or a polymer which prevents short-circuiting. This
broad sequence of events holds true for all the battery systems that will be discussed
herein.

Charge Discharge
Battery charger — ©
or

Operating device

. Electrolyte _
Positive electrode Negative electrode

Figure 1-2: General schematic of a sodium-ion battery showing the movement of the
different charged particles during charge and discharge [9].

There are several important metrics that are commonly measured to define performance
in battery systems. An overview of them is given here, with a more complete discussion
in Chapter 2. The first is specific capacity, measured in mAh g-1. Capacity, in Ampere-
hours, is a measure of the charge transferred from a material during either charge or
discharge. This figure is normalised against the mass of active material to give its specific
capacity. This allows the same battery materials to be compared against each other across
different samples. For example, cathodes with different chemistries can be compared
directly, the same materials discharged at different currents or using different voltage
windows. This can also be used to compare the performance of different structures of the
same material. Cells are almost exclusively tested by cycling at a constant current
(galvanostatic cycling) and so specific capacity can also be thought of as the length of time
a cell can discharge for at a given current.
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The way current is reported is usually linked to theoretical capacity of the material. C is
defined as the current needed to fully (dis)charge a battery, determined by its theoretical
capacity. The current used during electrochemical testing is given as a fraction (or
multiple) of C, or C-rate. 2C is the current required to fully charge or discharge in half an
hour, and C/2 is the current required to charge or discharge in two hours. This is useful
in comparing electrochemical performance (either capacity or capacity retention) across
different samples - different materials have different capacities and will cope differently
with varying currents. Using the same C-rate means that a materials capacity retention
can be compared, as can be seen in Figure 1-3. Here, increasing the proportion of iron at
the expense of nickel increases the capacity that can be extracted at higher discharge
rates. Conversely, at low discharge rates the samples with more nickel perform better.
This observation is valid as the discharge conditions are the same.
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Figure 1-3: Comparison of discharge capacity of NaNio.75-xFexMno.2502, charged at 0.1 C to
3.9 Vvs Na and discharged at the C-rate noted on the graph [10].

Capacity retention is a measure of how well the material can reversibly change and
discharge. It can be expressed as the percentage of the initial discharge capacity after a
certain number of cycles. Similarly, cycle (or coulombic) efficiency is used to measure
battery performance per cycle and is expressed as the discharge capacity as a percentage
of the previous charge capacity. Cycle life is the number of cycles before the battery fails
to meet certain criteria - usually when only 80% of its capacity can be extracted. Figure
1-4 shows the effect of the voltage window on the discharge capacity over many cycles.
Larger voltage windows increase the discharge capacity as it allows more time for the
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sodium to be extracted and reinserted into the cathode but can lead to more rapid

capacity decay.
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Figure 1-4: Discharge capacity over 30 cycles of Nao.67Nio.33-xCuxMno.s702 when cycled at 1C
between the given voltage windows vs Na [11].

1.1.2 Current battery technologies

Lithium-ion batteries have been established as aleading technology in the energy storage
sector, owing to their long cycle life [12], [13], high energy density (a product of both high
capacity and high operating voltage) [14], [15], and low maintenance costs [16]. Much of
the recent growth in the energy storage industry has come from the development of
lithium-ion batteries and their pivotal role in the development of electric vehicles (EVs)
and portable electronics [13]-[15], [17], [18]. In these applications, they are a natural
choice, as the performance characteristics of lithium-ion batteries lend themselves to
situations where both low weight and high power are required. However, the most
prevalent commercial LIB materials (like other current commercial batteries) rely on
both environmentally and commercially unsustainable materials, including cobalt and
lithium itself [12].

Cobalt is the redox active component of LiCoOz [13], a very widely used cathode in the
battery industry [19]. It has a high capacity (theoretically 274 mAh g1 [20], [21],
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experimentally 215 mAh g1 [19]), a long cycle life, and a high operating voltage (3.8 V vs
Li/Li* [22]). Cobalt is frequently mined using child labour under dangerous conditions
[23]. Cobalt is also toxic [24], creating further safety hazards if LiCoO2 or a system such
as NMC (a family of LIB containing nickel, manganese, and cobalt in varying proportions)
were used at a large scale. Nickel also has supply chain concerns [25] related to its low
abundance [26], as well as risks associated with toxicity [27]. Even if these hazardous
materials can be avoided, the lithium is still a barrier to sustainable energy storage. The
production scale of a selection of important battery materials are shown in Figure 1-5.
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Figure 1-5: Annual production of metals from mining. Circle size is relative to their
production volume, with the exception of Fe, which has been scaled down for visibility [28].

Lithium metal is mined from deposits concentrated in a small number of countries, shown
in Figure 1-6 [16]. This has already led to price volatility [29], [30] and local environment
disruption [31], [32]. Eventually, shortages of lithium are predicted within 100 years
[33], and demand to outstrip supply possibly by 2025 [34], [35]. The geopolitical
problems with countries that export oil, wherein they control the production and
therefore the price of oil, are mirrored in the lithium mining industry.
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Figure 1-6: Map showing the distribution of lithium reserves across different countries [16].

There exists another notable issue with LIBs that is a barrier to large-scale usage, in that
they are less safe and increase costs relative to sodium counterparts. Due to the tendency
of lithium to alloy with aluminium, copper must be used as the current collector in
lithium-ion battery systems [9]. As well as being more expensive than aluminium, copper
is dissolved at states of high discharge [36] as it is oxidised to Cu?*, when can plate onto
the cathode, forming copper dendrites which can cause an internal short-circuit. sodium
does not alloy with aluminium and so costs can be reduced by using aluminium as the
current collector in NIBs. These are problems intrinsically tied to the lithium-ion battery
industry and will always limit its potential uses when considering future sustainable
energy storage technologies. Environmentally sustainable alternatives to LIBs are
therefore sought to supplement global energy storage requirements.

1.1.3 Sodium-ion batteries

Sodium-ion batteries (NIBs) function essentially identically to lithium-ion batteries,
except they use sodium ions to transport charge rather than lithium. Sodium is 1000
times more abundant [37] than lithium and its presence at high concentrations in sea
water render its accessibility almost limitless [4]. Sodium also has the advantage of not
alloying with aluminium, meaning aluminium can be used as a current collector rather
than copper [9], reducing costs. NIBs can be transported whilst fully discharged, whereas
lithium-ion batteries must be transported at 30% state-of-charge to prevent dissolution
of the copper current collector [37] which furthers safety concerns. The difference in
ionic radii between sodium ions (1.02 A [38]) and 3d transition metal ions (the radii of
Mn3+, Ti3+, and Ni2* are 0.58 A, 0.67 A, and 0.70 A, respectively) means that there is very
little interlayer cation mixing [39]. As the ionic radius of Li* is 0.76 A [38], cation mixing
has been reported to hinder the performance of the Ni-containing LIBs [40].

In NIBs the cathodes commonly form a layered oxide, analogous to LiCoOz2 in LIBs. Unlike
in LIBs, these layered oxides tend to form (one of) several different structures depending
(primarily) on the Na content. Layered oxides have a general formula of NaxTMOz2, where
TM is generally a transition metal, such as Co, Ni, Mn, or Fe, and x can have a range of
values from 0.5 < x < 1. Throughout this work, x is used to refer to mol fraction of Na in
cathode unless stated otherwise. Structures with prismatic Na sites can be generated in
a sodium off-stoichiometry condition (0.5 < x < 0.8) [9], [25]. The sodium ions
energetically favour [41] a prismatic site in this case. This is caused in part by an
expansion of the unit cell along the c axis due to a lack of shielding between negatively
charged TMO: slabs [42]. This phenomenon means layered structures with different
stacking patterns can be generated. Different stacking patterns improve various
performance metrics: capacity in octahedral structures; and cycling stability, rate
capability in prismatic structures [43]. As the cycling of the cell involves the insertion and
extraction of Na* from the cathode structure, x varies throughout a cycle. As such layered
oxides can undergo several phase transitions during operation.
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In general NIBs do not perform as well as their lithium counterparts, as shown in Figure
1-7. Sodium ions are heavier than lithium ions (23 g mol-! and 6.94 g mol-}, respectively
[9]), which decreases its specific capacity compared to equivalent lithium systems.
Secondly, the redox potential of Na/Na* vs the standard hydrogen electrode (SHE), is 2.71
V; whereas the redox potential of Li/Li* vs SHE is 3.04 V. This limits the energy densities
that sodium-ion batteries can reach compared to lithium-ion batteries. Lastly, the size of
the sodium ions means that its (de)intercalation from the host lattice leads to deleterious
volume changes [44]. These volume changes are often associated with rapid capacity
fading [45], [46]. Similarly, rapid capacity fading can also occur during phase transitions.
These phase transitions, usually between prismatic and octahedral layered structures,
are made possible only by the size of the sodium ion and its stability in a prismatic
environment.
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Figure 1-7: Average voltage (V) and energy density (Wh kg-1) vs. gravimetric capacity (mAh
g1) for selected 03 (blue circles) and P2 (green circles) sodium-ion cathode materials. The
energy densities of LiCoOz and LiMnz04 are included for comparison [39].

Given the need for sustainable energy storage technology that can operate at the scale of
a national grid, sodium-ion batteries are a prime candidate for development. Having
lower specific capacity is less of a problem at large scale when portability is not a
consideration. In these instances, much more consideration is given to technologies that
can offer cheaper and safer materials that are more sustainably sourced. Therefore, the
challenge facing NIBs lies in increasing its capacity retention, and therefore its lifetime.
Of course, achieving high capacities and energy densities is important, and improvements
are always welcome. It is crucial to limit the starting cost of any energy storage system
using NIBs to ensure its development, and this can be done by obtaining excellent
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capacity and energy performance. But the overall aim is using sustainable materials that
can generate cost effective, non-toxic batteries with long lifetimes, as that is the ideal
technology to deploy as the energy storage system at a large scale.

One final consideration in battery development is the energy cost of synthesis. The
processing of materials, particularly cathode materials, represents a significant energy
cost using the current standard techniques. There are potential methods that can vastly
reduce these costs, enabling several important steps to commercialisation: rapid
prototyping, optimisation, and scale up of production. The cheaper and faster the
synthesis of materials can be made, the easier the above processes will be. The knock-on
effect of this will hopefully be the faster adoption of the sodium-ion battery technology
and smoother transition to a renewable energy world.

1.2 Sodium-ion battery cathodes

The layered oxide structure, with generic formula NaxMOz2, (0.6 < x < 1) has been used
with great success in the development of sodium-ion batteries [39], [47], [48]. Initially,
research focussed on materials with only one transition metal (e.g. NaCrOz, NaMnOz, etc)
and x = 1 in the early 1980s [49]. These materials had poor specific capacities and
capacity retention, owing partly to the lack of optimisation of various elements such as
the electrolyte and equipment [48]. One driving force behind the research is the
mitigation of these initial problems (low reversible capacity, low operating voltage, etc)
by doping the electrochemically active transition metals with other metal ions - either
other transition metals, or electrochemically inactive metals, e.g. titanium [50] or
magnesium [51].

This has led to a great degree of variation in the body of layered oxide work, as groups
combine different metals to achieve different aims. For example, doping the transition
metal layer with magnesium is common in manganese [51]-[54] systems as it mitigates
the Jahn-Teller distortions that arise during cycling as Mn3+ is oxidised to Mn** and vice
versa when charging and discharge, respectively. Without the magnesium doping, the
NaxMnO2 cathode wundergoes several structural distortions [55], seen in the
charge/discharge profile as steps in the voltage [56]. After enough time, the continual
distortion of the material leads to the formation of cracks, disconnecting it from the
current collector. It becomes electrochemically inactive, resulting in a capacity decrease.
This is shown in Figure 1-8 as particle cracking.

The structural distortions in NIBs are commonly layer glides as the as the structure
transitions between (typically) prismatic and octahedral sodium geometries and
cation/vacancy ordering (discussed further in Section 1.2.1), although the identity of the
changes themselves are not always identified [51].
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Figure 1-8: Schematic of the degradation mechanisms in lithium-ion batteries [57].

Another example is combining two redox active metal, such as manganese and iron [58],
where both metals undergo redox but at different potentials. This allows capacity to be
extracted from the battery with a wider voltage window. In this study, the additional
capacity meant the energy density of the binary system was higher than both unary
systems, despite the additional capacity being extracted at a lower potential, as shown in
Figure 1-9.
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Figure 1-9: Capacity vs potential window of several battery systems. Dotted lines indicate
energy density [58].

1.2.1 Phases of layered oxides

Layered oxides in NIB cathodes can form different phases. Unlike in lithium layered
oxides which remain in the same octahedral structure during cycling, sodium layered
oxides alternate between octahedral and prismatic structures depending on the sodium
content and the synthesis conditions. This is due to the size of the sodium ion, which
stabilises the prismatic sites between the MOz layers. Layered oxides can be separated
into subgroups according to their crystal structure as defined by Delmas et al [49],
grouping crystals into discrete phases by (a) the coordination of the Na ion by oxygen in
the metal oxide layer, and (b) the number of distinct metal oxide layers in each repeating
unit. The oxygen coordination in Na-ion cathodes is most commonly either octahedral (O)
or trigonal prismatic (P) [9], and there are generally either 2 or 3 layers per repeating
unit. These combine to give the most common types of cathode phases: O3 (space group:
R-3m ) and P2 (SG: P63/mmc) [59], and the P3 (SG: R3m) phase has also been observed
[60], [61]. Furthermore, distortions of these phases can occur and are denoted with a
prime symbol (P’2 or 0’3, for example) [62], [63], or multiple if there are multiple
distortions (P”3) [64].
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Figure 1-10: Schematic of the common phases of layered oxides in sodium-ion batteries [9].

Typically, O-type stacking is favoured at high Na content since the positive charge of the
Na ion disrupts the repulsion between negatively charged metal oxide layers. For
example, 03-NaFeo.5C00.502 [65] and 03-NaNiosMnos02 [66], both of which form a P3
phase during desodiation [67], [68]. Although the capacities of these materials are high,
160 mAh g1 [65] and 185 mAh g1 [66], respectively, poor Na diffusion kinetics and
structural changes lead to significant capacity fade over time [69]. 03-NaFeo0.5C00.502 [65]
loses 15% of capacity over 50 at 12 mA g?! (C/20, a low current density). 03-
NaNiosMno.s02 [66] only delivers 20 mAh g1 after 27 cycles, even at C/30. The primary
reason for this is the high upper voltage limit of 4.5 V vs Na/Na*. When lowered to 3.8 V
vs Na/Na* the capacity retention is greatly improved (69% over 50 cycles at 48 mA g1,
or C/5), although the initial capacity is lowered to 130 mAh g1. The reason for this
difference is that at high voltage (low Na* content) the cathode forms a P3” with a very
large interslab distance (the distance between adjacent TMO: layers). This distorted
phase incorporates solvent molecules in between TMO:2 layers, which reduces the
amount of Na* that can be reversibly inserted back into it [66].

Generally, P-type stacking is more open, as the oxygen ions are stacked on top of each
other, increasing the electrostatic repulsion between layers which creates larger
diffusion channels [70], [71]. Larger channels enable Na ions move more easily through
the structure, leading to an increase in structural stability and rate capabilities. P2-
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Nao.67Ni0.33Mno.6702, for example, is a well-studied cathode material [72]. It has a high
average operating voltage (3.6 V) as a result of the Ni2*/Ni** redox couple [43],
reversibility [73], and theoretical capacity of 173 mAh g-1 [73]. This has translated into
measured capacities as high as 160 mAh g1, [74], [75]. At high potentials, ~4.2 V, the
sodium content is low and cannot stabilise the prismatic sites within the cathode
structure and so the structure adopts an octahedral geometry. This can either be in the
form of an 02 phase, or an OP4 phase (which has alternating prismatic-octahedral
geometry). The P2<02 phase transition is harmful to capacity retention and poor
performance of P2 materials can be attributed to its occurrence [44], [74]. The reason for
this that when the transition occurs there are two layer glides that can result in an 02
phase [74], shown in Figure 1-11, and since both are possible it causes stacking faults
occur in the cathode. It also causes a large (20%) volume change that can lead to
exfoliation [75].
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Figure 1-11: Schematic showing the two ways that the P2 phase can transition to the 02
phase [39].

The P3 phase, like P2, is synthesised in a Na deficient condition (x = 0.67). As such, it
shares the prismatic Na sites and higher Na diffusion than O-types as the P2 phase [76].
The octahedral Na sites in O-type phases are separated by interstitial tetrahedral sites,
meaning a more tortuous path and increased energy barrier for Na migration than in P-
type phases (Figure 1-12). This translates to excellent rate capability [65]. The capacity
of P3 phases does not fade as quickly as in P2 when considering the phase transitions, as
the P3<03 transition is highly reversible [77], [78], unlike P2-02. It is still a source of
capacity fading, as phase transitions require an overpotential which leads to voltage
hysteresis. The transition also results in large volume changes [79], resulting in particle
cracking and loss of active material. However, the same techniques that are used to
mitigate phase transitions in other phases are used to explore the potential of P3 phases.
Furthermore, the formation of P3 phases occurs at alower temperature to P2 phases [39],
[80], which is promising for the increased sustainability of cathode production as it
reduces the energy demand of calcination.
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Figure 1-12: Schematic of the Na migration pathways in the common layered oxide
structures [81].

P2-Nao.67Ni0.33Mno.6702 exhibited an initial discharge capacity of 160 mAh gt when cycled
between 2.0- 4.5 Vat 10 mA g1 (~C/20), with a capacity retention of 50% after 50 cycles.
with 1% Mg doping, encouraging the P2<0P4 phase transition to occur instead of
P202, the initial capacity dropped to 113 mAh g1, with a capacity retention of 98% in
the same test parameters. As such, work on these systems is often focussed on either
preventing the phase transition or encouraging the less harmful P2<0P4 transition
instead [44], [73], [82]-[84].

A similar phase transition occurs in 03 systems. For 03-NaxMno.2sFeo.25C00.25Ni0.2502 [85],
the P3 phase is dominant at potentials above ~2.7 V. Below ~2.7 V, the 03 phase is
dominant as the sodium content gets progressively higher, approaching x = 1. This
P303 transition has been observed from x = 0.9 [86] to x 0.67 [87]. The 03 phase is
formed at both high and low potentials here. At potentials >3.7 the Na* present in the
material (x = 0.33) cannot stabilise the prismatic sites, as with the P2 phase. At potentials
<2.7 or high Na content (x = 0.8) the Na* disrupts the repulsion between neighbouring
TMO:2 layers and allows them to shift back to an octahedral geometry. The value of x at
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which the P3e03 phase transition occurs depends on the identity and therefore
electropositivity of the transition metal in the TMOz2 layer [88].

The fluidity of the phases in operando is apparent in Figure 1-13, where the phase
transitions are tracked using operando XRD. 03-NaxMno.2sFeo.25C00.25Ni0.2502 [85]
displays an initial capacity of 180 mAh g-1 when cycled at C/10, with a capacity retention
of 86% after 20 cycles. The ways phase transitions affect performance must always be
considered when evaluating a cathodes performance. A more complex phase diagram
does not necessarily lead to worse capacity retention (and vice versa), and often a lower
initial discharge capacity leads to improved capacity retention.
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Figure 1-13: Operando XRD of characteristic hkl peaks of NaxMno.z5sFeo.25C00.25N10.2502 (left),
corresponding to the in situ galvanostatic charge and discharge profiles at C/50 rate
(middle), and corresponding lattice parameter evolution (right). Double peaks for (01-4)
and (015) peaks are from the Kai: and Kaz emissions in the Mo X-ray source [85].

The above results demonstrate the relationship between the intercalation of sodium ions
and structural modification [89]. The transition is triggered by a change in the sodium
content, rather than occurring at specific potentials, as the potential of the cell at the
transition is affected by the resistivity of the electrolyte and the current. Shown in Figure
1-14 are some typical phase transitions that cathodes can undergo, the selected P2
cathode materials generally undergo fewer phase transitions than 03 cathodes, and LIB
cathodes undergo fewer than NIB cathodes. The Z phase listed in Figure 1-14 is referred
to in the literature [90], [91]. It has been identified as an intermediate intergrowth
structure as the P2 phase transitions to the O2 phase via the OP4 structure [92]. As Na is
extracted from the P2 structure, some layers will reach a Na content where it is
favourable to shift to an octahedral geometry before others. A schematic is shown in
Figure 1-15.
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The two P-type phases, P2 and P3, perform differently too. The main difference between
the two, other than the number of TMO: layers in the unit cell, is the environment of the
Na. For P2, there are two Na sites present. One is face-sharing (Na!) with the two
neighbouring TMO:2 octahedra, meaning it feels more electrostatic repulsion and is a
higher energy site. The other is edge-sharing (Na!') with neighbouring TMO2 octahedra,
which can have a higher occupancy than Na! as it is energetically favourable
electrostatically [93]. This results in two redox couples during cycling [53]. The Na site in
P3 structures is edge-sharing on one side and face-sharing on the other, and so the sites
are equivalent. Since P2 and P3 phases should have the same composition, the two have
the same capacity in the same material but this is not usually the case; P2 has been shown
to have higher capacity [94], or capacity retention [91], or both [80]. This is not always
the case, as will be shown in Section 1.2.2.1, where P3 cathodes can display a higher
capacity than the P2 phase of the same material. As will be discussed there, the difference
between the two depends on the processes active in the cathode, such as phase
transitions and other redox active species.

These and other transitions can be interpreted from the voltage profile of the material
[56], [74]. The voltage profile of a material will have up to 3 distinct features: plateaux,
linear change, and steps. These can be resolved into specific steps: two-phase regions,
solid solutions, and unique (or “peculiar”) compositions, respectively. This is
demonstrated in an investigation into NaxCoO2 [95], using in situ XRD to track changes in
the unit cell structure and lattice parameters. This work discharged NaxCoO2 using the
galvanostatic intermittent titration technique (GITT) to observe the structure as close as
possible to the thermodynamic equilibrium (Figure 1-16). The mode of operation in GITT
is to discharge (or charge) the cell at fixed current intermittingly, rather than constantly.
During the time when no current flows, the potential of the cell settle to an equilibrium
value, at which point an XRD pattern is obtained. This allowed them to observe voltage
drops and plateaux with better resolution than charging and discharging under a
constant current.
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Figure 1-16: In situ XRD patterns, corresponding the potential of P2-NaxCoO2. The XRD scan
is conducted during the relaxation step of the GITT experiment [95].

Notably, the features of the charge and discharge profiles of this material are similar,
showing the reversibility of the intercalation process. When cycling the material, there is
a drop in the number of re-intercalated sodium ions after the first charge, owing to
electrolyte oxidation above 3.0 V. Charging only up to 3.1V, the authors obtain a detailed
description of the changes in structure the NaxCoO2 cathode undergoes during cycling.
The accuracy with which they can do this is based on how reliably they can obtain a given
composition. The value of x in the pristine NaxCoO2 cathode can be accurately estimated
as NaxCoOz2 is a well-defined material, as its potential at certain Na content values (e.g. x
=0.67) is well-known (2.8 V).

The authors demonstrate that features of the voltage profile correspond to events within
the cathode structure. A phase transition, such as P3<03, or P2<02, is represented by a
voltage plateau. The potential between the two electrode remains constant but sodium
ions are still extracted/inserted. Voltage steps are points in the cycle where the cathode
has reached a unique composition, e.g. Naos7C002, where the material can form a
superstructure via sodium ordering. When this happens during discharge, the ordering
stabilises the structure, so the potential of the cell is lowered without sodium ions being
inserted. The third feature of the voltage profile is linear sloping regions. These are simple
solid solution regions, where sodium is inserted into the cathode without its structure
changing, aside from a contraction of the unit cell along the c axis.
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The implication of this work is that it is possible to predict the phases that are generated
in situ by interpreting the voltage profile. In many cases, the voltage profile contains many
steps and plateaux, and so identification of specific phase transitions is difficult. Similarly,
there are many potential phase transitions that are possible, beyond the transition
between prismatic and octahedral phases, such as the formation of distorted phases. The
effects of specific phase transitions and what can be done to mitigate them has been
mentioned already, such as doping or altering voltage ranges. They will be discussed in
greater detail in Section 1.2.2.

Phase transitions are driven by an overpotential [96]. When discharging, sodium ions are
inserted into the lattice which is followed by phase stabilisation and a decrease in energy
as the transition metal accepts electrons into the d orbital [56] of the transition metal.
During charge, however, the reverse of this process requires a promotion from lower
energy states. The result of this is a difference between the charge and discharge voltage
profiles, or voltage hysteresis, centred around the equilibrium potential for the phase
transition Figure 1-17. This outcome is not limited to phase transitions: it occurs during
solid-solution regions too, but phase transitions are the result of a higher overpotential.

A battery has an internal resistance, Rb, to the ionic current, Ii. So, the discharge voltage
will be lower than the (equilibrium) open-circuit voltage Voc by a polarisation, 1 = ldis.Rb,
just as the charge voltage will be increased by a polarisation, 1 = Ich.Rb, to reverse the
chemical reaction [18]. The polarisation is equal to the overpotential needed to induce a
phase transition and leads to reductions in energy efficiency in a cell. Sometimes, the
polarisation is small and leads to only small drops in efficiency, but that is not always the
case. In particular, the P2<02 transition leads to a large polarisation, and overpotentials
are highly pronounced at higher C-rates. In fact, higher rates of discharge can lead to
formation of intermediate phase that aren’t observed at lower rates [97].
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Figure 1-17: (a) the potential hysteresis (red) in the voltage profile of an electrode, and (b)
the IR drop between charge and discharge [56].
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1.2.2 Layered oxide development
1.2.2.1 High capacity

Since specific discharge capacity is a measure of simple how many Na* are reversibly
inserted into the cathode relative to its mass, higher capacities can be achieved by simply
reducing the mass of the cathode. This can be most easily done by using lighter redox
active transition metals. High capacities have been achieved by using manganese, either
as a redox active transition metal [51]-[54], [91], [98], [99], or as a lightweight redox
inactive species [73], [100]-[105]. The initial discharge capacities of a selection these and
similar materials are given in Table 1-1. The capacities of these materials range from 125
mAh g! to 210 mAh g1, which is approximately the same capacity range for LIB
intercalation cathodes [22]. This highlights the competitiveness of NIBs in reaching
higher capacities but does not consider the voltage range used, or its effect on the capacity
retention. For further context, Figure 1-18 shows the voltage range and capacity of
several NIB cathodes, with the majority delivering 100-150 mAh g-1.

Table 1-1: Initial discharge capacity and C-rate for a range Mn-rich NIB cathodes.

Initial discharge

Sample capacity/mAh g1 C-rate Reference
P2-Nao.s7Mno.oMgo.102 175 C/15 [51]
P2-Nao.s7Mno.95sMgo.0.502 175 C/2 [52]
P2-Nao.67Mno.goMgo.1102 150 C/15 [53]
P2-Nao.67Mno.sMgo.202 1271 C/2 [54]
P2-Nao.67Mno.oMgo.102 125 C/10 [91]
P3-Nao.67Mno.9Cuo.102 138 C/20 [98]
P3-Nao.67Mno.sMgo.202 140 C/20 [99]
P2-Nao.67Ni0.33Mno.6702 138 C/5 [72]
P3-Nao.67Ni0.33Mno.6702 210 C/10 [100]
P2-Nao.67Ni0.33Mno.6702 155 C/10 [102]
03-NaNii/3Fe1/3Mn1/302 130 C/10 [104]
P3-Nao.sNio.2sMno.7502 130 C/20 [105]
03-NaNio.sMno.502 148 C/10 [106]
03-NaNio.45Mno.5502 200 C/20 [107]

1 Data taken from second cycle.
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Figure 1-18: Graph comparing the discharge capacities and voltage windows of a range of
sodium-ion cathode materials and structures [68].

As a lightweight transition metal, Mn-rich cathodes will necessarily have a higher specific
capacity per sodium ion that can be reversibly extracted than, for example NaCoO-.
Indeed, it does have a high capacity, but due to the Jahn-Teller activity present (from the
Mn3+* ion) the capacity retention of undoped 03-NaMnO2 and P2-Nao.c7MnOz is limited:
72% after 20 cycles between 2.0 - 3.8 Vat C/10 and 59% after 61 cycles between 2.0-4.1
V at C/15, respectively [55], [82]. However, reducing the fraction of manganese in the
material can be done without sacrificing its capacity; either by substituting manganese
with another electrochemically active transition metal (e.g. Ni [108], Co [109], Fe [110]),
or an inactive element (e.g. Mg [51], [52]).

Nao.s7Nio.33Mno.6702

When combining manganese with nickel, excellent performance can be achieved. P2-
Nao.67Nio.33Mno.6702 exhibits high capacities, with 0.67 mol of sodium able to be extracted
because of the Ni2*/Ni4* redox couple. Fully extracting all 0.67 mol sodium from the host
material can be done reversibly and means a theoretical capacity of 173 mAh g1, which
is considered high. This is commonly reported [44], [60], [61], [74], [75], [93], [111]-
[113] almost as a standard cathode material, with a wide variety of alterations to the
starting material (e.g. doping, varying the nickel/manganese ratio [93], [114], different
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synthesis techniques, etc). The work done by a selection of these groups is detailed below
and summarised in Table 1-2.

Table 1-2: Several approaches to improving performance of P2-Nao.67Nio.33Mno.6702. Initial
capacity is given in mAh g1, capacity retention is given after 50 cycles.

Cycling Initial Capacity

Strategy Synthesis } : Ref.
test capacity retention
2.0-45V
10% Mg doping Solid state C/15 128 95% [93]
1.5-4.2V
20% Mg doping Solid state C/5 130 92% [114]
2.5-4.
Al203 surface coating Solid state > C/23 v 150 88% [75]
Co- 1.5-45V
0, i 0,
1% Sn doping precipitation 1c 175 74% [111]
FEC additive, short 2.0-4.0V
acaitive, SHOTEer Sol-gel 95 100%  [113]
voltage range C/10

As was shown for Nao.s7MnO2, doping P2-Nao.67Nio.33Mno.6702 with 10% Mg (replacing 0.1
mol Ni) increases the capacity retention [93]; increasing the discharge capacity from 55
mAh g1to 122 mAh g-lafter 50 cycles at 12 mA g1 (C/15), as well as at 400 mA g1 (2.3C).
In situ XRD and the differential capacity plots of the material reveal no evidence of the
P2&02 transition, but instead the OP4 phase is formed at high voltage. The avoidance of
the O2 phase is credited for the increase in capacity retention, and the high capacity at
elevated discharge currents is due to the increased Na mobility in the structure. The Mg
is theorised to reduce the length of the TM-0O bonds, increasing the interlayer spacing,
lowering the energy barrier to Na* diffusion. Similar logic is applied when discussing the
difference in Na* mobility in P-type and O-type cathodes [43], [69]. Later work shows that
Mg?2+ disrupts Na* ordering in the material [44] and leads to more gradual structural
changes during cycling.

Increasing the Mg?* doping level in P2-Nao.s7Nio.33Mno.6702 to 20% causes 5% Mg to
occupy the Na layer, with the remaining 15% Mg in the TMO2, which causes a contraction
in the clattice parameter [114]. This causes a pillar effect, often seen when doping layered
materials with Ca2* [115]-[118] which is discussed in greater detail in Chapter 4. This
materials shows O redox activity above 4.0 V, but oxygen loss is prevented by the
presence of Mg, which has a stabilising effect on oxygen [119]. Raising the lower voltage
limit to 2.5 V led to a capacity retention of 75% over 1000 cycles at 1C between 2.5 - 4.2
V, with an initial capacity of 75 mAh g-1. At 25C, the cathode delivers 55 mAh g-1.

A 12 nm coating of Al203 was used to provide external mechanical support for P2-
Nao.67Ni0.33Mno.6702 during the phase transition to 02, rather than avoid it [75] as the
phase transition involves a large (20%) volume change. The effect of this is to increase
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the capacity retention of the material: the coated P2-Nao.67Nio.33Mno.6702 delivers 115
mAh g-lafter 300 cycles between 2.5 - 4.3 V at C/2, compared to just 43 mAh g1 for the
uncoated material. The coating does hinder Na* by increasing the contact resistance,
which means that the coated P2-Nao.s7Nio.33Mno.s702 delivers almost 0 mAh g1 at 5C,
compared to 20 mAh g! for uncoated P2-Nao.s7Nio.33Mnos702. The coated material
recovers to 140 mAh g1 after cycling at C/10, because the high current does not degrade
the material, but high impedance causes the potential to drop significantly. The Al203
coating also changes the SEI formation mechanism, and suppresses a side reaction that
occurs at4.4 V.

Doping with 1% Sn [111] causes the particle size of P2-Nao.67Nio.33Mno.6702 to be reduced
from micron-sized flakes to spherical particles that are <0.5 um in size. It also causes a P3
phase to form, as Sn** decreases the pH of the mixture solution, which favours P3
formation [86]. When cycled at C/10 between 1.5 - 4.5 V during a rate capability test, the
Nao.67Ni0.33Mno.67Sno.0102 delivers 245 mAh g1, far exceeding its theoretical capacity.
Using this voltage range at 1C, the discharge capacity is 175 mAh g-1. The capacity fades
to 130 mAh g1 for 50 cycles, however. When only cycled between 2.0 - 4.2 V the capacity
is instead 90 mAh g1 but remains very steady - a capacity retention of 100% after 50
cycles at 1C. The additional capacity in this material is a result of oxygen redox activity.
High capacity and low capacity retention are common in materials that use O redox
[120]-[122], which is due to subsequent O loss from the structure [119]. The capacity
retention appears worse at C/10 than 1C, which may be because of the large voltage
hysteresis associated with O redox, so less O redox occurs at 1C, leading to improved
capacity retention.

Through selection of voltage limits and electrolyte additives, P2-Nao.67Nio.33Mno.6702 was
successfully cycled at 10C for 1200 cycles, with an initial capacity of 66 mAh g1 and
capacity retention of 71% [113]. The voltage range used to obtain these results was 2.0 -
4.0 V, but if the upper limit is raised to 4.5 V or the lower limit is lowered to 1.5V, the
P2-02 phase transition occurs, causing much lower capacity retention. The high
capacity retention is also caused by the addition of fluoroethylene carbonate (FEC). This
is an electrolyte additive [123] that suppresses electrolyte decomposition and enhances
the reversibility of metallic Na deposition and dissolution.

The average capacity of the cathodes discussed so far is 150 mAh g1 + 30 mAh g1, which
is high compared to the average state-of-the-art NIB [124]. There have been attempts to
increase the capacity further by increasing the fraction of sodium that can be extracted.
This was achieved using 03-NaNio.sMno.502 [66]. This high sodium content means that the
material forms an 03 phase instead of P2. The capacity available from this material is
high, 185 mAh g1, corresponding to 1 mol of sodium being extracted, but suffers from
significant capacity fading; only 25 mAh g1 capacity remaining after 26 cycles at C/30.
The upper voltage limit required to extract sodium is likely decomposing the electrolyte.
Capacity retention can be improved by lowering the cut-off voltage on charge from 4.5V
to 3.8V, at the cost of reducing the discharge capacity to 125 mAh g-1. This corresponds

38



to 0.5 mol sodium being reversibly extracted. This is achieved at a low discharge current,
C/30. Longer term cycling, conducted at C/5 for 50 cycles, exhibits an initial discharge
capacity of 115 mAh g1, which decreases to 90 mAh g-1. As will be discussed later, the
group later improve the capacity retention by using 2% v/v FEC as an electrolyte additive.
Doping 03-NaNio.sMno.s02 with 1% Ca (replacing 0.02 mol Na) stabilises the high upper
voltage limit [103]. An initial capacity of 198 mAh g1, with a capacity retention of 75%
after 100 cycles at C/2 between 2.0 - 4.3 V. Ca2* mitigates the volume change when the
O-type to P-type phase transition occurs. O redox is not mentioned but may play a role,
given the high capacity.

Work has also been done in exploring new phases and synthesis [61] techniques to
increase capacity of Nao.s7Nio.33Mno.s702. Biotemplating, discussed in greater depth in
Section 1.3.5, was used to generate cathode particles that were an order of magnitude
smaller than those synthesised via solid state methods, and formed as a P3 phase rather
than P2. The effect of this was to increase the capacity by 20 mAh g1, dramatically reduce
the calcination temperature and time, and to smooth the charge and discharge voltage
profiles. A direct comparison of the P2 and P3 phases was not performed here, meaning
the specific differences in performance of the two structures cannot be fully elucidated,
nor can the changes in performance be related back to the synthesis methods used.

Nickel has been used to successfully obtain high (>150 mAh g1) capacities in sodium-ion
batteries. However due to its low abundance, leading cost and supply concerns, and
toxicity [25]-[27] it is unlikely to be a feasible candidate for large-scale storage. Instead,
researchers have turned their attention to manganese, which fares better on both metrics
while still delivering high capacity.

Nao.67Mno.oMgo.102

The aim of sodium-ion batteries is to increase the sustainability of the energy storage
industry, then using a cathode material utilising nickel [125] is inappropriate. Success has
been achieved by using P2-type Mn-rich oxides [45], [S1]-[53], [58], [70], [119], [126]-
[130] (summarised in Table 1-3) as the electrochemically active element in the system to
increase the sustainability of the system, given the relative abundance of manganese
compared to other transition metals [39].

In initial investigations [45], it was found that P2-NaosMnO2 could achieve discharge
capacities of 150 mAh g-1. The material soon degraded, losing 50% of its capacity by the
end of 10 cycles, even within a limited voltage window and a current density of 0.1 mA
cm2 (approximately C/10). It can be seen from the voltage profiles that both the charge
and discharge processes involved several steps as they are not smooth, and there are
several distinct peaks in the differential capacity plot. These data point to several
structural changes occurring in the cathode, primarily ordering of the sodium ions. The
authors suggest that it is due to the inflexibility of the host structure, and it is unable to
withstand the strain and distortion from the continual insertion and extraction of sodium
ions before eventually collapsing. Given the relative infancy of this area of research, it is
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reasonable that some of this can be explained by the lack of optimisation of the
experimental set up. However, it cannot be denied that P2-Nao.sMnO: suffers from severe
capacity fade, but does exhibit a high discharge capacity, considering the sustainability of
the constituent materials.

Table 1-3: Several approaches to improving performance of P2-Nao.s7MnOz. Initial capacity
is given in mAh g-1, capacity retention is given after 50 cycles.

Initial Capacity

Strategy Synthesis Cycling test capacity  retention Ref.
20% Mg doping Solid state 1'5c_/f§2 v 150 97%?2 [51]
(;‘r’lr;lgi;ié%zpf:ﬁg Solidstate c_/sz V' 12s 76%  [70]
1:1 Mn and Fe Solidstate > *3V 190 79%3 [58]
C/20
11% Al doping Liquid state 20 c_/fbo v 130 96%  [130]

One method to improve the performance of P2-NaosMnO: is to use single crystalline
nanoplates [126], which delivers 164 mAh g1 (near the theoretical capacity of 170 mAh
g1) - comparable to the high capacity cathode P2-Nao.s7Nio.33Mno.s702. The capacity
remains high, with 110 mAh g1 of reversible capacity available after 50 cycles at 40 mA
gl (approximately C/4) even when charging to 4.5 V. The authors highlight the
importance of the (100) plane as it allows for facile sodium ion insertion and extraction,
and how this is achieved via nanosizing. They synthesise their material using a
hydrothermal method, with a 6 h calcination at 220 °C. This temperature is significantly
lower than all solid state synthesis due to the nature of the hydrothermal synthesis. The
XRD patterns and Rietveld analysis presented does agree with the conclusion that they
successfully synthesised a P2 phase. This study reinforces the importance of particle size
in the development of batteries with long cycle lives and high capacities.

One high capacity material of note that involves the Mn3+/Mn** redox couple is P2-
Nao.s7FeosMnos02 [58]. Its initial discharge capacity is a remarkably high 190 mAh g-1 and
remains high (150 mAh g1) after 30 cycles at C/20. Its performance suffers at higher C-
rates, however. At 4(, it can only deliver 60 mAh g-1. It also involves the Fe3*/Fe** redox
couple, but from X-ray absorption spectroscopy it appears that most of the charge
compensation is driven by manganese redox, at least below 3.8 V. Between 3.8 V and 4.2
V, the Fe3*/Fe** redox couple is active, as can be seen in the extended X-ray absorption
fine structure (EXAFS) spectra where the radial distribution around the iron ions changes
noticeably. Specifically, the Fe-O distance is shortened after charging to 4.2 V, and not

Z Retention after 25 cycles.
3 Retention after 30 cycles.
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before charging to 3.8 V. The effect of this is to increase the average operating voltage of
the cell. Another point to note in this study is the reversibility of the material despite
repeatedly charging to 4.2 V. The authors detail how upon charging beyond 3.8 V an OP4
phase is obtained, as opposed to an 02 phase. The authors do not comment on why this
transition is favoured in the P2-Nao.s7Feo.sMno.s02. Studies [93], [102] have suggested that
it is a function of dopants; certain dopants supress the formation of the 02 phase or
stabilise the OP4 phase. It may also be that the OP4 phase is an intermediate phase [131]
in between the P2 and 02 phases - sodium is extracted preferentially from octahedral
sites upon partial layer shearing. The dopants may be acting to stabilise the P2 phase and
delay O2 formation in this case. Prismatic sites are destabilised by sodium extraction and
so are extracted from newly formed octahedral layers instead.

These materials, though they exhibit high specific capacities, exhibit voltage profiles with
several features. This is particularly common in systems using manganese; it has many
steps and short plateaux. There are two problems with this:

1) It makes practical applications for these materials harder as the power output is
harder to predict and the state of charge is harder to estimate.

2) It indicates various structural transitions occurring during cycling, which can be
responsible for capacity fading over time.

This makes routes to commercialisation difficult, as the performance and health of the
battery cannot be reliably estimated. If the state of charge is uncertain there is a risk of
over-charging or -discharging the battery, which leads to degradation. Large-scale energy
storage installations must have long lifetimes to be economically viable, so degradation
(either via improper charging or discharging, or structural transitions) limit this, and
therefore its uptake.

As mentioned earlier, one cause of this in manganese systems is the presence of Jahn-
Teller distortions caused by Mn3*. It also causes distortions after calcination, where two
phases (the ideal P2 structure hexagonal P63/mmc space group and the distorted P2
structure orthorhombic Cmcm) can be observed in undoped samples. Billaud et al. [51]
successfully generate the ideal P2 structure with the P63/mmc space group via two
mechanisms: slow cooling and doping with Mg?2+. This study highlights several important
considerations when developing battery cathodes: synthesis conditions and dopants
have a significant effect on the phase transitions that materials undergo when cycling;
and the phase transitions that are undergone have significant (and often negative) effects
on the cycle life of said materials. Specifically, magnesium doping and slow cooling results
in a smoother voltage profile. The effect of magnesium doping is more pronounced in the
samples that are quenched. In terms of phase transitions, the undoped Naos7MnO2
displays a voltage plateau at 3.5 V, which is identified by the authors to be a P2-OP4
transition. This plateau is much less pronounced in the slow cooled samples at each
magnesium doping level and decreases in length as the level of magnesium doping
increases. Although the (reduced) plateau is still present in the slow cooled, doped
samples there is no trace of the new phase in the post-charge XRD, which the authors
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suggest is indicative of a small nucleus of this OP4 phase having a significant effect on the
voltage features of the material.

Overall, there is a trend of increasing the level of magnesium doping leading to a drop in
capacity as seen in Figure 1-19 (from 175 mAh g1 in the undoped sample, to 150 mAh g
Lin P2-Nao.s7Mno.sMgo.202) and an increase in capacity retention (130 mAh g1 after 25
cycles in the undoped sample, 145 mAh g1 in P2-Nao.s7MnosMgo.202). The equivalent
trend can be seen when comparing the quenched and slow cooled samples. The origin of
this trend lies in the fraction of (Jahn-Teller active) Mn3+ in the material. When doping,
two Mn3+*ions are replaced by one Mg2*ion and one Mn#* ion. Similarly, slow cooling leads
to more manganese vacancies, and to balance the charge of the material, more manganese
ions must be in the +4 oxidation state. This results in there being fewer Mn3+ ions in the
material in its reduced (discharged, Na-rich state) and so fewer sodium ions can be
extracted from the material (or fewer ions can be oxidised) during charge, leading to a
reduction in the capacity of the material and an increase in capacity retention as fewer
phase distortions/transitions occur. Similar effects have been found several times [52],
[53].
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Figure 1-19: Voltage profiles and capacity over 25 cycles for quenched P2-Nao.c7Mn1-xMgx02
cycledat 12 mAglvs Na. (a) x=0,2.0-3.6V,(b)x=0.05175-40V,(c)x=01,1.75-
4.0 V[51].

There have been, however, reports using the same material with a higher level of
magnesium doping that achieves a very high capacity of 220 mAh g1: P2-
Nao.67Mno.72Mgo.2802 [119], [127]. This capacity is beyond the theoretical capacity of the
material when only considering the Mn3*/Mn#** redox couple. The extra capacity comes
from the redox activity of the oxide ions but is not stable: the material loses 27% of its
capacity in the first 30 cycles. As with nickel, cobalt, and lithium cathodes in general, this
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is not conducive with our desire to develop sustainable energy storage materials,
however this group demonstrates that the same phenomenon can be achieved by doping
with magnesium.

The high capacity observed in this material is obtained when charging to 4.4 V. There is a
voltage plateau at 4.2 V which is maintained over at least 5 cycles at a rate of 10 mA g1
(C/26). After 30 cycles at this rate, the capacity drops steadily to ~160 mAh g1. This is
still high, but the rate of decline is concerning. Structural analysis via synchrotron XRD (A
= 0.5 A) shows a peak at 6.6 °26 that matches to a (1/3 1/3 0) superlattice plane that is
still visible after charging to 4.4 V, indicating that in-plane cation ordering is retained
throughout cycling. Further chemical analysis suggests that magnesium is not being
extracted from the host structure. The authors note that there is evidence of a P2<02
transition in the broadening of XRD diffraction peaks on repeated cycling. This
broadening is due to the introduction of stacking faults that follows the 02 P2 transition
and could be the cause of the capacity fade. It could also be, as the authors suggest, a result
of a unit cell volume change of 15% during the P2<-02 phase transition.

A later study on the same material [119] observed no oxygen loss occurring due to the
interaction of Mg?* with the O 2p orbital. No such interactions take place when the dopant
is an alkali metal ion, such as in LiNio.2Lio.2Mno.602 [132], and so oxygen loss does occur.
Several drawbacks of the material are noted in this study: the potential at which oxygen
redox occurs is close to the stability limit for current electrolytes, and that there is
significant voltage hysteresis, which is posited to be a result of the transition from 02
back to P2.

A study into oxygen redox in sodium-ion batteries looked at Nao.sLio.2Mno.s02 [121], as in
the pristine material the manganese should be in the +4 oxidation state, and so should
not be further oxidised during charge. Here, the formation of peroxo-like dimers occurs,
which would ordinarily lead to oxygen gas via a series of thermodynamically favourable
steps. However, in this case it does not. The size of the sodium prismatic site is too large
for the manganese or lithium to migrate into, and so rearrangement of the structure is
prevented, and the peroxo-like dimer is preserved. The material does undergo rapid
capacity fading at low currents (0.1 C), but this improves when it is increased to 2.0 C. the
capacity fade is attributed to the P2<02 phase transition, so it is possible that the higher
C-rate increases the polarisation to the extent that the transition is not fully complete by
the time the cut-off voltage is reached, and so its reversibility is improved - even if initial
discharge capacity is reduced.

These studies highlight a key consideration: chasing higher capacities often risks
sacrificing capacity retention. The solutions to achieving both high capacity and good
capacity retention likely lie in some of the same techniques discussed above: doping,
tailoring phase fraction, improving electrolyte performance; using synthesis methods
that generate smaller particles so that more sodium can be reversibly extracted; and
exploring phases that have more reversible transitions at high potentials.
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1.2.2.2 Improving cycle life

Improving the cycle life is a crucial performance metric to improve in NIBs if they are to
replace LIBs [125]. As mentioned previously, a common source of capacity fade in
sodium-ion batteries is the phase transitions in P2 materials, particularly to the 02 phase
as it induces stacking faults and exfoliation P2 can be engineered to transform reversibly
to the OP4 phase, an intergrowth intermediate between P2 and O2. As seen earlier [51],
the OP4 does still have a harmful effect on the capacity and performance of the cell, even
though the transition is more reversible. When the transition is less reversible it
increases the polarisation of the cell, so the voltage required to charge the cell is higher
than the voltage supplied when discharging the cell. Since the voltage limits are fixed, this
translates to lower capacity too. Even if the capacity extracted is the same, the energy
efficiency of the cell is lower.

There are ways that the P2 phase transition can be avoided. There have been several
examples of doping the sodium layer with calcium [102], [115]-[118], which acts as a
pillar and prevents the layers from gliding across each other. This does limit the amount
of sodium that can reside in the layer, for every 1 mol Ca%*, 2 mol Na* are displaced. The
Caions occupy the Na layer (Figure 1-20) because of the similar ionic radii of the two ions
(1.00 A and 1.02 A, respectively [38]). The effect of Ca/F doping P2-Nao.s7-
xCaxNio.33Mno.6702-2xF2x (x = 0.03) is to reduce initial capacity by 5 mAh g1 to 83 mAh g1,
but to increase the capacity retention over 500 cycles at 1C between 2.0 - 4.3V from 29%
to 87%.
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Figure 1-20: Schematic of P2-Nao.c7xCaxNio.33Mno.6702-2xF2x, doped with Ca (occupying Na
sites) and F (occupying O sites) [102].

In one study, P3-Nao9gNiosMnos02 [86] displays excellent capacity retention: 78% of the
capacity is retained over 500 cycles at 1 C, even within a wide voltage window of 1.5V -
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4.5 V. Operando XRD reveals that phase transitions do occur near the end of both charge
and discharge, forming the 03 phase. This transition is like the P2<02 transition, but
more reversible, and evidently leads to lower capacity fading. The sodium ions stabilise
the prismatic sites between the transition metal oxide layers, and so when it is extracted
during charge the layers glide to form octahedral sites around the resultant vacancies.
During discharge, this process is reversed, but when too much sodium is inserted into the
structure, it disrupts the repulsion between transition metal oxide layers, and so an
octahedral environment is more favourable at high sodium contents.

In this study, the voltage profile when charging to 4.5 V has few steps and plateaux and
becomes smoother after ~10 cycles, as shown in Figure 1-21. This smoothing does not
occur when only charging to 4.0 V. The authors posit that this is a result of side reactions
between the electrode material and the electrolyte. Examining the long-term cycling data,
when cycling in a lower voltage window (1.5 - 4.0 V) the capacity retention increases
from 95% over 547 cycles to 99%, although the capacity drops from 102 mAh g1 to 92
mAh gl. Furthermore, it can be observed that the polarisation between charge and
discharge profiles is low, although the authors do not quantify this. These results suggest
that the P3 phase is a promising structure for long-term cycling stability and consistent
specific energy output and efficiency.
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Figure 1-21: Voltage profiles of P3-Nao.oNio.sMno.s0z when cycled at 1C between 1.5 - 4.5V
(left) and 1.5 - 4.0 V (right) vs Na. The sample has much smoother profile after 10 cycles
[86].

Investigating P2- and P3-NaxNio.22C00.11Mno.s702 [80] had less success. The P3 material
showed a higher initial discharge capacity than the P2 (147 mAh g1 and 130 mAh g1,
respectively), but a much more rapid capacity fade. After 200 cycles at 0.1 C between 2.1
V - 4.3V, the discharge capacities were 86 mAh g-1 and 100 mAh g1, respectively (Figure
1-22). At every cycle, the coulombic efficiency of the P2 material was higher than P3. The
explanation given was related to particle size: the authors identify a trend in their
samples that those with smaller particle sizes (the P3 phase and an intergrowth P2/P3
phase) degraded faster. It is suggested this could be a result of manganese dissolution
that occurs via the tetrahedral sites on the O-type phase generated in situ [81]. This runs
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counter to some of the research where smaller particles have exhibited greater
performance [61]. Again, the electrolyte may be an issue: PC solvent has been shown to
be unstable above 4.0 V [86], below the voltage limits in this study. Of course, each sample
uses the same electrolyte solvent, but it likely that the deleterious effects of the solvent
are more pronounced with smaller particles, as there will be greater contact between the
electrode and electrolyte. Indeed, comparing the performance of the P2 samples with
differing particle sizes, the P2 sample with the smaller particle sizes has better rate
capability [80].
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Figure 1-22: Capacity retention and coulombic efficiency of P-type NaxNio.22C00.11Mno.6702
over 200 cycles. Except for the C-rate test cycles, the cell was cycled at 0.1 C between 2.1 -
4.3 Vvs Na [80].

1.2.2.3 Rate capability

Increasing a materials capacity generally decreases its cycle life, usually because the
additional capacity originates from an irreversible phase transition or redox process.
However, approaches to materials that improve cycle life often increase the materials
capacity at high C-rates. The reason for this is that the method of increasing capacity
retention is the mitigation of harmful phase transitions - these cause voltage hysteresis
that reduces capacity due to fixed voltage limits which is more pronounced at higher C-
rates.

One paper directly compares the P2 against the P3 phase [94], using NaxTio.37Cro.6302. It
shows that by all metrics they test (capacity, capacity retention, rate capability testing)
the P2 phase performs better. These materials are being tested as anode materials in the
voltage range 0.15 - 2.5 V. This means that these materials operate at high sodium
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content (0.6 < x < 1), whereas the cathode materials studied here are at lower sodium
contents and operate at higher voltage ranges. It is unclear from their analysis whether
these outcomes will hold true for cathode materials. Their study finds no evidence for a
P2<02 or P3+03 transition. It also finds that the diffusion coefficient of the sodium ions
changes depending on the sodium content of the crystal, as it changes during cycling as
per GITT measurements. It is, therefore, unclear from this work how P3 compares to the
P2 phase when used as cathodes as the voltage ranges have little overlap.

When phase transitions can be prevented [69] the capacity retention and rate capability
improve noticeably. When cycling at 0.5 C, the capacity of the undoped sample is initially
73 mAh g1 and drops to 47 mAh g1 after 300 cycles (Figure 1-23). The cobalt doped
sample, under the same conditions, starts at 82 mAh g1 and drops to only 73 mAh g-1. It
also greatly reduces voltages hysteresis, thus increasing energy efficiency. 10% cobalt
doping into 03-Nao.sNio4Tio.c02 to generate 03-Nao.sNio.3C00.1Tio.c02 [69] led to nickel
migration into the sodium layer, which is a common but harmful occurrence in lithium-
ion batteries. It is estimated that 53% - 65% of the nickel migrates. The nickel bonds
strongly with the oxygen in the transition metal oxide layers, and prevents them from
gliding across each other, acting as a pillar. This is a similar technique to the Ca?* and Mg2*
doping studies and will be discussed further in Chapter 4.
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Figure 1-23: Voltage profiles between 2.0 - 4.0 V of (top left) Nao.sNio.+Tio.s0z (NNT) at the
indicated C-rates, (top right) NNT at 0.5C for 300 cycles, (bottom left) Nao.sNio.3C00.1Tio.60:
(NNCT) at the indicated C-rates, (bottom right) NNCT at 0.5 C for 300 cycles [69].

The particle size for both Nao.sNio4Tio.602 (NNT) and Nao.sNio4Tio.cO2 (NNCT) is in the
region of 1 - 2 pm. these improvements are likely the result of no longer requiring an
overpotential to drive a phase transition, rather than changing particle size. This suggests
that preventing transitions altogether may be ideal. It may be the case that there are other
procedures available to reduce the voltage hysteresis and the energy efficiency. For
example, if the particle size can be reduced further or if there are other materials that can
better mitigate or accommodate phase transitions.

Similar improvements in capacity retention have been replicated by mixing P2 and P3
phases materials [109]. Biphasic P2/P3-Nao.s7Co05Mnos02 cycling at 5 C between 1.5V -
4.3 V shows an initial capacity of 126 mAh g-1, and 98 mAh g1 after 100 cycles, which is
excellent capacity retention at such a C-rate. It references work mentioned above [80] in
which a P2/P3 biphasic material performs less well than the pure P2-NaxNio.2-
2€00.11Mno.6702. Increasing the C-rate of P2/P3-NaxNio.22C00.11Mno.6702 led to raising the
voltage plateaux at which phase transitions occurred, until they were above the cut-off
voltage. This meant a sharp decrease in capacity, as the P to O transition is the rate
determining the sodium (de)intercalation process. In biphasic P2/P3-Nao.67C00.5Mno.502
no phase transitions are observed via in situ XRD, even when the cell is charged to 4.3V
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at 1 C, lending further credence to the idea that capacity retention and rate capability are
improved by preventing phase transitions altogether. It may be the case that this material
specifically is stable in a sodium deficient P2 /P3 state and that is why no phase transition
occur, or that the Co3*/Co** has a high redox potential vs Na/Na* and so sodium extraction
only occurs at high potentials, delaying the P2 02 transition. Combining multiple phases
into intergrowth structures is discussed further in Chapter 5.

Phase transitions occur at certain sodium contents related to the identity of the
constituent metals, not at specific voltages. For example, P2<02 in NaxNio.33Mno.6702
occurs at x # 0.33, which usually coincides with a voltage of 4.2 V. This is highlighted in a
study into P2-Nao.77Cuo0.22Fe0.11Mno.6702 [133], which is a relatively sodium-rich material
compared to other P2 materials, which generally have a sodium content of x = 0.67. Here
the authors show that P2-Nao.77Cu0.22Fe0.11Mno.6702 [133] can be cycled to 4.2 V reversibly
without converting P2 to 02, because at 4.2 V the sodium content is only x = 0.4,
corresponding to a capacity of ~89 mAh g1 when cycling at 0.1 C between 2.5 - 4.2 V.
When cycling at 1 C for 150 cycles in the same voltage range, the capacity only falls from
69 to 60 mAh g'1. This material also displayed good rate capability, with a capacity 51
mAh g1 at 2 C, compared to 90 at 0.1 C. Overall, the capacity of this material is quite low,
compared to other materials, but the technique of avoiding phase transitions to improve
capacity retention and rate capability is invaluable for the push to commercialise sodium-
ion batteries.

These results indicate that a major source of degradation and poor performance at high
C-rates in sodium-ion batteries is a result of phase transitions. In particular, the P2<02
transition is harmful for long term battery cycling, and performance improves
dramatically when it is avoided. There are several techniques that are available for this:
doping the sodium layer, where the dopants can act as a pillar to prevent layer gliding;
mechanical barriers to transition, such as other phases or coatings; and finding materials
that are stable in a sodium-deficient state.

1.3 Synthesising cathode materials

Synthesis technique and conditions have a significant effect on the performance of
cathode materials. Even without changing the structure, altering the calcination time or
temperature of a certain material can affect its capacity retention and rate capability by
controlling the size of the particles [61], [134]-[137]. The size of the particle determines
the diffusion path length for sodium ions in the cathode and so how quickly capacity can
be extracted. This is particularly important at high C-rates - when the rate of diffusion
becomes the limiting factor. Similarly, smaller particles have a greater surface area in
contact with the electrolyte and so may suffer from more rapid degradation, [138], [139].

There are other factors besides size to consider too. For example, the orientation of the
exposed face. If the particles are all of one shape (e.g. plates, needles), then one plane will
be exposed more than the others. If this plane runs perpendicular to the sodium ion layer,
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then the diffusion path length of sodium ions out of the particles is shorter even if the
particle size remains large [126], [134].

The synthesis for layered oxides can be performed multiple ways but temperatures
exceeding 800 °C are common, as are calcination times of up to 15 hours. This represents
a significant energy requirement, which can be reduced to further improve the
sustainability of layered oxide-based energy storage systems.

1.3.1 Solid state methods

Solid state is the most common synthesis method for making inorganic materials [140].
It involves the mixing of powdered reagents, usually oxides or carbonates, and then
heating them together. This method is very effective and, given that it is so widely used,
there are a lot of examples of oxide syntheses using this technique. This means that there
are many studies into battery materials that can be used as a guide for synthesis.

The powders may be pressed into a pellet beforehand, to bring the particles physically
closer together. The mixing of powders creates a large surface area of interactions
between the reagent and increases the likelihood of the formation of a product nucleus.
The nucleus formation is a balance between the negative free energy of formation and its
positive surface energy. If the nucleus is too small, then it will disintegrate. Therefore,
enough energy must be put into the system to form a nucleus large enough to overcome
the surface energy of the nuclei. This energy is large because of the number of ions that
must all come together - the nucleus must be tens of angstroms across, and so contain
many tens of ions, which takes a lot of energy.

Although the reagents in solid state synthesis are powdered, and so heterogenous on
relative to the particle sizes, they are homogenous on the atomic scale. At the interface,
the product will be formed via diffusion of ions. As the new crystal grows, the further the
ions must travel to react with the others and so the reaction slows as it progresses. This
leads to long (>10 hour) calcination times [44], [52], [72], [102], [112], [119], [141],
[142], which is a potential source of contamination [140].

Beyond these intrinsic considerations with solid state synthesis, there are practical
problems to overcome too. For example, some starting materials will evaporate before
reacting (especially since long times at high temperatures are required). This can change
the stoichiometry of the reagents if a reagent volatilises so the formula of the product
cannot be reliably predicted. This is not conducive to making reliable, reproducible
structures. Reagents must also be dried prior to weighing and mixing, further increasing
the energy cost of production.

1.3.2 Co-precipitation

Co-precipitation is another widely-used method [52], [53], [76], [114], [143]-[147] for
generating battery materials. A schematic of a co-precipitation synthesis is shown in
Figure 1-24. It involves dissolving salts of the constituent cations, adding a precipitating
agent until a precursor is formed and precipitates out of solution. This precipitate is dried
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and calcined to form the product. The reagents are dissolved, ensuring atomic-level
mixing of cations. In this case, however, they cations must come together first to form a
hydroxide, carbonate, or sometimes oxalate precursor. The formation of this precursor is
not guaranteed, as the two salts must precipitate out of solution at the same time to
ensuring good dispersion of the cations.
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Figure 1-24: Schematic of the synthesis of Ni/Mn graded Li1.16Nio.138C00.138Mno.56402 via co-
precipitation. The manganese-rich solution in Tank 1 is fed into a continuously stirred tank
reactor (CSTR). Before this is completed, the relative nickel-rich solution in Tank 2 is
continuously fed into Tank 1. The solution in Tank 1, which still feeds the CSTR, becomes
more nickel-rich and so the precursors have an increasing nickel gradient at the edges of
the particles [148].

The technique is often combined with solid state methods: a hydroxide precursor is
generated made of the transition metals desired and mixed with Na2CO3 and undergoes
a final calcination step. This final mixing can be done in solution, to ensure the two
reagents are mixed. So, the process can ensure excellent homogeneity with respect to
dopant dispersal through the transition metal layer, but it still requires the long
calcination times and several processing steps of solid state methods.

1.3.3 Hydrothermal synthesis

Hydrothermal synthesis is also used to generate cathode materials, though only rarely. It
involves heating the reagents in high pressure and temperature water (and/or other
solvents), which acts both as a solvent and as a medium for transmitting pressure. The
sealed reaction vessel is placed in an oven and heated until the water is supercritical.
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Although an autoclave is needed to obtain high pressures, much lower temperatures
[126], [149], [150] are needed, compared to solid state. For example, P2-Nao.7MnO2 [126]
is synthesised at 220 °C for 6 h using a hydrothermal method vs 900 °C for 15 h for a solid
state synthesis state of P2-Nao.s7MnOz2 [51].
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Figure 1-25: Schematic of a hydrothermal PTFE reaction vessel [140].

There are two potential reasons for the limited application of hydrothermal synthesis:
equipment requirements, and ingress of water into the cathode structure. Hydrothermal
syntheses require an autoclave to generate supercritical water. Water ingress is a major
concern in cathode synthesis as they are generally hydroscopic [9], [43], [64], [133],
[151]-[153]. Best practice is to store layered oxides under an argon atmosphere or
vacuum soon after calcination. Water will intercalate into the sodium layer, causing the
structure to collapse. Some materials such as Nao.67Nio.33Mno.6702 [74] are more resistant
to water ingress, but others such as Nao.67€00.33Mno.6702 or Nao.s7Mno.sFeo.25C00.1502 [154]
are not.

1.3.4 Sol-gel synthesis

The sol-gel method involves the dissolution of cationic reagents to form a colloidal
suspension (sol) by hydrolysis of alkoxides, which dries to form a solid (gel). This has
several benefits over solid state methods. Chiefly the level of mixing, meaning that the
lengths ions must diffuse to form the correct structure is much lower. When this is the
case, the prolonged heating at high temperatures is avoidable. This heating regime in
solid state syntheses is a source of contamination, from container materials and the
furnace atmosphere. The greater level of mixing also increases the homogeneity of the
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material - increasing the understanding of its properties and their reliance on
composition or dopants. When dopants or other constituent ions are not homogenously
spread throughout a material, it is not possible to validly attribute an effect on a materials
property to a specific feature.

A common adaptation of this method used in sodium-ion battery research [71], [101],
[155]-[157] is the citrate gel method. This involves the solution of metal ions, a chelating
agent (commonly citric acid) to form complexes in solution. This prevents the hydrolysis
of the metal ions, allowing time for the solvent to evaporate and leaving a glassy gel [158].
This solution is dried to form the gel before a calcination step to remove the chelating
agent and leave only the product. The metal salts used are often (though not always)
nitrates, which are hazardous to use and other synthesis methods with similar benefits
exist that will allow for safer reagents to be used.

1.3.5 Biotemplating

Biotemplating synthesis is a technique is based on the Pechini [61], [158]-[161] process,
in the family of sol-gel syntheses. The difference between the sol-gel process and he
Pechini process is the addition of a polyalcohol, such as ethylene glycol. This causes an
esterification reaction between the polyalcohol and the carboxylic acid group of the
citrate, creating linkages between them. This creates stable complexes over a wide pH
range, allowing for easy synthesis of complex oxides.

Biotemplating allows a Pechini-like process to be process in one step by using a long chain
biopolymer. Phase-pure syntheses of layered oxide cathodes using dextran as a
biotemplate has been achieved with the level of homogeneity of the sol-gel and
hydrothermal processes, but with vastly reduced calcination times and fewer steps in the
process [61], [100]. This way rapid prototyping can be done on a range of samples and
the route to scaling up production becomes much more viable: it is less labour intensive,
and the energy requirements are reduced significantly. Generally, the biopolymers used
as templates are polysaccharides, such as dextran or sodium alginate. These contain up
to four hydroxyl groups per monomer unit and are water-soluble. It is postulated that the
hydroxyl groups can coordinate to metal cations in an aqueous solution, binding them
into the organic matrix after a drying step. This forms a large, disordered metal-organic
complex in an egg-box structure [162] (Figure 1-26). Upon heating the template
undergoes thermal decomposition to leave only the oxide structure behind.
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Figure 1-26: Schematic of dextran [158] and the "egg box" model: metal cations
coordinated to negative regions along a polysaccharide [163].

A range of biotemplates have been used previously to generate inorganic compounds.
Chitosan has been used in the production of superconductor YBa2Cu30s (Y124) with high
critical temperature (T¢) [164]. The presence of chitosan matrix prevents sintering of the
nucleated nanoparticles, which are sites of subsequent outgrowth for nanowires. The
formation of this specific morphology, made possible using the chitosan matrix, leads
directly to the high Tc of the material.

Another biotemplate that is often used in the production of nanoparticles is ammonium
or sodium alginate [165], [166]. Like chitosan, sodium alginate was shown to prevent
sintering in the production of Lao.s7Sro.33Mn03 [167], resulting in nanoparticles. In this
case, in situ formation of Na.CO3 prevents sintering of crystalline phases and acts as a flux
when melting at 764 °C and leads to the formation of nanowires. If ammonium alginate is
used instead, the same synthesis produced nanoparticles. Further, if sodium ascorbate
(chemically identical to sodium alginate) is used, sodium doping does not occur. This is
suggested to be because the sodium alginate gel prevents aggregation of particles and
increase solubility of the precursor phases. the differences in particle morphology
highlight the effect that selection of template can have since this can directly influence
the performance of a material.

Further examples of the effect that subtle changes can have on the morphology and
performance of materials can be seen in YBa:Cu307-s (Y123) [168]. A range of
oligosaccharides was used to determine which would generate plate-like crystallites, as
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this leads to preferred grain boundary orientation and increased critical current density
(J<). This work found that using longer-chain oligosaccharides (4-6 glucose monomers)
leads to a higher fraction of plate-like crystallites in the final material. Conversely,
shorter-chained oligosaccharides lead to a reduction in phase purity.

A mixed oxide of praseodymium, barium, copper, and iron (PrBCFO) [169] was prepared
via this route of dextran coordinating to the metal ions in solution, and a phase-pure
sample was achieved after annealing for two hours. This phase had not previously been
synthesised via the sol-gel process. The dextran prevented the formation of impurity
phases by sequestering all the metal cations in solution. This produced phase pure
PrBCFO, whereas the synthesis that did not use dextran contained a BaPrOs impurity. Any
impurity phases that did form were only at the nanoscale and able to react completely to
form the final phase in the presence of CO2. The final material produced was porous,
which would be expected to produce quality cathodes [170], [171].

Dextran has also been used to successfully synthesise Y123 [172]-[174]. Dextran
templating was used to obtain a sponge-like architecture [172] by calcining in air, which
foamed the dextran. This controlled crystal growth and overall morphology. Platelets of
YBazCu307 (YBCO) can be obtained instead [173] by sodium doping with NaCl, or via
selection of biotemplate [168]. The amount of dextran in the synthesis varied here, and
results in different morphologies in the final product. YBCO mostly forms as a platelet,
with CuO present as an impurity on the sample surface, at low dextran amounts.
Increasing the amount of dextran increased the size of the platelets. With an excess of
dextran, the YBCO formed as a porous structure with clusters of platelets depending on
the exposure to NaCl. This demonstrates the flexibility of dextran-templated syntheses
regarding the morphology of the product, and the effect that dextran can have on particle
size.

Figure 1-27: SEM images of (a) commercially available Y123 showing an average particle
size of 5 um, and (b) dextran-templated Y123 with a sponge-like architecture [172].

In a final example of the dextran-templated synthesis of Y123, the dextran used has its
morphology transferred over to the Y123 product [174]. Carboxylated spherical dextran

55



(CM-Sephadex®) leads to the synthesis of hollow Y123 spheres by spatially separating
the ions that form impurity phases early in the synthesis. In this case, barium ions are
separated via the utilisation of preferential chelation sites which, as the template
carbonises, remain spatially separated. This prevents the growth of a barium carbonate
crystal.

In each of these cases, the product is formed after only a two hour calcination. Along with
a significant reduction in the energy requirements of synthesis, this leads to greater
oxygen content within the structure, as the high surface area enables easier oxygen
uptake from the atmosphere. This also reduces the potential for oxygen loss during
syntheses at high temperature [163]. In layered oxides, this would increase the reliability
and robustness of synthesis.

Battery performance can be improved by controlling the size and morphology of the
cathode particles. The diffusion lengths from the material bulk phase to the electrolyte,
conductive elements are made shorter in smaller particles, meaning that reducing these
distances increases the capacity that can be extracted from the cathode at a given C-rate.
Although this also exposes the material to degradation via the electrolyte [80], improved
characteristics have been achieved by reducing particle size in a range of materials [61],
[80], [126], including via biotemplating.

The homogenous nature of the gel precursor means the calcination times are much lower
and once formed particle size can be manipulated by increasing the calcination time.
Biotemplating offers significant control of the particle size and thus the performance of
the battery.

1.3.6 Other techniques used for Na-ion cathode materials

Spray pyrolysis [60] is a rarely used in the synthesis of cathode materials. As with most
non-solid state techniques, it results in the excellent mixing of reagents. It achieves this
through aerosolising the aqueous reagent solution, which flows into a furnace. Although
it is simple and easily scaled up [140], it requires specialised equipment and is not suited
to laboratory-scale experiments.

Combustion synthesis [175] is used in a small number of examples. As the name suggests,
it involves the combustion of the reagents, which becomes self-sustaining and generate
temperatures beyond 800 °C. If the reagents cannot fulfil the role themselves, a fuel such
as glycine or tetraethylene glycol [91] is used, and nitrates of the constituent metal ions
are used as the oxidant. In one study found to use the combustion synthesis, the nitrate
reagents are dissolved in water, followed by the addition of glycine. The dispersion of the
ions in the crystal is not commented on, but their capacity of P2-NaxMno.sFeo.502 is lower
than the same material reported using solid state (and a wider voltage window), 145 mAh
g'land 190 mAh g1, respectively. The authors posit that it is due to the larger particle size
they generated - the combustion synthesis required two extra calcination steps, one at
700 °C for 20 h in air, and another at 1000 °C for 5 h in oxygen. There are more energy
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efficient ways of achieving dopant or transition metal dispersal that also allow greater
control over particle size.

1.3.7 Synthesis method comparisons

Comparing the effects of synthesis method will always be challenging unless direct
studies are performed- there are currently very few. Researchers do not always report
the same metrics or test in directly comparable ways. But there have been several
instances of the same or similar materials reported by different groups who have used
different synthesis methods. As mentioned before, P2-Nao.s7Nio.33Mno.s702 is a very
commonly studied cathode material, and so there are examples of its synthesis using a
range of techniques, although unfortunately the relatively unexplored biotemplating
technique has not been reported to generate P2-Nao.67Nio.33Mno.670z2.

As summarised in Table 1-4 there are a range of different techniques that can be used.
Each study will have slightly different experimental parameters, but several techniques
involve several calcination steps, and all calcination times are above 12 h, up to 24 h.
except for one anomalously high capacity, the capacity limit seems to be ~150 mAh g1
when cycling at C/10. The effect of phase, particle size, and voltage window undoubtedly
has a role to play in the accessible capacity, and in the retention and rate capability.

Table 1-4: Summary of Nao.s7Nio.33Mno.6702 cathodes with the synthesis method, calcination
regime, initial capacity, C-rate, and voltage window.

Synthesi Initial
Material ynEiesis Calcination regime n 16_1 Ref.
method capacity
145 mAh g1
P2-Nao.67Nio.33Mnoe702  Solid state 900 °Cfor15h ~C/15 [176]
20-44V
80 mAh g1
P2-Nao.67Nio.33Mno6702  Solid state 850°Cfor12h ~C/15 [61]
20-42V
151 mAh g1
Co- 500 °C for 5 h, th
P2-Naoe7NiossMnosrO2 ‘i’tation 900 °((Z);0r 9 he“ C/10 [147]
precip 1.5-3.75V
210 mAh g1
400 °C for 5 h, th
P2-NaosNio2sMnoss0z  Sol-gel 500 og;or - he“ /10 [157]
1.5-4.4V
86 mAh g1
S 800 °C lysis, th
P2-Nao.67Ni0.33Mno.6702 pray. PYTOLystS, fien C/10 [60]
pyrolysis 900°Cfor12h 20-40V
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There is a link between higher capacity and an increased voltage window - which is
intuitive. However, different potentials correlate to different processes, so the capacity
extracted will vary. Furthermore, the extension of the voltage window may have negative
side effects for the health of the battery - charging to potential that is too high can degrade
the electrolyte, and overextraction of sodium ions can lead to unwanted phase changes.
This has been discussed in Section 1.2.2.

There are also differences in the formulations of these materials. The material prepared
via sol-gel methods had a slightly higher proportion of manganese, and a lower
proportion of nickel and so was Nao.sNio.2sMno.7502, rather than Nao.sNio.33Mno.6702 [157].
This has a few effects. First the material is lighter, as it contains less sodium and has a
higher proportion of manganese compared to the heavier nickel. This alone will not
produce this large an increase in capacity.

Also, the authors note that from the differential capacity curve there is evidence of
Mn3+/Mn* redox activity. Ordinarily in Nao.sNio.33Mno.6702 the manganese ion is in the +4
oxidation state and is not redox active. It is likely that during discharge, more sodium is
being inserted into the cathode that the 0.5 mol of sodium that was initially there. This
could cause the manganese redox activity seen at low potentials, and the increase in
capacity compared to P2-Nao.67Nio.33Mno.6702 material. Manganese redox is credited with
70 mAh g1 of capacity when a lower voltage window [147] is used in Nao.s7Nio.33Mno.6702.
It is likely in both scenarios more sodium is being inserted into the cathode on discharge
than was present in the pristine material.
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Figure 1-28: Voltage profile of (a) P2-Nao.sNio2sMno.7502 [157] and (b) P2-Nao.s7Nio.33-
Mno.s702 [176].

As seen in Figure 1-28, the sol-gel sample has a much smoother voltage profile than the
solid state sample (especially below 3.8 V), as well as a much higher capacity. In both
samples, the particles are 3 um in size. P2-Nao.sNio.2sMno.7s02 [157] has a plate-like
morphology with plates >5 um across, compared to 2 um in P2-Nao.67Nio.33Mno.6702 [176].
The authors do not credit the size or morphology of the particles to the anomalously high
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capacity of the material. [t may be possible that the large particle size acts as a mechanical
support for the material, similarly to the Al203 coating [75] discussed in Section 1.2.2. It
is claimed by the authors that the voltage plateau at 4.1 V is caused by the P2<02 phase
transition. If that is the case, it is remarkably well preserved. It may be more likely that it
is caused by O redox (possibly simultaneously) as this would be the source of additional
capacity, as seen in other Nao.s7Nio.33Mno.6702 materials [111]. In this case, the large size
of the particles could prevent the loss of oxygen from the structure, leading to the high
capacity retention for this material at this capacity and voltage range.

Overall, the comparison of synthesis methods in the literature is limited. Even when the
same, commonly reported cathode material is used there are different C-rates, voltage
windows and electrolytes used. This affects the initial discharge capacity and influences
the capacity retention of the battery. High C-rates and phase changes cause the material
to degrade faster over time (although the specific phase changes will influence how
much). Higher voltage cut-offs will cause more rapid electrolyte degradation which
further decreases capacity retention. Even in studies where the same material is
synthesised in multiple ways [51] there is no comment on the difference between the
various methods with respect to the performance of the material. The difficulties in using
solid state synthesis to form homogenously doped samples were explained above,
whereas aqueous synthesis routes allow comparatively easy doping, alongside shorter,
lower temperature calcinations.

The lack of comparison of the effect of synthesis method on the performance of cathode
materials makes evaluating their efficacy challenging. There are obvious differences, such
as the ability to dope materials, or the energy costs of long, high temperature calcinations
that are inherent to the syntheses themselves. Beyond that, however, there is little data.
This could be because the effect on performance is negligible, so if the right formulation
is reached with a reasonable particle size, then any method can be chosen. If this was the
case, then arguments in favour of syntheses such as biotemplating are clear. But there is
little evidence one way or another, and so if there are methods that offer unique benefits
over the others, then it should be explored.

1.4 Aims and thesis structure

The work presented in this thesis builds on the body of work presented here. Many of the
current NIB cathodes in development that offer exceptional capacity, cycle life, or power,
rely on starting materials or process that are unsustainable. Cobalt, lithium, and nickel
are low in natural abundance, causing them to be vulnerable to price increases, supply
chain issues, and extraction methods that are opposed to the sustainable values upon
which tomorrow’s world should rest. Similarly, the production methods of cathode
materials currently involve long, high temperature calcinations, where lower
temperature, shorter calcinations could be used to produce even better cathode
performance, and finer control over particle size.
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The goal of the work in this thesis is to increase the feasibility and sustainability of NIBs,
to be more competitive with LIBs. To areas of potential improvement have been
identified: reducing the energy cost of the cathode production process and increasing the
capacity retention of the cathode materials. Cathode production relies on solid state
synthesis. If biotemplating can maintain or improve on performance metrics (capacity,
capacity retention, rate capability) while reducing the energy cost of production, then it
could be more widely adopted in a research and industrial setting. Capacity retention is
the biggest barrier to penetration of NIBs into the energy storage market. Here
techniques are used to improve the capacity retention of what is already a high-capacity,
low-cost material, Nao.s7Mno.9sMgo.102 (NMMO) [52], [131], but suffers from capacity fade
due to the phase transitions and distortions the cathode undergoes during cycling. By
preventing phase transitions, the capacity fading of P-type NMMO should be reduced;
fewer distortions and therefore cracks in the particle surface should occur. This should
lead to less surface passivation and dissolution of active material. As it has already been
shown to successfully produce Nao.s7Nio.33Mno.6702 cathodes using a 2 h synthesis [61],
[100], as well as its non-toxicity and high natural abundance, dextran is used as the
template in the biotemplating syntheses.

The work is split into three chapters, each with its own introduction. Chapter 3 of this
thesis details work done to elucidate the differences between the P3 and P2 phases of
NMMO, a cathode material with high capacity and using more abundant materials than
Nao.67Ni0.33Mno.6702. The two phases were synthesised via a solid state and biotemplating
synthesis, meaning that a four-way comparison can be conducted between the two
synthesis methods and the two phases. The materials are characterised via XRD and SEM.
Voltage profiles, capacity, and rate capability of the materials are used to evaluate the
performance. The calcination regime of the biotemplating synthesis mirrors that of the
solid state so that the comparisons between the two methods are only change one
variable.

For Chapter 4 and Chapter 5, a biotemplating synthesis only is used to produce P3- and
P2-NMMO. For these, the calcination regimes used follow other reported dextran
biotemplating syntheses. The idea for these two chapters is to apply techniques that have
been successful in increasing capacity retention and rate capability in previous NIB
cathodes to NMMO, namely Ca doping and using multiphase composites.

For Chapter 4, the two P-type phases are doped with 1% and 2% Ca to minimise the phase
transitions that occur in situ and increase the capacity retention of the material. Due to
the similar ionic radii, Ca2* should be inserted into the Na layer of the NMMO cathode. Its
greater charge density should create a pillaring effect, preventing adjacent TMO: layers
from gliding across one another. Cycling tests and characterisation techniques are the
same as in Chapter 3.

For Chapter 5, the P3- and P2-NMMO phases are combined. Intergrowth phases have
highlighted so far here already as a promising avenue of research to enhance capacity
retention and rate capability. P3- and P2-NMMO are combined using a one-pot
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biotemplating synthesis through a mid-point calcination temperature. The two phases

are also produced separately and mixed, to test whether any changes or performance
improvements are caused by the synthesis method, not just the P3 /P2 ratio. The biphasic
structure, like Ca2* pillaring, should prevent phase transitions by providing an external
barrier to layer gliding,
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2 Methodology

2.1 Cathode material preparation

2.1.1 Synthesis methods

The cathode materials investigated were P3- and P2-Nao.s7MnooMgo.102 (NMMO)
produced via two synthesis methods: solid state and biotemplating. Biotemplating is used
in each Results chapter, whereas a solid state synthesis is only used in Results 1.

Solid state synthesis is a simple and very commonly used method in cathode material
preparation [1]-[5]. The basic procedure involves drying, milling, and pressing powder
reactants into pellets, and calcining them [6]. Mixing the powders together only mixes
them on the scale of particle sizes. This means that for the individual ions to mix in the
correct stoichiometry and form a product, they must diffuse across long distances,
typically < 1 pm [7]. The diffusion pathways get longer as the new crystal grows, and the
reactant ions must travel further to reach other ions to react with to form new product
crystal (Figure 2-1). This often leads to long calcination times; times of at least 12 h are
common [8]-[11].

Mg2+ —

<« ARt
MgO Al,O4

Mg A|204

e

Reaction
Interface

Figure 2-1: Schematic of a solid state reaction between MgO and Al:0z to form MgAl;04 [7].

In contrast, biotemplating dissolves the metal cations in solution. Adapted from the
Pechini process which uses citric acid [12], a long-chain biopolymer is used to prevent
agglomeration of cations in solution. Dextran has been used in biotemplating syntheses
before [13]-[15], including in cathode preparation [16], [17]. The metal cations are
dissolved into an aqueous solution before the addition and dissolution of dextran (Figure
21 in Section 2.4.5). Once the dextran is dissolved, the solution is dried and calcined. The
biotemplate thermally decomposes, leaving the product to leave the oxide structure. The
level of mixing here is significantly greater than solid state, owing to the dissolution step;
the cation mixing is on an atomic level, as opposed to micron. This means shorter
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calcination times are often used in biotemplating syntheses [14], [18], and lower
temperature phases can be accessed more readily [16], [17].

2.1.2 Chapter 3: P3- and P2-Nao.c7Mno.9Mgo.102

To produce NMMO via solid state synthesis (referred to as solid state P3- or P2-NMMO),
Na2CO0s3 (Sigma Aldrich, UK, 2 99.5%), MnO:2 (Sigma Aldrich, UK, 2 99%), and MgO (Sigma
Aldrich, UK, 2 99%) were dried and subsequently mixed in stoichiometric amounts (with
a 10% excess of Na to counteract Na volatility during calcination [19]-[22]) via ball
milling for 8 h in isopropyl alcohol, and dried at 80 °C in air. The mixture was sieved
through a 250 um aperture sieve and uniaxially pressed into 10 mm pellets using
approximately 0.112 MPa to bring particles closer together pre-calcination.

For the biotemplated samples, CH3COONa (Sigma Aldrich, UK, = 99%),
(CH3C00)2Mn.4H20 (Alfa, = 22% Mn content by assay), (CH3C00):Mg.4H20 (Sigma
Aldrich, UK, = 98 %) were dissolved in distilled water in stoichiometric amounts (with
10% excess of CH3COONa to counteract Na volatility during calcination). Dextran (Sigma
Aldrich, UK, Mr = 70 000) was added to this solution in a 1:10 by weight ratio with the
water. This translated to a metal ion to template ratio of 2:3 by mass. Once dissolved, the
solution was dried in air in muffle furnace at 80 °C to produce a hard organic-inorganic
composite.

The calcination temperatures were determined through a combination of high-
temperature XRD (HTXRD) and iterative development that will be discussed in the
chapter itself. The heating protocols for both solid state and biotemplated samples were
kept consistent for each phase. All calcinations in this chapter lasted 20 h in air, with a 5
°C min-! ramp rate and held at 200 °C post-calcination to avoid water absorption. The 20
h calcination time was chosen to allow the solid state reaction to reach completion,
although there were still starting materials apparent in XRD patterns of the P3 sample
synthesised via solid state. The resultant powders were ground in air using an agate
pestle and mortar and dried in a 120 °C vacuum oven for at least 8 h to remove any water
absorbed by the structure prior to transferral into an Ar-filled glovebox.

2.1.3 Chapter 4: Nao.67-2xCaxMno.aMgo.102

A range of Ca?*-doped P3- and P2-Nao.67-2xCaxMno.oMgo.102 (x = 0, 0.01, 0.02) (NCMM)
samples were generated using a biotemplated synthesis. CH3COONa (Sigma Aldrich, UK,
>99%), (CH3C00)2Ca.H20 (Sigma Aldrich, UK, = 98 %) (CH3C00)2Mn.4H:0 (Alfa, = 22 %
Mn content by assay), (CH3C00)2Mg.4H20 (Sigma Aldrich, UK, = 98 %) were dissolved in
distilled water in stoichiometric amounts. A stoichiometric excess of Na was not used
here: the shortened calcination times mitigated the volatility of the Na, and the presence
of excess Na when doping with another alkali metal made prediction of the final
stoichiometry more challenging. Dextran (Sigma Aldrich, UK, Mr = 70 000) was added to
this solution in a 1:10 by weight ratio with the water. Once dissolved, the solution was
dried at 80 °C to produce a hard organic-inorganic composite.

The calcination times temperatures used to generate P2 and P3 phases were adapted
from previous dextran biotemplating studies [13]-[17]. P3-NCMM was generated via
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calcination at 650 °C for 2 h, in line with other P3 materials, using a 10 °C min-! ramp rate.
Similar for P2-NCMM with a 900 °C calcination temperature. Samples were held at 200
°C post-calcination. Calcination times used here, 2 h, are much closer to the times that
have been used in previous dextran biotemplating studies [13]-[17], as a comparison to
the solid state synthesis is not the focus of this chapter. The resultant powders were
ground in air using an agate pestle and mortar and stored in a 120 °C vacuum oven for at
least 8 h to remove any water absorbed by the structure prior to transferral into an Ar-
filled glovebox.

2.1.4 Chapter 5: P3/P2-Nao.67Mno.oMgo.102

A range of composite P3-NMMO and P2-NMMO (referred to as P3/P2-NMMO) structures
were formed via biotemplating synthesis. The ratio of P3 to P2 phase was controlled with
the calcination temperature used to obtain each layered structure. The ratios aimed for,
and the calcination temperature used are detailed in Table 2-1. This was investigated and
compared to a phase-pure biotemplated P3 and P2 phase, and a physical mixture of the
P3 and P2 phases in the same phase ratio as the intergrowth structures.

As a control, P3 and P2 mixtures were produced by grinding the appropriate ratios of P3-
and P2-NMMO powders together post-calcination. The temperature used to generate the
intergrowth structure, determined by HTXRD, aimed to result in a 1:1 by mass mix of the
P3 and P2 phases, as determined by Rietveld refinements. Samples were held at 200 °C
post-calcination. The resultant powders were ground in air and stored ina 120 °C vacuum
oven for at least 8 h to remove any water absorbed by the structure prior to transferral
into an Ar-filled glovebox.

Table 2-1: Calcination regimes of each phase of Nao.s7Mng.9oMg.102 by synthesis method

P3 to P2 ratio (%) Calcination temperature (°C)
100:0 650
90:10 720
70:30 730
50:50 770
30:70 800
10:90 820
0:100 900

2.2 X-ray Diffraction

2.2.1 Fundamentals

X-ray diffraction (XRD) is a technique used to examine long-range order in crystalline
materials. The cathode materials used herein have crystalline structures, and as such are
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made up of repeating patterns of ions that make up the crystal lattice. The smallest
repeating unit of the lattice is the unit cell.

Unit cells are used to describe the symmetry within the crystal. And can be grouped into
seven different systems, detailed in Table 2-2. Rhombohedral is a subset of the trigonal
system but is often thought of as distinct. Unit cells can be further described by its body
type: primitive (P), body-centred (I), face-centred (F), C-centred (C). It was shown in
1850 by Bravais [23] that there are 14 possible lattice types. Within a crystal lattice, not
all symmetry operations are allowed to appear together. As such there are only a certain
number of combinations possible between the Bravais lattices and symmetry operations,
forming 230 space groups.

Table 2-2: Crystal systems

Unit cell axis

Crystal system lengths Unit cell angles Possible lattices
Cubic a=b=c a=B=y=90° P,ILF
_ a=f=90°
Hexagonal a=b+c Y = 120° P
Tetragonal a=b+*c a=B=y=90° P, 1
: _ a=f=90°
Trigonal a=b+c Y = 120° R
(Rhombohedral) (a=b=c) (a=p=vy)
Orthorhombic a+b#c a=B=y=90° P,C,ILF
.. a=y=90°
Monoclinic a+b#c B> 90° P,C
Triclinic a+b+c a*PBFy P,LLF

There are an infinite number of planes in the unit cell, and they can be described by a

Miller index, (hkl), which describe the fraction of the unit cell axis where the plane and
axis meet. The plane (hkl) will intercept the unit cell x-axis at (%) a, y-axis at (%) b, and
the z-axis at G) c.Herea, E, ¢ are the unit cell vectors. From the relationship between the

unit cell vectors and the Miller indices, the spacing of each plane, dn«, are derived.

Across the crystal lattice, planes correspond to repeating planes of atoms. When the X-
ray beam hits these planes, it is reflected, with the angle of reflection equal to the angle
of incidence. The existence of these planes and the separation between them depends on
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the motif of the unit cell. XRD exploits the spacing, d, between planes to build up a picture
of the unit cell.

For a powder sample, the volume of powder that can be examined is large enough that it
can contain crystallites in every possible orientation. Meaning that when the sample is
irradiated, it will re-emit that radiation in all directions. This also means that many Miller
planes present in the crystal will be positioned to reflect the X-ray beam into the detector
as it and the X-ray source sweep through the 26 range.

As shown in Figure 2-2, an X-ray beam (denoted as 1) will hit a Miller plane at some angle
of incidence, 0. It will be elastically scattered by the first plane of atoms in every direction,
and so some will be reflected towards the detector (1'). Another beam (2) passes through
the first plane and undergoes the same process but is scattered by an atom in the second
layer of atoms. When second X-ray beam reaches the detector, it will have travelled an
extra distance, xyz, further than the first. For constructive interference to occur, xyz must
be equal to nA, where n is the order of diffraction (and thus always an integer) and A is the
X-ray beam wavelength.

The Bragg condition is satisfied when the reflected beams (1’ and 2’) are in-phase with
one another and constructive interference will occur. For the two beams to be in-phase,
the extra distance travelled by 2’, xyz, must be equal to an integer number of wavelengths,
nA. Since the planes are parallel, we can use this information and some geometry to
calculate d of a given Miller plane using the following equation:

niA = xyz = 2xy

Equation 1
. ni
dsind = xy = 2 Equation 2
ni
~ 2sinf Equation 3
Rearranging this gives us the Bragg equation:
nl = 2d sinf Equation 4

As the incident X-ray beams sweep through a range of 26 values, constructive
interference will occur at specific d spacings (or 20 values, referred to as Bragg angles)
relating to different Miller planes. The constructive interference manifests itself in the
XRD pattern as peaks. The positions of these peaks are interpreted and used to identify
the structure of the unit cell.
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2?

Figure 2-2: Schematic showing the interaction of an X-ray beam with two planes of a crystal
structure. Annotated with the geometries that satisfy the Bragg condition [7].

This identification process in this thesis is initially done via phase matching using the
ICDD PDF4+ Sieve+ software [24]. The phases of interest, P2 and P3, are distinct and well-
established as common phases in the sodium-ion cathode literature, so are also identified
via qualitative comparisons to patterns in previously published work.

Unit cells with the same structure will have similar XRD patterns, except for shifts in the
peak position according to contractions or expansions of the unit cell, perhaps caused by
Na* content or the transition metal ions present. Therefore, the calculation of lattice
parameters, phase fractions, and confirmation of the phases present was done via
Rietveld refinements.

2.2.2 Rietveld refinement

The exact determination of the unit cell parameters was done via Rietveld refinement
using HighScore (Panalytical) [25]. Rietveld refinements are a full profile fitting of the
expected XRD pattern against the observed pattern. The refinement program then allows
variations of the parameters defining the sample via a least-squares fit method to
minimise A in the following equation [26]:

A= Z wi{Yoi — Ye i} Equation 5
i

Where Yiis the intensity value at each 26 value for the observed (Yo,)) and calculated (Yc;)
datasets, and wiis the weighting of each observation. The weighting is related to the error,
o, attributed to each observation:

= U[Yo,i]z Equation 6
And so:

81



1
o =——— .
Wi[YO,i]Z Equation 7

From the HighScore documentation, the estimation of standard errors is calculated only
from statistical randomness in counting and are too small. This is of particular
importance with “noisy” data, where a poorly defined background will result in better
fitting metrics. To counter this, the data from the XRD experiments must be of high
quality, even though this may worsen the fitting metrics.

Using the weighting, more consideration is given to intense peaks, and less to the
background. From here, several metrics that are used to evaluate the fit can be derived:
the weight-profile R-factor (Rwp), the expected R-factor, or “best possible Rwp” (Rexp), X2,
and the Goodness of Fit parameter (GOF):

1

R Ziwi (Yo — Yo )*\? Equation 8
wP TiwiY3,
1
R — (N - P+ C)Z Equation 9
o =\ Towg,
2
2 _ <RWP> Equation 10
X =R
exp
RWP Equation 11
GOF = y = q
Rexp

Where N is the number of data points, P is the number of varied least-squares parameters
(or degrees of freedom), and C is the number of constraints. N — P + C = N, given the
number of data points measured is sufficiently large. Rwp and Rexp are both multiplied by
100 to represent them at a percentage. For this work, the values for Rwp and GOF are used
to evaluate the fit. In general, Rwp < 10% and 1 < GOF < 2 is taken to indicate a close fit
[27]. The materials under investigation (layered oxide sodium cathodes) have well-
defined and understood structures, and so the likelihood that the structure model is
incorrect is low, increasing the confidence that a close fit is accurate.

Rietveld was used to measure unit cell parameters. The sample parameters (space group,
unit cell parameters, atomic positions, occupancy) used were taken initially from a
previous study of P2 and P3 NIB [16], [28] materials. For more accurate determinations
of unit cell parameters, the material was mixed with a Si standard (estimated 10% by
weight to give comparable peak intensities) to calibrate the peak positions and account
for sample height displacement. After refinements to determine the background, the
sample height was corrected for using the Si standard. From here the unit cell parameters
could be refined, and the Rietveld refinement continued as normal. These unit cell
parameters were used in subsequent refinements.
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During the Rietveld refinements, manganese and magnesium occupancies were set to
sum to 1. The background was fitted to the sample pattern using a Shifted Chebyshev I
method with up to 10 terms or until the simulated background qualitatively matched the
observed background. The unit cell parameters were then refined, followed by
refinements of the Caglioti parameters and the peak shape parameters. This was followed
by refinements of atomic position and site occupancy.

The width of the peaks is affected by the single crystalline domain size in the materials.
Constructive interference occurs at the Bragg angle, when the additional path length
travelled by the x-ray beam reflected by lower lattice planes is an integer multiple of the
wavelength, A. Deviations away from the Bragg angle lead to the x-ray beams being out-
of-phase.

For example, if the angle of incidence, 6, was increased so that the additional path length
travelled by the beam reflected by the second lattice plane was equal to 1.1 A, then the
additional path length travelled by the beam reflected by the sixth plane would be 5.5 A.
Being 0.5 A out-of-phase with the beam reflected by the first plane leads to destructive
interference. Therefore, in this scenario destructive interference will occur between
beams separated by five planes.

As 0 approaches the Bragg angle, destructive interference will occur between pairs of
lattice planes that are continually further apart. If the additional distance travelled by the
x-ray reflected by the second plane is equal to 1.0001 A, then destructive interference will
occur between beams separated by 5000 planes instead. The closer 6 gets to the Bragg
angle, the more the planes separating completely out-of-phase x-ray beams.

For smaller crystallites, the planes that will cause this destructive interference will not
be present. As such, smaller crystallites will allow more deviations from the Bragg angle
before destructive interference occurs. Reducing the crystallite size increases the width
(and consequently reduces the peak height) of the reflection peaks, as defined by the
Scherrer equation [29],

KA
I cos@ Equation 12

B(26) =

Where B(20) is the additional broadening (radians) at a given value of 26, K is the
Scherrer constant (dimensionless), A is the wavelength of the radiation (&), L is the
apparent crystallite size (A), and 6 is the Bragg angle (radians). The value of the Scherrer
constant was 0.9 as most particles had a roughly spherical shape, although this may mean
losing size data if the particle shape changes between samples.

When the instrument and its parameters remain the same across XRD patterns of
different samples, the broadness of the peaks in the pattern are used to qualitatively
compare crystallite sizes. The factors affecting peak broadening are obtained during the
refinement and fit into the following equation:
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H> =W 4V tan® + U tan?6 Equation 13

Where Hk is the Caglioti function, and W, V, and U are the parameters that define it. U and
W are the parameters that can inform crystallite size and microstrain broadening.
Without the use of a line-broadening standard, these results are unreliable, and so
crystallite size measurements are obtained using scanning electron microscopy (SEM).

2.2.3 Experimental setup
2.2.3.1 Reflection

All powder XRD conducted to identify and characterise phases were done so using a Cu
Ka radiation source (A = 1.5406 A). Experiments were conducted using one of three
instruments: a D2 Phaser (Bruker), an X'Pert3 (Panalytical), and an Aeris (Panalytical).
The D2 Phaser was used only for phase identification. The XRD patterns from the X'Pert3
and Aeris were used in Rietveld refinements due to their superior detector which allowed
for greater resolution of peaks. This means more accurate determination d spacing and
unit cell parameters. Crystal structure visualisations were generated using
CrystalMaker®: a crystal and molecular structures program for Mac and Windows.
CrystalMaker Software Ltd, Oxford, England (www.crystalmaker.com).

Powders were mounted in a standard Bruker PMMA holder of 25 mm diameter and 1 mm
depth. The D2 Phaser does not use a monochromator. The beam energy settings were 10
mA, 30 kV. The X’'Pert3 powder samples were held in a back-loaded stainless steel powder
sample holder, 16 mm in diameter and 2.4 mm thick. The beam energy settings were 40
mA, 45 kV. All samples examined in the Aeris used beam energy settings of 15 mA, 40 kV.
The Aeris used the same sample holders as the X'Pert3 and was exclusively used to
examine cathode materials, containing manganese, and so a reduced fluorescence scan
setting was used.

Most samples were examined in the 10 - 80 °20 range, in some cases where Rietveld
refinements were conducted the range was increased to 10 - 120 °20 and this will be
indicated on the individual XRD patterns. 10 - 80 °28 is sufficient to capture the largest
peak, (002) or (003) are ~16 °26, and other characteristic peaks that can be used to
identify both P3 and P2 structures. A 10 - 100 °26 range was used with the Aeris.

Step time was varied when using the D2 Phaser depending on laboratory conditions, but
was commonly set to 0.400 s, which gave peak intensities that allowed for satisfactory
phase identification and preliminary Rietveld analysis. Given the aim of the XRD patterns
obtained using the D2 Phaser is phase analysis, the variation of step time does not
adversely affect the validity of the conclusions that can be drawn. Using the X'Pert3 step
time was set at 118.32 s. This gave sufficient peak intensities to conduct Rietveld
refinements.

2.2.3.2 High temperature XRD

The progression of a reaction was monitored using XRD while increasing the temperature
within the machine. High temperature XRD (HTXRD) was used to determine reaction
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progression and confirm the presence of any intermediate phases. Lattice parameter
expansions or contractions can be observed in HTXRD experiments. However, the
process of heating causes the sample holder and the sample itself to expand. Due to the
uncertainty this introduces, quantitative analysis of lattice parameters was not
conducted. Rietveld analyses were used only to estimate phase fractions. These results
were used to guide calcination temperatures for P2/P3 biphase generation.

HTXRD was conducted on the X'Pert3 using a HTK1200N furnace attachment (Anton
Paar). Sample was mounted in an alumina sample holder with 15 mm diameter and 1 mm
depth. Temperature and ramp rate was chosen to reflect the synthesis method. XRD
patterns were measured every 25 °C from 10 - 80 °26 with a step size of 0.013 °26 and a
step time of 67.34 s.

The sample height was adjusted to using the automatic Stage Mover Program (Anton
Paar). The largest peak in the XRD of the sample was calibrated to its expected value
before running the non-ambient program. The lack of XRD standard in the sample was
necessary to ensure that the reaction was not affected, and so sample displacement may
occur during the HTXRD program. This uncertainty in the peak positions means that
derived lattice parameters will not be reliable.

2.3 Scanning electron microscopy

2.3.1 Fundamentals

Scanning electron microscopy (SEM) is a technique used to examine particle size and
morphology. It involves a beam of electrons interacting with the surface of a material
which are scattered, or release electrons from the surface. These electrons are collected
by an electron detector and used to create an image of the sample. The electrons are fired
from the electron gun and focussed through various lenses and apertures. The electron
beam scans across the sample surface in a raster pattern. An image is generated via either
the backscattered electrons (BSE) or secondary electrons (SE) that interact with the
detector.

Backscattered electrons (BSE) are reflected off the surface of the sample via Rutherford
scattering. This process is elastic and arises because of the electrostatic interaction
between incident electrons and the nuclei within the sample. Atoms with higher atomic
numbers have a greater likelihood of scattering electrons, so BSE can be used to indicate
compositional contrast in materials: higher BSE counts will arise from higher atomic
numbers.

Inelastic scattering occurs when the incident electron transfers some of its energy to the
electrons in the sample. If the energy transferred to an electron is sufficient for it to
escape the sample, then it is termed a SE. SE that are formed directly from the incident
beam (i.e., electrons that are released from the sample and do not undergo other
interactions before reaching the detector) are known as SE1 and have a very high spatial
resolution as the escape area is highly localised to the incident beam.
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The escape area of the electrons is what determines the resolution of the image, and can
be affected by the beam diameter, shape, and energy. The energy of the beam depends on
the incident beam voltage, so increasing this creates more SE (improving the signal
intensity) but will widen the interaction volume and decrease the resolution. A
compromise between the two must be found.

2.3.2 Experimental setup

SEM images were obtained using either an Inspect F (FEI), or an Inspect F50 (FEI) if
energy-dispersive X-ray spectroscopy (EDX) was needed. The two machines are almost
identical, as is the data quality that they can extract. The electron beam used had a voltage
of either 10 or 15 kV and a spot size of 3.0 or 3.5. This allowed for good resolution up
to 80,000x magnification for measuring particle sizes. A small amount (~10 mg) of
sample powder was deposited on a carbon tab affixed to an SEM stub and sputtered with
a thin layer of gold to aid electron conductivity on the surface. Energy-dispersive analysis
of X-rays (EDX) was conducted using Aztec (Oxford instruments). Determinations of
particle size were conducted using Image] [30]. Measurements of at least 500 individual
particles were taken along the longest visible dimension.

2.4 Electrochemistry

2.4.1 Fundamentals

The electrochemistry tests herein determined the performance of the materials under
investigation. The materials were tested using two procedures: galvanostatic cycling and
rate capability testing. The derivative of the galvanostatic cycling curve allowed further
examination electrochemical process. The tests were conducted within a set voltage
range, where the (open circuit) voltage, Voc, of the cell is given by:

Ha — Hc Equation 14

Voc =

Where pa and pc the chemical potentials are the anode and cathode, respectively, and e is
the magnitude of electronic charge [31], [32]. Galvanostatic cycling was conducted by
withdrawing a constant current from the cell, within a set voltage window. The length of
time taken to reach these limits (the lower limit on discharge, and vice versa), combined
with the mass of active material and the specific capacity of the material returned the
specific capacity. The theoretical specific capacity of the material was calculated using the
following equation:

nF

— Equation 15
3.6 X M,

Qo

Where Qo is the theoretical specific capacity in mAh g1, n is the mol of electrons
transferred during charge/discharge per mol of active material, Mr is the molar mass of
the active material in g mol-1, F is the Faraday constant, 96 485 As mol-1. 3.6 converts the
Faraday constant from As to mAh. For this material, n was taken as 0.67. This gave a
theoretical capacity of 184 mAh g-1.
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Based on theoretical capacity, the current needed to fully charge or discharge the cell in
1 h, C, was 184 mA g'1. Typically, the current at which the cell is charged and discharged
is a given as a fraction (or multiple) of C (C-rate). The actual current was obtained by
multiplying the coefficient of C by the mass of active material. The discharge capacity of
the material is given by:

0= I_t Equation 16
m
Where Q is the measured specific capacity in mAh g1, I is the discharge current in mA, t

is the time taken for the cell to discharge in h, and m is mass of active material in g.

At the end of the charging step, the cell was held at the upper voltage limit. The current
during this time should fall to 0 A, and the cell would be at equilibrium. In practice, a
current cut-off of C/10 was used. The two charging modes are referred to as constant
current (CC) and constant voltage (CV) charging, and constant current-constant voltage
(CCCV) charging altogether. Discharge only used a CC mode. In between the charge and
discharge steps, a 10 min rest period was used to allow the cell to fully equilibrate before
the next step.

The differential capacity graph was generated by taking the derivative of the voltage
curve. Due to the data collection during the galvanostatic cycling, there are consecutive
data points in which the change in voltage was very small. This led to very noisy data. To
offset this, the data was cleaned after the test procedure was completed; stripping data
points where the change in voltage was less than 20 mV. The CV section of the charge step
was also removed from the dataset for the same reason. Since the component of interest
is the cathode, rather than the full cell, the differential capacity graph was preferable to
cyclic voltammetry [33]. It offered superior resolution, a consistent IR drop, and full
access to the capacity of the cell during the cycle.

Rate capability testing was similar to galvanostatic testing. Cells were cycled five times at
a given current using the same galvanostatic procedure, after which the C-rate was
increased. This was done several times to generate capacities and voltage curves for the
material at a range of C-rates. This resulted in increased polarisation within the battery,
specifically the ohmic polarisation. This is also known as the IR drop [32], and is
proportional to the (dis)charge current, I. Therefore, as the current is increased, the cells
were pushed further from theoretical equilibrium, and voltage and capacity decreased as
a result. The capacity decreased in part because of the lower voltage from increased
polarisation, but also due to more rapid fall in the battery voltage. The battery voltage
after (dis)charging is given by the Armand equation [34]:

nRT y _
Ecen = Eoceu - Tln (1 — y) + ky Equation 17

Here, Ecei is the new potential of the cell, E.rn is the standard potential, R is the molar gas
constant, 8.314 ] K-Imol-1, T is the absolute temperature, y is the sodium occupancy, and
ky is the effect of interactions between sodium ions on the battery voltage. There are
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factors that directly influence y and k, such as diffusion, phase transitions, electrode
particle size, temperature, electrolyte characteristics, and porosity. As the C-rate is
increased, the rate of transfer of ions across the electrode/electrolyte boundary becomes
diffusion-limited [35], and the discharge curves get lower and smoother.

2.4.2 Electrochemical testing

Galvanostatic cycling measurements were taken to determine the capacity of the
cathodes under investigation. Unless stated otherwise, cells were cycled at C/5 [36] (1C
= 184 mA g1) between 1.5 - 4.0 V [37] for 50 cycles. Charge cycles used a constant
current, constant voltage procedure [38], [39]; after reaching 4.0 V, the cell was held at
4.0 V until the current dropped to C/10. This was followed by a 10 min rest period before
constant current discharge, and another 10 min rest step before the next cycle. These test
parameters were selected optimise performance of the cathode material (with respect to
discharge capacity and capacity retention), while obtaining results quickly. Performance
of each material was further examined rate capability testing. The C-rates used were
C/10, C/5,C/2, 1C, 2C, and 5C. After cycling at 5C, cells were cycled at C/10 for a final 5
cycles to determine their ability to regain the capacity.

2.4.3 Cathode preparation

In an Ar-filled glovebox, an 8:1:1 (w/w) mixture of active material, C65 (MTI), and
polyvinylidene fluoride (PVDF) (MTI) were ground together in an agate pestle and
mortar. C65 and PVDF were both dried in an 80 °C vacuum oven overnight prior to
transferral into the glovebox. This powder was combined with approximately 2.2 mL per
gram of powder mixture of N-methyl-2-pyrrolidone (NMP) (99.5%, Sigma Aldrich) in a
Thinkymixer. A smooth, viscous slurry was formed by mixing the powder and NMP until
a smooth, viscous slurry formed. Usually this was done by mixing for 20 min at 2000 rpm,
followed by a defoaming step for 30 s at 2200 rpm. This procedure was adapted from an
outline by Talaie et al. [33] via an iterative process.

In a fume hood, the slurry was cast onto carbon-coated aluminium foil (MTI) at a
thickness of 250 pm, and dried in air at 120 °C for approximately 90 min [40], [41]. These
conditions generated cathodes with an active material loading of approximately 4 mg cm-
216], [16], [42] .The cast slurry was cured overnight in a vacuum oven at 80 °C [6], [43],
[44], then calendared to 50% of the initial slurry thickness to densify the cathode slurry
and improve electrochemical performance. Calendaring to 50% thickness was shown to
achieve this and was used through to maintain consistency. 12 mm discs were punched
from it and dried again in an 80 °C vacuum oven overnight [45] and transferred back to
the Ar-filled glovebox.

2.4.4 Cell assembly

Stainless steel 2032 coin cells were assembled using a stainless steel wave spring, a 0.5
mm stainless steel spacer, a sodium metal (99.8%, Alfa Aesar) electrode to act as both the
counter and reference electrode, a glass microfibre (Whatman GF/6) separator dried
overnight in an 80 °C vacuum oven, and the cathode discs (Figure 2-3). Separator was
wetted with 1 M NaPFe in a 1:1 by volume solution of ethylene carbonate (EC) and diethyl
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carbonate (DEC) (Fluorochem) electrolyte (0.85 mL) during assembly. These were
sealed with a pressure of 100 kg cm-2 using a gas-driven crimper (MTI). Cells were
allowed to rest for 12 hours before cycling to allow the electrolyte to fully soak the
separator.

Positive cell case

Positive electrode — - -

Separator

Negative electrode -

Stainless steel spacer ——

Negative cellcase ——» ©

Figure 2-3: Schematic showing an exploded view of a coin cell. Spring not shown.

2.5 Conclusion

This chapter details the steps taken to produce, characterise, and test P3- and P2-NMMO
and its derivatives. The synthesis methods involved either a conventional solid state
reaction or biotemplating using the polysaccharide dextran as the template. Materials
were characterised using XRD and SEM and tested using a standard array of
electrochemical techniques: galvanostatic testing and rate capability testing. These
methods produce reliable results that will inform on the crystal structure, particle size
and morphology, and performance of each material under investigation, respectively.
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3 Solid state and biotemplating synthesis of P3- and P2-
Nao.67Mno.oMgo.102

3.1 Introduction

The work in this chapter, currently undergoing publication, is a comparison of the P3 and
P2 phases of the cathode material, Nao.s7MnooMgo.102 (NMMO), generated via two
different synthesis routes. The two synthesis methods used are a conventional solid state
method and a biotemplating synthesis using dextran, resulting in a four-way study. 10%
Mg doping is used here, as this is a well-studied cathode material (Table 3-1) for both the
P2 and P3 phases. Although it has been shown to have a lower capacity than the 5% Mg
doped material [1], its capacity retention is higher than both the 5% and 0% Mg doped
materials.

P2-NMMO is a low-cost [2] battery material with a high specific discharge capacity based
on the Mn3*/Mn#* redox couple and consists of metals that are comparatively more
sustainable and safer than more conventional cathode metals such as lithium, nickel, and
cobalt. Due to the Jahn-Teller activity of Mn3+, this is ordinarily associated with structural
distortions [3] or changes [4], and manganese dissolution [5]-[8], leading to capacity
fading. Doping with Mg?+* alleviates this and has resulted in increased capacity retention,
meaning that despite a decrease in initial capacity, the capacity after 25 cycles is higher
in the doped material.

A summary of the pre-existing work on P-type Naos7Mn1xMgxO2 (0 < x < 0.33) cathodes
is given in Table 3-1. They show an initial capacity commonly of 150 mAh g1, and higher
where the upper voltage cut-off is higher than 4.0 V vs Na/Na*. With a voltage 1.5-4.0 V
vs Na/Na*, for example, the predominant source of capacity in both P3 and P2 phases is
the Mn3*/Mn#** redox couple. In P3-type cathodes, the reversible P3<03 phase transition
occurs within this range, concurrent with Mn3*/Mn#* redox. Charging to > 4.0 V generally
results in greater capacity, but also worse capacity retention. At these potentials,
processes such as the P2&02 phase transition occur, as well as oxygen redox activity.
The O redox activity in particular is when leads to the rapid capacity fade [9], reportedly
owing to its poor kinetics [10].

There are exceptions to this: the P2-NMMO reported by Sambandam et al. [11] shows a
capacity retention of 80% after 270 cycles despite charging to 4.5 V. Here the initial
capacity is lower than the other materials listed, and operando XRD of the P2 material
reveals no phase transitions. There is some evidence of anionic redox above 4.0 V, but it
ceases after the 2nd cycle. From examination of the voltage profile, little to no capacity is
extracted from the material above 4.0 V after the 2nd cycle. This is possibly due to large
internal resistance, as during discharge the voltage falls immediately from 4.5 Vto 3.5V
before capacity is extracted. The irreversible phase transitions and O redox activity may
be pushed to a higher potential and not occur within the voltage window used, resulting
in a lower but steady capacity.
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Table 3-1: Synthesis method, cycling parameters, and electrochemical performance of P-

type NMMO cathodes.
. Voltage Initial .
Cathode material Sr};r;ttlr}lle(:‘)s(is C-rate range (vs capacity riizi‘ii?r,l
Na/Na*) /mAhg1!

40% after
P2-Nao.s7MnO2 [3] Sol-gel ~C/10 2.0-38V 150 10 cycles

0
P2-NaosMnO2[12]  Hydrothermal ~C/5 20-45V 165 0/ 0after
50 cycles

- 0,
P2-Nao7MnO2 [1] Co- /5 15-40v 175 />vbafter
precipitation 25 cycles
P2-Nao.67Mno.9sMgo.0502 Co- 70% after
[1] precipitation C/15  1.5-42V 180 25 cycles
P2-Nao.67Mno.oMgo.102 Co- 85% after
[1] precipitation ¢/15  15-42v 170 25 cycles

- 0,
P2-Nao.67Mno.72Mgo.2802 Solid state C/20 1.5-44V 220 70% after
[9] 30 cycles
P2-Nao.c7Mno.gaMgo.1102 Co- 65% after
[5] precipitation ¢/15  15-44V 150 200 cycles

P2-Nao.s7MnosMgo.202 Co- >100% after

[13] precipitation 1c 20-42V 60 500 cycles
P2-Nao.c7Mno.oMgo.102 . 80% after
[11] Combustion C/10 2.0-45V 125 260 cycles
P3-Nao.67Mno.67Mgo.3302 : 70% after
[14] Solid state C/10 1.6-44V 200 30 cycles
P3-Nao.67Mno.sMgo.202 Co- 97% after
[15] precipitation ¢/20 18-38V 155 25 cycles
P3-Nao.67Mno.sMgo.202 Co- 81% after
[15] precipitation C/20 1.8-43V 185 25 cycles
P3-Nao.c7Mno.oMgo.102 . 40% after
[11] Combustion C/10 2.0-45V 150 240 cycles
P3-Nao.s7Mno.oMgo.102 Co- 75% after
[16] precipitation C/20 1.8-43V 165 40 cycles
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Similarly, P2-NMMO [5] exhibits high capacity retention despite a high upper voltage
limit of 4.4 V. Again, evidence of O redox and a P2<02 phase transition are (mostly)
absent. Instead, the capacity loss is argued to come from loss of active material: Mn2*
dissolution, generated by Mn3+* disproportionation upon cycling [5]. In this case, a high
internal resistance could be caused by the hydrated phase in the layered material. The
high capacity retention could be due to prevention of irreversible process that occur
when the magnesium content is higher. The avoidance of the P2<02 transition is likely
a product of high internal resistance: the potential at which the transition occurs is
pushed above the upper voltage limit.

There is a correlation between the lower capacity materials and higher capacity retention
(e.g. Li et al. [13]) and vice versa (e.g. Yabuuchi et al. [9] and Song et al. [14]). The higher
capacity comes from processes that occur at high voltages but are irreversible (O redox
leading to loss of Oz from the structure). The activation of O redox occurs at higher
magnesium contents (28% and 33%, respectively) [5]. P3 materials with higher Mg+
content (x = 0.33) also exhibit higher capacity due to the activation of O redox in the
material [14] with a similarly deleterious effect on capacity retention compared to
samples that do not undergo O redox. Lower magnesium content (< 20%) leads to
improvements in capacity retention over the undoped samples via an increase in average
oxidation state of the manganese, thus reducing the amount of Mn3+ in the sample. Since
Mn3+ is Jahn-Teller active, it causes distortions of the crystal structure when it is oxidised
and causes capacity fading in the cathode material [1], [17]. However, oxidation of Mn3+*
to Mn#** is necessary for Na* extraction, and so reducing the amount of Mn3+ also leads to
a loss of initial capacity.

Na* is extracted from both P-type materials at ~2.2 V, which can be seen as a peak in a
cyclic voltammetry (CV) or differential capacity graph. A second CV peak is seen in the P2
material at ~3.0 V, also corresponding to Na* extraction. The existence of two peaks
occurs because there are two sites that Na* can occupy in the P2 structure. One site is
face-sharing with the TMO2 octahedra either side of it, and Na* is extracted from it at ~2.2
V. The second is edge-sharing with the TMO2 and the Na* is extracted from there at the
higher potential. The Na* in the face-sharing site is at a higher energy because of the
repulsion from the TMO2 cations compared to the edge-sharing site [5].

The P3 phase is less commonly reported for sodium cathodes, nor is it often compared to
the P2 phase [18]. Reported P3 cathodes (other than NMMO) are shown to have lower
capacities than those listed in Table 3-1. Initial capacities range from 100-150 mAh g1
[19]-[24], with those with higher capacities suffering from more rapid capacity fade. One
study [11] into the electrochemical performance of P3-NMMO reports initial capacities of
150 mAh g1at 0.1 C, compared to 125 mAh g1 for the P2 material. The capacity of the P3
phase fades rapidly, compared to the P2 phase: after 25 cycles it falls below the P2 phase
and reaches 60 mAh g1 after 241 cycles (40% retention).

The P2 phase still maintains 100 mAh g1 (80%) after 262 cycles [11]. This effect is more
pronounced at 0.5 C. The P2 phase also exhibits lower polarisation — which the authors a
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to its greater stability and relatively higher structural order, respectively. Upon
examination using operando XRD between 2.0 V - 4.5V, no evidence of a phase transition
is observed in the P2 material as no new planes appear during cycling, nor is there a shift
in (00]) peak. Therefore, the cathode structure changes very little during cycling in this
study. As explained, phase transitions are harmful to cycle life as they have an associated
energy cost and (particularly P2<02) lead to material degradation. This is because there
are multiple ways for the 02 P2 transition to occur (Figure 3-1), which leads to stacking
faults in the structure (identified via operando XRD) [25]. The presence of these faults
leads to micro-cracks in the material which increases capacity fade since the surface area
of the material increases. As the surface area increases, as does the chance for redox
active material so dissolve into the electrolyte, and for solid-electrolyte interphase (SEI)
formation.

(Choice 1) (Choice 2)

G R
B R N
e

ABCABCA ABCABCA 'ABCABCA

Figure 3-1: Projection of the P2 phase and the two 02 phases that can be formed by gliding
of the middle layer. @ = transition metal ions, © = oxide ions. [25]

The authors [11] also suggested that the higher initial capacity of the P3-NMMO phase is
due to the anion redox reaction at 4.2 V. This anion redox activity is short-lived, as the
plateau corresponding to it in the discharge voltage curve is greatly diminished in the 2nd
cycle, and not present in the 100t cycle. Other P3 and O3 materials exhibit a P3<03
transition at approximately 2 V. Indeed, in the above study we see the beginning of it, but
since the voltage range used was 2.0 - 4.5V, the transition is not completed.

The other studies of P3-Naoe7MnxMgi1-xO2 (x = 0.1, 0.2) mostly have lower capacity
retention (in terms of proportion of capacity lost per cycle) than the P3-NMMO reported
by Sambandam et al. [11]. The highest capacity retention is P3-Nao.s7Mno.sMgo.202 [15],
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which is limited to an upper voltage limit of 3.8 V - highlighting the selection of
appropriate voltage limits as an important factor in maximising cathode performance.
Part of the reason for the high capacity retention is the additional Mg?* in the sample,
which would normally lead to a reduction in capacity [1], [17]. However, it delivers the
same initial discharge capacity as P3-NMMO reported by Sambandam et al. [11], possibly
because of a relative lowering of the lower voltage limit from 2.0 Vto 1.8 V.

Little work has been conducted exploring the effect that synthesis method has on
cathodes, and specifically P-type Naos7Mn1-xMgx02 (0 < x < 0.33). Several methods have
been used to generate it with no comment as to the effect on its capacity or longevity. A
study into this was conducted P3- and P2-Nao.esNio33Mnos702 [26]. P3-Nao.ssNio.33-
Mno.6702 (containing 1.1% P2-Nao.s6Nio.33Mno.6702) was synthesised via a biotemplating
method using dextran as a template, but the same calcination procedure using a solid
state method resulted in P2-Nao.66Nio.33Mno.6702. The study found that the biotemplating
synthesised P3 phase exhibited an improved initial discharge capacity of 140 mAh g1
compared to P2-Nao.66Nio.33Mno.s702 synthesised via solid state methods (81 mAh g1).
The capacity of biotemplated P3-Nao.66Nio.33Mno.6702 falls rapidly over two cycles to 86
mAh g1, and then remains steady over ten cycles. The capacity of P3-Nao.csNio.33Mno.6702
was further improved by reducing the calcination temperature and time. After 10 cycles,
P3-Nao.66Nio.33Mno.6702 calcined at 650 °C for 2 h delivered 99 mAh g1, and calcining at
550 °C for 12 h delivered 100 mAh g-1. However, the values given do not give an estimate
of the spread so it’s not possible to say whether the capacity of the materials changes with
particle size.

The differences in capacity between these materials are likely a result of the particle sizes
of each sample. SEM of the samples shows an increase in particle with calcination time
and temperature (Table 3-2). The data suggest that there exists a relationship between
discharge capacity and particle size; with smaller particle sizes having higher capacities.
This cannot be confirmed however without knowing the spread of capacity values. This
work shows the importance of optimising synthesis, as it can be used to increase the
capacity extracted from cathode materials.

Table 3-2: Synthesis conditions, particle size, and discharge capacity after 10 cycles for P-
type Nao.csNio.33Mno.c702 [26].

Synthesis Temperature/°C  Time/h ;zzt/lglri Cj}f)ca;gist/ynallzcﬁrg_llo
Biotemplating 550 12 124 + 21 103
Biotemplating 650 2 115+ 25 99
Biotemplating 650 5 119 £ 32 92
Biotemplating 650 12 167 + 41 87
Biotemplating 750 12 309 +98 87
Biotemplating 850 12 553 £ 253 86

Solid state 850 12 1740 £ 742 81
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As will be shown in this chapter, conventional solid state synthesis struggles with
generating low temperature phases, and requires long calcinations to complete reactions
due to the large particle sizes of the reactants [27]. However, biotemplating synthesis
mixes cathode metal cations at an atomic level via an aqueous dissolution step, allowing
lower temperature phases to be accessed and shorter calcination times to be used [28]-
[31]. In this chapter, the same calcination regimes were used for each sample to keep
calcination conditions consistent across synthesis technique.

3.2 Aims

This study is used as the basis for this chapter, aims of which are to determine the
differences in performance that arise through selection of synthesis method. The two P3-
and P2-NMMO cathode materials are generated using a solid state synthesis and a
biotemplating synthesis using dextran as the template. The performance (capacity and
cycle life) of the synthesis methods and the two phases are compared to determine
primarily effect of synthesis method on the behaviour and performance of the materials,
and the differences in performance between the two phases directly. Similarly, very little
work has focussed on the explicit differences in performance of P2 and P3 cathodes,
particularly of the same material. This can be seen in this work and the previous example
of P3-NMMO [11], in which solid state synthesis and a combustion synthesis struggle to
produce phase-pure materials.

The synthesis of the P3- and P2-NMMO via solid state and biotemplating is outlined in
greater detail in Chapter 2, Section 2.1.2. The heating protocols were kept the same
during the synthesis of each polymorph to be able to compare the method only - not
allowing changes in particle size from shorter or lower temperature calcinations. The
10% excess Na source and calcination time were the same across all samples. Although
biotemplating can reduce reaction times by at least 75% (8 h to 2 h), thus reducing the
energy costs as well as granting more control over the particle size [32], it was necessary
to compare the subtle differences in the two techniques that would have been
overshadowed by factors like reduced particle size. P3-NMMO in each case was calcined
for 20h at 580 °C, P2-NMMO was calcined for 20h at 900 °C. These temperatures were
determined via combination of HTXRD and ex situ calcinations. P3- and P2-NMMO
materials were also synthesised via biotemplating with calcination temperatures and
times closer to previous studies [26], [33]-[36] as part of a later results chapter. Data
from these materials will be compared against the results here too.

In this chapter, the sample powders are synthesised and examined by XRD three times,
examined by SEM once, and one sample powder is used to make the cathode material.
From the cathode material, three cells are made to test the discharge capacity over 50
cycles, and one is used to test the rate capability.
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3.3 Results and discussion

3.3.1 XRD
3.3.1.1 HTXRD

To determine the calcination temperatures that would generate the P3 and P2 phases at
the same temperature in both biotemplating and solid state syntheses, HTXRD was
conducted for both methods. Examining the HTXRD solid state synthesised P2-NMMO
(Figure 3-2), starting materials (most visibly MnO2 by peak height) are present in the
material up to 600 °C. The peaks associated with them progressively diminish up to this
point. P3-NMMO is visible from 500 °C and persists until approximately 800 °C. P2-
NMMO begins to appear at 700 °C and is present at least until up to 1000 °C, where the
experiment stopped. The identity of these two phases was confirmed via phase matching
[37].

Between 500 °C and 850 °C, a phase emerges and disappears that can be indexed to
Nao.44MnO:2 (space group: Pbam). This material is a known cathode material and can be
synthesised via solid state methods at 750 °C [38]. The material has a tunnel-like
structure through which Na* can migrate, leading to its electrochemical activity. Because
of this impurity phase, it is not possible to synthesis phase pure P3-NMMO via solid state
synthesis.
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Figure 3-2: The XRD patterns at each temperature with selected peaks of the phases present
highlighted, and a schematic of phases present during formation of P2-NMMO via solid state
synthesis. Major peaks associated with the P2 and P3 phases are labelled in red and blue,

respectively.

Synthesis of P2-NMMO via biotemplating follows a similar pattern in HTXRD: P3-NMMO
forms first, at lower temperatures, followed by formation of P2-NMMO and the
subsequent disappearance of the P3-NMMO phase. The phase progression is displayed in
Figure 3-3. However, there is no evidence of an impurity phase during this transition,
although there is a phase visible at 300 °C. This phase, designated as Proto P3-NMMO
shares some but not all peaks with the P3 phase, and so may be the P3-NMMO phase
before it is fully formed. In this synthesis, P3-NMMO is again visible as low as 500 °C and
is present until 800 °C. P2-NMMO appears at 750 °C and persists until the end of the
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heating protocol. The P2-NMMO is visible later in the HTXRD of the biotemplated NMMO
than in the solid state NMMO. This may be a result of the smaller intensities of the
biotemplated sample. This can be seen in the peak to noise ratio of the XRD patterns,
which are lower than in the solid state sample, which is likely to be caused by using
incorrect discriminator settings. It is likely that the presence of the impurity phase
Nao44MnO: affects the formation of the layered structures. In this case, the lack of
Nao.44MnO2 could cause the P3-NMMO to be present in the biotemplated sample in
greater proportions in the solid state one, delaying the onset of P2-NMMO formation.
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Figure 3-3: The XRD patterns at each temperature with selected peaks of the phases present
highlighted, and a schematic of phases present during formation of P2-NMMO via
biotemplating. Major peaks associated with the P2 and P3 phases are labelled in red and
blue, respectively.

HTXRD results show that synthesis of phase-pure P3-NMMO via solid state synthesis is
not possible, and so calcination conditions were chosen to minimise the unwanted
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phases: starting material and Nao.44MnO2. A calcination regime of 580 °C for 20 h was
found to achieve this and could also be used to produce phase-pure P3-NMMO via
biotemplating. For this chapter, P3-NMMO was calcined at 580 °C for 20 h, and P2-NMMO
was calcined at 900 °C for 20 h for both syntheses.

3.3.1.2 Room temperature XRD

Using the calcination parameters as determined by HTXRD, P3- and P2-NMMO samples
were generated via both solid state and biotemplating synthesis. Using XRD, these
samples were examined, and their lattice parameters determined. Phase-pure solid state
P2-NMMO and biotemplated P2- and P3-NMMO samples could be successfully
synthesised. Solid state P3-NMMO contained several impurity phases. The XRD patterns
and Rietveld refinements of each sample are displayed in Figure 3-4. Further Rietveld
detail can be found in the Appendix.
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a) Solid state P2-NMMO
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c) Solid state P3-NMMO
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Figure 3-4: XRD pattern (black), Rietveld refinement (red), background (green), and
difference pattern (blue) of P2-NMMO synthesised via (a) solid state methods, and (b)
biotemplating, and P3-NMMO synthesised via (c) solid state methods, and (d)
biotemplating. * = Nao.4¢«MnO.. Inset with a schematic of the (a, b) P2 and (c, d) P3 crystal
structure.

105



Both P2-NMMO structures refine well to the ideal P63/mmc space group, with lattice
parameters (Table 3-3) in line with previous studies [1], [5], [17], [39]. The lattice
parameters of biotemplated P2-NMMO are smaller: Aa = 0.010 A, Ac = 0.025 A. The lattice
parameters of the layered structures vary with Na content, and this difference could be
the result of 5% more Na in the biotemplated sample than the solid state P2-NMMO [40].

Similar for both P3-NMMO structures (Figure 3-4c and d), which instead refine well to
the R3m space group [21], [22], [24], [41], [42]. Table 3-3 shows the results of the Rietveld
refinement for each sample. the occupancies of the P3-NMMO synthesised via solid state
are not likely to vary too much from the single phase samples.

The elemental composition of the impurity phase was not determined, but if it can be
assumed to be Nao44MnOz, then the Rietveld refinement results suggest that the P3-
NMMO contains less than 0.67 mol Na per mole of P3-NMMO. Presence of MgO may mean
that the material contains less Mg2* than expected, but this is difficult to confirm without
knowing the elemental composition of the tunnel-like phase as it is likely that it can be
doped with Mg along with the P3-NMMO. Even if this is the case, (further) Na deficiency
should not affect the electrochemical behaviour or performance of the layered material,
as Na metal is used as the counter electrode and so beyond the first charge cycle Na
deficiency does not matter. The change in Mg content may affect the performance of P3-
NMMO. The presence of MgO suggests that the P3 phase will have less Mg than expected,
and this will be manifest in the electrochemical data as higher capacity, faster capacity
fading, and more features in the voltage profile and differential capacity plot.

Table 3-3: Rietveld refinement results from the XRD patterns of each sample.

Sample Space group a (A) c(A) Rwp (%) GOF
Solid state P2 P63/mmc 2.8885(5)  11.270(1) 6.92 1.05
Biotemplated P2 P63/mmc 2.8785(1) 11.245(2) 7.77 1.21
Solid state P3 R3m 2.8736(3)  16.835(1) 7.08 1.06
Biotemplated P3 R3m 2.8683(3)  16.824(5) 6.98 1.08

The solid state synthesised P3-NMMO impurity phases include unreacted starting
material (MgO and Na2C03) and Nao.44MnOz [38], [43], identified via phase matching. As
seen in HTXRD (Figure 3-2), the co-existence of only Nao44MnO2z and P3-NMMO is
possible. Therefore, the presence of starting material in the XRD pattern indicates that
the reaction is incomplete. Phase ratios from the Rietveld refinements show that the
phase fractions of P3-NMMO, Nao44MnOz, Na2COs, and MgO are 64%, 17%, 14%, 5%,
respectively). A schematic of Nao.44MnO2 is shown in Figure 3-5, and shows the presence
of sodium ion channels within the crystal lattice. The tunnel-type structure is a known
cathode material that operates using these channels.
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L.

Figure 3-5: Representation of impurity phase, Nao.4+4MnO2, generated in CrystalMaker X. Na*
channel highlighted.

The purpose of the XRD is primarily to determine the crystal structure of the cathodes,
which was successfully done and independent of the Na content of the material. The
lattice parameters for each cathode phase match well with previous reports of similar
materials [1], [11], [17] but the nature of these layered oxides is to have variable c and a
lattice parameters with changing sodium ion content. Variation in Na content is expected,
owing to Na volatility during calcination - this is the rationale behind the 10% Na excess.
The refinement values detailed fixed the Na content at x = 0.67, and the refinement still
fits well. When allowed to refine, the Na content refines to x = 0.43 - this is less than the
nominal value but is unlikely to reflect the real value. The Na* can migrate throughout the
interslab layer, and so their position in the sample is not fixed. The low atomic mass and
high mobility of the Na* makes its occupancy challenging to determine via Rietveld
refinement [44].
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The Na content is still likely to be higher than x = 0.43. A biotemplated sample of P3-
NMMO calcined at 700 °C for 2 h was examined with inductively coupled plasma-optical
emission spectroscopy (ICP-OES). Assuming the Mn and Mg occupancies sum to 1, the
molar ratios of the cations in the sample were 0.61 Na, 0.91 Mn, 0.09 Mg. Given the single
phase nature of the biotemplated samples (and assuming that there is no amorphous
material present), this indicates that the target stoichiometry has been achieved. Rietveld
refinement of this sample resulted in similar Na content values, and so it can be assumed
that Na content was close to x = 0.61 in the sample in this chapter. Regardless, variation
in Na content is acceptable in these experiments as the cathodes will be cycled vs. an
“infinite” source of sodium.

The sodium layer in layered oxide materials is necessarily going to allow a large degree
of sodium freedom - if sodium ions were not free to move throughout the layer, or if the
activation energy for sodium diffusion was higher it would make layered oxides
unsuitable for battery materials. Therefore, it can be assumed that sodium ions,
particularly in sodium-deficient materials, are in any one position within the layer.
Another consideration is the mass of the sodium ion: it is a lightweight element and thus
its scattering factor will be low. These factors contribute to the errors in the Rietveld and
mean that refined values obtained for sodium content are unlikely to be reliable, so Na
content was not refined.

From these results, biotemplating synthesis can be used to produce phase-pure P3- and
P2-NMMO, whereas solid state synthesis only produces phase-pure P2-NMMO. Both
synthesis methods produce the ideal crystal structures of the P3 and P2 phases: R3m and
P63/mmc, respectively.

3.3.2 SEM

While the XRD results reveal the crystal structure of the cathode materials, which
determine the phase transitions they will undergo and so the shape of the voltage curves,
it can only hint at particle shapes and sizes. SEM can reveal this information which has
consequences for the capacity and cycle life of the material [21], [26].

SEM images of solid state P2-NMMO are displayed in Figure 3-6. The average size of the
particles here is 2.71um #* 2.27 pm, typical of the P2 phase [21], [45], [46]. The sample is
made up of 2 populations of crystallites: the larger population (> 1.0 um) are plate-like
particles with a thickness of approximately 1.0 um, with the average longest dimension
measuring 3.69 pm * 2.04 pm. The second is smaller particles (< 1.0 um) dispersed on
the surface of larger particles with an average size of 0.45 pm * 0.22 pm, giving them a
rough appearance - seen in work on similar materials [13], [47], [48]. Solid state P2-
NMMO does not appear to have any other major features with respect to shape and
appear as rounded plate-like particles.
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Solid state
P2-NMMO

Figure 3-6: SEM image of P2-NMMO synthesised by solid state.

Biotemplated P2-NMMO (Figure 3-7) is similar the solid state sample: it is made up of
two population sizes with sizes 0.48 pm * 0.20 um and 3.39 um * 2.04 pm, with an overall
average size of 2.00 um * 2.07 um. Unlike solid state P2-NMMO, however, there are clear
examples of particles with sharply faceted crystallites with clearly defined, measurable
angles of 120°. Since both P2-NMMO samples underwent identical calcination procedures
and processing post-calcination: grinding in an agate pestle and mortar and drying at 120
°C in a vacuum. This suggests that biotemplating promotes growth of particles in this
fashion. There is also evidence of the crystal structure growing in layers: steps in the
particle surface with the same hexagonal angles. Like the solid state sample, it is covered
in smaller particles/growths but has a generally smoother surface. In neither sample is
there any evidence of a secondary crystalline phase in the XRD results, these particles are
unlikely to be an impurity or secondary phase but are in fact P2-NMMO.

The origin of the smaller (<1.0 um) particles in the two samples is unclear. It could be
caused by grinding of the sample breaking the particles up, but this is unlikely given the
forces used in hand grinding. It could be new crystallites forming on the surface of the
particles, although there should not be many new crystallites growing after 20 h. It has
been proposed that they are particles of NaOH/Na.COs3 forming on the surface as Na is
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expelled from the structure during exposure to air [48]. There is no evidence of any
impurities in the XRD patterns of either biotemplated or solid state samples. Again, given
the availability of Na in the electrochemical test is practically unlimited, the effect of these
imperfections on the surface should be limited to increased resistance on the cell. In
future, this can be combatted by greater vigilance in reducing contact of the sample with
air. The larger lattice parameters of solid state P2-NMMO was suspected to be a result of
varying Na content. The formation of less NaOH/Na.COs3 on the material surface could
indicate better air stability of the biotemplated sample, possibly related to morphology
of the particles formed.

The sizes of the P2-NMMO samples are in line with previous studies [1], [21], [48]-[51].
The average size of the biotemplated P2-NMMO is smaller than solid state P2-NMMO but
due to error overlap this difference is unlikely to be meaningful. The hexagonal shape of
the biotemplated P2-NMMO plates here has been observed in other materials [18], [52]-
[57]. None mention the effect that hexagonal shape has specifically, but suggest instead
that regular morphology contributes to excellent electrochemical performance [18],
which is the case for biotemplating P2-NMMO rather than using solid state synthesis [26].

Biotemplated
P2-NMMO

Figure 3-7: SEM image of P2-NMMO synthesised by biotemplating.
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P3-NMMO samples are both approximately an order of magnitude smaller than P2-
NMMO. In both instances the particles are less well-defined than the P2-NMMO. The solid
state P3 phase (Figure 3-8) had an average of 0.36 um * 0.30 pum. From the XRD, it
contains several impurities: Nao44MnO2, Na2C03, Mg0. Nao44MnO2 generally takes the
form of nanorods or nanowires [58], but it can also form nanofibres and nanoribbons
[59]. There are fibre-like structures in the solid state P3-NMMO with lengths of 1-2 pm,
whereas Nao.44MnO:2 typically has lengths of 5-10 pm [60]-[63]. The fibres are also
present in the biotemplated P3-NMMO sample (Figure 3-9) so it is more likely that is
some impurity picked up post-calcination.

Solid state
P3-NMMO

Figure 3-8: SEM image of P3-NMMO synthesised by solid state.

Biotemplated P3-NMMO (Figure 3-9) has an average crystallite size of 0.21 pm = 0.11 pm.
The size of these particles (and those of solid state P3-NMMO) is in line with other P3
materials synthesised via biotemplating and sol-gel methods [22], [26]. They show the
same fibres as the solid state P3-NMMO, but the XRD pattern of the biotemplated P3-
NMMO shows no evidence of any impurity phases, nor does the HTXRD. This suggests
that the identity of these fibres is not Nao.44MnOz, or the other impurities present in solid
state P3-NMMO. As will be shown in the electrochemical examination of the P3 materials,
there is no evidence of Nao.44MnOz2 in biotemplated P3-NMMO, yet there is in solid state
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P3-NMMO. Further, the fibres do not appear to be separate from the other particles in
either sample, and in fact seem to grow from other particles. The fibres then are most
likely a different polymorph of P3-NMMO, perhaps made possible by the relatively low
calcination temperature and/or longer calcination time. Indeed, this morphology is
absent from the biotemplated P3-NMMO samples synthesised at 650 °C for 2 h, shown in
later chapters.

Biotemplated
P3-NMMO

Figure 3-9: SEM image of P3-NMMO synthesised by biotemplating.

Figure 3-10 shows a clear difference in particle size between the P3- and P2-NMMO
samples. As expected, higher the calcination temperature generates larger particles. If
particles <1.0 pum in the P2-NMMO samples are indeed NaOH/Na:COs3 [48], the average
size of solid state P2-NMMO sample is 3.686 pm, with the biotemplated P2-NMMO 0.3 pm
smaller. The thickness of the plates varies between particles, but both samples have plate
thickness between 0.5-1 pm. The size difference is small compared to the range of particle
size which leads to large errors in determining the average size. As such the two samples
can be considered to be the same size. However, the morphology is different: both have
plate-like particles but the biotemplated P2-NMMO particles have sharply defined facets
absent in solid state P2-NMMO. The solid state P2-NMMO particles are rounded, with
angles that are much less well-defined. The difference in particle morphology is likely to
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be a direct result of the synthesis method used. The effect of morphology on performance
could be to improve Na* storage performance, seen in a study by Lee et al. [18]. This study
only remarks on the regularity of the particles and does not decouple the effect of
morphology from other differences between the materials studied, such as size and
charge-transfer resistances. Other studies into morphology note more significant
differences between two samples than the existence of facets on similarly sized plates
[64]-[67].

SEM reveals few size or morphological differences between solid state and biotemplated
P3-NMMO. P3-NMMO have much smaller particle sizes overall, approximately an order
of magnitude smaller than the P2 phase. The sizes have a smaller spread than P2-NMMO.
Again, the solid state synthesis yields a wider spread of particle sizes than biotemplating,
as well as a smaller average size. Both contain a fibre- or ribbon-like phase that, given the
absence of impurities in the XRD pattern of biotemplated P3-NMMO, is likely to be a
different morphology of the P3 phase. It is notable that this morphology is generated via
both synthesis methods but isn’t present in later examples of biotemplated P3-NMMO
calcined at 650 °C for 2 h, rather than 580 °C for 20 h, nor is it present in the P2-NMMO
samples which were calcined at 900 °C.
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3.3.3 Electrochemistry

This section investigates and compares the electrochemical properties of the four
samples. Galvanostatic cycling using a C-rate of (37 mA g'1), and a voltage range of 1.5 -
4.0 Vvs Na/Na* was used to test the discharge capacities of each material. Discharging to
1.5 V allows the P3-NMMO cathodes to undergo the (reversible) P3<03 phase transition
[68], enhancing its specific capacity. The P3<03 transition can be recognised by the
characteristic long plateau in the voltage profile. An upper voltage limit of 4.0 Vvs Na/Na*
is applied to improve the cycle life of the material by avoiding (irreversible) P2<02
phase transition.

Several other electrochemical tests were conducted, including a rate capability test to
observe the performance of the materials at different C-rates: C/10, C/5, C/2, 1C, 2C, 5C.
Solid state P2-NMMO was tested with different voltage ranges; 1.5 - 3.8 V vs Na/Na* and
2.0 - 4.0 Vvs Na/Na*, and at 0.05C as well as C/5 in these voltage ranges to provide a
baseline.

3.3.3.1 Determining the voltage range

To determine an optimal potential window for both phases, solid state P2-NMMO and
biotemplated P3-NMMO were examined under different conditions. These two were used
as an initial exploration into the experimental parameters as they were available and gave
sufficient insight into the performance. For solid state P2-NMMO, three voltage ranges
were tested: 1.5 - 3.8 Vvs Na/Na*, 2.0 - 4.0 Vvs Na/Na*, and 1.5 - 4.0 V vs Na/Na*. The
poor performance of the 1.5 - 3.8 V range in solid state P2-NMMO meant that it was not
used when testing the biotemplated P3-NMMO. Thus, for biotemplated P3-NMMO, only
two voltage ranges were tested: 2.0 - 4.0 V and 1.5 - 4.0 V. Unless stated otherwise, a
current of C/5 was used and cells were cycled 50 times, and the voltage measured vs
Na/Na*.

Solid state P2-NMMO delivered a capacity of 93 mAh g1 initially when cycled between 1.5
- 3.8 V (Table 3-4). The capacity drops to 83 mAh g1 by the 10t cycle, and then falls to
71 mAh g1 after 50 cycles, displaying a lower capacity retention when compared with the
other examined voltage ranges but only marginally. For every cycle the capacity is lower
than the cells cycled between 2.0 - 4.0 V and 1.5 - 4.0 V. This would be expected initially
as the voltage range is narrower, and wider voltage range can extract more Na* which
leads to higher capacity. What can be seen here is that increasing the upper voltage limit
(1.5 -4.0 V) increased the capacity while also increasing capacity retention. Below 1.9V,
the potential of the cell falls rapidly with respect to capacity; more rapidly than when the
potential was >1.9 V. This may be indicative of an ordering step within the cathode [69],
[70].

The cell cycled between 2.0 - 4.0 V (Table 3-4) avoids this step. It delivers an initial
capacity of 125 mAh g1, falling to 113 mAh g1 after 10 cycles. This is a greater drop in
capacity than when cycled between 1.5 - 3.8 V, but after 50 cycles the capacity remains
at 100 mAh g1: 29 mAh g1 higher than 1.5 - 3.8 V. There is no apparent difference in the
electrochemical processes in these cells beyond avoiding the voltage drop present in the
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1.5 - 3.8 V cell. This confirms that raising the upper voltage limit from 3.8 V to 4.0 V
increases the capacity of the material by approximately 20 mAh g-1. There is little obvious
performance difference between the 2.0 - 4.0 V and 1.5 - 4.0 V potential windows. The
similar levels of capacity fading also suggest that no additional degradation occurs
between 1.5 V and 2.0 V. The reason for the lower capacity of solid state P2-NMMO when
cycling between 1.5 - 3.8 V compared to 1.5 - 4.0 Vor 2.0 - 4.0 V is that the upper voltage
limit was lower. Little capacity can be extracted below 2.0 V due to the voltage drop at
this point, but can be extracted above 3.8 V.

It has been mentioned that there are two Na sites in P2 phases, and Na ions are extracted
from the structure at different potentials as a result. The Na ions extracted from the edge-
sharing site at higher potentials may have a higher overpotential associated with it and
extraction may be incomplete when charging to 3.8 V. This would mean that stopping
charge causes lower capacity on the subsequent discharge step and following cycles.

Extending the voltage range to 1.5 - 4.0 V does not lead to a significant drop in capacity
retention. Capacity retention in the 1.5 - 4.0 V range was 3% lower than in the 2.0 - 4.0
V range, which is too small a difference to be meaningful. Performance of different cells
is affected by binder distribution, electrolyte penetration, and cell pressure. Thus a +5%
variation in capacity retention is allowed for variation between cells.

Table 3-4: Discharge capacities of solid state P2-NMMO cycled at C/5 in different voltage
ranges.

Voltage range Discharge capacity/mAh g Capacity retention
(vs Na/Na*) 1st cycle 10t cycle 50th cycle after 50 cycles
1.5-3.8V 93 83 71 76%
1.5-4.0V 124 110 95 77%
2.0-40V 124 112 101 80%

Cycling the biotemplated P3-NMMO between 2.0 - 4.0 V vs Na/Na* yielded a capacity of
70 mAh g-1. While the capacity over the 50 cycles (shown in Table 3-5) remains steady,
even when cycled at C/5, the capacity is far lower than expected of this material. The
reason for this is the that much of the capacity in P3-NMMO is extracted below 2.0 V,
during Mn3+/Mn#* redox [5], [11], [71]. This redox couple is associated with a voltage
plateau that is indicative of a phase transition [69], [70], [72], likely of P3<03 [19], [73]-
[75]. Other P3- Naos7Mn1-xMgx02 (0 < x < 0.33) materials exhibit higher capacity than
biotemplated P3-NMMO cycled between 2.0 - 4.0 V, even when the lower voltage limit is
2.0 V. It's possible that the cells used here had a high internal resistance that lowered the
potential at which Mn3*/Mn#* redox occurred during discharge. NaOH/Na.COs is thought
to cover the surface of the P2-NMMO particles, the same is likely to be true for P3-NMMO,
but not seen in the SEM analysis because of the similarity in size and morphology between
P3-NMMO and NaOH/Na.COs.
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Biotemplated P3-NMMO delivers over 140 mAh g1 when cycled between 1.5 - 4.0 V vs
Na/Na*. The capacity fades over 10 cycles to 135 mAh g-1. Compared to the 2.0 - 4.0 V vs
Na/Na* cell the capacity fading is much more severe in this case but even after 50 cycles
the cell is still able to deliver over 100 mAh g1 at C/5. Of the voltage ranges tested, 1.5 -
4.0 V vs Na/Na* allows the maximum capacity to be extracted from both P2- and P3-
NMMO without risking electrolyte degradation or irreversible P2<02 phase transitions.
As such this voltage range was used throughout the rest of the work. Although the
capacity is higher when cycled in this voltage range, the capacity retention is much lower
(73%) than when cycled between 2.0 - 4.0 V vs Na/Na* (94%). Again, this is evidence of
the suppression of a phase transition when the voltage limit is raised to 2.0 V; fewer
defects in the cathode will appear as a single phase is maintained.

Table 3-5: Discharge capacities of biotemplated P3-NMMO cycled at C/5 in different voltage
ranges.

Discharge capacity/mAh g1

Voltage range Capacity retention

(vs Na/Na*) 1st cycle 10t cycle 50th cycle after 50 cycles
1.5-4.0V 142 133 103 73%
20-40V 72 70 68 94%

3.3.3.2 Galvanostatic testing
P2-NMMO

The results from galvanostatic testing of both solid state and biotemplated P2-NMMO are
displayed in Table 3-6. After 10 cycles, 110 mAh g! and 119 mAh g1 can be extracted
from each material, respectively. At the end of 50 cycles, this falls to 95 mAh g1 and 98
mAh g1, respectively. This difference in capacity is unlikely to be meaningful, as a
variation of 5 % is allowed for changes in cell construction parameters. This is lower
than previous reports (Table 3-1), which use different electrolytes, voltage limits,
synthesis techniques, and often lower discharge currents which accounts for some of the
differences. From cycle 20 to cycle 50 biotemplated P2-NMMO loses 10 mAh g1 of
capacity, whereas solid state P2-NMMO loses 15 mAh g1, showing better stability at
discharge rate of C/5 when using biotemplating synthesis here. The difference is again
not large but suggests that biotemplated P2-NMMO may stabilise after 20 cycles. Cycling
beyond 50 cycles may yield higher capacity retention. This correlates with a plateau
which is visible in the voltage profile of biotemplated P2-NMMO that slowly shortens
until it is barely visible after 20 cycles.

Table 3-6: Discharge capacities of solid state and biotemplated P2-NMMO over 50 cycles at
C/5 between 1.5 - 4.0 Vvs Na/Na*.

P2-NMMO Discharge capacity/mAh g Capacity retention

sample Istcycle 10th cycle 50t cycle after 50 cycles
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Solid state 124 110 95 77%
Biotemplated 134 119 98 73%

The voltage profiles and differential capacity graphs (Figure 3-11) reveal more features
of the voltage profile. With respect to peak position, both P2-NMMO samples are similar,
with three redox pairs: 2.1/2.2 V, 2.7/3.0 V, and 3.1/3.5 V vs Na/Na*. The first two
correspond to the extraction of Na* from the crystal structure. There are two Na*
environments in the P2 crystal: one edge-sharing and one face-sharing with the MeO2
octahedra [76]. Na* extraction is accompanied by Mn3+ oxidation to Mn** [47], and Jahn-
Teller distortions [17]. The first redox pair, 2.1 V/2.2 V, is barely visible absent in the
voltage profile of solid state P2-NMMO and is clearer in biotemplated P2-NMMO but
disappears after 20 cycles. in the differential capacity plot this can be seen as the
oxidation peak of this redox pair is greatly attenuated in the solid state P2-NMMO,
compared to biotemplated P2-NMMO. Both shift to higher potentials (2.2 V to 2.4 V).
Shortening of the plateau is observed in Nao.s7Mno.gsaMgo.1102 [5] and is attributed here to
Mn?+ dissolution [4], [6], [77] into the electrolyte following Mn3+ disproportionation. The
oxidation peak in both samples at 3.5 V is known to be caused by the P2<0P4 phase
transition [1], [25], [78]. Below 1.9 V, the potential of the cell falls rapidly with respect to
capacity; more rapidly than when the potential was >1.9 V. This may be indicative of an
ordering step within the cathode [69], [70].
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Figure 3-11: Galvanostatic cycling of P2-NMMO synthesised via (a) solid state methods, and
(b) biotemplating. The plateau at the top of each charge step is when the cell was held at a
constant voltage. Differential capacity plots of P2-NMMO synthesised via (c) solid state
methods, and (d) biotemplating. Line colour shifts from yellow to green to blue as cycle
number increases. Cycled at C/5 between 1.5 - 4.0 V vs Na/Na* for 50 cycles.
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P3-NMMO

The capacity of solid state and biotemplated P3-NMMO is shown in Table 3-7. The solid
state P3-NMMO exhibits 93 mAh g1 after 10 cycles, and 89 mAh g1 after 50 cycles.
Conversely, biotemplated P3-NMMO displays 133 mAh g1 and 103 mAh g1 after 10 and
50 cycles, respectively. The extra capacity in the biotemplated P3-NMMO is due to the
presence of a voltage plateau at 2.1 V. The redox couple corresponding to it is apparent
in the voltage profiles and differential capacity graphs of both materials (Figure 3-12) but
the intensity of the 2.1 V/2.2 Vredox peaks in the solid state P3-NMMO are approximately
10-20% the intensity of the peak in the biotemplated P3-NMMO sample. This pair is
associated with the P3<03 phase transition [19], [73], [79], [80]. The capacity of the solid
state P3-NMMO will be lower than the other samples in this chapter naturally, as it
contains several impurity phases, but the theoretical capacity was not adjusted, and
neither was the C-rate used.

Table 3-7: Discharge capacities of solid state and biotemplated P3-NMMO over 50 cycles at
C/5 between 1.5 - 4.0 Vvs Na/Na*.

P3-NMMO Discharge capacity/mAh g Capacity retention
sample 1st cycle 10t cycle 50t cycle after 50 cycles
Solid state 94 93 89 95%
Biotemplated 142 133 103 73%

The presence of a smaller peak in solid state P3-NMMO suggests that the transition occurs
but to a lesser extent than the biotemplated P3-NMMO. The high capacity retention could
be a result of this, as there would be less structural degradation. The suppression of the
P3e03 transition may be caused by the presence of Nao.44MnOg, akin to the suppression
of P2&02 or P2 0P4 transitions in biphasic intergrowth structures [21], [46], [81], [82].
The presence of secondary phases suppressing phase transitions and improving capacity
retention is well known and forms the basis of Results 3.

The initial measured discharge capacity of biotemplated P3-NMMO (142 mAh g1)
compares well with other P3 materials [11], [19], [83], due to the relatively low molecular
mass of the cathode and the optimised voltage range. However, its capacity is lower than
that of previously reported P3-NMMO materials (Table 3-1). The P3-NMMO tested here
are cycled at C/5, whereas the others are tested at C/10 or lower, and still exhibits
comparable capacity retention on a per cycle basis. The capacity retention of P3-
Nao.s7MnosMgo202 [15] is much higher (97% after 25 cycles) but also includes an
additional 10% Mg doping which improves capacity retention.

The voltage plateau gradually fades over 25 cycles, resulting in a drop in capacity and
appears instead as a slope due to degradation within the cathode. Full cell degradation
can be ruled out as it is not replicated in the solid state P3-NMMO samples. Degradation
of the cathode leads to increasing internal resistance and higher overpotentials for
electrochemical processes [84], [85], and decreasing capacity. The 2.1 V/2.2 V redox pair
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in biotemplated P3-NMMO becomes increasingly polarised throughout cycling (Figure
3-12d). Capacity fading could also be due to Mn2* dissolution, as with P2-NMMO. Since
the capacity fading is more pronounced in the biotemplated P3-NMMO it is more likely
that it arises from degradation from the P3<03 transition. The particle sizes of the two
P3-NMMO samples are comparable, and so more rapid degradation owing to this is
unlikely. The high capacity retention then likely comes from the impurity Nao.44MnOz2
phase suppressing phase transformations in solid state P3-NMMO.

The result is a reduction in capacity and a change in the discharge curve from plateau to
slope, after which the capacity becomes stable. The P3<03 transition is reportedly
sluggish and there is a great deal of strain between the two phases [41]. This strain will
cause the loss of active material and the increased internal resistance will increase the
overpotential of any phase change. This manifests itself as increased polarisation, which
can be observed in the differential capacity graph in Figure 3-12d. As seen in
investigations into Naos7MnOz2 [47], the smoothing of a voltage profile and reduction of
capacity can be caused by the growth of a passivating layer on the surface of the electrode.
The P3 and 03 structures have different unit cell sizes since the Na layers have different
spacing. This mismatch causes the strain on the cathode material. If the strain between
P3 and O3 structures causes cracks in the material this would provide a larger surface
area for any passivating layer to form and worsen any overpotential increases. Increasing
the overpotential means that less capacity is extracted from the cathode before the
voltage cut offs (both upper and lower) are reached.

Solid state P3-NMMO undergoes several additional redox processes compared to
biotemplated P3-NMMO, seen in the differential capacity graph (Figure 3-12c). It is
suggested that the cause of these redox process is the impurity phase, Nao44MnO2. Its
crystal structure contains Na* channels, shown in Figure 3-5, and so Na* diffusion through
the crystal may be possible, utilising the Mn3+/Mn#* redox. The average oxidation state of
the Mn in the material should be +3.42. Excluding impurity phases, there are few
differences between solid state and biotemplated P3-NMMO, so it is possible that the
impurity phase undergoes several redox processes while supressing the P3<03
transition.

Suppression of phase transitions is a common tactic [41], [86]-[93] for improving
capacity retention. Often this is accomplished through doping the transition metal layer,
by stabilising the prismatic sodium ion environment. It is also prevalent in cathodes
dependent on the Mn3*/Mn#** redox couple, where Jahn-Teller activity leads to
distortions, cracks, and capacity fading. Here the capacity retention of the solid state P3-
NMMO is very high, indicating that phase transitions are being suppressed. It is possible
in that case that the impurities are stabilising the prismatic structure from outside the
cathode structure, rather than within. This could be via preventing contraction of the unit
cell, by increasing the structural rigidity of the cathode if it is dispersed throughout the
sample. Operando XRD would be used to confirm the phase progression of the sample,
including any changes in the lattice parameters of either layered or tunnel structure, and
how it compares with the biotemplated P3-NMMO sample [94], [95].
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Given that there is only 64% P3-NMMO (and 17% Nao.44MnO2 that appears redox active)
in the cathode due to impurities, the capacity per unit mass of active material of solid
state P3-NMMO (and Nao.44MnO2) is 116 mAh g1
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Figure 3-12: Galvanostatic cycling of P3-NMMO synthesised via (a) solid state methods, and
(b) biotemplating. The plateau at the top of each charge step is when the cell was held at a
constant voltage. Differential capacity plots of P3-NMMO synthesised via (c) solid state
methods, and (d) biotemplating. (e, f) show the differential capacity plots on the same y-axis
scale. Line colour shifts from yellow to green to blue as cycle number increases. Cycled at
C/5 between 1.5 - 4.0 Vvs Na/Na* for 50 cycles.

A comparison of all four cathode materials is displayed in Figure 3-13. It shows that
biotemplated P3-NMMO delivers a greater capacity than both P2-NMMO samples, as well
as solid state P3-NMMO. P2 phases have either been shown to outperform P3 phases [83],
[96], or the capacity decay of P3 phase is such that it falls below the P2 phase after 15
cycles [11]. In these studies, the lower voltage cut-off is 2.0 V which inhibits the P3<03
transition and much of the capacity of the P3 phase. This highlights both the importance
of the selection of voltage limits to optimise performance, and the use of synthesis
methods to control material production.
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Figure 3-13: Discharge capacity and cycle efficiency of all four samples. Cycled between 1.5
-4.0Vat C/5 for 50 cycles.

The average discharge capacity of the last cycle of the three cells tested for each sample
was taken. The average and standard deviation can be seen in Table 3-8. It shows that the
spreads of capacities do not overlap with each other. Thus, the differences in capacity
shown here (particularly that biotemplated P3-NMMO displays the highest capacity and
solid state P3-NMMO the lowest) are significant. Biotemplated P2-NMMO has a higher
capacity than solid state P2-NMMO and, although the difference is small, the errors do not
overlap.

Table 3-8: Average discharge capacity of the 50t cycle of each sample and the standard
deviation.

Average 50t discharge capacity =~ Standard deviation

Sample (mAh g) (mAh g)
Solid state P2-NMMO 94.3 2.3
Biotemplated P2-NMMO 99.5 1.6
Solid state P3-NMMO 88.2 2.4
Biotemplated P3-NMMO 107.7 3.5

The cycle efficiencies of all four samples are approximately equal and follow the same
trend; starting at 95% initially, it falls steadily until cycle 30. At this point, the efficiency
increases and remains steady (with some fluctuations) at 95%. Most capacity
degradation is seen in the first 30 cycles, leading to lower efficiencies. The likelihood of
Mn2* dissolution from the cathode into the electrolyte has been discussed and could be
the cause of low (<98%) efficiencies [97]. Both P2-NMMO samples have a lower capacity
than biotemplated P3-NMMO.

However, these results show the biotemplated P3-NMMO sample exhibits the highest
initial capacity of the four samples examined. Here the differences between the
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biotemplating and solid state syntheses are more apparent. Solid state generates
impurities in the material that suppress the phase transitions that would otherwise
occur. While this leads to a much improved capacity retention, the initial capacity is 48
mAh g1 lower. Further cycling may reveal that the capacity of biotemplated P3-NMMO
continues to fall after 50 cycles to below solid state P3-NMMO. In the test procedure used
here, however, the biotemplated P2-NMMO outperforms solid state P3-NMMO.

Biotemplated P3-NMMO also delivers a higher capacity than both P2-NMMO samples.
This may be a result of the smaller particle size of the P3-NMMO; this is a phenomenon
that has been observed before [26] when comparing biotemplating against solid state
synthesis. Smaller particle size means that more Na* can be inserted into/extracted from
the layered structure at a given C-rate. It can also harm capacity retention of this material
by allowing more Mn?* dissolution, although the capacity retention of the biotemplated
P3-NMMO is similar to the P2-NMMO samples. It is possible that P3-NMMO is less
susceptible to Mn?* dissolution than P2-NMMO. Mg?2+ dissolution occurs through
migration via the Na layer. In P2 phases, there are Na sites with lower energy than the Na
sites in P3, because they are edge-sharing on both sides. This may make it easier for Mn2*
to migrate into the Na layer and dissolve into the electrolyte. As will be discussed in
greater depth in later chapters, the capacity retention of biotemplated P2-NMMO when
calcined for only 2 h, with a particle size of 0.54 um * 0.55 pum, has an initial capacity of
147 mAh g1 (higher than when calcined for 20 h), but a retention of only 63% after 50
cycles with the same test parameters. Here the P2-NMMO both have the same particle
size, and so their performance is similar, with any differences between it and the solid
state P2-NMMO indistinguishable from variation between like cells.

3.3.3.3 Rate capability

Finally, the rate capability of each material was tested, and the results are displayed in
Figure 3-14. These results further highlight the higher capacity of the biotemplated P3-
NMMO cathode. As with cycling at C/5 (37 mA g1), it displays capacities that are higher
than each of the other samples at each C-rate.

All four samples do exhibit a steep capacity drop as the C-rate is increased. The high
polarisation of the cells and how that implies a high internal resistance has been
discussed and manifests here as poor performance at high C-rate. For each phase, the
biotemplated cathodes perform better than their solid state counterparts. Both
biotemplated NMMO cathodes deliver approximately 40 mAh g1 at 5C, compared to 10
mAh g1 and 20 mAh g1 for solid state P3- and P2-NMMO, respectively. These capacities
at 5C signify a large drop off in performance overall [17], [39], [98], but there are studies
with similar rate capabilities [46], [99]. All four samples recover their initial capacity
when cycling again at C/10 after the rate capability test, indicating that the capacity loss
at high current is not due to material degradation. This shows the materials stability at
high C-rates and suggests that that the drop in capacity results from a relatively high
internal resistance [88], which can be improved with further development and
optimisation.
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When comparing between phases, it can be argued that in the case of P3-NMMO the
smaller particle sizes [26], [69], [100] of the biotemplated material improves its
performance over the solid state sample. The smaller particle size means that sodium
ions have more surface area from which they diffuse into the cathode. This is the same
reason for its higher capacity overall. In the case of solid state P3-NMMO, the presence of
a secondary phase forming an intergrowth would be thought to improve rate capability
[92], especially Nao.44MnO2 with reportedly high rate capability [63], [101]. This does not
happen here, as the capacity of the two solid state samples becomes lower than the
biotemplated samples as the current is increased. There are visible impurities in the solid
state P3-NMMO from the unreacted starting material. As mentioned when discussing the
growths on the P2-NMMO particles, this can lead to increased internal resistances [48].
This becomes more detrimental at higher C-rates, as the overpotential that drives the
processes in the cell is a product of the current and the resistance [69], [85].
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Figure 3-14: Discharge capacity graph of all four samples. Cycled between 1.5 - 4.0 V at a
given C-rate as marked on the graph for 5 cycles each.

For P2-NMMO, the biotemplated cathode again exhibits higher capacity than solid state
P2-NMMO at high C-rates. Since the particles of both P2-NMMO samples are almost
identical, the particle size is unlikely to be a factor in the improved performance. The
main difference between the two P2-NMMO samples is the faceted appearance of the
biotemplated P2-NMMO, compared to the rounded plates of solid state P2-NMMO. These
facets could expose a face in the crystal structure that facilitates faster Na* extraction and
insertion. The faceted particles are also likely to have greater surface area than round
particles of the same size, leading to faster Na* extraction and insertion. A proposal for
the confirmation of this hypothesis is discussed in 3.5 Further work.

3.4 Conclusion

The results here indicate that the P3-NMMO cathode material can outperform its P2
counterpart with respect to discharge capacity. This is the opposite to most research into
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P3 cathodes, in which they are typically shown to have lower capacities than the P2
equivalent [11], [96]. For P-type Nao.s7Mn1-xMgx02 (0 < x < 0.33), the capacity of both P3
and P2 phases ranges from typically 150-200 mAh g-1, with higher capacity resulting from
the activation of O redox by higher Mg?* content. The biotemplated materials presented
here display a capacity of up to 150 mAh g1 when cycled at C/10, which compares well
with the previous studies summarised in Table 3-1. Beyond that, the capacity retention
of biotemplated P3-NMMO means that even after cycling at C/5 its capacity remains
higher than the P2-NMMO, regardless of the P2 synthesis method. The likely reason for
this is the high surface area of the P3 material, and due to the likely resistance to Mn2*
dissolution of the P3 phase.

All four materials studied showed rapid capacity fading from increasing C-rate, but a good
capacity recovery after cycling again at C/10. This shows all four materials did not suffer
structural degradation at high currents and suggests that poor rate capability is a result
of high internal resistance. The two biotemplated samples displayed 10-15 mAh g1
higher capacity at high (5C) currents than the solid state samples. Biotemplated P3-
NMMO likely displays better rate capability because of its lower particle size and higher
surface area than the P2-NMMO. Solid state P3-NMMO also has a higher surface area but
may be encumbered by high resistance from unreacted starting material in the cathode.
The faceted appearance of biotemplated P2-NMMO likely increases its surface area
relative to solid state P2-NMMO, explaining its superior performance at high C-rates.

The synthesis of a high capacity material at comparatively low temperatures (580 °C for
P3 and 900 °C for P2) promises a sustainable option for large-scale energy storage.
Biotemplating means that the P3 phase can be accessed much more reliably than using
the more common solid state synthesis method. This highlights the strength of
biotemplating a technique for accessing low temperature phases, as well as its ability to
incorporate dopants into the structure.

The results for biotemplated and solid state P2-NMMO cathodes being similar indicate
that the biotemplating synthesis returns generally the same characteristics as the solid
state material. There are some differences between the two, such as the presence of a
prominent voltage plateau, that have not been fully explored yet. The differences between
the two cathodes tend to favour biotemplating as the synthesis method, owing to the
slower degradation of the cell and resultant slower capacity fade.

The initial capacities of the two biotemplated NMMO phases (P3: 142 mAh g1, P2: 134
mAh g1) rank low in comparison with the capacities of previous work into NMMO
(detailed in Table 3-1). All samples tested, in particular solid state P3-NMMO, compare
well with the literature with respect to capacity retention — with some exceptions where
authors have achieved excellent capacity retention. The average here (not counting
exceptions already mentioned) is approximately 0.5% capacity loss per cycle, while in the
literature is approximately 1% per cycle.

However, the aim of the study was to compare them against the solid state P2-NMMO
under the same conditions, where they perform favourably. This is on top of further
benefits to using biotemplating, such as reduced processing time, and (shown in later
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chapters) reduced calcination time. This chapter also details the differences in
performance of the P2 and P3 phases of the NMMO material, while direct comparisons of
between phases are rare. The reasons for the lower capacity could be caused by several
factors, such as the cathode material being exposed to water or Oz in the air during
processing or characterisation. These imperfections and sources of error in cell
production mean that the focus of this chapter (and later chapters) is comparison to the
samples tested, rather than previous work. However, it must be recognised that
improvements can be made in the cell production process, as proven by the literature
discussed.

There are additional benefits to the biotemplating synthesis. These include easier
synthesis with fewer steps to produce a phase pure product - particularly useful in
producing P3-NMMO. It also allows the cathode material to be produced faster, calcining
for only 2 h, rather than the 20 h needed here and with a faster ramp rate (10 °C min-1
rather than 5 °C min-1), which will be shown in the next two chapters. Including the time
taken for the furnace to reach temperature and cool, a P2-NMMO at 900 °C would take
one third the time to calcine. This allows for faster prototyping and testing, which can be
invaluable at the laboratory stage, and mean significant cost savings at larger scale
production.

3.5 Further work

There are two main causes of poor performance in this work: Mn?+* dissolution leading to
capacity fade; and high internal resistance meaning lower capacity, particularly
pronounced at high C-rates.

Strategies to prevent Mn?+* dissolution could be increasing the particle size of the P2-
NMMO phase with higher calcination temperatures, coating the particles with a
conductive additive, or the use of electrolyte additives. However, there is also an
argument for reducing the particle size of the biotemplated materials as this will increase
the available Na* in the material that can be reversibly inserted and extracted. Coating
the material in this case may lead to higher, more stable capacities. Electrolyte choice can
also impact capacity fading. lonic liquids have been used with great success to minimise
Mn2+ dissolution [6], as has the electrolyte additive fluorinated ethylene carbonate (FEC)
[102]. These could be tested independently and should improve the capacity retention of
the all materials (except maybe solid state P3-NMMO).

High internal resistance may be caused by NaOH/Na.CO3 impurities arising from contact
with air. Work can be done to ensure minimal contact between cathode materials and air,
as this is likely to have increased the internal resistance of the cells. This could be
investigated for P2-NMMO using SEM, determining how many outgrowths appear on the
particle surface after different exposures to air. This could be corroborated by testing
these materials electrochemically to see if capacity or rate capability is increased. Coating
the particles with carbon [103] or Al203 [53], [104] could also reduce the internal
resistance.
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The reasons for biotemplated P2-NMMO having a higher capacity at elevated C-rates than
solid state P2-NMMO must be proven. To confirm that biotemplated P2-NMMO has a
higher surface area than solid state P2-NMMO nitrogen sorption can be used. More
complex analysis is needed to confirm the difference in exposed crystal faces of the
faceted biotemplated P2-NMMO particles, compared to the rounded particles of solid
state P2-NMMO. TEM could be used to confirm this and would reveal whether the
exposed faces of the biotemplated P2-NMMO particles are perpendicular to the Na*
channels in P2-NMMAO. if this is the case it could lead to faster Na* diffusion into the crystal
structure at higher C-rates, and thus higher capacity.
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4 Ca-doped P3- and P2-Nao.67-2xCaxMno.oMgo.102

4.1 Introduction

In this chapter, NMMO is doped with Ca%* with the aim of improving cycle life and capacity
retention. Due to the similar ionic radii of the Ca2* and Na* ions [1], the Ca2* has been
shown to insert into the Na-layer of the cathode material [2], [3]. Ca2* is divalent, and so
has a greater charge density than the Na* and causes a pillaring effect: making it harder
for the TMOz2 layers to glide across one another and form new phases. Phase transitions
are often harmful to capacity retention [4]-[12], and much research has been dedicated
to minimising phase transitions and improve battery life. Ca?* doping has become a well-
known technique to achieve this and extend the cycle life of NIB cathode materials.
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Figure 4-1: A schematic of the pillaring in layered materials. The TMO: layer is preventing
from slipping after the addition of Ca?* (dark blue balls) [13].

Transition metal migration into the alkali metal layer has been shown to improve cathode
performance via the same pillaring mechanism, e.g. migration of Ni into the Na layer,
induced by the addition of Co, in 03-Nao.sNi0.3C00.1Tio.c02 [4]. The mechanism of this may
be a result of the creation of Na-free layers due to random desodiation [14]. This is in
contrast to Li-ion cathodes, particularly in Ni-containing materials [15], and other Na-ion
cathodes [16] where cation-mixing is detrimental to the health of the battery. Induced by
Co-doping, Ni migrates to the Na layer during the transition of the initial O3-
Nao.sNio.3C00.1Ti0.602 to the P3 phase and prevents the reverse from occurring. This means
that in the voltage range under examination, after the first charge the P3 phase is
maintained throughout the rest of the procedure with no other obvious phase
transformations (visible via XRD).

The outcome of the suppression of phase transitions is a reduction in lattice strain
between charged and discharge states, with variations along the a and c axes between
states equal to 0.7% and 0.08%, respectively. This variation is lower than even a “zero-
strain” material [17]. Another aspect of the P3<-03 phase transition being prevented is
the reduced overpotential in the material. Overpotential is the driving force behind phase
transitions [18]-[21], and so since no phase transitions occur, the overpotential is
reduced which increases the energy efficiency of the cathode from 75% - 80% to 93%. It
also greatly improves the rate capability and capacity retention (both at C/20 and C/2).
After 300 cycles between 2.0 - 4.0 V vs Na/Na* at C/2, the capacity of the Co-doped
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material falls from 83 mAh g1 to 74 mAh g1, whereas the undoped sample falls from 72
mAh g1 to 48 mAh g1 within the same test parameters.

Similarly, Fe3+ has been used in P2-Nao.s7MnosCoo.4Fe0.102 to prevent TMO:2 slabs from
gliding across one another, preventing phase transitions [13]. 10% Fe doping increased
the capacity retention from 69% for P2-Naos7MnosCoos02 to 90% for P2-
Nao.67Mno.sCo0.4Fe0.102. This is an example of how the reduction in lattice variation and
eliminating phase transitions improves the capacity retention of battery materials. The
reduction in lattice variation reduces the strain on the material, and greatly improves
long term cycling performance [22]-[24]. Lattice strain does not always result in poor
capacity retention, as there are several strategies to reduce capacity loss. However, in
materials where phase transitions occur, lattice strain also occurs and causes capacity
fade [9], [25]-[28]. Preventing it has a positive effect on capacity retention [17], [29]. A
summary of the research into Ca doping is presented in Table 4-1.
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Table 4-1: A summary of Ca doping papers. The samples were chosen based on the best
performance in each study with respect to capacity and capacity retention. Initial capacity
is given in mAh g1, capacity retention is calculated after 50 cycles.

Sample Szgirrllg Initie.xl Capaclity Ref.

(V vs Na/Na*) capacity retention
P2-Nao6Ca007C002 Z'OC"/fbo Vi 05 97%  [2]
P2-Nao.625Ca0.042C002 2.0 c_ ;;0 ¢ 105 100%  [3]
P2-Nao.62Ca0.025Ni0.33Mno.6702 2'(1_(:4;; v 130 69% [30]
NASICON Naz.79Ca0.07Ko0.07V2(P04)3/C 2:5 _130 v 99 91% [31]
P2-Nao.61Ca0.03Ni0.33Mno.6701.94F0.06 2'0(_:/‘;'3 v 105 79% [32]
03-Nao.93Ca0.035Cr0z 15 1‘ 03C'8 v 115 74%1  [33]
03-NansCanosCrOz 2.0 c /3;_;7 Vi g2 90%  [34]
03-Nao.9sCao.01Nio.sMnos02 2.0 c_ /‘;3 v 198 88%  [35]
03-NaosCao.osNio33Fe033Mno 3302 2.0 ‘1g'0 v 115 99%  [36]
P3-Nao.52Ca0.04Ni0.33Mn0.33C00.3302 2'5:14(':2 v 140 87% [37]
P3-Nao.69Ca0.04C002 Z'ON‘/XZO v 109 87%  [38]
P3-Nao.69Ca0.04Co02 2.0 '1 2'7 v 81 90%  [39]

Han et al. [2] show that improvements can be made to the capacity retention of P2-
Nao.73C002 with as little as 2% Ca doping. The best results, however, came from increasing
the mole fraction of Ca2* in the host material to 7%. This led to a c-axis length of 10.8695
A, reduced from 10.8807 A in the undoped material; a reduction of 0.0112 A. Previous
reports of P2-Nao.73C002 found the c-axis length to be 10.8970 A [40], so the significance

1 Almost all the capacity fade occurs in the first 5 cycles. Capacity retention for cycles 5-55 is 95%.
2 Likely 1C based on similar work [39].
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of this difference is not clear. The Ca2* were found, via Rietveld refinement, to occupy Na*
sites that are edge-sharing (2d Wyckoff site, or Na2) with the TMO2 octahedra and thus
there is less electrostatic repulsion between the two metal ions. Another effect of 7% Ca
doping is the formation of 5 pm wide well-defined hexagonal pillars composed of 0.1 pm
platelets, as opposed to rough, sphere-like 2 um sized particles. This difference is caused
by Ca2*ions creating an increase in attractive forces between adjacent TMOz2 slabs.

Regarding the electrochemical performance, the voltage steps become more sloped with
increasing Ca content, with smaller steps being diminished entirely. The molar fraction
of Na* that can be extracted decreases after 5% Ca doping. The differential capacity plots
show peaks (correlating to voltage plateaux) decreasing in intensity/broadening, but not
shifting in position, indicating that any structural changes/ordering steps occur at the
same Na* (+ Ca?*) content, although they have been suppressed. In fact, ex situ XRD
revealed a reduction in superlattice peaks at ~ 28 °26 for the 7% Ca doped sample,
showing the disruption of Na*/vacancy ordering with increased Ca2* content. The initial
discharge capacity of the samples was 105-110 mAh g1, except the 10% Ca doped sample
which had an initial capacity of 96 mAh g-1. Over 60 cycles between 2.0 - 4.0 V vs Na/Na*
at C/10, the capacity of undoped P2-Nao.73Co0:2 fell from 109 mAh g1 to 74 mAh g-1. For
the sample doped with 2% Ca, the capacity after 60 cycles was 89 mAh g-1. The capacity
retention for both the 7% and 10% Ca samples was high: a capacity fade of 4 mAh g-1. The
7% Ca sample also showed improved capacity over the undoped sample at 2C; 47 mAh g-
1 compared to 7 mAh g-1. The capacity recovery when resuming cycling at C/10 was also
improved, showing little capacity decay. The high rate performance is likely due to the
higher average diffusion coefficient of the Na* in the 7% Ca-doped material than the
undoped material (0.3 - 0.5 x 10-11 cm? s'1 and 0.07 - 0.3 x 10-11 cm? s, respectively),
facilitated by the absences caused by additional vacancies caused by divalent Ca?* ions.

Another early example of Ca%* pillaring in NIB cathodes is from Matsui et al. [3], in which
P2-Nao.67-2xCaxCo0z2 is doped via a solid-state reaction with 16.7%, 8.3%, and 4.2% CaZ*,
and compared to P2-Nao.74Co0O2. The doped samples also show a drop in discharge
capacity, as the molar fraction of Na* that can be extracted is reduced because it is
replaced by Ca?* which are immobile. The doped samples also show a higher
overpotential, as the Ca2* in the alkali metal layer can hinder the diffusion of the Na*,
which is compounded by a shorter c lattice parameter. A side effect of this is to smoothen
the voltage profile. The plateaux and steps in the voltage profile are caused by phase
transitions and Na*/vacancy ordering at specific sodium contents [41]. The ordering
steps are disrupted because there are fewer sites the Na* can occupy. The solid solution
regions are expanded because the Ca-O bonds are stronger than Na-O, preventing large
volume changes or layer gliding. Consequently, many of the steps and plateaux shrink or
are smoothed out.

While the initial discharge capacities of the Ca-doped samples are lower, it retains its
capacity much better than the undoped samples at higher currents. At a discharge charge
current of 11 mA g1 (C/20, 1C = 235 mA g1), the capacities of the undoped P2-Nao.74Co0z2
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and P2-Nao.s25Ca0.042C002 were 134 mAh g1 and 124 mAh g1, respectively. At 1C, the
capacity of the undoped sample begins to fall relative to the Ca-doped one. This is even
more pronounced at 2.5C, wherein the capacity of the Ca-doped sample becomes higher
than the undoped sample, after 115 cycles total. Cycling again at C/20, the doped sample
delivered 94% of its original capacity, compared to 77% for the undoped sample. This
shows the stability that Ca2* doping lends the cathode; its structure is not degraded by
cycling at high C-rates. An inactive sodium-poor phase is theorised to form during cycling,
which limits to the capacity of the undoped sample and isn’t present in the Ca-doped
sample. The formation of a second phase creates interfacial stress from a lattice mismatch
which reduces stability of the active material long term [42]. The addition of Ca?* reduces
the formation of this phase and hence the improved cycling performance. The cycling
performance of the other samples was not shown or discussed, possibly because the
reduction in capacity was too large in exchange for the capacity retention gained.

There are other mechanisms that increase the cycle life of cathode materials using Ca
doping. A side-effect of preventing P2<02 phase transitions is that transition metal ion
migration can be avoided. Although there is an example of Ni migration assisting with
capacity retention [4], it generally has a negative impact on cathode performance. Ca
doping is shown to prevent TM migration in P2-Nao.67-2xCaxNio.33Mno.6702 when doped
with x = 2.5% and 5% Ca?* [30]. The migration occurs during the high voltage, low-Na
transition to the 02 phase since Ni prefers octahedral environments and more Na*
vacancies exist. A trade-off occurs here, with Ca doping leading to a reduction in capacity,
particularly from the shortening of a voltage plateau above 4.1 V vs Na/Na* related to O
redox - this is the result of Ca2+ altering the Ni-O bond hybridisation. The Ni 3d and O Zp
orbitals shifts to lower energy, making the high-voltage reactions less accessible. Thus,
the capacity at high voltages available in Ca-doped P2-Nao.67-2xCaxNio.33Mno.6702 is lower,
but both the capacity retention and rate capability are improved. After 50 cycles at 50 mA
g1 between 2.0 - 4.2V, the undoped sample delivered 85 mAh g-1, down from 140 mAh
g1l. The 2.5% Ca-doped sample delivered 90 mAh g1, down from 130 mAh g1 with the
same test parameters.

In this case, doping with Ca is combined with Mg to produce further benefits and
illustrates that Mg/Ca co-doping is possible via a solid state reaction. The same has been
shown with Ca/K co-doping [31] and Ca/F co-doping [32]. In the case of the former, the
K* replaces the Na*, just as the Ca2* does, in Na3V2(P0a4)s. For the latter, the F- replaces the
02 in the TMO: layer in P2-Nao.67-xCaxNio.33Mno.6702-2xF2x. In this material, the capacity
retention and rate capability improvements are a result of maintaining the P2 phase
throughout charging up to 4.3 Vvs Na/Na* and avoiding the P2<02 phase transition, and
lessening ¢ axis expansion upon charging. Even 1% Ca/F co-doping improved the
discharge capacity after 500 cycles at 1C from 25 mAh g1 to 45 mAh g-1. 3% and 5% both
had discharge capacities of ca. 75 mAh g1 after 500 cycles. All three doped samples
performed similarly in rate capability testing: delivering 65 mAh g1 at 5C. This shows
that capacity retention and rate capability do not continually increase with higher levels
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of doping, and that even 1% Ca/F doping can have a marked effect on the material
performance, as can only Ca doping[43].

The examples so far have primarily focussed on P2-type cathodes. Ca%* are stable in the
P2 structure as the Na layer contains sites that are edge-sharing with the TMO2 octahedra;
therefore, divalent Ca2+ experiences less electrostatic repulsion from the neighbouring
multivalent TM than if it occupied a face-sharing site. There are examples of both 03 and
P3 phase materials that have been doped with Ca2*. Ca doping of 3.5% of 03-NaCr0:2 [33]
showed a reduction in TM migration into the Na layer and a subsequent improvement in
capacity retention, even though there are no significant differences between the Ca-
doped and undoped material visible in operando XRD. In both materials, the charge-
discharge results in phase transitions from 03<0’3<P’3. This builds on similar work by
Zheng et al. [34] which shows a reduction in interlayer distance with 5% Ca doping -
which is mirrored in the work by Lee et al. [33].

The benefits seen repeatedly from Ca doping (enhanced capacity retention and rate
capability) are seen with doping levels as low as x = 0.01, 0.02, and 0.03 at C/2 (based on
1C = 150 mA g'1) between 2.0 - 4.3 V vs Na/Na* in 03-Nai-2xCaxNio.sMno.s02 [35]. The
discharge capacity of these doped samples after 100 cycles is 145 mAh g1, 135 mAh g1,
and 125 mAh g1 respectively. In contrast, the discharge capacity of the undoped 03-
NaNiosMno.502 falls to 62 mAh g1 under the same conditions. This material goes through
a number of phase transitions; 03 (at 2.0 V vs Na/Na*)<0’3P3<P’3 (at 4.0 V vs
Na/Na*)«<03'<03” (at 4.3 V vs Na/Na*) [44]. As seen in previous studies, the volume
changes in the material throughout cycling are lessened due to the Ca doping; 13.24% to
8.20%. Further, at the end of charge the ratio of 03’ to 03” in the doped (x = 0.04) material
is less than in the undoped material (1:7 vs 1:4, respectively). There is a large disparity in
c lattice parameter between these two phases, and since Ca doping suppresses that phase
transition that increases the capacity retention of the doped material compared to the
undoped one.

The effect of Ca doping of layered materials is often to reduce the interlayer distance,
because the Ca-O bond is stronger than the Na-O bond [45], and the ionic radii are similar.
However, in 03-Na1-2xCaxNio.33Fe0.33Mno.3302 the interslab distance (the size of the Na*
layer) increases [36]. The authors note the increase in the lattice d spacing of the (101)
as evidence of Ca2* doping into the material bulk. In this study, 2.5% and 5% Ca doping is
achieved, but the effects of 2.5% on the capacity retention are minor compared to other
studies detailed here: after 200 cycles at 1C between 2.0 - 4.0 V vs Na/Na* the discharge
capacity is 90 mAh g1 rather than 82 mAh g1 in the undoped material, down from 120
mAh g1 and 122 mAh g1, respectively. 5% doping instead yielded much better capacity
retention; 107 mAh g1, although the initial discharge capacity is 7 mAh g1 lower than the
undoped material. There are few differences between any of the materials in the rate
capability testing. At the higher C-rate, 10C, the 5% Ca-doped cathode delivered 87 mAh
g1, whereas both the undoped and 2.5% Ca-doped material both delivered 84 mAh g1
This is likely to be due to the high Na* diffusion coefficient of the undoped materials,
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which Ca doping does not appear to significantly affect. The phase progression seen in
operando XRD (Figure 4-2) shows only an 03 and a P3 phase, with a voltage plateau when
the two phases coexist. The 2.5% Ca-doped sample showed a wider voltage range in
which the P3 was present than the undoped sample.

Discharge

2 Theta |/ degree Voltage / V

Figure 4-2: Operando XRD patterns collected during the charge/discharge cycle of 03-
Nao.oCao.osNio.33Fe0.33Mno.3302, cycled between 2.0 - 4.0 V at C/10 [36].

There are several examples of the P3 phase being doped with Ca in which the same
benefits are seen as in other layered oxide structures. P3-Nao.6-xCaxNio.33Mno.33C00.3302 (x
=0.02, 0.04, 0.08) has been reported to show enhanced capacity retention during cycling,
enhanced Na* mobility and the suppression of the irreversible 0’3—01 phase transition
[37]. Notably, the P3 material had crystallites making up agglomerates of size 5 - 10 pum,
much larger than other layered materials, particularly P3-type. This may be caused by the
long calcination (36 h at 350 °C under O2) and the large particle size of the hydroxide
precursor. In this study [37], doping with 8% Ca led to the formation of a NiO impurity
due to the slow diffusion of Ca2* during the reaction. The Ca doping in general also leads
to lattice expansion because of the extra Ca?*-TM repulsion. This does not occur in P2
structures due to the Ca2* occupying a prismatic site that is edge-sharing on both ends
with the TMO:2 octahedra. This site does not exist in P3 structures, where all the prismatic
sites are face-sharing on one end and edge-sharing on the other (Figure 4-3). The effect
of the lattice expansion may be a decrease in hysteresis in the charge-discharge profiles,
as the Na* migration barrier is suppressed.
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Figure 4-3: Schematic of the different Na sites in P-type and O-type layered oxide structures
[30].

This system phase transitions from P3 into 0’3 at approximately 4.4 V vs Na/Na*, then
O1 at 4.5 V vs Na/Na* during charge. During discharge, the P3 is reformed via the 0’3
phase, and eventually an O3 phase is seen at 2.2 V vs Na/Na*. 4% Ca doping suppresses
the formation of the O1 phase, and in doing so improves the capacity retention after 100
cycles between 2.5 - 4.2 Vvs Na/Na* at 200 mA g1 (1C = 175 mA g1) from 68% to 77%
(177 mAh g1 to 121 mAh g1, and 173 mAh g! to 134 mAh g1, respectively). It also
improves the discharge capacity above 400 mAh g1, but below this (10 mA g1 - 200 mA
g1) the undoped material has a higher capacity.

A study into P3-Naos1CoO2 vs P3-Nao.s9Ca0.04Co02 [38] showed that 4% Ca doping
drastically improved capacity retention. The undoped material has an initial discharge
capacity of 138 mAh g1, which is higher than the Ca-doped material (131 mAh g1). After
100 cycles between 2.0 - 4.0 V vs Na/Na* the materials delivered 25.6% and 80.8%,
respectively, of their initial capacities. The capacity loss is mitigated in P3-Nao.s1CoO2 by
lowering the upper voltage limit to 3.7 V vs Na/Na* which is proposed to avoid the P’3 to
0’3 transitions. The Ca-doped material also shows a lower hysteresis from the expanded
c lattice parameter, as seen in other Ca-doped P3 materials. The 0’3 phase is present in
the Ca-doped material but does not suffer the same capacity loss. The reason for this may
be the suppression of this transition, as well as suppression of 01 formation by Ca2*
pinning the TMO: slabs. Later work from the same group [39] show that Na* extraction
and the subsequent P’3<0’3 transition in P3-Nao.s1Co02 results in Co ions migrating into
the alkali metal layer and form Co304. This is suppressed when the alkali layer contains
Ca2+ because it repels the Co ions, and so migration is prevented.
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The research thus far demonstrates an effective strategy to improve the capacity
retention of NIBs, often at the temporary expense of discharge capacity. The cathodes
investigated use unsustainable materials. As discussed in Chapter 1 Introduction, cobalt
and nickel are expensive due to their low abundance [46] which will affect supply (or has
already) [47], and chromium is toxic [48]. These issues mean that despite the success of
Ca doping the cathodes developed are unlikely to be ideal candidates for large scale
storage. The constituent ions in P-type Nao.s7MnooMgo.102 (NMMO) are more abundant
than cobalt, nickel, and chromium [48] and have shown to produce high capacity
cathodes. Therefore, an investigation into enhancing the capacity retention of P-type
NMMO is warranted. From the outcome of Chapter 3, Ca doping should be attempted in
both P2- and P3-NMMO as both displayed high capacities.

Also identified in Chapter 3 is that biotemplating is an effective way to generate both the
P2 and P2 structures of layered oxide cathodes. All samples here are synthesised via
biotemplating. Part of the reasoning for this is the performance and phase purity of the
biotemplated samples in comparison to solid state synthesised NMMO, shown in Chapter
3. Another consideration was the ease of generating several samples with different
doping levels; biotemplating synthesis includes a dissolution step which can encourage
good dispersion of any dopants and so the pillaring effect of the Ca2* is spread throughout
the crystal structure, particularly at low levels. Given that long calcination times are
required to produce the layered oxide structure to allow time for diffusion of ions to
occur, it may be difficult to ensure good dispersion of Ca throughout the sample. Even if
good dispersion can be obtained, phase pure P3-NMMO cannot be synthesised via solid
state synthesis.

4.2 Aims

In Chapter 3, we identified that biotemplating can generate phase pure P3 and P2-NMMO
with high capacities. However, both materials suffered from capacity loss of 73% over 50
cycles at C/5. These capacity retention figures are in line with other reported NMMO
samples, but less than (most of) the Ca-doped samples listed in Table 4-1. Here, we test
the effect of Ca?* doping, the host NMMO material, prepared by substituting 2x mol Na*
with x mol Ca?*. The stoichiometric ratio accounts for the difference in charge between
Na* and Ca?*, and maintains the charge balance, average oxidation state of the Mn, and
the prismatic structure. The result of this should be an increase in the c lattice parameter
of the material for the P3 material [37], but a decrease for the P2-type [2]. In terms of
electrochemical properties there should be a reduced hysteresis in the charge-discharge
profiles, translating to increased rate capability [33]. Finally, the capacity retention of the
materials should increase as phase transitions are suppressed [32] - which should be
reflected in the differential capacity graphs.

The aim of NIB development is the increased sustainability of the energy sector, the
possibility of reduced calcination times (and thus lower energy requirements) can be
realised with biotemplating. To this end, the calcination of P3- and P2-Naos7-
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2xCaxMno.9yMgo.102 (NCMM) was shortened to 2 h with a ramp rate of 10 °C min-! [49]-
[53]. P3-NCMM was calcined at 650 °C [50], [52], and P2-NCMM at 900 °C. This results in
a total heat treatment time of 4 h and 5 h, respectively. 50% and 40% of the total heat
treatment time was spent at the final heat treatment temperature. Doping levels of Ca2+
were selected at 0%, 1%, and 2 (atomic) %. All Ca % quoted here refer to atomic fraction.

In this chapter, the sample powders are synthesised and examined by XRD once,
examined by SEM once, and one sample powder is used to make the cathode material.
From the cathode material, three cells are made to test the discharge capacity over 50
cycles, and one is used to test the rate capability.

4.3 Results and discussion

43.1 XRD

4.3.1.1 P3-NCMM

P3-NCMM samples are successfully synthesised via biotemplating at 650 °C for 2 h. The
structures form their ideal R3m space group, as confirmed by XRD and Rietveld
refinements. Shown in Figure 4-4a and b, the 0% and 1% P3-NCMM phases form without
impurities, indicating that the biotemplating synthesis successfully forms the P3 layered
structure. In the 2% Ca-doped sample, the P3-NCMM also forms. There are minor peaks,
marked *, which may correspond to CazMn30s [54]. These impurities suggest that there
is a solution limit to the Ca doping of P3-NMMO. Since doping NCMM with 2% Ca starts
to lead to impurities, doping beyond this point was not examined electrochemically.
There are no significant changes with respect to peak broadening, heights, or positions.
The difference that Ca doping makes to the unit cell appears minimal is borne out in the
Rietveld refinement results displayed in Table 4-2. Further Rietveld detail can be found
in the Appendix.
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c) P3-NCMM, 2% Ca doping
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Figure 4-4: XRD pattern (black), Rietveld refinement (red), background (green), and
difference pattern (blue) of P3-NCMM doped with (a) 0% Ca, (b) 1% Ca, and (c) 2% Ca. Inset
with a schematic of the crystal structure. Impurity peaks marked with *,

Table 4-2: Refined structural parameters of each P3-NCMM sample.

Sample Space group a (A) c(A) Rwp (%) GOF
0% Ca P3-NCMM R3m 2.867(1) 16.843(5) 17.3 1.48
1% Ca P3-NCMM R3m 2.868(1) 16.856(6) 18.7 1.60
2% Ca P3-NCMM R3m 2.871(2) 16.898(7) 18.7 1.59

There is then a pattern of increasing c lattice parameters as Ca doping is increased for P3-
NCMM. However, the increases are small. There are no significant changes (greater than
3 standard deviations) in either the a or c lattice parameter. A similar investigation into
an 03-type material found that 5% Ca doping resulted in a 0.2 A increase in the lattice
spacing of the (101) plane, according to the research group [36]. Here the increases in the
(101) for the P3 material are 0.0016 A (0% — 1%) and 0.0062 A (0% — 2%), not likely to
indicate Ca doping into the alkali layer. A difference in d spacing two orders of magnitude
higher would be more likely to indicate Ca doping the Na site.

The doubled electrostatic attraction between Ca%*-02- compared to Na*-0?%, with only a
minor change in effective ionic radii (1.00 A vs 1.02 A [1], respectively), causes the clattice
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parameter to decrease in P2-type and O3-type materials [2], [3], [35]. It is shown in P3-
type Nao.6-xCaxNio.33Mno.33C00.3302 [37] that the c lattice parameter actually increases with
Ca doping. In that instance, 2% Ca doping increased the c lattice parameter by 0.007 A,
whereas in this work the increase is 0.064 A. It is posited [35] that an increase in lattice
parameter would occur if the Ca?* replaced a transition metal (TM) layer ion, rather than
the Na*, for example, if the Ca2* replaced the Mg2*, Mn3+, or Mn** (1.00 Avs0.72 A [1],
0.58 A, and 0.54 A, respectively).

The increasing lattice parameters therefore suggest that the Ca2* is doping the layered
structure, but notin the Nalayer. To determine where the Ca?* is in the crystal, its position
was allowed to refine freely in Rietveld refinements. Ca2* was found to refine to either z
= 0.05(2) or z = 0.32(2), depending on its initial value. This puts the Ca2* approximately
in the TM layer, which has not been observed before. Schematics of the 2% Ca P3-NCMM
are shown in Figure 4-5. Figure 4-5a shows the Ca2* when its coordinates are constrained
to be equal to Na*: occupies the sodium site. When z = 0.05 (Figure 4-5b) the Ca?2* sits on
the boundary between the TM and Na* site. The final option is z = 0.32(2), where the Ca2*
occupies a tetragonal site in between the Mn3+/4+- and Mg2+-occupied octahedra. This
position makes more physical sense than the having the Ca%* positioned within the 02
layer, as it is too close to the other metal cations.

The position of the Ca?* does not meaningfully affect the Rietveld Rwp or GOF output. Table
4-3 shows the Rietveld refinements of each P3-NCMM sample when the Ca2* is
constrained to the Na* site, and the fit matches well with the observed data. Although the
Rwp is high (> 10%), the GOF is good [55]. The effect of the different Ca* positions has a
negligible effect on either of these parameters.
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Figure 4-5: Crystal structures of 2% Ca P3-NCMM with the Ca?* in different z coordinates.
(a) Ca?* on the Na* site (z = 0.1645(6)), (b) Ca?* at z = 0.05(2), (c) Ca?* at z = 0.32(2). Ca?*
is highlighted by a black circle. Na* are shown as yellow spheres, Mn3+/** and Mg?* are
represented by blue spheres. 0% are represented by red spheres and which have been resized
for visibility.

From these data, and the XRD data showing an increase in lattice parameter of the P3-
NCMM, suggests that the Ca2* is not replacing Na*. The unit cell parameters should
increase with Ca?* doping, but it is unlikely it would increase to this degree if this were
the case. It suggests that the Ca2* is being incorporated into the TM layer instead. From
the three crystal structures derived from Rietveld refinements, the Ca2+ in the tetrahedral
interstitial site seems to be the best fit; it has the lowest GOF and Rwp values. The previous
research into Ca doping of P3 materials does not report a problem with Ca2* position
within the P3 structure. There have only been two unique P3 Ca-doped formulations
reported, and so it’s possible that difficulties with Ca2* in the P3 structure have not been
fully identified.

Similarly, the Ca?* may be incompatible with the NMMO material. In Naos7-
2xCaxMno9Mgo.102 the Mn has an average oxidation state of 3.48. Mn3* is Jahn-Teller
active, which causes distortions in the cathode during cycling [56]. It's possible that the
distortions of Mn3* in the TMO:2 octahedra create a stable site for the Ca2* to occupy. The
distortion in Jahn-Teller active Mn3* is shown in Figure 4-6. The solid solution limit for
layered materials varies too. For some materials the limit is below 2% [35], and for
others, at least 10% Ca doping is achievable [34]. The incorporation of the Ca?* is not
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guaranteed, but the changes in lattice parameter suggest that the lattice is changing, but
not necessarily in line with previous research.

JTinactive  High spin Fe** “Low spin” Fe**  Ni** Mn?+ Co* Co*
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Figure 4-6: Schematic showing the Jahn-Teller distortion in TMO: octahedra [56].

The Ca2+* position has implications for the electrochemical performance. The divalent
nature of the ion when in the Na* layer should cause it to pin the TM layer. This in turn
discourages phase transitions, where the TM layers glide over each other to change the
Na* environment from prismatic to octahedral (or vice versa) [57]. The data suggest that
the Ca2* residing in a tetrahedral site in the TM layer. This will likely mean that it is not
going to achieve this pillaring effect, as the Ca?* will be too far from the adjacent TMO:
layer to stop it from gliding. Ideally, Ca2* is positioned between the two layers to form Ca-
0 bonds with adjacent layers, but the closer Ca2* moves towards one layer, the bonds with
the oxide ions in the other layer get weaker and there will be interference from shielding
from other nearby ions.

Table 4-3: Refined structural parameters of 1% Ca and 2% Ca P3-NCMM samples, for three
different Ca?* positions.

Sample Ca2* position a (A) c(A) Rwp (%)  GOF

1% CaP3-NCMM z=0.16 (Na*site)  2.868(1) 16.857(6)  18.7 1.60
1% Ca P3-NCMM z=0.05 2.868(1) 16.856(6)  18.3 1.57
1% Ca P3-NCMM z=0.33 2.868(1) 16.855(6)  18.3 1.56
2% CaP3-NCMM z=0.16 (Na*site)  2.871(1) 16.899(7) 187 1.59
2% Ca P3-NCMM z=0.05 2.869(1) 16.873(6)  18.1 1.54

2% Ca P3-NCMM z=0.32 2.869(1) 16.865(3)  18.0 1.52

4.3.1.2 P2-NCMM

P2-NCMM is successfully synthesised via biotemplating at 900 °C for 2 h. In all cases, 0%,
1%, and 2% Ca, the NCMM forms the ideal P63/mmc space group (Figure 4-7). Further
Rietveld detail can be found in the Appendix. The 0% Ca and 1% Ca P2-NCMM do not
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show any impurity phases in the XRD, as with the P3-NCMM, although there is a minor
peakat 22 °20 that likely corresponds to superstructure ordering [58]. At 2% an impurity
phase becomes visible. The impurity peaks, marked * match with a Pbam tunnel
structure seen in Nao.44MnO2z [59]-[61], similar to the impurity phase seen in P3-NMMO
synthesised via a solid state reaction in Chapter 3. This material is used as a cathode and
is electrochemically active. Via Rietveld, the phase fraction of this impurity is 1.4%. It’s
possible that the impurity is a Ca-doped analogue of Nao4MnO2. Although a different
impurity to that seen in 2% Ca P3-NCMM, it shows that the doping of the host NMMO
material is not trivial, regardless of whether the P3 or P2-type structure is investigated.
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Figure 4-7: XRD pattern (black), Rietveld refinement (red), background (green), and
difference pattern (blue) of P2-NCMM doped with (a) 0% Ca, (b) 1% Ca, and (c) 2% Ca. Inset
with a schematic of the crystal structure. Impurity peaks marked with *,

To verify the identity of this impurity phase, a 5% Ca P2-NCMM sample was synthesised.
The impurity is assumed to have a formula of Nao.44sMnOz, as with the impurity phase in
Chapter 3. Here, the impurity has a 28% phase fraction of the tunnel-type structure by
Rietveld refinement, shown in Figure 4-8. The original P63/mmc still forms in these
conditions, but a 28% impurity with only 5% doping level suggests that the Ca2* disrupts
the formation of the P2 phase in favour of the tunnel-type one. Further, the lattice
parameters of the P2 structure are a = 2.8803(2) A and ¢ = 11.2305(7) A, values which
are very close to the 2% Ca P2-NCMM sample, evidence that little further Ca2*
incorporation is occurring beyond 2% Ca doping. As such, a maximum of 2% Ca doping
was used throughout.
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Figure 4-8: XRD pattern (black), Rietveld refinement (red), background (green), and
difference pattern (blue) of P2-NCMM doped with 5% Ca. Pbam impurity marked with *.

Although the c parameter increases in the P3-NCMM samples with Ca doping, the pattern
is not expected to repeat in the P2-NCMM. This is typical of P2-type materials; there are
two possible Na* sites the Ca?* can occupy. One is edge-sharing with TMO2 octahedra and
the other is face-sharing with the octahedra. The Ca2+ preferentially occupies the edge-
sharing site to minimise the electrostatic repulsion upon it. The Ca2* in the edge-sharing
Na site forms a stronger bond with the neighbouring oxide ions than Na* would, and so
the interlayer distance shortens in P2-type materials upon Ca doping. In P3-type
materials, the repulsion between Ca?* and the nearby TM causes an increase in the
interlayer distance.

The unit cell parameters (given in Table 4-4) for the P2-NCMM do not increase with Ca
doping. The ¢ parameters of the P2-NCMM samples have a range of only 0.0041 A,
compared to the increases of 0.013 A and 0.014 A in the ¢ parameter for 1% and 2% Ca
P3-NCMM, respectively. The decrease in the c lattice parameter for P2-NCMM from 0% —
1% Ca doping is 0.0041 A, and for 0% — 2% it is only 0.0009 A. Overall, there is no
significant change in the c lattice parameter across the doping range, but the a lattice
parameter is significantly smaller in 0% Ca P2-NCMM than the 1% and 2% doped
samples. One example of Ca doping of P2-type Nao.71-xCaxCoO2 by Zhou et al. [43] showed
a decrease of 0.0074 A (0% — 1%) and 0.0216 A (0% — 3%), which is an almost linear
increase with Ca doping. The change in lattice parameter from 0% — 1% in these cases is
similar - the change is almost half as large in P2-NCMM as the values reported in P2-
Nao.71xCaxCo0z2. The clattice parameter decreases from 0% — 2% Ca doping in P2-NCMM
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is 24 times smaller than 0% — 3% Ca in P2-Nao.71-xCaxCoOz2, suggesting that additional Ca
doping in P2-NCMM may in fact disrupt the Ca insertion into the P2 structure.

Table 4-4: Refined structural parameters of each P2-NCMM sample.

Sample Space group a (A) c(A) Rwp (%) GOF

0% CaP2-NCMM  P63/mmc 2.8760(1) 11.2316(5)  16.4 1.37
1% CaP2-NCMM  P63/mmc 2.8800(2) 11.2275(6)  15.1 1.24

2% CaP2-NCMM  P63/mmc 2.8797(2) 11.2307(6) 165 1.37

If the Ca2*is not inserted into the structure it could instead be forming the impurity phase
that is visible in the XRD. P2-NCMM made with 5% Ca?* doping clearly showed an
impurity phase, with a higher calculated phase fraction than the level of Ca doping. The
P2 may then not be incorporating the Ca?* into the P2 structure when the doping level is
above 1%, and the impurity phase is formed that is visible in the 2% Ca-doped sample.

The way to confirm this will be through the examination of the electrochemical data. The
outcome of Ca2* incorporation into the layered structure (both P3 and P2) is usually
increased rate capability and capacity retention [13]. For P3 samples a lower hysteresis
may be observed [37], [38] as Na interlayer distance increases, making diffusion through
the crystal structure easier, but the reverse is true for the P2 samples [3].

As may be the case for the P3 sample, if the Ca2* is in a tetrahedral site then the pillaring
effect will most likely not occur. This is because the distance between the Ca* and the
next nearest TMO:2 layer is too far to prevent layer gliding. The effect on the
electrochemistry of Ca doping is unlikely to be what has previously been seen in Ca
doping. Instead, the P3 samples are likely to show no improvement at different levels of
Ca doping.

The 1% Ca P2-NCMM shows evidence of incorporation of Ca?* into the layered structure
because the lattice parameters decrease to a degree similar to previous studies. In this
case, the increased rate capability and capacity retention would be expected. However,
for the 2% Ca P2-NCMM would be less likely to exhibit these benefits because the
evidence (much smaller change in c lattice parameter from 0% — 2%), appearance of an
impurity phase) suggests that Ca2* is not incorporated into the structure in the same way
as for the 1% Ca P2-NCMM.

4.3.2 SEM

The particle size and morphology of each sample was examined via scanning electron
microscopy (SEM). In the previous chapter, the 20 h calcination times and difference in
temperature between P3 and P2 samples of 320 °C led to large differences in particle
sizes, and some differences in shape. This chapter uses much shorter calcination times (2
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h) and the P3 samples are calcined at 650 °C, rather than 580 °C, to bring it more in line
with other biotemplating studies into P3-type materials [50], [52]. This will affect the
particle size and will in turn affect the electrochemistry and comparisons between
samples.

The 2 h calcination is common among biotemplated samples and is sufficient for the
formation of a well crystallised sample. In some cases, it even leads to improvement in
the capacity of the material (Nao.ssNio.33Mno.6702) compared to solid state synthesis, due
to a reduction in particle size [50]. In this chapter, the doping of the host material in both
P3- and P2-NCMM does not result in a meaningful change in particle size except for 1%
Ca P2-NCMM, echoing the increase seen by Han et al. [2].

In general, the particle sizes (detailed in Table 4-5) of P3- and P2-NCMM are less than 1
um in size. This is common for P3 materials [29], [62] but P2 materials are typically
larger, 1-4 yum in size [63]-[65]. Samples have also formed larger agglomerates no more
than 10 um across and do not have an obvious shape. The exception here is 1% Ca P2-
NCMM, which has formed particles of approximately 2-3 pum in size. They seem visually
much more like the particles that were calcined at 900 °C for 20 h, rather than the other
samples here, calcined for 2 h, in that they have a more plate-like shape.

Table 4-5: The average size and standard deviation of each NCMM sample (um).

Sample Average size (um) Standard deviation (pum)
0% P3-NCMM 0.65 0.41
1% P3-NCMM 0.84 0.62
2% P3-NCMM 0.42 0.21
0% P2-NCMM 0.54 0.55
1% P2-NCMM 2.57 0.98
2% P2-NCMM 0.42 0.25

The reason for the different particle size and shapes between 1% Ca P2-NCMM and the
other samples is unclear. It is possible that the Ca doping allows the layered structure to
form more rapidly than the undoped samples, but this would not explain why the same
phenomenon does not occur in the P3-NCMM samples, or the 2% Ca P2-NCMM. The
consistency in size and shape of the P3-NCMM, 0% Ca P2-NCMM, and 2% Ca P2-NCMM
samples suggests that the results for the 1% Ca P2-NCMM are an outlier.

The analysis of the XRD and Rietveld suggests that the P3-NCMM is forming with the Ca2*
in an interstitial site in the MOz layer, rather than the Na* layer. As such the Ca2* does not
lead to any stabilisation of the layered structure as it forms. This could be the case with
1% Ca P2-NCMM, as it appears that the Ca2+ does reside in the Na* layer. This means that
the Ca2* should lead to a pillaring effect that causes the P2-NCMM to form more easily. As
the 2% Ca P2-NCMM forms with an impurity phase, this impurity phase may disrupt the
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formation of the layered structure, causing it to form more slowly than in the 1% Ca P2-
NCMM sample.

As aresult of the different particle shape and size (shown in Figure 4-9), we would expect
1% Ca P2-NCMM to display different electrochemical properties to the other P2-NCMM.
One reason for this expectation builds on the analysis of the XRD: the Ca2+* is more likely
to be in the Na layer in the 1% Ca P2-NCMM and instead forms an impurity in 2% Ca P2-
NCMM. Another reason is that different particle sizes perform differently in
electrochemical testing. In Chapter 3 smaller particle sizes were shown to lead to
improvements in electrochemical performance: in that case, the size difference was 3-4
um for the P2-NMMO samples, and 0.2 pm for the P3-NMMO. This led to the biotemplated
P3-NMMO samples having a higher discharge capacity at C/5 than both P2-NMMO
samples over the course of 50 cycles. We also saw that the biotemplated P2-NMMO at
higher C-rates (2C and 5C) delivered the same capacity as biotemplated P3-NMMO.
However, the dependence of the NCMM material on the Mn3*/Mn#* redox couple means
that the cathode is liable to Mn?* dissolution, resulting in capacity fading [63], [66]-[69].
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Figure 4-9: SEM images of (a) 0% Ca, (b) 1% Ca, and (c) 2% Ca P3-NCMM, and (d) 0% Ca,
(e) 1% Ca, and (f) 2% Ca P2-NCMM. Note the different scale used for (e) 1% Ca P2-NCMM.

The implication for the electrochemistry here is that the 1% Ca P2-NCMM would be
expected to perform worse than the other samples, at least with respect to the initial
discharge capacity. This is what happened when comparing biotemplated P2-NMMO and
P3-NMMO. P2-NMMO, with an average particle size of 2-4 pm had a lower initial capacity
than biotemplated P3-NMMO, with an average particle size of 0.3 pm.
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4.3.3 Electrochemistry

4.3.3.1 P3-NCMM

The samples under study were assembled into half-cells and cycled at C/5 (1C = 184 mA
g1). The discharge capacities of the samples are displayed in Table 4-6. The range of the
initial capacities of the P3-NCMM materials is 5 mAh g1, which can be attributed to
variation between cathode materials. The capacity retentions of the samples are similar,
although there is an improvement from 0% — 1% Ca doping of P3-NCMM. The range of
the capacity retention of these samples is 6%, which is unlikely to be significant and
caused by Ca doping - especially since the 2% Ca P3-NCMM capacity retention is lower
than the 0% Ca P3-NCMM.

Table 4-6: Discharge capacities of the 1st, 10th, and 50th cycle of Ca-doped P3-NCMM.

Discharge capacity/mAh g-1 Capacity
retention
P3-NCMM
Avg. 50t over 50
1st cycle 10th cycle 50th cycle cycle and cycles
std. dev.
0% Ca 139 134 114 1113+ 2.2 82%
1% Ca 141 144 121 119.1 + 2.3 86%
2% Ca 136 131 109 110.5+ 1.3 80%

The discharge capacities and cycle efficiency over 50 cycles are shown in Figure 4-10. In
the 1% Ca and 2% Ca P3-NCMM, much of the capacity loss appears to occur between cycle
20 and cycle 30. 1% Ca P3-NCMM drops from 140 mAh g1 to 123 mAh g1, and 2% Ca P3-
NCMM drops from 123 mAh g1 to 111 mAh g-1. This is accompanied by fluctuations in the
discharge capacity, which increases and decreases by up to 7 mAh g1 per cycle. This
would suggest that the material is unstable, perhaps. However, these fluctuations occur
at similar cycle numbers. There is a decrease in capacity at cycle 30 for both 1% Ca (5
mAh g1) and 2% Ca (7 mAh g'1), and an increase at 40 and 41 for 1% Ca (5 mAh g'1) and
2% Ca (5 mAh g1), respectively. It is therefore also possible that an external factor was
affecting the discharge capacity of both these cells, but not the 0% Ca P3-NCMM. This
factor may be temperature as the drops in capacity generally (though not always) occur
when discharging at night. Steps were taken to mitigate changing temperatures in the lab,
such as wrapping in electric tape and being covered by polythene bags. Since the cells are
still exposed to temperature changes outside, some cells may feel the changes in
temperature more than others.
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Figure 4-10: Discharge capacities of 0% (red), 1% (blue) and 2% (green) Ca P3-NCMM.

As expected, P3-NMMO (from Chapter 3) has an identical crystal structure to 0% Ca P3-
NCMM, with a shorter calcination time used in the Ca doped samples. As discussed, all P3-
NCMM samples have the ideal R3m space group. With this information, much of the same
electrochemical analysis of the P3-NCMM samples can be used here.

The voltage profiles and differential capacity graphs are shown in Figure 4-11. During
charge, there is a long voltage plateau at 2.2 V vs Na/Na* (rising to 2.4 V vs Na/Na*
steadily over the course of the test procedure), followed by a steady, linear increase in
voltage with respect to capacity. At approximately 3.5 V vs Na/Na*, there is a step in the
voltage, from 3.5 V to 4.0 V vs Na/Na*. This occurs during discharge too, but due to a
degree of hysteresis, the same processes occur at a lower voltage. This description holds
for each P3-NCMM sample across the Ca doping range.

As cycling continues, the features of the voltage profiles become less distinct; the plateau
shortens and becomes more slope-like, as does the voltage step at the end of charge. This
is the effect of degradation of the cell over time. It is more pronounced during discharge;
the voltage plateau in the first cycle persists for approximately 70 mAh g-1. By the 50th
cycle, itis more of a shallow slope than a plateau. It seems that degradation of the plateau
is where much of the capacity loss occurs. The plateau coincides with the Mn3*/Mn#**
redox potential [70]-[72], and is simultaneously associated with biphasic domains
characteristic of first-order transitions [41], [73]. The plateau is thus likely to be a result
of a P-type to O-type transition, such as P3<03 [35], [74]-[76].

The increasingly slope-like (i.e. the gradient of the discharge curve increases) character
of the plateau suggests that the Mn3+/Mn** redox is occurring less as cycling progresses.
A reason for this is Mn2* dissolution into the electrolyte, as suggested during analysis of
the SEM. Mn?* originates from Mn3+, which can disproportionate into Mn2* and Mn#*. The
lower cycle efficiency may be explained by this. During cycling, cracks may appear in the
cathode particles as the crystal structure undergoes volume expansion/contraction
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during phase transitions. The increased surface area allows greater Mn2+ dissolution and
capacity fading. This should be prevented, or at least mitigated, by Ca doping. However,
as there is little evidence of Ca pillaring in the material, the Mn?* dissolution continues.
The capacity fade seems to slow after 40 cycles, possibly because there is less Mn3+*
available near to cathode surface.

The differential capacity graphs in Figure 4-11 show the presence of the redox pair at
2.10V/2.20 V vs Na/Na*, marking the voltage plateau. It shows degradation over time as
the redox peaks attenuate: the charge peaks shift to higher potentials, and vice versa for
the discharge peaks, and represents the increasing gradient of the plateaux. Beyond this,
there are few visible features of the differential capacity graph that indicate other
electrochemical process; although the sharp increase in potential between 3.5V - 4.0 V
vs Na/Na* suggests an ordering step is occurring.
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Figure 4-11: Galvanostatic cycling of (a) 0% Ca, (c) 1%, and (e) 2% Ca P3-NCMM. The
plateau at the top of each charge step is when the cell was held at a constant voltage.
Differential capacity plots of (b) 0% Ca, (d) 1%, and (f) 2% Ca P3-NCMM. Line colour shifts
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from yellow to green to blue as cycle number increases. Cycled at C/5 between 1.5 - 4.0V
for 50 cycles.

A more detailed picture of the differential capacity graphs is shown in Figure 4-12. When
zooming in, there are other process that can be observed that are dwarfed by major redox
pair. Most visible is a peak in the discharge plot at 2.25 V vs Na/Na*. There are also two
very small peaks in the discharge plot at 2.75 V and 2.90 V vs Na/Na*. In the charge plot,
the second two peaks are mirrored at 2.85 Vand 3.10 V vs Na/Na*. There is also evidence
of a final peak at 3.50 V vs Na/Na* in the charge curve, with no clear pair during discharge,
in 0% P3-NCMM. This peak is less intense in the following two samples. The identities of
these minor redox have not been confirmed, in part due to their low intensities relative
to the 2.1 V/2/2 V vs Na/Na* pair. This makes them almost invisible in the voltage
profiles, as well as difficult to separate from the background of the differential capacity
graphs. It is likely that they are the result of minor phase transformations, such as the
formation of distorted P3, or P’3 [77]. They do not appear to affect the electrochemistry
of the cell: they do not contribute much capacity, nor do they fade or shift appreciably.
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Figure 4-12: Differential capacity plots of (a) 0% Ca, (b) 1%, and (c) 2% Ca P3-NCMM. Line
colour shifts from yellow to green to blue as cycle number increases. Cycled at C/5 between

1.5-4.0 Vvs Na/Na* for 50 cycles.
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It is apparent how little the electrochemistry changes as the Ca doping level increases,
corroborating the hypothesis that pillaring is not occurring. 1% Ca doping can increase
the capacity from 25 mAh g1 to 50 mAh g1 after 500 cycles [32], and 2% Ca doping can
increase it from 74 mAh g1 to 90 mAh g1 after 60 cycles [2]. There are cases where even
5% doping does not show as significant improvement in capacity [36], but doping to that
degree in this material leads to impurities and so is not a promising avenue of
experimentation. The similarities in discharge capacity after 50 cycles further supports
the theory that Ca2* is not influencing the crystal structure through pillaring. XRD
suggests that the Ca2* is in the P3 structure, but in the tetrahedral sit of the MOz layer
which would was predicted not to affect the electrochemistry.

The similarity of the voltage profiles, combined with the similarities between the initial
and final capacities of the material, confirms that the Ca?* is not being inserted into the
Na* site, and is not causing a pillaring effect. As determined via Rietveld refinement, the
changes in c lattice parameter were larger than previously seen in Ca-doped P3
structures, The starting capacities range from 141 mAh g1 to 136 mAh g1, and 121 mAh
g'1to 109 mAh gt after 50 cycles. 1% Ca doping increased the discharge capacity of the
host P3 structure by 7 mAh g1 and 2% Ca doping lowers it by 5 mAh g1. The range of
these values is not significant enough to suggest any change by Ca2+* pillaring, expect
perhaps in 1% Ca P3-NCMM. In the case of this sample, the increase in capacity and
capacity retention lies outside of the range of values of the other two samples, suggesting
that something has caused an improvement in performance. It may be Ca?* doping into
the structure, but the improvements are small compared to literature and are not
maintained. It is possible that the improvement is not caused by Ca2* doping alone.

There is no clear pattern to the variation in capacity between the P3 samples. These levels
of Ca doping have improved capacity retention in other materials to a much greater
extent, and so from these data it appears to have to effect on electrochemical
performance.

4.3.3.2 P2-NCMM

In the range of P2-NCMM samples, we see a different pattern to the P3 in the discharge
capacity values across the cycling regime. These results are shown in The capacity and
efficiency per cycle are displayed in Figure 4-13. When the P2-NMMO with 1% Ca, the
capacity at the 50th cycle increases by 19 mAh g-1. Doping with 2% Ca increases it by 16
mAh g-1. This is a greater increase than seen in the P3-NCMM samples and suggests that
there is some increase in capacity retention caused by Ca2+ pillaring in the P2-NCMM.
After 20 cycles there is an increase in noise in the capacity and cycle efficiency of the 1%
and 2% Ca P2-NCMM, also seen in the 1% and 2% Ca P3-NCMM which were run at the
same time, in the same conditions.

Table 4-7. Unlike the P3-NCMM samples, which show only an increase in capacity
retention of 4% when going from 0% to 1% Ca doping, the capacity retention of the P2-
NCMM increases by 10%. This is indicative of Ca doping improving the structural stability
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of the material, which was indicated by the Rietveld and SEM analysis of 1% Ca P2-NCMM.

Further Ca doping does not improve the capacity retention, although the capacity
decreases by 3-4 mAh g-1.

The capacity and efficiency per cycle are displayed in Figure 4-13. When the P2-NMMO
with 1% Ca, the capacity at the 50t cycle increases by 19 mAh g-1. Doping with 2% Ca
increases it by 16 mAh g1. This is a greater increase than seen in the P3-NCMM samples
and suggests that there is some increase in capacity retention caused by Ca?* pillaring in
the P2-NCMM. After 20 cycles there is an increase in noise in the capacity and cycle
efficiency of the 1% and 2% Ca P2-NCMM, also seen in the 1% and 2% Ca P3-NCMM which
were run at the same time, in the same conditions.

Table 4-7: Discharge capacities of the 15, 10th, and 50t cycle of Ca-doped P2-NCMM.

Discharge capacity/mAh g1 Capacity
P2-NCMM Avg som  retention
1t cycle 10th cycle 50th cycle cycle and over 50
std. dev. cycles
0% Ca 147 127 93 94.6 + 0.9 63%
1% Ca 153 142 112 107.1+ 3.6 73%
2% Ca 149 137 109 106.2+ 1.9 73%

Different levels of Ca doping in the literature can show improvements in performance;
2.5% [30], 3% [32], 4% [38], [39], 5% [34], [36], and 7% [2], summarised in Table 4-1.
However, these Ca doping values are for different materials, and it was shown that doping
with 5% Ca cannot be done (Figure 4-8). The doping limit of P2-NMMO with Ca is between
1% and 2%. Even at these levels, the effect is smaller than the other Ca-doped materials.
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Figure 4-13: Discharge capacities of 0% (red), 1% (blue) and 2% (green) Ca P2-NCMM.

Shown in the XRD analysis, 2% Ca doping leads to impurity phases that are not apparent
in 1% Ca P2-NCMM. This suggests that there is a solid solution limit for Ca2* in the P2
structure. The difference in capacity between 1% Ca and 2% Ca across the test procedure
is consistently 3-4 mAh gL If the solid solution limit is between 1-2% Ca, then the 2% Ca
P2-NCMM is showing a reduced capacity because the mass of active material has been
overestimated, leading to a higher current being used in the test procedure and a lower
capacity as a result. The capacity retention is the same in both samples, which may be
because the solution limit is close to 1%. There is no evidence of doping the alkali layer
in P-type NMMO previously, and so the doping limits are unexplored.

From the earlier, the 2% Ca P2-NCMM is not expected to contain Ca in the structure. The
lattice parameters showed little difference to the 0% Ca P2-NCMM, as with the particle
size. Unlike the 1% P2-NCMM which does show a change - particularly in the particle size.

XRD analysis showed that 1% Ca doping led to a contraction of the c lattice parameter,
indicating Ca?* incorporation into the alkali layer. This should be visible in the voltage
profiles and differential capacity graphs as structural changes are suppressed. The
voltage profiles show little variation in the behaviour of P2-NCMM as Ca doping increases,
beyond the slower fall in capacity - the plateau at 2.2 V vs Na/Na* does not shorten as
rapidly as in the 0% Ca P2-NCMM (Figure 4-14).
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Figure 4-14: Galvanostatic cycling of (a) 0% Ca, (c) 1%, and (e) 2% Ca P2-NCMM. The
plateau at the top of each charge step is when the cell was held at a constant voltage.
Differential capacity plots of (b) 0% Ca, (d) 1%, and (f) 2% Ca P2-NCMM. Line colour shifts
from yellow to green to blue as cycle number increases. Cycled at C/5 between 1.5 - 4.0 V vs
Na/Na* for 50 cycles.

Typical of P2-NMMO [20], [70], there is a major peak at 2.1 V/2.2 V vs Na/Na* in the
differential capacity graph, which becomes broader and more polarised over time: 2.1
V/2.5 Vvs Na/Na* by the 50t cycle. This could be evidence of Mn2+ dissolution [66], [78],
[79], as broadening and polarisation have been mentioned as indications of transition
metal migration [30].

The peak during the discharge step also attenuates during cycling. There is also a very
broad peak at 2.9 V/3.1 V vs Na/Na*. These two couples correspond to the extraction of
Na* from P2-NCMM. The appearance of two redox couples is a result of the two Na* sites
present in the P2 structure [70].

As with the P3-NCMM samples, information is lost owing to the intensity of the main
redox pair. For example, in Figure 4-14 there is little evidence of a P2<>0P4 transition at
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3.5V vs Na/Na* in the charge step [20]. However, as the graph is enlarged in Figure 4-15,
there is some evidence of a peak in this position. This peak is maintained throughout the
doping series.

One major difference between the doped and undoped samples is the electrochemical
behaviour at 2.65 V vs Na/Na* on discharge. The peak in 0% Ca P2-NCMM shifts
throughout cycling and develops with no obvious oxidation counterpart. It is entirely
absentin the 1% P2-NCMM and may reappear in 2% P2-NCMM but much less clearly. The
presence of this peak in 0% P2-NCMM may explain its more rapid degradation compared
to the doped samples, as the three differential capacity graphs appear almost identical.

This would then provide further evidence for the Ca* being incorporated into the 1% Ca
P2-NCMM structure, in contrast to the P3-NCMM where there is little evidence of any Ca2+
in the alkali layer. It suggests that the Ca2* is preventing some crystal structure
transformation or degradation reaction.

In fact, this peak at 2.65 V seems to slowly emerge in the discharge step, not fully forming
until approximately the 30t cycle. This could be evidence of Na*/vacancy ordering
beginning to occur, but the presence of Ca?* pillaring in the Na* layer prevents the
reordering step from taking place [33], [34]. This could be confirmed by operando XRD,
which would show superstructure peaks in the obtained patterns.

The particle sizes of the samples are also relevant here. 0% and 2% Ca P2-NCMM both
have particle sizes of approximately 0.5 - 1.0 um, whereas the 1% Ca P2-NCMM particles
are 1.0 - 3.0 pm. If the dominant capacity fading mechanism of NCMM is Mn2* dissolution,
as seen with NMMO, then larger particle sizes should improve capacity retention because
it reduces the surface area/volume ratio. However, the capacity retentions of the 1% Ca
and 2% Ca P2-NCMM are the same. The XRD and SEM of 2% Ca P2-NCMM both suggest
that there is little difference between it and the 0% Ca P2-NCMM. The electrochemistry
shows that its performance is more like the 1% Ca P2-NCMM, which does have evidence
of Ca doping.

Because the characterisation of 2% Ca P2-NCMM does not reveal any Ca doping, it may
be the case that a different factor is improving the capacity retention. In Chapter 3, an
impurity phase was seen in the solid state synthesised P3-NMMO with a similar crystal
structure to the impurity seen in 2% Ca and 5% Ca P2-NCMM. That tunnel-like structure
shows some electrochemical activity that is not observed here, but a capacity retention
of 95% within the same test parameters as the cells here. There are examples of
multiphasic structures having improved capacity retention than single phases [80]-[82],
which can be obtained via doping [83]. This will be explored in more detail in the next
chapter, but a minor phase in a composite structure can prevent phase transitions and
improve capacity retention. This could be the mechanism by which the cycle life of 2% Ca
P2-NCMM is improved, rather than inserting Ca?* into the Na layer. This way, the lattice
parameters and particle would be expected to be the same in both 0% and 2% Ca P2-
NCMM but perform differently electrochemically.
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Figure 4-15: Differential capacity plots of (a) 0% Ca, (b) 1%, and (c) 2% Ca P2-NCMM.
Line colour shifts from yellow to green to blue as cycle number increases. Cycled at C/5
between 1.5 - 4.0 Vvs Na/Na* for 50 cycles.
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As seen in the comparison between biotemplating and solid state syntheses, the P3-
NCMM has a generally higher capacity than P2-NCMM after 50 cycles at C/5, despite the
lower initial discharge capacity. The higher initial capacity of P2-type materials has been
observed before [84]-[86], but the higher capacity retention has not. One reason for the
low capacity retention in the P2 material, particularly the 0% Ca P2-NCMM, may be the
particle size. P2 materials often have particle sizes of ~2 um, whereas in this work the
size is <1 um. P2-NMMO analysed in Chapter 3 was calcined for 20 h, rather than 2 h,
hence the different sizes. This increases the surface area for Mn2+ dissolution and speeds
up capacity fade. In the previous chapter, biotemplated P2-NMMO (calcined for 20 h) had
a capacity retention of 83%, 20% higher than the 0% Ca P2-NCMM (also biotemplated,
calcined for 2 h). The P2-NMMO material calcined for 20 h had larger particle sizes than
all Ca-doped P2-NCMM samples.

This indicates that surface area is a significant contributor to capacity retention in P2-
NCMM. The capacity retention gains in 1% Ca P2-NCMM may be a result of increased
structural stability or suppressed phase transitions, but they may also be caused by the
increased particle size. However, it is likely that the increase particle size is caused by the
Ca?* doping of the alkali layer [2].

The capacity retention of the P3-NCMM is higher than the P2-NCMM but varies less with
Ca doping. The P3-NCMM may simply be less susceptible to Mn?* dissolution than the P2
phase, perhaps owing to the lack of edge-sharing sites for the Mn2* to occupy and diffuse
through. Overall, the addition of Ca2* did not have a significant impact on the capacity or
capacity retention of the P3 material. The differences in the capacity values are likely due
to variation between cells rather than an effect of Ca doping. None of the results here
suggest that Ca is doping the alkali layer. The XRD shows an increase in the c lattice
parameter, but to a higher degree than expected from previous work into Ca doping of P3
materials.

4.3.3.3 Rate capability testing

As it commonly shows improvement with Ca doping, the rate capability of each material
was tested to investigate its impact on the performance of P3- and P2-NCMM. The
evidence has indicated that the P3-NCMM does not incorporate the Ca?* into the Na* layer,
as was attempted, and this continues here. As shown in Figure 4-16, the 1% Ca P3-NCMM
fares the worst of the three samples under high discharge currents, with it delivering the
lowest capacity for each rate. The difference between the samples fluctuates too; at 1C
the difference between 0% Ca and 1% Ca P3-NCMM is approximately 10 mAh g-1, whereas
itis 20 mAh g1 at both C/5 and 5C.

After cycling at 5C, the samples are cycled again at C/10. While all three regain the lost
capacity at this point, the 1% Ca and 2% Ca P3-NCMM both suffer rapid capacity fade over
the final five cycles. This points to structural degradation of the material after cycling at
high C-rates. So far it has been supposed that Ca?* is occupying a tetrahedral site in the
TMO:2 layer, rather than a prismatic site in the Na layer, because of the expanding c lattice
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parameter. As such it is expected not to affect the electrochemistry of the material, which
was argued when examining the capacity and voltage profiles. The data from the rate
capability testing support this, because the difference between samples is not significant

enough to disprove this hypothesis - especially when comparing it to the results of the
P2-NCMM rate capability test.
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Figure 4-16: Discharge capacity of each P3-NCMM sample. Cycled between 1.5 - 4.0 V at a
given C-rate as marked on the graph for 5 cycles each.

By comparison, the difference between capacities for the P2-NCMM samples is much
larger (Figure 4-17). Consistently, the 2% Ca P2-NCMM delivers the lowest capacity of
the three samples here, approximately 40 mAh g1 lower when cycled at 2C. The 1% Ca
P2-NCMM instead offers greater capacity at each C-rate. The 1% Ca P2-NCMM sample is
the one that has the most evidence of Ca2* incorporation into the Na layer, and so most
likely to show the improved rate capability typical of Ca doping. So, a 10 mAh g1 higher
capacity compared to the 0% Ca P2-NCMM at 5C and 20 mAh g1 higher at C/2 and 1C is
further evidence of successful incorporation of Ca?* into the Na layer. Worth noting here
is that larger particle sizes lead to worse rate capability because of the longer Na*
diffusion pathways [63], and so the improvement in rate capability here are a result of Ca
doping, not of the increased particle size.

In the case of 2% Ca P2-NCMM, the capacity at higher C-rates is lower than both 0% and
1% Ca P2-NCMM. The higher capacity retention of the 2% Ca P2-NCMM was thought to
be a result of the impurity phase identified in the XRD analysis. Examining the results of
the same test on solid state P3-NMMO (with a similar impurity) show that it delivers
lower capacity than the biotemplated P2-NMMO. It is likely also due to the impurity
phase(s) in the solid state P3-NMMO. This factor may be at play here as well; a similar
impurity is present in the 2% Ca P2-NCMM to that present in the solid state P3-NMMO. It
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is possible that this impurity affects the rate capability of the cell by hindering diffusion
pathways within the cathode material. Introduction of a second phase can improve the
rate capability of a cathode [87], but not always [81], [86].

Here, at C/5 there is a large (35 mAh g1) difference in capacity between 1% Ca and 2%
Ca P2-NCMM. This contrasts with the galvanostatic cycling experiment (shown in Figure
4-13), wherein the capacity of the two materials remains within 5 mAh g1 of each other
throughout the test. There is variation in the capacity within repeats of the same sample,
and so some level of discrepancy is expected. However, this level of difference between
the capacity of the two samples is significant, and so another factor is likely affecting the
capacity of 2% Ca P2-NCMM, beyond simple variance.
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Figure 4-17: Discharge capacity of each P2-NCMM sample. Cycled between 1.5 - 4.0 V at a
given C-rate as marked on the graph for 5 cycles each.

4.4 Conclusion

Doping cathode materials with Ca%* is a tactic to increase capacity retention by
suppressing phase transitions that undermine the stability of the crystal structure. Due
to the similarity in the size of the Ca?* and Na* ions, the Ca%* is expected to occupy
vacancies in the Na* layer of the layered structure. In the case of P3-NCMM, the Ca2*
instead appears to occupy a tetragonal interstitial site in the MOz layer. This leads to no
change in electrochemical performance. The capacity retention values show little change
(a range of 6%) compared to the P2-NCMM (a range of 10%). The capacity of the 1% Ca-
P3-NCMM is the highest of the three (121 mAh g1 compared to 114 mAh g1 from 0% Ca
P3-NCMM after 50 cycles), but not by enough that successful Ca2* doping can be assumed.
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For P2-NCMM, 1% CaZ2* appears to successfully dope the Na* layer, as evidenced by the
XRD, SEM, and 10% increase in capacity retention. However, the impurities seen in the
2% Ca P2-NCMM sample suggest the substitution limit for Ca2* is between 1% and 2%.
The 1% and 2% Ca P2-NCMM samples exhibit increased capacity retention; with 19 mAh
g'land 16 mAh g1 more capacity delivered in the 50t cycle than the undoped P2-NCMM,
respectively. However, the mechanisms by which capacity retention increases is likely to
be different for each sample. The 2% Ca P2-NCMM may be improved by the presence of
an electrochemically active impurity phase, rather than through Ca doping.

Rate capability tests show that 1% Ca P2-NCMM exhibits superior discharge capacity to
the other P2-NCMM samples and outperforms all P3-NCMM samples. Whether this
outcome is a result of the anomalously large particle sizes or Ca pillaring is unclear, and
it remains possible that these two factors are simultaneously caused by Ca doping.

The results demonstrate the difficulty in doping the Na* layer in P3-NMMO, owing to the
absence of Na sites that are edge-sharing on both sides, as is the case in P2 phases. Doping
P2-NMMO is possible because of these sites, and although the Ca doping limit is 1-2%,
this leads to increased capacity retention and enhanced rate capability. This work
highlights again the improvements in performance possible of the established, high-
capacity NMMO cathode.

4.5 Further work

The exact position of the Ca ion within the structure of P3-NCMM should be confirmed.
This may be possible using solid state NMR, or the X-ray atomic pair distribution function
(PDF) method. Similarly, an investigation into higher doping levels could be conducted if
the Ca can be placed selectively into the Na sites. The reason that Ca does not appear to
occupy the Na should be explored too, as this means it does not cause the pillaring effect
that raises the NMMO materials capacity retention. If the Jahn-Teller activity of the Mn3+*
creates distortions for the Ca?* to occupy, then further Mg doping can mitigate this.
Doping with another transition metal such as Cu [88] or Ni [89] could increase the
covalency of the bond hybridisation within the TMOz, similarly to how additional Mg2*
stabilises O redox [24].

The 5% Ca P2-NCMM could be tested. The tunnel-type structure, Nao44MnOz, is a known
electrochemically active material [59]-[61]. In Chapter 3, the sample that contained an
impurity with the same structure (solid state synthesised P3-NMMO) displayed a lower
capacity than the other materials tested (95 mAh g1), but a much higher capacity
retention (95%). It is worth revisiting this material to see if a similar capacity retention
can be achieved here. Similar tactics to those suggested to improve Ca doping in the P3
phase could be used to increase the Ca doping level in the P2 phase.
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5 Combining P3- and P2-Nao.s7Mno.oMgo.102 phases

5.1 Introduction

Multiphase composite structures have long been established as a route to increased
capacity and capacity retention in NIB cathode materials [1]. The need for composite
phases arises because of the distinct benefits and drawbacks of the different crystal
structures possible in layered oxide cathode materials. For example, prismatic (P-type)
compounds exhibit higher rate capability and lower energy barriers than octahedral (O-
type) ones [2]. This is as result of the face-sharing nature of the trigonal prismatic Na*
sites, which allows facile transport through the structure. By comparison, the Na* in
octahedral sites diffuse via an intermediate tetrahedral site, which is unfavourable and
sluggish due to the size discrepancy between the Na* and the tetrahedral site [3]; the Na*
is too large, meaning diffusion is slow. However, the O-type structures form when Na*
content is high (x > 0.9), as opposed the P-type which form in Na* deficient conditions (x
~ 0.67). Therefore, the O-type phases are said to act as a Na* reservoir, particularly in full
cells [1]. The formula for determining theoretical capacity is correlating with the number
of moles of electrons that transfer during charge or discharge, and therefore the number
of Na* that can be extracted. Thus various combinations are available to create these
multiphase structures; such as the P2/03 [2], [4]-[7] and P2/P3 biphases [8]-[12], and
the P2/P3/03 triphase [13], [14].

These composites are generated using a range of techniques: cation doping (for example,
Li [2], [4], or a transition metal [7], [15]), quenching [13], varying Na* content [6], and
adjusting calcination temperature [8], [16], [17]. Calcination temperature is the
technique used to generate a P2/P3 biphase in this chapter. Since both the P2 and P3
phases are sodium deficient compared to the 03 phases (x= 0.67 vs x = 1), the two phases
can be grown simultaneously as the two phases use the same ratio of starting materials,
but different calcination temperatures. Previous work notes that P2 phases form at
higher temperatures than the P3 phase [18]-[20]. The reason this occurs at high
temperatures is that the transition involves a 60° rotation of all the TMO2 octahedra in
alternate layers [21], as well as a layer glide, shown in Figure 5-1. Unlike the P-type to O-
type transitions, which is achieved via only layer gliding at certain Na* occupancies, the
transition between P-type structures involves the breaking of TM-0 bonds. The result is
a grain made up of both P2 and P3 phases [17]. These multiphase composites are shown
to be topotactic intergrowths [12], [22]-[24], made possible by the 3D structural
similarity between the different layered oxides phases [4], [13], [25], and occurs when
the multiphase is generated via adjusting the calcination temperature [16], [17].

183



o> >0 O WP
o> > ® P

Figure 5-1: Schematic of the P3 and P2 phases. Note the change in relative orientation of
the TMO: layers.

Doping the TMO: layer can also generate composite phases. It is suggested that when
doping with Sn the preferred structure of the Nao.s7Nio.33Mno.66-xSnx02 cathode changes
[26]. It lowers the pH of the initial solution during the precipitation synthesis (as well as
annealing temperature) as it is a Lewis acid, which leads to formation of the P3 phase
[27]. The undoped material forms a P3/P2 biphase that is majority P2 when calcined at
800 °C. However, when doping with increasing amounts of Sn** (x = 1, 3, and 5%) the P3
phase becomes more dominant as the Sn** decreases the pH of the initial solution. A
similar effect was seen in generating a P2/03 biphase of the same material at 1000 °C
instead [15]: increasing Sn** doping leading to higher phase fraction of O3 over the P2
phase. In both cases, 1% Sn doping is enough to increase initial discharge capacity over
50 cycles at 200 mA g1 (1C) or over 30 cycles at a current density of 15 mA g,
respectively. In both cases an improvement in capacity at higher C-rates was observed.

Neither study deconvolutes the effects of doping on the cell performance from the effects
of having a composite material acting as the cathode. Thus, the multiphase materials
generated via doping cannot be said to be better than the single phases. One study does
acknowledge this convolution and proposes that the neighbouring phases stabilise each
other via an interlocking interface reaction mechanism [28] - resulting in a hetero-
epitaxial structure that reduces strain energy at the phase boundary. This is results in a
smaller volume change and translates to less damage permanently done to the structure
during cycling, despite the composite sample displaying a more complex phase
progression during cycling as observed in operando XRD.
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Smaller volume changes during cycling are particularly relevant to Mn-rich cathodes.
These cathodes utilise the Mn3*/Mn%* redox couple, and are susceptible to Mn2*
dissolution as a capacity fading mechanism [29]. Using biphasic compounds to reduce
lattice mismatch during phase transitions has been shown to reduce Mn2* dissolution in
P2/03-Nao.7Lio.11Feo36Mno36Tio.1702, which utilises the Mn3+/Mn#** redox couple, by
reducing micro-cracks in the material during cycling [5].

Using biphasic materials, as with doped materials, can also prevent harmful phase
transitions. In Nao.67Lio.1sMno.sFeo.202 [30], the addition of Li to the host material leads to
formation of a P2 and O3 phase. The 03 phase is an electrochemically inactive minor
phase which the authors suggest is suppressing the P2<>0P4 transition. Although this
could also be caused by Li substitution, it is more likely to be a result of the biphase as it
displays higher capacity (125 mAh g-1) than the equivalent phase-pure P2 material [31].
This supports the above study, wherein the biphases are thought to be interlocked and
prevent detrimental phase transitions (displayed in Figure 5-2).
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Figure 5-2: Schematic of the suppression of volume change in P2/03 biphases (top) as
opposed to P2 and 03 single phases (bottom). Adapted from [28].

At C/10 the capacity of 125 mAh g1 is low compared to other compared to other biphases
described here. The capacity falls to 100 mAh g1 after <25 cycles before levelling off -
overall, the capacity retention is <70% over 100 cycles between 1.5 - 4.2 V vs Na/Na* at
C/10. This capacity fade was investigated via cyclic voltammetry (CV) and it identified
increasing polarisation and reduced intensities of the redox peaks, which was attributed
to polarisation at the electrode interface [32], [33].

It is unlikely the Mn2+ dissolution is the cause of capacity fading here, as the material
shows increased capacity after 100 cycles when ball milled. Doing this reduced the
aggregate size from 3 - 30 pm to 0.5 pm - 3 um [30]. Decreasing the particle size of the
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material led to an increase in the electrochemical activity after 20 cycles, although after
this there was a more rapid fade in capacity. The authors suggest that reducing particle
size increases the surface exposed to SEI formation, which reduces Na* mobility. This is
offset by the increased electrochemical activity of the material and the O3 phase prevents
rapid capacity fading over the first 20 cycles by prevent the P2 0P4 transition.

As mentioned, biphases can be generated by selection of calcination temperature. P3/P2-
Nao.45Ni0.22C00.11Mno.s602 [8] was produced via calcining at a mid-point temperature
between the P3 and P2 phase transition. Analysis via SEM revealed that the material
consists of nano-sized particles, surrounding larger, micron-sized flakes, which are
attributed to the P3 and P2 phase, respectively. This may be based on the particle size of
each phase after synthesis of the single phases, which follow the pattern of the P2
particles being larger than the P3. The resulting composite exhibited a higher initial
discharge capacity than the pure P2 phase, although its capacity retention is worse. The
P3/P2 biphase delivers 146.8 mA g1 in the first cycle, and 94.5 mAh g1 after 150 cycles,
compared to the P2 phase which delivers 130.4 mAh g-1 and 111.6 mAh g1 for the same
cycles. In this case, the use of a biphase did not produce better electrochemical
performance overall than the single phase P2 material.

Itis suggested that the increased capacity retention is due to increasing particle size from
0.1 pm to 2 um, which can be controlled using biotemplating [34], [35]. The cause of lower
capacity retention of the smaller particles is manganese dissolution. According to the
authors, this position is supported by the combination of capacity fade and high cycle
efficiency, and mitigated in later work by changing the electrolyte [29]. Comparing to the
previous paper, in which reducing particle size improved capacity retention, increasing
particle size seems counterintuitive. However, examination of the original particle sizes
(3 - 30 um [30] and 0.05 - 0.15 um [8]) reveals that both are converging on a similar
particle size range (0.5 - 3 pm in both studies) where the best cycling performance is
achieved.

In the same study of P3/P2-Nao.45Nio.22C00.11Mno.6602, the voltage profiles of the P3 and
P2 single phases and the P3 /P2 biphase were compared and found to be visually similar.
Key features in the discharge profile were a voltage step between 4.1 and 3.6 V vs Na/Na*
followed by a plateau at 3.6 V vs Na/Na*, and then two plateaux at 3.2 V and 2.3 V vs
Na/Na*. The features below 3.5 V vs Na/Na* were attributed to sodium vacancy ordering
at specific sodium contents [36]. Mn3+/Mn** redox activity occurs between 2.1-2.4 V,
meaning that this redox couple caused the plateau at 2.3 V vs Na/Na*. The features are
better defined in the P2 samples; one calcined at 800 °C, the other at 900 °C. This is
possibly due to the larger particle sizes (0.5 pym - 3 um, and 1 pm - 4 pm) compared to
the P3 (0.05 um - 0.15 pm) or P3/P2 phase (~ 1 um). The capacity fading was indicated
by the shortening and increasing gradient of voltage plateaux at 4.2 Vand 3.6 Vvs Na/Na*,
which represent phase transitions to O-type structures from the P-type. The feature at
2.3V, although not mentioned, also shortens to a degree - supporting the case for Mn2+
dissolution in smaller particles due to the higher surface area.
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The rate capability of the materials is also tested, and it is found that larger particle size
can be detrimental to the capacity at high C-rates [8]. The longer diffusion pathways in
the bulk material limits the capacity that can be extracted; the two P2 phases with
different calcination temperatures, and thus particle sizes, show this. It is also worth
noting that although the P2 phase with the smaller particle size still outperforms the
lower temperature samples. The P3 and P3/P2 lose capacity as the voltage plateau is
raised at higher C-rates, to a level above the upper cut-off voltage. However, the P3/P2
materials shows some improvement over the single P3 phase - likely die to the presence
of the P2 phase.

Other studies on P3/P2 biphases, beyond demonstrating that the biphase outperforms
the P3 phase [16] or both the P3 and P2 phases [17], also show the nature of these phases
to be intergrowth structures. In both cases, TEM shows that the two P-type phases are
growing next to each other in topotactic layers [4]. An example is shown in Figure 5-3 of
a scanning transmission electron microscopy (STEM) image using high-angle annular
dark field (HAADF) to show to show the P3 and P2 phases growing next to each other
[11]. In the former, the P3 /P2 Nao.sNio.17C00.17Mno.6602 [16] biphase outperforms the P3
phase only slightly, with a capacity retention after 50 cycles of 57.5% and 54.1%,
respectively, cycling between 1.5 - 4.5 V vs Na/Na* at C/5. However, the capacity is
approximately 20 mAh g-1 higher than the P3 phase per cycle throughout the test.
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Figure 5-3: STEM-HAADF image of P2/P3-Nao.c7Mno.64C00.30Al0.0602 [11].

Both samples are in turn outperformed by a triphasic sample, made up of the P2, P3, and
an 0’3 phase. The 0’3 phase is generated by doping with Li and is in fact a Li layered
material, shown by EXAFS in previous work by the same group [37]. This gives the
material a nominal formula of Nao.sLio.18Nio.17C00.17Mno.6602, consisting of Na-P2, Na-P3,
and Li-0’3 phases. The CV shows that the Li-doped triphasic material has a much
smoother voltage profile with fewer, and less intense redox peaks than either single P3
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phase or the P3/P2 biphase sample. The Li is thought to disrupt Na*/vacancy ordering,
or rather induce disorder; simultaneously promoting higher capacity retention and
higher rate capability [38], [39]. The material has a capacity retention of 78%, and at 5C
delivers 110 mAh g1, rather than 73 and 80 mAh g1 for the P3 and P3/P2 phases,
respectively.

In the latter case the biphasic P3/P2-Nao.7Li0.06Mgo.06Nio.22Mno.6702 [17] outperforms the
pure P3 and P2 phase, and a mixed P3 and P2 material. The biphase had a capacity of
80mAh g1 after 100 cycles at C/5. The capacity after 100 cycles at C/5 of the single phase
P3 material is 65 mAh g1, and 55 mAh g1 for the P2. This study is one of the few [14] to
report a comparison to a post-synthesis mixture of the two phases- the mixed phase has
a capacity of only 40 mAh g1 after 100 cycles. The results follow a similar pattern: the
biphase outperforms the single phases, which outperform the mixed phase. The
explanations for the differences in performance are like other studies described here: the
formation of the OP4 phase over the 02 phase promotes reversibility, and an avoidance
of a phase transition from P3 to a distorted P”3 phase. The latter improvement is achieved
via Li doping, as the biphasic P3/P2-Nao.ssNio33Mno.6702 sample performed worse than
the doped sample. In rate capability testing the undoped P3/P2-Nao.ssNio.33Mno.6702
performed much worse the single phase P3- and P2-Nao.ssNio.33Mno.s702, where the
capacity drops to zero at 2C. The rapid capacity fade is likely to be caused by the P2<02
phase transition, which occurs as the samples are all cycled with an upper cut-off voltage
of 4.4 V vs Na/Na*. The cause of the poor capacity retention relative to P2-Nao.c6Nio.33-
Mno.670:2 is, however, unclear. There is no consideration of particle size in the study, but
since the biphase is synthesised via an intermediate temperature it possible that the rapid
capacity fade is due to the smaller particle size of the biphase compared to the P2 phase.
This results in higher surface area, likely meaning greater initial electrochemical activity
which fades rapidly due to the P2 02 transition already discussed. This would mean the
biphasic material does not prevent the phase transition and resulting strain and micro-
cracks that occur [5]. If true, this highlights the importance of material selection to not be
compromised by the particle size reduction when synthesising composite by calcining at
intermediate temperatures, and when synthesising using methods such as biotemplating.

In these hetero-epitaxy structures, proximity of the P2 phase to P3 is suggested to
stabilise the P3 phase and suppress the P3<03 phase transition [4], which coincides with
reducing strain energy at the material interface. For example, multiphasic
P2/03/0’3/P3-Nao.7Lio.3NiosMnos0z2, transforms into a biphasic P3 /P2 structure during
first charge. It briefly transitions into a P2/0”3 at the beginning of discharge before it
returns to the P2/P3 and remains in that configuration until the end of discharge - the
03 phase does not reappear after discharge (Figure 5-4). The lack of energy cost of repeat
transitions is what the authors credit for the high rate performance of the multiphase
material over the pure 03 analogue (although this contained no Li), which undergoes
repeat O3 - 0’3 - P3 transitions in the same voltage range [40].
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Figure 5-4: Nao.7Lio3NiosMnos02 during initial charge-discharge. {03} denotes a
combination of 03, 0’3 and P3 phases [4].

The disappearance of the O-type phase avoids the high energy barrier for Na* diffusion in
those materials, and so throughout the range of Na contents the rapid diffusion of the P3
material can be utilised. The reason the P3 phase does not transition back into the 03 is
that the presence of the P2 phase influences the crystal structure: interlocking of the P3
phase stabilises the P2 and reduces strain at the interface. This is likely made possible by
the close match of the two prismatic Na* sites, as opposed to the octahedral and prismatic
sites present in the P2/03 system initially. This also results in a smoothed voltage profile
compared to the Nai-xLixNio.sMno.sO2 with lower Li contents, caused by a disruption in
Na*/vacancy ordering, meanwhile enhancing the rate capability and capacity retention.

Conversely, a multiphase material can undergo a more complex phase progression while
having a better capacity retention than a single phase [13]. P2/03/01-NaNio.33Co-
0.33Mno.3302 undergoes several phase transitions throughout the first and second charge-
discharge cycles between 2.0 - 4.4 V vs Na/Na* at C/10 and recovers the same phases
afterwards. This triphasic material displayed higher capacities than the P2/03 material,
and P2 material (135 mAh g1, 100 mAh g1, and 55 mAh g1, respectively) after 50 cycles
between 2.0 - 4.4 V at C/10, as well as better rate capability. The P2/03 material
undergoes a similar phase progression to the triphase, but on discharge cannot recover
the 03 phase and remains as a P2/P3 biphase. The resulting biphase still performs well
(100 mAh g1 after 50 cycles), particularly since almost all the capacity loss occurs during
the first five cycles and then remains steady. The triphase performs better as it suffers
very little capacity loss throughout the procedure and so still delivers a higher capacity
after 50 cycles.

The interlocking of phases is likely to be the reason multiphases outperform the single
phase counterparts. It prevents irreversible or harmful phase transitions that would have
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occurred via formation of a hetero-epitaxy structure. Although the production of
multiphases is often achieved in conjunction with doping a host material, leading to
difficulty in identifying its specific effects, its prevention of harmful phase transitions
extends the life of the cathode by reducing the strain and energy expenditure of the
transition [41].

The overall effect of composites then is the increased capacity retention of the cathode
[5],[16], [28]. The capacity fading in cathodes has numerous origins, but commonly occur
during phase transitions. The increased capacity retention of multiphase composites
comes from the prevention of harmful phase transitions, either by promoting more
reversible ones (such as formation of OP4 over 02) or the avoidance of a transition
altogether. This results in a reduction of strain on the crystal structure and a better
maintenance of it during cycling through the prevention of micro-crack formation. The
prevention of micro-cracks can also reduce the Mn2+ dissolution into the electrolyte by
prevent increases in electrode surface area.

The behaviour of the different P-type NMMO phases has been established both in this and
previous work [42]-[46]. The capacity fading mechanism of the material is likely to be
caused by Mn2+ dissolution, as with other Mn-rich cathodes. There are also several phase
transitions that occur within each material that can reduce the capacity retention. This
work then is to use a combination of P3- and P2-NMMO phases to reduce the capacity loss
seen so far in this work.

The P3-NMMO phase has been explored [45], [46], and as seen in Chapter 3 it has the
potential to outperform its P2 analogue, but still suffers from capacity decay. Similarly,
P2-NMMO is a well-studied material [42]-[45] that has been shown in this thesis to suffer
from capacity fading. With this context, the exploration of the P3/P2-NMMO biphase is
warranted, both to stabilise the P3-NMMO phase against the transition to the 03/0P4
phases, and to unlock the potential of the P2-NMMO cathode material.

5.2 Aims

To fully elucidate the effects of phases on the electrochemistry on NMMO, a range of phase
fractions were targeted, along with the phase-pure compounds. Expressed as a ratio of
the P3 to P2 phase, these fractions were: 9:1, 7:3, 1:1, 3:7: 1:9. These ratios were chosen
to give a more complete overview of the effect of composite phases. Minor phases [16],
[30] have been shown to have an effect on battery performance, as have ratios closer to
1:1[8], [17]. Different ratios of the phases have not been explored, and the ratios explored
here provide good coverage of the range of phase fractions possible.

As shown in the HTXRD results of Chapter 3, the phase progression from P3 to P2 evolves
without the presence of any intermediate phases. Each target phase fraction can be
obtained via a biotemplating synthesis by varying calcination temperature. As a
comparison, these in situ generated biphases were compared against the same phase
fractions prepared by simply mixing two phase-pure P3-NMMO and P2-NMMO samples
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together. the mixed phases are also referred to as the ex situ samples. The single phase
P3-and P2-NMMO are also used here for comparison.

To characterise the materials, the XRD patterns of the mixed phases are examined, and
phase fractions of each are found via Rietveld. This is used to provide a comparison with
which to compare and verify the phase fractions of the biphases. Further, each sample is
examined via SEM to determine whether particle size is likely to play a role in the
electrochemical performance, as has been seen in earlier chapters, and studies already
discussed. Galvanostatic tests and C-rate cycling are conducted to determine any
differences between the mixed phases and the biphases. The mixed phases should
perform more similarly to the single phase P3- and P2-NMMO, but there should be
differences between the these and biphases as it is expected that the intergrowth nature
of them should suppress various harmful modifications to the structure.

XRD is used in this and previous chapters to show the progression at high temperature
from P3-NMMO to P2-NMMO. The transformation does not happen immediately; the
phase fraction of P2-NMMO increases with temperature, so specific phase fractions can
be targeted by calcining with a specific temperature.

The separately mixed P3/P2-NMMO phases are produced from P3-NMMO and P2-NMMO
calcined for 2 h at 650 °C and 900 °C, respectively. This gives a total heat treatment time
of 4 h and 5 h, respectively. This mirrors the conditions used in Chapter 4 to produce P3-
and P2-NCMM. The mixed cathode materials produced via calcination (referred to
throughout this chapter as biphases) were calcined using a range of temperatures from
720 °C - 820 °C, all for 2 h at 10 °C min-1. This gives a range of total heat treatment times
of 4 h 20 min to 4 h 40 min. The different temperatures are used as the P3 and P2 phases
are produced at different temperatures, as shown in Chapter 3. Therefore producing a
biphase in which one is grown from the other is necessitates the use of different
temperatures to obtain a range of phase fractions.

In this chapter, the sample powders are synthesised and examined by XRD once,
examined by SEM once, and one sample powder is used to make the cathode material.
From the cathode material, three cells are made to test the discharge capacity over 50
cycles, and one is used to test the rate capability.

5.3 Results and discussion

5.3.1 XRD

5.3.1.1 Single phase P3- and P2-NMMO
Synthesis of the P3-NMMO phases requires a biotemplating synthesis, as does the
synthesis of biphases without the presence of unwanted side products, as established in
Chapter 3. Phase pure materials were synthesised during Chapter 4 and serve as a
baseline to allow us to identify the origins of the electrochemical process within the
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mixed electrode. This provides a baseline structure profile to use when determining via
Rietveld refinement the phase fractions present.

The XRD patterns in Figure 5-5 show that the phase pure P3- and P2-NMMO can be
synthesised at 650 °C and 900 °C, respectively. The ideal crystal structures of each phase
form (R3m and P63/mmc, respectively) without any visible impurities. There is a minor

ordering peak in the P2-NMMO at 22 °20 corresponding to the (ggl) plane [47]. Visually,

the refinement fit for both samples is good, except for the peaks at 16 °20. These
correspond to the (003) and (002) peaks in P3- and P2-NMMO, respectively. The position
of these peaks is correct, but not the intensity. This discrepancy is likely due to preferred
orientation of the planes in question [34] but has not been modelled for here. The
refinement values are displayed in

Table 5-1. Lattice parameters match well with previously reported values for these
phases [42]-[46]. The Rwp is high for both samples [48], but typical of the machine used,
and the low GOF and good visual fit using established space groups for the refinement
mitigate this.
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Figure 5-5: XRD patterns and Rietveld refinement results of phase pure a) P3- and b) P2-
NMMO.
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Table 5-1: Refined structural parameters of P3- and P2-NMMO.

Sample Space group a (A) c(A) Rwp(%)  GOF
P3-NMMO R3m 2867(1)  16843(5) 173 148
P2-NMMO P6s/mmc  28760(1) 11.2316(5) 164 137

5.3.1.2 Ex situ mixed samples

To generate the biphases targeted, a reference for the phase fraction was made using
phase pure P3- and P2-NMMO. The two phases were ground together in the target ratios
by mass and examined via XRD. This meant that the phase fractions calculated from the
in situ biphase generation can be checked against the results of the ex situ samples, in case
of error in the calculated phase fraction in the Rietveld refinement. The XRD patterns of
the mixed phases, the target ratio, and the phase fractions derived from Rietveld
refinements are displayed in Figure 5-6. Further Rietveld detail can be found in the
Appendix.

The phase fractions obtained by the Rietveld refinement show some deviation from the
expected value from the masses used. The molar mass of the P3 and P2 phase should be
equal, save for Na loss during calcination (10% excess Na was used during synthesis to
counteract this). The difference in Na loss between 650 °C and 900 °C 2 h calcination
should be small. As such, the molar ratio of P3/P2 should be equal to the mass ratio. The
difference between the calculated and Rietveld refinement derived phase fraction is 9%
either way.
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Figure 5-6: XRD patterns of P3/P2-NMMO synthesised separately at 650 °C and 900 °C,
respectively, and mixed in the ratios indicated on the pattern. Annotated to show phase
fraction determined by Rietveld refinement. Peaks arising from each phase are marked on
the patterns (P3-NMMO in purple, P2-NMMO in orange).

Overall, the results demonstrate the ability to determine phase fraction using Rietveld
refinement, with an error of £+9% from the analysis. This data is used when generating
the in situ biphases; the phase fractions of the P3/P2-NMMO biphases when synthesised
by varying temperature are afforded an error of 9% away from the targeted phase
fraction. The initial exploration of this, determining the temperature at which phase
fractions form, was conducted with HTXRD.

5.3.1.3 In situ biphases

This investigation into the phase progression from P3-NMMO to P2-NMMO shows that
the phase formation is temperature dependent (Figure 5-7). Only the P3-NMMO phase is
present at 650 °C. By 750 °C, the P3 phase is barely visible as it has been steadily
disappearing since 670 °C and is being replaced by the P2 phase. In the HTXRD results
only showing the 30 - 50 °26 range (Figure 5-8), the P2-NMMO phase is first visible at
670 °C, and remains visible until the end of the experiment at 750 °C. The P3-NMMO
phase is already present at 650 °C, and is still visible at 750 °C, but only as a minor phase,
as shown by the Rietveld refinements, shown in Figure 5-9. The HTXRD results do not
show an intermediate phase, in agreement to the Chapter 3 HTXRD, and so the
biotemplated P3/P2-NMMO biphases are assumed to contain no impurity phases when
synthesised ex situ.
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Figure 5-7: HTXRD of NMMO from 650 °C to 750 °C in 10 °C intervals.
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Figure 5-8: HTXRD of NMMO from 650 °C to 750 °C in 10 °C intervals, only the 30 - 50 °20
range is shown. A selection of P3-NMMO and P2-NMMO peaks are highlighted to show their
waning and waxing, respectively.

The Rietveld refinement results of the HTXRD patterns show the phase fractions change
with temperature and are displayed in Figure 5-9. They show that one the P2 phase forms
that the phase progression (from 670 °C to 710 °C) is mostly linear, with the approximate
midpoint of the two phases occurring at 695 °C. The progression then slows as the P3
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phase reaches 0%, from 710 °C to 750 °C, showing that synthesis of the near-end
members of the P3/P2-NMMO series may be less straightforward. The error derived from
the Rietveld is 1% (expect when the phase fraction is 100%).
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Figure 5-9: Phase fractions of P3- and P2-NMMO calculated from Rietveld refinement results
of the HTXRD patterns of NMMO.

The pattern of phase progression is used herein as a guide to choose calcination
temperature to synthesise in situ biphases. The samples calcined in the lab muffle furnace
generate the biphases at different (nominal) temperatures than in the HTXRD. The in situ
biphases from the muffle furnace are generated at higher temperatures, and with a wider
range. The XRD results of the target biphases are shown with in Figure 5-10, annotated
to show the calcination temperature. Further Rietveld detail can be found in the
Appendix. Shown in Figure 5-10a, an ex situ calcination temperature of 720 °C results in
a mix of 91% P3-NMMO and 9% P2-NMMO, as opposed to the 15% P3-NMMO, 85% P2-
NMMO composition that the HTXRD would suggest. This discrepancy likely arises from a
difference between either the HTXRD furnace or muffle furnace nominal temperature and
the actual temperature, or both.
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Figure 5-10: XRD patterns of P3/P2-NMMO biphases synthesised at different calcination
temperatures. Annotated to show calcination temperature and phase fraction determined
by Rietveld refinement. Peaks arising from each phase are marked on the patterns (P3-
NMMO in purple, P2-NMMO in orange). o = transition metal ordering [49], or Nao.44aMnO:
[50].

From the XRD patterns of the ex situ mixed phases (Figure 5-6), the Rietveld-derived
phase fractions vary from the expected value (based on the masses of the phases) by 8%.
Furthermore, the ex situ biphases are a known quantity with respect to the quantity of
P3- and P2-NMMO in the sample. Therefore, since the Rietveld-derived phase fractions
from the HTXRD patterns had an error of 1%, the Rietveld-derived phase fractions of the
in situ biphases were allowed a 9% margin of error from the ex situ phase fractions.

Along with the phase-pure end members, both in situ and ex situ biphases are produced.
Specific phase fractions of P3- and P2-NMMO can be targeted with the biotemplating
synthesis. In the 9:1, 720 °C sample, there is a peak at 20 °20. This peak has two potential
sources; transition metal ordering [49], or Nao44MnO:2 [50]. This will be explored further
during the discussion of SEM, but it is possible that Nao44MnO:2 is generated at these
temperatures, but there is no evidence of it during electrochemical testing, and so the
peak is assumed to originate from transition metal ordering.

5.3.2 SEM

The particle size and shape of all samples were examined via SEM. The measurements of
particle sizes in this chapter were made challenging by a large degree of agglomeration
across the range of samples. This made distinguishing being specific particles challenging.
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As a result, the minimum number of particles measured to obtain an average and
standard deviation was lowered from 500 to 200. The data obtained from particle size
measurements are used to identify trends on particle size as the proportion of P2-NMMO
increases. Correlations between changes in particle size and electrochemical
performance are drawn but not claims regarding specific values as these will have more
errors than acceptable for this.

Figure 5-11 shows the SEM images of P3/P2-NMMO prepared by mixing the two
separately calcined phases. P2-NMMO has a larger size than the P3-NMMO, as seen by the
increasing average size as the phase fraction of the P2 phase increases. This is to be
expected from the higher calcination temperature of the P2-NMMO, and previous work
into the two phases (including Chapter 3), and other work into P3 and P2 phases. Since
the average particle size is increasing without making any modifications to the separately
prepared P3- and P2-NMMO phases, the P2 phase must be larger than the P3 phase.

Histograms of the particle size measurements (Figure 5-12) show the distribution of
particle size show the decrease in relative frequency of <1.0 um particles as the
proportion of P3-NMMO decreases. In the ex situ samples, the particle size increased from
1.25 pm # 0.87 pum in 9:1 P3/P2-NMMO mixed sample, to 2.54 pm * 1.20 um for the 1:9
P3/P2-NMMO. This trend was expected, given that the calcination temperature is
increasing which leads to larger particle sizes, and the particle sizes reported for each
phase. The standard deviation of the particle sizes is high, as there are two different
phases with different sizes. The proportion of P3-NMMO [8], [14] can be seen decreasing
as the fraction of particle with a size of <1.0 pm decrease through the series, and
conversely particles with a size of 1-4 um increase [8], [14], [30].
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Figure 5-11: SEM images of P3/P2-NMMO biphases generated via mixing.
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Figure 5-12: Histograms of the particle size of P3/P2-NMMO biphases generated via mixing.

The SEM images of the P3/P2-NMMO biphase calcined at different temperatures (Figure
5-13) and show the changing particle sizes. The in situ biphases follow the same pattern
as the ex situ mixed phases: as the calcination temperature increases the average particle
size increases too. This correlates with an increase in proportion of the P2 phase. There
is a difference in the morphology between the two series, however.

In Figure 5-13a and c there are several rod-shaped particles present in the sample, 0.25
um wide, and up to 3 um long. These have not been present in other images of P3- or P2-
NMMO, only in the biphasic samples. There is evidence that the rod-shaped particles are
orthorhombic Nao.44MnO2. The XRD for the 720 °C sample (which contains these rod-
shaped particles) may contain this as a minor phase, with the main peak of this noted by
o. This impurity peak matches an impurity peak seen in P3-NMMO synthesised via solid
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state methods in Chapter 3. The rod-shaped particles, characteristic of Nao.4«4MnO2z [50]-
[53], are absent in the solid state P3-NMMO sample, and so it appears that the minor
impurity phase there is not Nao44MnO2. However, the phase could not be matched via
Rietveld refinements, and there is little evidence of the Nao44MnO: phase in the
electrochemical testing of these samples [54]. These rods may be showing the transition
from P3- to P2-NMMO; the small (<1.0 pum) P3-NMMO particles growing in one direction,
before adopting the more plate-like morphology typical of P2-NMMO [42]. It has been
seen that P3 and P2 can display different morphologies even while generated together
using an intermediate temperature [8].

Other than the rods, there are no obvious differences in particle morphology between the
two preparation methods. It is possible given the small size of the P3-NMMO particles
(0.65 pm * 0.41 pm) that during calcination, the P3-NMMO transforms rapidly into the
P2-NMMO. The transformation may propagate through the particles too quickly to form
the hetero-epitaxial structures seen in successful intergrowth studies.

The sizes of the particles and standard deviations are given on the histograms in Figure
5-14. The distribution of particle size changes in a similar pattern to the mixed samples;
the frequency of particles <1.0 um decreases, relative to that of larger (1-4 pm) ones. The
average size increases from 1.07 um * 1.20 um to 1.70 pm # 0.98 pm in the 9:1 and 1:9
P3/P2-NMMO samples, respectively. The abundance of the <1.0 pm particles in the
sample calcined at 720 °C (Figure 5-14a) is higher than that of the equivalent ex situ
sample (Figure 5-12a). At 720 °C the P2-NMMO will likely have smaller particles than if
it was calcined at 900 °C. For the 7:3, 1:1, and 3:7 in situ samples, the particle size and
standard deviation are the same as in the corresponding ex situ sample. The final sample
in the series, 1:9 P3/P2-NMMO, has an average size less than its ex situ equivalent, and
lower than the samples calcined at lower temperatures.
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Figure 5-13: SEM images of P3/P2-NMMO biphases generated via calcination.
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5-14: Histograms of particle sizes of P3/P2-NMMO biphases generated via

It is likely that the average sizes of the in situ biphases are smaller than their equivalent
ex situ phases due to the lower calcination temperatures compared to 900 °C used for
single phase P2-NMMO. The higher the phase fraction of P2-NMMO, the higher the
expected difference between particle size between the two series. Due to the large

standard deviation in the average size, it is difficult to confirm that this is the case. This is
displayed more clearly in Figure 5-15.
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Figure 5-15: Average particle size of P2/P3-NMMO samples for each method as the phase
fraction of P2-NMMO increases (ex situ: red; in situ: blue; single phase: purple) with the
standard deviation as the error bars. Phase pure and biphasic samples are labelled with the
relevant calcination temperature. All samples were calcined for 2 h.

5.3.3 Electrochemistry

The electrochemical performance of all biphase samples was tested, as were the single
phases. A summary of the calcination conditions of the samples is given in Table 5-2. This
allows for a comparison of the various phase fractions of P3/P2-NMMO to determine
which, if any, offer greater capacity or improved capacity retention. It also allows a
comparison across synthesis method to determine if the effect arises from the proximity
of the two phases as the P3 grows into the P2 phase. The previous work suggests that the
biphases generated by calcination should perform better (at least with respect to capacity
retention) than those generated by mixing.

Table 5-2: Summary of the calcination conditions of each material tested throughout the
chapter.

Calcination conditions
Mixed phases Biphases

720 °C, 2h, 10 °C min-!

P3/P2 ratio

9:1

Mixing the appropriate
73 fractions (by weight) of the 730 °C, 2h, 10 °C min-!
1:1 P3-and P2-NMMO 770 °C, 2h, 10 °C min-1
produced with:
3:7 P3: 650 °C, 2h, 10 °C min-! 800 °C, 2h, 10 °C min-!
1:9 P2:900 OC, Zh, 10 °C min! 820 OC, 2h, 10 °C min-1
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The tests used were the same as that of the previous chapters: galvanostatic testing
within a potential window of 1.5 V - 4.0 V vs Na/Na* at C/5 (1C = 184 mAh g1) for 50
cycles. At the end of charge, the voltage is held at 4.0 Vvs Na/Na* until the current reaches
C/10. Rate capability was also used with the same potential window, with 5 cycles each
of C/10, C/5,C/2, 1C, 2C, 5C, followed by another 5 cycles of C/10.

5.3.3.1 Single phase P3- and P2-NMMO

The electrochemical characteristics of the single phase materials are examined so that
they can be compared to the mixed and composite phases. Figure 5-16 shows the voltage
profiles and differential capacity graphs of the single phase materials. The discharge
curves show the capacity fade of the material. Much of the capacity loss in both materials
occurs below approximately 2.1 V vs Na/Na*. This is particularly evident in the discharge
curve of the differential capacity graph, as the intensity of the reduction peak there
decreases significantly as the cycle number increases. In the case of the P3-NMMO, the
oxidation peak also decreases in intensity, and main oxidation peak in both P3- and P2-
NMMO increases in potential (starting at 2.3 V, moving to 2.5 V vs Na/Na*).

a) P3-NMMO, 650 °C, 2 h b) P2-NMMO, 900 °C, 2 h
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Figure 5-16: Voltage profiles of a) P3-NMMO and b) P2-NMMO, and the differential capacity
graphs of ¢c) P3-NMMO and d) P2-NMMO. 50 cycles between 1.5 - 4.0 V vs Na/Na* at C/5.
The plateau at the top of each charge step is when the cell was held at a constant voltage.

For the differential capacity graph, the curve fades from yellow to green to blue as the cycle
number increases.

The exact discharge capacity values are detailed in Table 5-3. They show the P2-NMMO
has a high initial discharge capacity of 147 mAh g1, but a low capacity retention of 63%.
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Although the P3-NMMO starts with a lower initial discharge capacity (139 mAh g1), the
higher capacity retention (83%) means that after 50 cycles it has a higher capacity than
the P2-NMMO by 19 mAh g1

Table 5-3: Discharge capacities of the 1st, 10, and 50 cycle of single phase P3- and P2-
NMMO.

Discharge capacity/mAh g1 Capacity
Sample Avg. 50t retention
1st cycle 10th cycle 50th cycle cycle and over 50
std. dev. cycles
P3-NMMO 139 135 114 111.3 + 2.2 82%
P2-NMMO 147 127 93 94.6 + 0.9 63%

Greater detail can be seen in the differential capacity graph when looking beyond the
major redox pair at 2.1 V/2.3 V (Figure 5-17). The P3 phase in this graph has a reduction
(discharge) peak at 2.3 V, with a shoulder in the oxidation (charge) curve at 2.4 V that
likely corresponds to it. There are two further redox pairs at 2.8 Vand 3.0 V vs Na/Na*.
The larger redox peak at 2.1 V, and the corresponding voltage plateau, are a result of
Mn3*/Mn# redox [42], [49], [55] and a likely simultaneous P-type to O-type phase
transition [27], [33], [40], [56], [57], or formation of distorted P-type phases [58]. The
redox pairs at higher voltages, however, may instead be distortions of the P3 phase, for
instance to P’3 or P3’ [57]. Without operando XRD, exact determination of the structure
changes that accompany the redox peaks is not possible, as there are several candidate
phase transitions that can occur.

The P2 phase shows two redox peaks associated with Na* insertion and extraction (and
the corresponding Mn3+*/Mn#* redox) [42] at2.1V/2.3Vand 3.1 V/3.0 Vvs Na/Na*. There
are few other obvious features of the differential capacity graph that can be used to infer
the structural changes of the material. Overall, the two p-type phases appear similar to
each other in the voltage profile and differential capacity plots. The main redox peaks are
at 2.1 V/2.3 V, and other peaks are relatively minor - almost indistinguishable in the
voltage profiles.
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Figure 5-17: Differential capacity graph of P3-NMMO (blue) and P2-NMMO (green). Only
the 2n cycle is shown.

5.3.3.2 Discharge capacity

The capacity of each mixed sample decreases with each cycle (Figure 5-18), as seen in
previous results for P3- and P2-NMMO in this work. First examining the samples
generated via mixing. The 7:3 P3/P2-NMMO delivered the highest capacity throughout
the procedure, with good capacity retention of 83% [2]. Its first cycle has a discharge
capacity of 138 mAh g1, falling to 130 mAh g1 after 10 cycles, and 115 mAh g1 after 50.
These results, and the results of the other samples in that series, are displayed in Table
5-4. The capacity values of the P3/P2-NMMO biphases are lower than the equivalent
mixed phase. As shown in Table 5-4, the best capacity retention of these samples is from
the 9:1 P3/P2-NMMO biphase. Compared to the mixed samples, a capacity retention of
73% is close to the lowest value. Initial capacities of the 9:1 and 1:9 P3/P2-NMMO
biphase are 120 mAh g1 and 166 mAh g1, respectively. These, along with the similarly
performing 1:9 P3/P2-NMMO mixed phase (117 mAh g1) are the lowest initial capacities
of the materials under investigation here. The initial capacities of the remaining P3/P2-
NMMO biphases (7:3, 1:1, 3:7) are all close to the mixed phases, but the capacity fading is
much worse, due to the inferior capacity retention. After 50 cycles, the range of capacities
of the biphases is 14 mAh g-1. This suggests that the performance of these biphases is
relatively unaffected by the phase fractions of P3- and P2-NMMO.
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Figure 5-18: Discharge capacities and cycle efficiencies of P3/P2-NMMO mixed phases
generated via mixing, and the discharge capacities of single phase P3- and P2-NMMO.

The capacities of the 9:1 and 1:1 mixed P3/P2-NMMO are similar across the test
procedure: delivering 132 mAh g1 and 135 mAh g1 respectively, after the first cycle, and
108 mAh g1 and 107 mAh g1, respectively, after 50 cycles. As the phase fraction of P2-
NMMO is increased from 50%, the capacity decreases. Although the initial capacity of the
3:7 P3/P2-NMMO is 130 mAh g1, like the 9:1 mixed sample, it falls to 95 mAh g1 after 50
cycles. The capacity of 1:9 mixed P3/P2-NMMO is lowest of this series; the initial capacity
is 117 mAh g1, and after 50 cycles is 83 mAh g-1.

Throughout this work, P3-NMMO has delivered higher capacities than the P2 phase, at
least beyond the initial cycles. Therefore, it is expected that the samples with higher P2
content have lower capacity. However, when comparing these mixed samples to the
phase pure P3- and P2-NMMO, the P2-NMMO delivers a higher capacity than 1:9 P3/P2-
NMMO. The singe phase P2-NMMO loses capacity rapidly, falling from 147 mAh g1 to 93
mAh g1 over 50 cycles - a 63% loss of capacity. So, although the mixed phases all have
lower initial capacities than single phase P2-NMMO, by 50 cycles the capacity of single
phase P2-NMMO has fallen to the same value as 3:7 P3/P2-NMMO. This is supported by
the falling capacity retention across the sample range; from 82-83% in majority P3 mixes,
falling to 71% in the 1:9 mix and 63% in the single phase P2-NMMO. This pattern shows
the increased stability of the P3 phase over P2 within this voltage range.

The capacity values of the P3/P2-NMMO biphases are lower than their mixed equivalents.
As shown in Table 5-4, the best capacity retention of these samples is from the 9:1 P3 /P2-
NMMO biphase. Compared to the mixed samples, a capacity retention of 73% is close to
the lowest value. Initial capacities of the 9:1 and 1:9 P3/P2-NMMO biphase are 120 mAh
g'land 166 mAh g1, respectively. These, along with the similarly performing 1:9 P3/P2-
NMMO mixed phase (117 mAh g1) are the lowest initial capacities of the materials under
investigation here. The initial capacities of the remaining P3/P2-NMMO biphases (7:3,
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1:1, 3:7) are all close to the mixed phases, but the capacity fading is much worse, due to
the inferior capacity retention. After 50 cycles, the range of capacities of the biphases is
14 mAh g'1. This suggests that the performance of these biphases is relatively unaffected
by the phase fractions of P3- and P2-NMMO.

Table 5-4: Discharge capacities of the 1t, 10th, and 50 cycle and capacity retention after
50 cycles of P3/P2-NMMO mixed and composite phases.

. _ B
P3/P2- Discharge capacity/mAh g

NMMO Avg. 50t Capac.ity
ratio 1st cycle 10th cycle 50th cycle cycle and retention
std. dev.

9:1, mixed 132 121 108 105.6 + 3.4 82%
7:3, mixed 138 130 115 1109+ 2.7 83%
1:1, mixed 135 128 107 100.7 + 4.7 79%
3.7, mixed 130 122 95 93.6 T 1.4 73%
1:9, mixed 117 103 83 775+ 4.0 71%
7(29(:)1% 120 125 88 86.4 F 2.3 73%
737(:)3;(: 132 119 85 86.7+ 1.4 64%
7;(:)1:,(: 134 126 93 91.6 + 0.9 69%
83(:)7;(: 132 116 83 79.1F 3.5 63%
821(:)95(: 116 100 79 76.9 F 2.6 68%

These biphases also have lower capacity retention than the single phases, demonstrated
in Figure 5-19. The P3-NMMO displays better capacity and retention than the biphases.
In comparison, the P2-NMMO has a capacity retention of 63%, equal to the lowest
capacity of the biphases (3:7 P3/P2-NMMO). However, since P2-NMMO starts with a
higher initial capacity it finishes with a discharge capacity of 93 mAh g1, equal to the
highest of the biphases (1:1 P3/P2-NMMO).
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Figure 5-19: Discharge capacities and cycle efficiencies of P3/P2-NMMO biphases generated
via calcination, and the discharge capacities of single phase P3- and P2-NMMO.

As seen in previous chapters, the cycle efficiency of the samples is lowest between cycles
10-30, approximately 90%, but in the first 10 and final 20 cycles it is 95% and often
higher. The 10-30 cycle range is where much of the capacity loss occurs and in this
material the likely cause is Mn2+ dissolution from the active material into the cathode [6],
[8], [29], [32], [59]-[64]. This is a common occurrence in Mn-rich cathodes such as
NMMO. This can be exasperated by excess carbon in the cathode composite, as well as
smaller particle size [65].

This does not explain why the capacity retention of the single phase P3-NMMO is much
higher than that of P2Z-NMMO. This is in contrast to previous work showing the structural
stability, and thus cycle life, of P3-NMMO to be worse than P2-NMMO [45]. The difference
in this work is the voltage range of the galvanostatic testing, avoiding anionic redox at
high voltage (>4.2 V vs Na/Na*) and promoting more reversible phase transitions at low
voltages (~2.0 V vs Na/Na*). This should improve the cycle life of the P3 phase. Limiting
the voltage to 4.0 V should also prevent the P2<02 transition, which is harmful to the
cycle life of P2 cathodes. Indeed, there is no evidence of this phase transition, as can be
seen in the differential capacity graphs.

It is possible that P2-NMMO is more susceptible to Mn2* dissolution than P3-NMMO, and
that its generally better electrochemical performance compared to the P3 phase is
masked by its larger particle size as it is calcined at higher temperatures. It also has a
shorter calcination time in this work owing to the biotemplating synthesis route. This is
a pattern that can be seen in the mixed P3/P2-NMMO phases: the capacity retention of
the mixed phases decreases with increase phase fraction of P2-NMMO.

The 1:9 P3/P2-NMMO biphase (calcined at 820 °C) here performs worse than the
biotemplated P2-NMMO in Chapter 3 with respect to its capacity retention. The capacity
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after 50 cycles is lower (79 mAh g1 vs. 98 mAh g1 in P2-NMMO calcined for 20 h), as is
the initial capacity (116 mAh g1 vs. 127 mAh g-1). This is consistent with the difference in
average particle size between the two samples. The P2-NMMO calcined for 20 h had an
average particle size of 3.39 um * 2.04 um, whereas calcination for 2 h led to an average
particle size of 1.70 um * 0.98 um. What this suggests is that smaller particle sizes for P2-
NMMO are not necessarily beneficial and lead to increased capacity fading, possibly
caused by Mn?* dissolution which is exacerbated by having a higher surface area/volume
ratio.

Regarding the 1:9 P3/P2-NMMO mixture, it has a lower capacity than single phase P2-
NMMO, although a higher capacity retention. It is possible that this is just variation in the
performance of the material, not solved by testing three times, as opposed to the addition
of 10% P3-NMMO causing the capacity to fall by 10 mAh g-1.

The reason for the poor performance of the biphases compared to both the mixed phases
and the single phases may also be a result of Mn?* dissolution. The process of
transitioning from P3 to the P2 phase involves the growth of grains at the expense of
another. Since the P3 and P2 phases do not perfectly align with each other, this is likely
to cause defects in the crystal structure. These defects could lead to increased surface
area in the material through which Mn?* can dissolve into the electrolyte. This would
explain the low capacity retention of the all the biphases compared to the other samples
under investigation here, despite the often high (~130 mAh g-1) initial discharge capacity.

Several hypotheses have been discussed here as reasons for the poor performance: Mn2+
dissolution, harmful P2<-02 phase transitions, and crystal defects on the biphases. There
are ways to test these hypotheses. For Mn?* dissolution, inductively coupled plasma-
optical emission spectroscopy (ICP-OES, or ICP) can be conducted on the electrolyte post-
cycling. If Mn2* was continually dissolving into the electrolyte, ICP would show the
increasing presence of it at various points in the cycle procedure. Cells could be stopped
and disassembled at given cycle numbers and have the electrolyte examined to show the
presence of Mn2* over time.

The P2 02 transition can be observed by XRD, either in operando or ex situ. For operando
XRD, the experimental setup is well-established both in the wider literature and
discussed in this work. Ex situ XRD would require disassembly of the cell at various states
of charge and washing and examining the cathode. Although slightly more involved, ex
situ should give better data than operando XRD; less beam attenuation and testing the cell
in a regular coin cell rather than a cell designed for operando XRD experiments, which are
not completely sealed. Equally, transmission XRD could be conducted on a pouch cell if
the material cost is of less importance.

The crystal defects and grain growth would have to be examined with HRTEM or HAADF-
STEM. This would reveal the interaction of the two phases at the grain boundary. As well
as identifying again defects in the crystal structure and any potential sources of strain,
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this would also confirm whether the biphases are indeed biphases as described in the
introduction.

5.3.3.3 Voltage profile

In the P3/P2-NMMO mixes, the voltage profiles do not change dramatically as the P2-
NMMO phase faction increases. As expected from the P3- and P2-NMMO single phase
graphs, which behave similarly to each other, the major plateau in each mixture does not
change position, although it does fade faster as the phase fraction of P2-NMMO increases.
The shape of the voltage curve (Figure 5-20) after 50 cycles is more linear in the 3:7 and
1:9 P3/P2-NMMO mixed samples than the others, which fits with the faster capacity fade.
It is clear here that the capacity fading occurs below 2.1 V. The discharge curves all
overlay very closely with each other, providing a visual demonstration that the process
in the 2.1 V - 4.0 V vs Na/Na* range are reversible. This is in keeping with the evidence
that the Mn3+/Mn#* redox is the cause of the plateau, and that Mn2* dissolution is the
cause of the capacity fade in this material.
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Figure 5-20: Voltage profiles of P3/P2-NMMO mixed phases generated via mixing. The
plateau at the top of each charge step is when the cell was held at a constant voltage.

An examination of the differential capacity graphs can reveal more about the internal
processes of the material. The plots of the second cycle of the five mixed phases Figure
5-21) show that there are several processes that occur in the P2-NMMO material and not
in P3-NMMO. It is also notable that these are not all apparent in the single phase P2-
NMMO differential capacity graph. Most clear, in terms of intensity and the progression
as the P2 phase fraction increases, is the redox pair at 2.4 V/2.6 V vs Na/Na*. There is also
one at 2.8 V/2.9 V, two peaks during charge at 3.2 V and 3.5 V that have no obvious
counterpart. The peak at 3.5 V has previously been identified as the P2«<0P4 transition
[44], [66], and similarly appears in the P2-NMMO synthesised via solid state methods.

The other minor peaks are not identified, at least commonly in previous work. Even with
operando XRD, it is likely that these peaks would arise from minor structural changes that
would not be discernible from the background or more major reflection peaks, or
manifest as peak shifts only. It may be possible to identify them using ex situ techniques
that examine more short-range interactions, such as NMR or Raman spectroscopy.
Regardless, because of the increase in intensity with increase in phase fraction of P2-
NMMO they can be used to identify P2-NMMO electrochemical behaviour in the biphases
generated via calcination.
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Figure 5-21: Differential capacity graph of P3/P2-NMMO mixed phases generated via
mixing. Only the 2n4 cycle is shown.

The voltage profiles of the biphases follow the same pattern as the mixed phases (Figure
5-22). The plateau at 2.1 V vs Na/Na* in the discharge step fades throughout the test
procedure, becoming more linear and decreasing the capacity delivered. As seen in Table
5-4, the capacity decay is more rapid than in the mixed phases, but in both cases the

218



capacity decay seems to originate from Mn2* dissolution, suggested by the shortening of
the voltage plateaux meaning a reduction in Mn3*/Mn#* redox. No major other features are
present in the plots, showing that the electrochemical features of the biphases and mixed
phases are identical, save for some possible minor structural changes revealed under
close examination of the differential capacity graphs.
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Figure 5-22: Voltage profiles of P3/P2-NMMO biphases generated via calcination. The
plateau at the top of each charge step is when the cell was held at a constant voltage.

The differential capacity graphs show similar redox peaks and positions for the biphases
as the mixed phases. The most significant different seems to be the prevalence of redox
peaks that appears at higher P2 phase fractions. For example, the reduction peak at 2.6 V
vs Na/Na* that is only visible from the 1:1 P3/P2-NMMO mixed phase, is visible in all the
biphase samples. This is true for the other minor peaks in the graphs. The 2nd cycles of
each biphase sample are shown in Figure 5-23. They show that the redox peaks that seem
to only relate to the P2 phase are present in throughout the series, suggesting greater
redox activity of the P2-NMMO material when generated this way. Greater redox activity
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in the P2-NMMO may explain the worse capacity fading of the biphases samples
compared to the mixed samples. The P2-NMMO has worse capacity retention than the
single phase P3-NMMO, and samples have worsening capacity retention as the P2 phase
fraction increases.

300

EEE l‘.". P3/P2 ratio
HAE — 9:1,720 °C
: 0" e .
200 ;E,\\:\ 7:3, 730 °C
~ T — 1:1, 770 °C
> ! \ 3:7, 800 °C
T 100 O\ —— 1:9, 820 °C
o 3 NSO —— Ste
= : ; |I NYeZ33 _¢‘;\::\:\_: p
<Et i R oD teee g, y —— Discharge
S 0 s e --- Charge
2
o
©
~100
~200 -
15 2.0 2.5 3.0 3.5 4.0
\Voltage/V

Figure 5-23: Differential capacity graph of P3/P2-NMMO biphases generated via
calcination. Only the 2" cycle is shown.

In the differential capacity plot of the single phase P3-NMMO (Figure 5-17) a peak on
discharge at 2.3 V which is replicated here more intensely than in the mixed phases. It
persists until the 3:7 P3/P2-NMMO biphase sample. It is posited that the breakdown of
the P3 phase to form the P2 phase creates additional surface area of the P2-NMMO, and
so it may have the same effect on the P3-NMMO. the result of this would be the exposure
of more surface area and thus greater electrochemical activity and more rapid capacity
fade.

Over 50 cycles, as seen in the voltage profiles, the peaks in the differential capacity curves
broaden because of degradation in the cell which has been seen in previous chapters. The
likely origin of this degradation is the dissolution of Mn?* into the electrolyte because of
the disproportionation of Mn3+. This is the case for a wide number of biphases studied
that are Mn-rich and can be seen in the reduction in the intensity of the voltage plateau
at 2.1 V vs Na/Na* in the discharge curve. Overall, there appears to be more
electrochemical process that are occurring in the cathode. This is not necessarily
detrimental to the lifetime of the cell [13], as long as they are reversible. Examination of
the voltage profiles shows that the main capacity loss comes from the Mn3+/Mn** redox,
the other processes either are unaffected throughout cycling, or suffer the same
degradation in the mixed phase as they do in the biphase (such as those in 1:9 P3/P2-
NMMO samples). The biphases do not show any prevention of the degradation of the
NMMO cathode, with their capacity retention being worse for each sample.
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Comparing the different ratios of P3/P2-NMMO reveals the differences between the two
preparation methods. Shown in Figure 5-24 are the differential capacity graphs of each
ratio of P3/P2-NMMO made by each method. Viewed this way, two peaks in the charge
step can be seen at 2.1 and 2.3 V vs Na/Na* with changing intensity as the phase fraction
of P2-NMMO increases. The peak at 2.1 V increases and the peak at 2.3 V decreases. The
peaks in this voltage range (2.0 - 2.4 V vs Na/Na*) correspond to Mn3*/Mn#* redox as Na*
is extracted on charge. This shows that Na* extraction from the P3 material happens a
higher potential than from the face-sharing Na site (Naf) in P2-NMMO - there are two in
P2 phases and extraction from the edge-sharing site (Nae) occurs at ~3.0 V vs Na/Na*
[42].

When the phase fraction of P2 is more than 50%, the differential capacity graphs appear
the same in the mixed samples and biphase samples. However, at lower P2 phase
fractions the oxidation peaks in charge step of the mixed samples disappear but persist
in the biphasic samples. For the 1:1 sample, the charge step appears the same regardless
of preparation method, but the not the discharge step. The small oxidation peaks above
2.5 V likely result from ordering or phase transformations as opposed to Mn3*/Mn#*
redox. The likely origin of the peaks is the P2-NMMO, as they appear in the P2-rich mixed
samples. The reason that P2 phases are more likely to undergo ordering steps is the
presence of two Na sites that are filled at different potentials; coulombic repulsion of Na*
leads to specific distributions, independent of the material composition [36], [67]-[70].
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Figure 5-24: Differential capacity graphs of P3/P2-NMMO biphases generated via
calcination and via mixing. Only the 2" cycle between -200 - 300 mAh g1 V-1 is shown.

The reason the P2 phase may have greater redox activity at low phase fractions may be
due to its size. The calcination synthesis means that the P2Z-NMMO crystallites are small
as it is only just forming at the temperatures used. This translates to a higher surface
area/volume ratio than the P2-NMMO present in the mixed phases which are calcined at
900 °C instead. This could also contribute to the lower capacity retention as a higher
surface area of the P2-NMMO allows for more Mn?2+ dissolution, as suggested earlier.

The single phase P2-NMMO does not exhibit these peaks in its differential capacity graph.
This raises the possibility that there is some interaction between the P2 and P3 phases
that activates the Na*/vacancy ordering within the P2 structure. So the interaction of the
P3 and P2 phases in the material increases the capacity retention of the P2-NMMO.
however, when prepared via calcination P2-NMMO particles are smaller and so suffer
rapid capacity fading. This explains why the capacity retention of the biphases is lower
overall than the mixed phase but greater than (or equal to) the capacity retention of the
single phase P2-NMMO.

The low capacity retention of single phase P2-NMMO is likely due to its small particle size
(Figure 5-25), compared to the biotemplated P2-NMMO in Chapter 3, and the size of P2-
NMMO in the mixed samples. The size of P2-NMMO in the mixed samples is apparent from
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the size increase as the phase fraction of P2-NMMO increases (Figure 5-15). The size of
the P2-NMMO here is smaller than other reported cases of P2 phases, which are
commonly 1-4 um in size. The reason the P2 is smaller than the other P2 samples in this
chapter is unclear. The synthesis method of single phase P2-NMMO and the P2-NMMO
used in the mixed phases was identical. The P2-NMMO used in the mixed phases was
made in a larger batch than the single phase P2-NMMO. this could lead to incomplete
combustion of the dextran and higher particle sizes [71].

P2-NMMO, 900 °C ’f 1
g - — Mean = 0.54 pm

L4

T4 6 8§ 10 12
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Figure 5-25: SEM image of single phase P2-NMMO calcined at 900 °C for 2 h, and a
histogram of particle sizes.

5.3.3.4 Rate capability

Testing the capacity of the samples at different C-rates was conducted to test for evidence
of enhances performance of the biphases over the mixed phases. The C-rates tested are
C/10,C/5,C/2,1C, 2C,and 5C. The cells are cycled five times at each C-rate, before cycling
again at C/10 for final five cycles. Seen in previous chapters, the P3- and P2-NMMO phases
do not display good rate capability. At 5C, the capacity extracted is approximately 30 mAh
g1. This is caused by high internal resistance in the cell. There are several explanations
for this, such as poor mixing of the active material with the C65 and PVDF, creating points
in the cathode with longer Na* diffusion pathways. It could also be that exposure to air
hydrated the active material to a degree, although this is not apparent in the XRD.

The mixed phases display the same behaviour. The 9:1 P3/P2-NMMO mixed phase has
the lowest capacity of the 5 in the series, consistently 10 mAh g1 lower than the others
for each different C-rate. The 7:3 P3/P2-NMMO, the next along in the series performs the
best, although only when cycling at C/10, C/5, C/2 and 1C. at 2C and 5C, it has the same
capacity as the rest of the samples (expect 9:1 P3/P2-NMMO). The capacity values of the
other samples are similar to each other; 137 mAh g1, 121 mAh g1,94 mAh g1, 72 mAh g
1, 51 mAh g1, and 25 mAh g1 at each C-rate (Figure 5-26). Each sample recovers its
capacity to approximately its original value, indicating that the low capacity at high C-
rates is not due to degradation of the material, but more likely to high internal resistance.
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Figure 5-26: Capacity at various C-rates of P3/P2-NMMO mixed phases generated via
mixing. C-rates are marked on the plot.

The performance of the biphases is very similar to that of the mixed phases. The biphase
samples all have very similar capacity values to each other at almost every cycle. The
exception is the 9:1 P3/P2-NMMO sample which, similar to the galvanostatic cycling test,
shows an increase in capacity within the first 10 cycles but it follows the rest of the series
for the remainder of the procedure. The capacity of the biphases is lower at each cycle
number, as with the galvanostatic cycling, and shows no improvement in performance at
elevated C-rates or with increasing P2 phase fraction. The capacities progress from 142
mAh g1 at C/10 to 19 mAh g1 at 5C (Figure 5-27). The capacity values, although lower,
are within 10 mAh g1 of the mixed phases, and so it is likely that the performance of both
samples is the same, and that if a biphase is being formed it is not having the effect on the
materials that has been seen in other intergrowth studies.

224



C/10 C/10
180

C/5 i P3/P2 ratio

160 | ppppn A le . —8— 9:1,720°C

120 | Ered o A . —a— 7:3,730°C
r—lt ot \= =>:§- -\ C/z u \=\:~=§- —— 1:1, 770 °C
2120 S <\ ; 3:7, 800 °C
<Ez 100 \ “vaq 1C 1:9, 820 °C
- | Sehn | = P3
= iy by 2C
5 80 \ \ —a— P2
© """'Ti o ] 5C
% 60 Res o \=uu Al
@) k»—=r=:== \

40

20 Siis

0 < 10 15 20 25 30 35
Cycle number

Figure 5-27: Capacity at various C-rates of P3/P2-NMMO biphases generated via
calcination. C-rates are marked on the plot.

The benefit of intergrowth structures is often that they greatly improve on the rate
capability of the separate materials. This is not always the case [17], [30], even where
intergrowth material is present and has a marked effect on the phase progression
throughout cycling, such as preventing the P2<0P4 phase transition [30]. In that case,
the material was made up of a P2-Nao.s7Lio.1sMno.sFeo.202 and only a minor O3 phase
growing on its surface. The effects of different phase ratios are not explored, though it
does display a higher capacity over 50 cycles than the pure P2 equivalent [31].

The rate capability of all the samples being so similar to each other suggests that the
samples are not interacting in a way typical of intergrowth phases. Intergrowth materials
typically exhibit much improved rate capability and capacity retention, but these do not.
The P3 phase does seem to have a stabilising effect on the P2-NMMO, causing it to have a
higher capacity retention that the single phase P2-NMMO - or at least activating certain
ordering steps. This effect is more pronounced in the biphases than the mixed phases.

The negligible effect on the rate capability suggests that the interaction is not truly that
of an intergrowth structure. Similarly, the changing particle size, both within each series
and between series, should result in changing rate capability, but it doesn’t.

5.4 Conclusion

From these results there is no apparent benefit to synthesising a mixed P3/P2-NMMO
phase via calcination at an intermediate temperature between those used to generate
pure P3 and P2 phases. Particle size or morphology is the same across synthesis method
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for the same phase ratios. Aside from the unexpected small size of the phase pure P2-
NMMO, there is an increase in size with increase P2 phase fraction, as expected [8]. There
are some differences with respect to the electrochemical performance, but these
differences show the ex situ mixed phases to perform better than the biphases, owing to
the superior capacity retention. It is possible that the P3-NMMO, given their size (0.65 um
+ 0.41 pm) transform too rapidly into the P2-NMMO to maintain the hetero-epitaxial
structure. It's possible that through quenching the material at a midpoint temperature
that the intergrowth structure could be obtained.

It is likely that the dominant capacity fading mechanism present in all samples is Mn2*
dissolution, resulting from Mn3* disproportionation. This occurs often in Mn-rich
cathodes and is exacerbated by a higher surface area to volume ratio [8], [29], [60], [63]-
[65], as there is a higher surface area through which the Mn?* can dissolve into the
electrolyte. To test for this, ICP on the electrolyte post-cycling could be conducted, as well
as on the Na metal anode.

The lower capacity retention of the biphases, relative to the mixed phases, does suggest
that the surface area is higher. This difference could be explained by the lower calcination
temperature of the P2-NMMO phase as the P2-NMMO in the mixed phases was calcined
at 900 °C. Though it is hard to accurately determine the size of the P2-NMMO particles via
SEM (in part because of the degree of agglomeration), it is likely the case that the P2-
NMMO particles in the biphases are smaller than the mixed phases.

As a general point, the pure P2-NMMO does display a lower capacity retention compared
to all the P3/P2-NMMO samples tested, just as the P3-NMMO displays a higher capacity
retention. This could be a result of the P2-NMMO having smaller particle sizes, as it was
noted that the pure P2-NMMO had smaller particle sizes in the SEM than would be
expected. However, the as the phase fraction of the P2-NMMO increases, the capacity
retention of the materials decreases - particularly in the mixed phases. As such, it is likely
that the P2-NMMO suffers from a capacity fading mechanism more severely than the P3-
NMMO does. It would be interesting to determine the degree of Mn?* dissolution from
each sample, as well as from a P2-NMMO synthesised a different way, such as solid state
synthesis, to determine whether the 2 h calcination used in biotemplating has a
detrimental effect on the P2 phase, but seemingly not on the P3 phase. This would show
if the P3-NMMO material performs better than the P2 phase when the particle sizes are
smaller and discover whether the P3 phase is less susceptible to Mn2* dissolution, as
these results suggest.

Without HRTEM and/or HAADF-STEM, the nature of the samples that have been
generated via calcination is unknown. They have been referred to as biphases throughout
the chapter, partly to distinguish them from the mixed phases. These experiments are not
always conducted in studies into intergrowth structures, even when there are multiple
particle morphologies present in SEM images of the two phases [8]. In that case the
benefit of the composite phase is shown over the single phase. Future work is therefore
needed to confirm the presence of an intergrowth structure as there seems to be little
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difference in performance; the biphases may even have lower capacity retention than the
mixed phases. the interaction of the two phases may explain this behaviour and HRTEM
would show the differences in proximity of the two phases.

What is shown in this work is an investigation into the different phase ratios of the mixed-
phase cathode, as well as a comparison of these samples to the equivalent phase ratio
when mixed post-synthesis. The comparison of different phase ratio is done occasionally,
often in work that generates biphases via doping the host material. The comparison to
post-synthesis mixed phases is much less commonly done. The lack of improvement both
in the capacity, capacity retention, and rate capability of the biphases over their mixed
phase equivalents suggests that there is at least no interlocking of the P3 and P2 phases
via a hetero-epitaxial structure to reduce the microstrain by preventing phase
transitions. That there are no major differences in the differential capacity graphs
suggests that there is no avoidance of phase transitions, although this would have to be
confirmed via operando XRD.

It may be the case that raising the upper voltage limit on charging would reveal
differences between the two series. This has been avoided in previous chapters as it can
lead to irreversible P2<02 transitions, or oxygen redox, which are both detrimental to
the life of the material. However, it is reported that intergrowth structures suppress this
transition, and the P2<>0P4 as well. There are instances of enhanced oxygen activity in
intergrowth studies, but this is often related to dopants or changes in particle sizes as
opposed to the intergrowth structure itself [5], [26].

The only sample to display a higher capacity retention than either of the phase pure P3-
and P2-NMMO was the 7:3 P3/P2-NMMO mixed phase. This improvement is only 1%
(from 82% to 83%) and so likely not a significant difference. The biphases all display a
lower capacity retention than the equivalent mixed phase ratio, despite the initial
capacities being close in value. The size of the P2-NMMO in the biphase is likely the reason
for the low capacity retention, given that the calcination temperature was higher in the
mixed phases. Similarly, the capacity retention for P2Z-NMMO in Chapter 3, the capacity
retention of P2-NMMO was 73% when calcined for 20 h. There have not been differences
in the rate capabilities across the whole sample range (expect for lower capacity at across
all C-rates for the 9:1 P3/P2-NMMO mixed phase). Overall, the improvements in capacity
retention and rate capability that were achieved in previous work by generating biphases
are not achieved here.

5.5 Further work

The relationship between the two phases in both the biphasic and mixed phase samples
can be elucidated using high-resolution TEM. None of the samples within the range of
phase fractions tested resulted in the increased capacity retention and rate capability that
was predicted. This suggests that the phase transition mechanism is different to the
previous work on intergrowth structures. It is worth probing the resultant powders to
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determine how they are different from the mixed phases as the electrochemistry results
suggest there is little difference.

Although the biphases did not have capacity retentions than the mixed phases, the solid
state synthesised P3-NMMO in Chapter 3 did. The impurity phase was a tunnel-type
cathode, likely based on Nao44MnO2 [53], [72], [73]. The solid state P3-NMMO had a
higher capacity retention (95%) than all the mixed and in situ phases, but a lower initial
capacity (95 mAh g1). An exploration into that relationship between the P3 phase and
this tunnel-type phase in solid state P3-NMMO, and subsequent comparison with the
biphases here may reveal why the difference in capacity retention is so great.
Synthesising the biphases using solid state methods could also achieve this.

The capacity retention of the samples in both series decreases as the phase fraction of P2-
NMMO is increased. The proposed reason for this is that the P2 phase degrades more
rapidly than the P3 phase when the particle sizes are the same. The particle size can be
increased by increasing the calcination time [34], which should lead to higher capacity
retention.
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6 Conclusions and further work

6.1 Conclusions

The aims of this work were to improve the sustainability of NIBs. One method to achieve
this is the reduction in energy cost of cathode production via the use of biotemplating
without sacrificing performance. This has been achieved particularly in P3-Nao.67Mno.o-
Mgo.102 (NMMO), where the use of a 2 h calcination increases the capacity retention by
9% compared to 20 h calcination. Although this is difficult to compare against the solid
state synthesis as it could not produce phase pure P3-NMMO. The second is to use
various techniques to improve the capacity retention of NIB cathode. These have had
more limited success, but the use of 1% Ca doping did increase the capacity retention of
P2-NMMO biotemplated 10%. Combining phases (either in situ or post-synthesis mix)
did not improve capacity or retention compared to single phase P3-NMMO.

In Chapter 3, the P3 and P2 phases of NMMO were synthesised via solid state methods
and, for the first time, biotemplating; creating four samples for testing and comparison.
For the sake of comparing the two methods, the calcination times in this chapter were
consistent across both synthesis methods. Via XRD, solid state synthesis successfully
produced single phase P2-NMMO after 20 h at 900 °C but not the P3 phase. Both single
phase P3- and P2-NMMO were successfully synthesised via biotemplating, using dextran
as the template. P3 samples both measured 0.3 pm particle sizes compared to 3 um for
P2.

Biotemplated P3-NMMO displayed 142 mAh g1, the highest initial capacity of the four
samples with capacity retention of 73%. Solid state P3-NMMO displays the lowest
capacity with the highest capacity retention: losing 5 mAh g1 over 50 cycles 94 mAh g-1.
The sample contained only 64% of the desired P3 phase, but the major (17%) impurity
is argued to be Nao44MnO2, which is redox active. Therefore, the total proportion of
electrochemically active material in the sample was 81%. The capacities of the solid
state and biotemplated P2-NMMO samples are initially 124 mAh g1 and 134 mAh g1, 95
mAh g1 and 98 mAh g1 after 50 cycles, respectively. The difference in performance is
not major. The high capacity retention in solid state P3-NMMO is thought to be caused
by the tunnel-type impurity phase. As with the intergrowth studies reviewed in Chapter
5, it prevents the cathode from undergoing phase transitions. The presence of a second
phase at the surface of the layered oxide crystal may prevent layer gliding and thus the
formation of a new phase. This provides structural stability; meaning fewer phase
transitions which prevents degradation of the material. Overall, the biotemplated
materials exhibit higher capacities than the solid state synthesised equivalents, as well
as better rate capability. This highlights the efficacy with which biotemplating can
generate single phase cathodes with better performance metrics than standard solid
state synthesis.

When compared to the literature values, detailed in Table 3-1, the capacities of the
materials are low. They are low in comparison to the study on which this work is based,
which reported an initial capacity of 170 mAh g1 [1]. There are lower reported
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capacities of P2-NMMO [2] but generally, and particularly more recently, P3- and P2-
NMMO has been shown to exhibit higher capacity than achieved here, although the
capacity retention is similar [3], [4], approximately 1% capacity loss per cycle. However,
there will be differences between the synthesis conditions of reported P-type NMMO
materials and those described herein, despite effort to keep them the same or
comparable. Reasons for this could the absorption of water from the atmosphere during
the XRD analysis or slurry curing. Greater optimisation of the cell construction process
could have been carried out. For example, the viscosity of the slurry (and mixing order
of the PVDF, NMP and carbon), the thickness of the drawdown, and densification of the
cathode during calendaring could have altered to test the effects on capacity and
capacity retention.

The variety in synthesis conditions during the cell making process and the effect it can
have on the cell performance are part of the reason why solid state NMMO was
investigated in this chapter. With these samples as a baseline, the effect of biotemplating
on cell performance can be compared with like samples and more valid conclusion can
be drawn. These conclusions are that for P2-NMMO biotemplating leads to an increase
in rate capability above 1C, but not necessarily an increase in capacity below it (shown
for C/5). For P3-NMMO biotemplating shows the same increase in rate capability, as well
as an increase in capacity at C/5. The increase in capacity is (only) in part caused by the
impurities present in the solid state P3-NMMO which reduces the proportion of
electrochemically active material. The presence of these impurities could be causing the
rest of the drop in capacity by passivating the NMMO surface and preventing some
de/insertion of Na*.

This shows the ability of biotemplating syntheses to produce phase pure materials that
are inaccessible when using solid state methods, which is a very commonly used
technique. This makes it worth exploring as a method to produce new battery materials,
especially in conjunction with the easier processing and dissolution of the metal ions,
leading to atomic level mixing. As shown in Chapters 4 and 5, the calcination time can be
shortened from 20 h to 2 h, reducing the total heat treatment time by at least threefold.
In addition to significant energy savings during production, it also allows for some finer
control over particle size by controlling calcination time. In comparison, solid state
methods take longer to form as the metal ions must migrate further and so the control
of particle size is less.

For Chapters 4 and 5, the only synthesis method used to generate the cathodes was
biotemplating with calcinations times of 2 h. This reduced energy cost of production
without sacrificing performance benefits already gained from biotemplating. In Chapter
4, the P3 and P2 phases of NMMO were doped with Ca to prevent phase transitions and
other structural distortions in the cathode material that cause material degradation and
contribute to capacity loss. P3-NCMM showed small increases in lattice expansion.
Shown in the lattice spacing of the (101) plane, 1% Ca doping caused an increase of
0.0016 A and 2% Ca caused an increase of 0.0062 A. The values of lattice parameters
across the three samples were within 3 standard deviations of each other and thus not
significant. This indicates that CaZ* did not occupy the Na site, further evidenced by the
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unchanged electrochemical performance. 0% Ca, 1% Ca, and 2% Ca P3-NCMM had
discharge capacities 114 mAh g1, 121 mAh g1, and 109 mAh g1 after 50 cycles. There
was little difference between samples in the differential capacity plots and rate
capability tests. Biotemplated P3-NMMO in this chapter, using a 2 h calcination at 650 °C
demonstrated a higher capacity retention (82%) than the biotemplated P3-NMMO in
Chapter 3 using a 20 h calcination at 580 °C (73%). This comparison highlights the
benefits of the biotemplating synthesis that were predicted from previous work and
contributes to the increasing performance and sustainability of this material.

1% Ca P2-NCMM decreased the c lattice parameter compared to 0% Ca P2-NCMM, as
did 2% Ca but to a lesser degree, but not enough to be significant. However, there was a
significant increased in the size of the a lattice parameter. 2% Ca P2-NCMM showed
evidence of a tunnel-type impurity phase suggesting the doping limit of Ca in P2-NMMO
to be 1-2%. 1% Ca P2-NCMM displayed a larger particle size than all other samples in
the chapter. Ca doping may stabilise the structure and allow larger particles to form and
preventing capacity fade. Although the small particle size of 0% Ca P2-NCMM is likely an
outlier. The particle sizes of 2% Ca P2-NCMM are the same as the 0% Ca P2-NCMM.
After 50 cycles, 0% Ca, 1% Ca, and 2% Ca P2-NCMM had discharge capacities of 93 mAh
g1,112 mAh g1, and 109 mAh g1, respectively. This is a larger difference than in the P3
samples, indicating successful doping. Doped samples had capacity retentions 10%
higher than undoped P2-NMMO. 2% Ca doping may lead to improved capacity retention
but be counteracted by smaller average particle size. It is worth considering that the
impurity phase assists the capacity retention similarly to solid state P3-NMMO. The
smaller particle size of 2% Ca P2-NCMM may be caused by the impurity phase
disrupting grain growth. While Ca doping improved capacity retention, its effects on rate
capability were negligible. Capacity retention of 1% Ca P2-NCMM was still lower than all
Ca-doped P3 samples.

This is the first time that NMMO materials have been doped with Ca2*. However, the
effects on capacity retention that Ca2* doping has had in the literature are not seen here.
Table 4-1 details previous works into Ca doping, and shows that it commonly results in
capacity retention of >85% in both P3 and P2 materials, with increases of 10-25%
compared to the undoped material [5]-[8]. Here an increase in capacity retention of
10% is seen in the P2-NCMM, but only to 73%. The capacity retention increase in P3-
NCMM is from 80% to 86% with 1% Ca doping, but it drops to 82% with 2% Ca doping,
calling into doubt that improvements in capacity retention are caused by Ca doping. The
explanation for this is that the Ca%* is not being integrated into the layered structure.

Also in this chapter, the P3- and P2-NMMO are synthesised via biotemplating using the 2
h calcination. The outcome of this is a 10% increase in capacity retention over 50 cycles
at C/5 compared to the 20 h calcination for P3-NMMO, but a 10% reduction in capacity
retention for P2-NMMO. It was suggested in the discussion that the P3 phase performs
better when the particle size is comparatively smaller, and vice versa for P2-NMMO. This
observation is novel as very little work is done in comparing synthesis conditions for
battery materials, or P3 phases generally, or comparing them to the P2 analogue.
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Combining NMMO phases in Chapter 5 was also done with the aim of improving
capacity retention by avoiding structural distortions. Material characterisation of the
different ratios of P3/P2-NMMO phases was the similar regardless of synthesis route.
Smaller particle sizes were observed for the 1:9 P3/P2-NMMO in situ sample, as the
calcination temperature is lower than in the ex situ samples, leading to smaller particle
sizes, which is more noticeable at higher P2 phase fractions. Although single phase P2-
NMMO has smaller particle sizes than any P2-rich samples. The biphases perform
exhibit worse electrochemical performance than mixed phases. Initial discharge
capacity is usually comparable to the mixed phases for each ratio but the capacity
retention at is lower. Retention worsens as P2 phase fraction increases as with Chapter
4, where capacity retention of 0% Ca P2-NCMM is lower than 0% Ca P3-NCMM. Several
peaks in the differential capacity plots are more pronounced in the biphases than in the
mixed phases that do not appear in other chapters. The peaks are more pronounced in
the biphase samples, suggesting some structural changes in the P2 phase are activated,
contributing to more rapid capacity fade.

This study into multiphase P-type cathodes is the first to examine NMMO. Similarly, its
approach in producing and comparing a wider range of phase fractions sets it apart
from the other intergrowth studies in this matter. It is rare that the intergrowth material
is compared to a separately prepared mixed of the same fraction of the two phases
studied, which was undertaken here. In most cases only one mixed phase is selected for
reporting, usually 1:1 (depending on the intergrowth technique). However, in this study
a range of phase fractions of P3/P2-NMMO was synthesised, characterised, and tested. It
also produced the biphases via biotemplating, where solid state could not due the
presence of the Nao.44MnO2 impurity phase during the P3<P2 transition shown in
Chapter 3.

Again, the aim of this work was to improve the capacity retention of both P3- and P2-
NMMO by restricting phase transitions as the intergrowth structures should provide
external pressure to prevent layer gliding - just as Ca2* was meant to provide internal
pressure via pillaring. As with the Ca%* doping work, the capacity retention did not
increase. In fact, the P3/P2-NMMO produced in a one-step mid-point temperature
calcination had approximately 10% lower capacity retention than the equivalent mixed
phase P3/P2-NMMO. It was shown that the capacity retention decreased as the phase
fraction of P2-NMMO increased in both sample series, which lends further credence to
the suggestions that P2-NMMO performs less well when calcined for only 2 h than 20 h,
and less well than P3-NMMO.

Shown in Table 5-4, the capacity retention of both the P3- and P2-NMMO simply
decreases as the phase fraction of P2-NMMO increases in both the mixed and biphase
samples. The one exception is a 1% capacity retention increase in the 7:3 mixed P3/P2-
NMMO over the single phase P3-NMMO. In comparison, many of the intergrowth
structures reported in the literature show an improvement in capacity retention over (at
least one of) the single phases of at least 10% [9], [10], or an increase in capacity of at
least 15 mAh g1 [11]. These figures are taken after 50 cycles. In this work we do not see
the same improvements in either capacity or capacity retention.
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Despite the lack of improving in performance, it is important that the work is carried
out. It shows the promise of using biotemplating synthesis, which allows for the more
rapid calcination of P3-NMMO, which can outperform its P2-NMMO analogue. This
superior capacity and capacity retention runs counter to much of the research seen in
literature, in the few studies where the two phases are directly compared.

Biotemplated P3-NMMO delivered higher capacity retention, if not also higher capacity,
than P2-NMMO, regardless of the synthesis method of P2-NMMO. it should be noted that
P2-NMMO using a 2 h biotemplating synthesis delivered the highest initial capacities of
the cathodes tested in this chapter. Shorter calcination times, leading to smaller particle
sizes, increases its capacity retention but decreases it for the P2 phase. It possible that a
longer calcination would be more effective in encouraging Ca doping, further increasing
the capacity retention. Particle size certainly plays a role in capacity retention, more so
in P2-NMMO. The biotemplating synthesis can be adapted, as shown by the results here,
to produce larger particles of P2 phases, and so optimisation could be done to balance
capacity retention against energy cost. Except for solid state P3-NMMO, there is not
much variation in initial capacity of the materials tested. Where these is variation, it is
often correlated to particle size.

If NIBs are to be used in large-scale energy storage, then both P3- and P2-NMMO are
worthy candidates. The low cost, molar mass, and toxicity of the materials make for
cathodes with high capacity and sustainability. Using a biotemplated synthesis, the
production of these materials also becomes more sustainable, as (in the case of P3-
NMMO) it reduces the energy cost while increasing its capacity retention. For P2-NMMO,
the shorter synthesis reduces the particle size, increasing the capacity at the expense of
capacity retention. Using the (Ca doping) strategies detailed here, and further
investigation of the calcination procedure, the P2-NMMO cathode can be optimised. The
same is true of P3-NMMO, and so both materials can be made suitable for large-scale
production.

The materials chosen in this work were done so for their sustainability. However, there
are a wide range of energy storage materials, including cathodes, anodes, and LIBs.
Most, if not all, of the materials have the same problems that biotemplating can solve:
long, high temperature calcinations, and particle sizes that are challenging to selectively
target. The using of biotemplating in these materials could lead to the same benefits as
the ones achieved here: increased capacity and retention, and reduced cost of
production.

6.2 Further work

Chapters 4 and 5 in this thesis were attempts to improve the performance and
sustainability of P-type NMMO. The 2 h calcination time has improved the capacity
retention of P3-NMMO by 9%. The capacity retention was lower than solid state P3-
NMMO in Chapter 3, likely assisted by the impurity phase. Although the calcination
temperature was 70 °C higher, the shorter calcination time reduced the energy cost of
cathode production. Changing the calcination procedure did not affect the particle size.
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Perhaps longer calcination times for biotemplated P3-NMMO cause volatilisation of
active material since the particle size does not change, causing lower capacity retention.
Further investigation into optimising the calcination procedure could be done, as it will
affect the particle size which in turns informs the electrochemical properties.

The opposite was true of P2-NMMO, where shorter calcination times reduced the
particle size and capacity retention. Capacity fade was likely to be caused by dissolution
if Mn2+ which can occur during phase transitions and is limited by surface area. The
small particle size of P2-NMMO measured in Chapter 4 should be investigated and
replicated as it was lower than expected from other results. Longer calcination times (6-
8 h) would increase the particle size of P2-NMMO, whilst maintaining a lower energy
cost of synthesis than solid state methods. This may lead to a calcination procedure that
more reliably generates 2-3 pm particles.

Further characterisation of the materials could reveal important information. HAADF-
STEM would reveal the relationship between the P3- and P2-NMMO in the biphase
samples, and whether their proximity to each other is likely to be affecting their
electrochemical performance. This information can be contrasted against solid state P3-
NMMO and the impurity phase. There is some interaction as P2-NMMO activity changes,
but the expectation was that structural changes would be prevented but instead seem
more prevalent. Impedance spectroscopy of both the active material and cathode itself
could also reveal the materials proximity; whether a grain boundary exists between the
two phases. NMR and pair distribution function (PDF) analysis could be used to locate
the Ca?* in Ca-doped P3-NCMM. This may reveal why the strategy to improve the
capacity retention of P3-NMMO did not work. Either Ca2* is absent from the structure
entirely or occupies an unexpected site, and this information may answer why it did not
occupy the Na site. Generally, further exploration of generating Ca-doped P3-NMMO
could be done. Longer calcination times could result in a properly doped structure if the
charge density of Ca?* prevents it from migrating through the structure.

Overall, NMMO is resistant to Ca doping. Whether a different synthesis regime or
material doping (higher levels of Mg2*) could overcome this should be explored. Longer
calcination times may allow the Ca to migrate into the P2-NMMO structure if (a
derivative of) Nao.44MnO: is preferentially forming and preventing the integration of Ca
into P2-NMMO - if the Ca2* are trapped in the impurity phase. Based on Chapter 3,
dwelling at high temperatures should cause the impurity to break down and release any
Ca?* to further dope the P2 structure. In conjunction with predicted larger particle sizes,
this could produce the higher capacity retention that this work attempted.

Mn2+ dissolution is thought to be the primary cause of capacity fade throughout the
work. This can be confirmed via elemental analysis of either the electrolyte or scrapings
of the anode post-cycling. This was not possible so far due to being unable to
disassemble cells. The presence of Mn in the electrolyte would provide evidence of
dissolution. Higher proportion of Mn in the electrolyte would be expected in cells with
low capacity retention than cells with high capacity retention, as this indicates more
Mn2+ dissolution.
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The dissolution process usually occurs during phase transitions which are expected in
NMMO from previous work. The nature of the phase transitions (such as P3<03 or
P2<02) can be confirmed and linked to activity in the voltage profile using operando
XRD. Using this information, the voltage range can be altered to avoid transitions,
identifying which cause more capacity fading and perhaps why. This would be
particularly useful in analysis of the biphases: more structural changes are suspected to
occur in this material than single phase P2-NMMO. Knowing which phase transitions
occur may explain why the capacity fade is so rapid compared to the mixed phases, and
strategies to prevent them can be developed.

The impurity phase present in solid state P3-NMMO is the likely causing its high (95%)
capacity retention. Attempts to combine P3- and P2-NMMO do not replicate this effect.
Further investigation into this impurity and whether higher capacity retention can be
replicated in other electrodes is warranted. So too is study into different phase ratios, or
combinations with multiple phases. As shown in Chapter 3, the impurity appears as an
intermediate phase between P3- and P2-NMMO. As such, it should be possible to
combine the impurity phase with P2-NMMO, or with both P3 and P2 phases. One reason
that a 20 h calcination was chosen was to drive the solid state P3-NMMO reaction to
completion at low temperature, as higher temperatures would form the impurity phase.
As the aim is not to obtain a single phase material, a calcination of this length may not be
required. It is important to be mindful of this effect this may have on the particle sizes,
but reduction to 12-15 h is likely to produce similar sizes.

The effect that biotemplating has on cathode materials, particularly the P3 phase, is to
increase its discharge capacity when calcinations are 20 h. A 90% reduction in
calcination time achieved higher capacity retention in biotemplated P3-NMMO, which
represents huge promise for the sustainability of energy materials production. However,
a 2 h synthesis for biotemplated P3-NMMO led to lower capacity retention than longer
synthesis, so there is scope for improvement. The calcination can be made longer whilst
retaining an advantage in energy cost over solid state synthesis. Similarly, having fewer
processing steps pre-calcination compared to solid state synthesis make it an ideal
synthesis to use for rapid prototyping of different energy materials. It could be used for
larger-scale production too, but biotemplating has clear benefits for synthesising and
testing many different materials.

With this context and the ease of selection of phase during of synthesis, biotemplating
can be applied to many different materials. Doping materials with a range or
combination of metal ions becomes easier when using biotemplating, allowing for the
testing and development of cathodes much faster and with less waste than solid state
methods. In turn, the development of energy materials to allow a transition to
renewable energy sources becomes more feasible.
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7 Appendix

7.1 Chapter 3 Rietveld data

7.1.1 Solid state P2-NMMO

R (profile)/ %

R (weighted profile)/ %

GOF
Space group (No.)
Lattice parameters

493919
6.28128
0.95787
P63/mm c(194)

a/A 2.8891(2)
b/ A 2.8891(2)
c/ A 11.2686(4)
alpha/° 90
beta/ ° 90
gamma/ ° 120

V/ 106 pm3 81.45389

VESD/ 106 pm3 0.0076207
Atom Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.180(5) 0.000000 0.000000  0.250000 0.500000
Na 2c 0.292(5) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.89(1) 0.000000 0.000000  0.000000 0.500000
Mg 2a 0.11(1) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.5857(3) 0.500000

7.1.2 Biotemplated P2-NMMO

R (profile)/ % 5.83712

R (weighted profile)/ % 7.76987

GOF 1.20714

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.8781(1)
b/ A 2.8781(1)
c/A 11.2447(3)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.66392

VESD/ 106 pm3 0.0032708
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.258(3) 0.000000  0.000000  0.250000 0.500000
Na 2c 0.402(3) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.90(1) 0.000000 0.000000  0.000000 0.500000
Mg 2a 0.10(1) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.5816(3) 0.500000
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7.1.3 Solid state P3-NMMO

R (profile)/ % 5.18195

R (weighted profile)/ % 6.71888

GOF 1.00567

Space group (No.) R3m (160)

Lattice parameters
a/A 2.879(1)
b/ A 2.879(1)
c/A 16.828(1)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 120.81990

V ESD/ 106 pm3 0.0410043
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 3a 0.37(1) 0.000000  0.000000 0.161(2) 0.500000
Mn 3a 0.90(4) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(4) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.390(5) 0.500000
0 3a 1.000000  0.000000  0.000000 -0.390(5) 0.500000

7.1.4 Biotemplated P3-NMMO

R (profile)/ % 497151

R (weighted profile)/ % 6.52325

GOF 1.00857

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.8650(3)
b/ A 2.8650(3)
c/A 16.8296(9)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 119.63350

VESD/ 106 pm3 0.0135455
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 3a 0.558(6) 0.000000 0.000000 0.1626(6) 0.500000
Mn 3a 0.90(2) 0.000000 0.000000  0.000000 0.500000
Mg 3a 0.10(2) 0.000000 0.000000  0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.394(1) 0.500000
0 3a 1.000000  0.000000 0.000000  -0.391(1) 0.500000

7.2 Chapter 4 Rietveld data

7.2.1 0% Ca P3-NCMM

R (profile)/ %

13.49629
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R (weighted profile)/ % 17.39047

GOF 1.48206

Space group (No.) R3m (160)

Lattice parameters
a/A 2.867(1)
b/ A 2.867(1)
c/ A 16.835(5)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 119.80780

V ESD/ 106 pm3 0.0358151
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 3a 0.670000 0.000000 0.000000 0.1611(5) 0.500000
Mn 3a 0.900000 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.100000  0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.389(1) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.388(1) 0.500000

7.2.2 1% Ca P3-NCMM

R (profile)/ % 14.52530

R (weighted profile)/ % 18.77260

GOF 1.60145

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.869(1)
b/ A 2.869(1)
c/A 16.848(6)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 120.08810

VESD/ 106 pm3 0.0438329
Atom  Wyck. s.o.f. X y zZ B/ 10”4 pm”"2
NA1 3a 0.650000 0.000000  0.000000 0.163040 0.500033
CA1 3a 0.010000  0.000000  0.000000 0.163040 0.500033
MN1 3a 0.899154  0.000000 0.000000 0.000000 0.500033
MG1 3a 0.100846  0.000000  0.000000 0.000000 0.500033
01 3a 1.000000  0.000000 0.000000 0.389888 0.500033
02 3a 1.000000  0.000000 0.000000 0.612068 0.500033

7.2.3 2% Ca P3-NCMM

R (profile)/ % 14.54395

R (weighted profile)/ % 18.77871
GOF 1.58845
Space group (No.) R3m (160)

Lattice parameters
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a/ & 2.868(1)

b/ A 2.868(1)

c/ A 16.862(7)

alpha/ ° 90

beta/ °© 90

gamma/ ° 120

V/ 106 pm3 120.15270

VESD/ 106 pm3 0.0484225

Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
NA1 3a 0.630000 0.000000 0.000000 0.1645(6) 0.500033
CA1l 3a 0.020000 0.000000 0.000000 0.1645(6) 0.500033
MN1 3a 0.899154  0.000000 0.000000  0.000000 0.500033
MG1 3a 0.100846  0.000000 0.000000  0.000000 0.500033
01 3a 1.000000 0.000000 0.000000 0.389716 0.500033
02 3a 1.000000 0.000000 0.000000 0.6101(5) 0.500033

7.2.4 0% Ca P2-NCMM

R (profile)/ % 13.05911

R (weighted profile)/ % 16.38472

GOF 1.36958

Space group (No.) P 63/mm c (194)

Lattice parameters
a/A 2.8760(1)
b/ A 2.8760(1)
c/A 11.2316(5)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.45195

V ESD/ 106 pms3 0.0038833
Atom  Wyck. s.o.f. X y zZ B/ 10”4 pm”"2
Na 2b 0.250000  0.000000 0.000000 0.250000 0.500000
Na 2c 0.420000 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.900000 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.100000  0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.585704 0.500000

7.2.5 1% Ca P2-NCMM

R (profile)/ % 11.52449
R (weighted profile)/ % 15.12812
GOF 1.23609
Space group (No.) P63/mm c(194)
Lattice parameters
a/ A 2.8799(2)
b/ A 2.8799(2)
c/A 11.2276(6)
alpha/ ° 90
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beta/ °© 90

gamma/ ° 120

V/ 106 pm3 80.64413

V ESD/ 106 pm3 0.0051745

Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 2b 0.250002  0.000000 0.000000 0.250000 0.500000
Na 2c 0.399995 0.333333  0.666667  0.250000 0.500000
Mn 2a 0.900000 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.100000 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333  0.666667  0.584235 0.500000
Ca 2c 0.010002 0.333333 0.666667  0.250000 0.500000
7.2.6 2% CaP2-NCMM

R (profile)/ % 12.90882

R (weighted profile)/ % 16.53436

GOF 1.37334

Space group (No.) P 63/mm c (194)

a/A 2.8797(2)

b/ A 2.8797(2)

c/ A 11.2306(6)

alpha/° 90

beta/ ° 90

gamma/ ° 120

V/ 106 pm3 80.65413

V ESD/ 106 pm3 0.0049047

Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.250000  0.000000 0.000000 0.250000 0.500000
Na 2c 0.380000 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.900000 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.100000  0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667  0.586583 0.500000
Ca 2c 0.020000 0.333333 0.666667  0.250000 0.500000

7.3 Chapter 5 Rietveld data

7.3.1 9:1, mixed P3/P2-NMMO

R (profile)/ % 10.88464
R (weighted profile)/ % 14.12184
GOF 1.21059
P3-NMMO
Space group (No.) R3m (160)
Lattice parameters
a/ A 2.8687(3)
b/ A 2.8687(3)
c/A 16.831(1)
alpha/ ° 90
beta/ °© 90
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gamma/ ° 120

V/ 106 pm3 119.95320

VESD/ 106 pm3 0.0139598
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 3a 0.468(9) 0.000000 0.000000 0.1640(7) 0.500000
Mn 3a 0.90(2) 0.000000 0.000000  0.000000 0.500000
Mg 3a 0.10(2) 0.000000 0.000000  0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.392(2) 0.500000
0 3a 1.000000  0.000000 0.000000  -0.394(2) 0.500000

P2-NMMO

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.871(2)
b/ A 2.871(2)
c/A 11.2758(9)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.46296

V ESD/ 106 pm3 0.0362838
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 2b 0.05(5) 0.000000 0.000000 0.250000 0.500000
Na 2c 0.40(5) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.9(1) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.1(1) 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.570(4) 0.500000

7.3.2 7:3, mixed P3/P2-NMMO

R (profile)/ % 10.43541

R (weighted profile)/ % 13.61921

GOF 1.16751

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.8727(5)
b/ A 2.8727(5)
c/A 16.848(2)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 120.40650

V ESD/ 106 pm3 0.0210580
Atom  Wyck. s.o.f. X y vA B/ 104 pm”"2
Na 3a 0.44(1) 0.000000 0.000000 0.1628(8) 0.500000
Mn 3a 0.90(2) 0.000000 0.000000  0.000000 0.500000
Mg 3a 0.10(2) 0.000000 0.000000  0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.390(2) 0.500000
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0 3a

1.000000

0.000000

0.000000

-0.394(2)

0.500000

P2-NMMO
Space group (No.)
Lattice parameters

P63/mm c(194)

a/A 2.8735(4)
b/ A 2.8735(4)
c/A 11.245(2)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.41411

VESD/ 106 pm3 0.0159313
Atom  Wyck. s.o.f. X y Z B/ 10”4 pm”"2
Na 2b 0.18(2) 0.000000 0.000000 0.250000 0.500000
Na 2c 0.40(3) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.89(4) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.11(4) 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.584(2) 0.500000

7.3.3 1:1, mixed P3/P2-NMMO

R (profile)/ % 9.29512

R (weighted profile)/ % 12.56128

GOF 1.08354

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.8712(5)
b/ A 2.8712(5)
c/A 16.852(3)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 120.31230

VESD/ 106 pm3 0.0265437
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 3a 0.41(2) 0.000000 0.000000 0.163(1) 0.500000
Mn 3a 0.90(3) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(3) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.392(3) 0.500000
0 3a 1.000000  0.000000 0.000000 -0.391(3) 0.500000

P2-NMMO

Space group (No.)
Lattice parameters
a/ A
b/ A
c/A

P63/mm c(194)

2.8744(2)
2.8744(2)
11.2365(9)



alpha/ ° 90
beta/ ° 90
gamma/ ° 120

V/ 106 pm3 80.39815

V ESD/ 106 pm3 0.0076291
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 2b 0.166(9) 0.000000 0.000000 0.250000 0.500000
Na 2c 0.31(1) 0.333333  0.666667  0.250000 0.500000
Mn 2a 0.89(2) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.11(2) 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.5878(7) 0.500000

7.3.4 3:7, mixed P3/P2-NMMO

R (profile)/ % 9.63004

R (weighted profile)/ % 12.73830

GOF 1.06611

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/A 2.8733(8)
b/ A 2.8733(8)
c/ A 16.841(4)
alpha/° 90
beta/ ° 90
gamma/ ° 120

V/ 106 pm3 120.41080

V ESD/ 106 pm3 0.0410751
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 3a 0.50(2) 0.000000 0.000000 0.160(1) 0.500000
Mn 3a 0.90(5) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(5) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.395(3) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.389(3) 0.500000

P2-NMMO

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.8754(2)
b/ A 2.8754(2)
c/A 11.2389(6)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.47058

V ESD/ 106 pm3 0.0055213
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.157(7) 0.000000 0.000000  0.250000 0.500000
Na 2c 0.274(9) 0.333333  0.666667  0.250000 0.500000
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Mn 2a 0.89(2) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.11(2) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.5899(5) 0.500000
7.3.5 1:9, mixed P3/P2-NMMO

R (profile)/ % 9.69703

R (weighted profile)/ % 13.31316

GOF 1.14275

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/A 2.874(2)
b/ A 2.874(2)
c/ A 16.883(7)
alpha/° 90
beta/ ° 90
gamma/ ° 120

V/ 106 pm3 120.80750

V ESD/ 106 pm3 0.0756705
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 3a 0.32(5) 0.000000 0.000000 0.156(4) 0.500000
Mn 3a 0.9(1) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.1(1) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.411(2) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.356(2) 0.500000

P2-NMMO

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.8785(1)
b/ A 2.8785(1)
c/A 11.2299(7)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.58284

V ESD/ 106 pm3 0.0055479
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.163(6) 0.000000 0.000000  0.250000 0.500000
Na 2c 0.269(8) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.89(1) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.11(1) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.5874(5) 0.500000

7.3.6 9:1,720°CP3/P2-NMMO

R (profile)/ %

R (weighted profile)/ %

11.30170
14.71425
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GOF 1.25373

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/A 2.8784(6)
b/ A 2.8784(6)
c/ A 16.847(2)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 120.88120

V ESD/ 106 pm3 0.0234309
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 3a 0.33(1) 0.000000 0.000000 0.163(1) 0.500000
Mn 3a 0.90(2) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(2) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.391(3) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.395(3) 0.500000

P2-NMMO

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.871(2)
b/ A 2.871(2)
c/A 11.350(8)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 81.04331

V ESD/ 106 pm3 0.0677721
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.37(6) 0.000000 0.000000 0.250000 0.500000
Na 2c 0.93(9) 0.333333 0.666667 0.250000 0.500000
Mn 2a 0.9(1) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.1(1) 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.563(3) 0.500000

7.3.7 7:3,730°CP3/P2-NMMO

R (profile)/ %

R (weighted profile)/ %

GOF
P3-NMMO
Space group (No.)
Lattice parameters
a/ A
b/ A
c/A
alpha/ °

10.52154
13.65731
1.16624

R 3 m (160)

2.8643(4)
2.8643(4)
16.816(2)
90



beta/ °© 90
gamma/ ° 120

V/ 106 pm3 119.48410

V ESD/ 106 pm3 0.0172597
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 3a 0.39(2) 0.000000 0.000000 0.1629(9) 0.500000
Mn 3a 0.90(3) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(3) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.398(2) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.389(2) 0.500000

P2-NMMO

Space group (No.) P63/mm c(194)

Lattice parameters
a/ A 2.8644(4)
b/ A 2.8644(4)
c/A 11.201(2)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 79.58937

V ESD/ 106 pm3 0.0151210
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 2b 0.18(2) 0.000000 0.000000 0.250000 0.500000
Na 2c 0.39(3) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.89(4) 0.000000 0.000000 0.000000 0.500000
Mg 2a 0.11(4) 0.000000 0.000000 0.000000 0.500000
0 4f 1.000000 0.333333 0.666667 0.579(1) 0.500000

7.3.8 1:1,770°CP3/P2-NMMO

R (profile)/ % 9.64431

R (weighted profile)/ % 12.88165

GOF 1.09377

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.8781(6)
b/ A 2.8781(6)
c/A 16.961(3)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 121.67670

VESD/ 106 pm3 0.0299675
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 3a 0.39(1) 0.000000 0.000000 0.161(1) 0.500000
Mn 3a 0.90(4) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(4) 0.000000 0.000000 0.000000 0.500000
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0 3a 1.000000  0.000000 0.000000 0.395(3) 0.500000
0 3a 1.000000  0.000000  0.000000 -0.393(3) 0.500000
P2-NMMO

Space group (No.)
Lattice parameters

P63/mm c(194)

a/A 2.8731(3)
b/ A 2.8731(3)
c/A 11.219(1)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 80.20108

VESD/ 106 pm3 0.0097649
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 2b 0.16(1) 0.000000 0.000000  0.250000 0.500000
Na 2c 0.29(1) 0.333333  0.666667  0.250000 0.500000
Mn 2a 0.89(2) 0.000000 0.000000  0.000000 0.500000
Mg 2a 0.11(2) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667  0.5806(7) 0.500000

7.3.9 3:7,800°CP3/P2-NMMO

R (profile)/ % 9.54937

R (weighted profile)/ % 12.78262

GOF 1.08528

P3-NMMO

Space group (No.) R3m (160)

Lattice parameters
a/ A 2.876(1)
b/ A 2.876(1)
c/A 16.933(3)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120

V/ 106 pm3 121.31050

VESD/ 106 pm3 0.0538876
Atom  Wyck. s.o.f. X y yA B/ 10”4 pm”"2
Na 3a 0.08(4) 0.000000 0.000000 0.12(1) 0.500000
Mn 3a 0.90(8) 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.10(8) 0.000000 0.000000 0.000000 0.500000
0 3a 1.000000  0.000000  0.000000 0.39(2) 0.500000
0 3a 1.000000  0.000000  0.000000 -0.39(2) 0.500000

P2-NMMO

Space group (No.)
Lattice parameters
a/ A
b/ A

P63/mm c(194)

2.8750(2)
2.8750(2)
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c/A 11.2393(6)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120
V/ 106 pm3 80.45440
VESD/ 106 pm3 0.0057837
Atom  Wyck. s.o.f. X y yA B/ 1074 pm”"2
Na 2b 0.208(6) 0.000000 0.000000  0.250000 0.500000
Na 2c 0.302(8) 0.333333 0.666667  0.250000 0.500000
Mn 2a 0.89(2) 0.000000 0.000000  0.000000 0.500000
Mg 2a 0.11(2) 0.000000 0.000000  0.000000 0.500000
0 4f 1.000000 0.333333 0.666667  0.5860(5) 0.500000
7.3.10 1:9, 820 °C P3/P2-NMMO
R (profile)/ % 12.53758
R (weighted profile)/ % 16.20655
GOF 1.38710
P3-NMMO
Space group (No.) R3m (160)
Lattice parameters
a/ A 2.887(5)
b/ A 2.887(5)
c/A 16.69845(9)
alpha/° 90
beta/ °© 90
gamma/ ° 120
V/ 106 pm3 120.56720
VESD/ 106 pm3 0.1356417
Atom  Wyck. s.o.f. X y vA B/ 10”4 pm”"2
Na 3a 0.670000 0.000000 0.000000 0.159672 0.500000
Mn 3a 0.900000 0.000000 0.000000 0.000000 0.500000
Mg 3a 0.100000  0.000000 0.000000 0.000000 0.500000
0 3a 1.000000 0.000000 0.000000 0.39(1) 0.500000
0 3a 1.000000 0.000000 0.000000 -0.32(1) 0.500000
P2-NMMO
Space group (No.) P 63/mm c (194)
Lattice parameters
a/ A 2.8647(1)
b/ A 2.8647(1)
c/A 11.1868(5)
alpha/ ° 90
beta/ °© 90
gamma/ ° 120
V/ 106 pm3 79.50327
VESD/ 106 pm3 0.0039324
Atom  Wyck. s.o.f. X y vA B/ 104 pm”"2
Na 2b 0.128(7) 0.000000 0.000000  0.250000 0.500000
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Na

Mg

2c
2a
2a
4f

0.215(7)
0.89(2)
0.11(2)

1.000000

0.333333
0.000000
0.000000
0.333333

0.666667
0.000000
0.000000
0.666667

0.250000
0.000000
0.000000

0.5857(5)

0.500000
0.500000
0.500000
0.500000
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