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Abstract

Sodium-ion batteries offer an alternative solution to the current lithium market. Layered
transition-metal oxides, such as P2-Na>3MnQO,, serve as highly tunable, easy-to-synthesize
cathode materials. While sodium-ion cathodes have the potential to deliver high capacities, they
suffer from phase changes that lead to structural collapse and long-term capacity fade. This
material exhibits P2—OP4 phase changes at high voltages and P2—P’2 at low voltages. Recent
research on pillaring aims to incorporate cations into the structure of Na-LTMOs to suppress
detrimental phase transitions in sodium cathode materials. Previous studies have shown an
improvement in structural stability through pillaring, by doping with a larger alkali ion than Na*,
such as K*, which widens the interlayer spacing and improves sodium diffusion. However,
studies involving the substitution of similarly sized ions, such as Ca**, have not been reported for
the P2-Na>sMnO; material. This research project aims to explore the pillaring effects of Ca on
the mitigation of the capacity degradation of the P2-Nag ¢7.2yCayMnO> material. In this work, I
have identified various synthesis parameters relevant for the formation of pure P2-Naz;3MnO»
and have reported a refined synthesis for the Ca-ion exchange across 0 <y <0.15. Powder X-ray
diffraction (XRD) techniques are used to characterize the crystal structure of the P2 and Ca-
pillared materials, along with operando XRD to investigate the structural evolution during
charge/discharging. Galvanostatic electrochemical tests are used to observe the long-term
cycling performance of the y = 0.00, 0.05, 0.10, and 0.15 materials. The substituted y = 0.05
material exhibits suppressed phase changes in comparison to the y = 0.00 sample, including
outperforming its capacity and retention after just 40 cycles, reflecting the effects of successful

pillaring.
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Introduction

Lithium-ion batteries (LIBs) have become the staple for efficient energy storage devices, ranging
from portable electronics to electric vehicles. Their wide range of uses stems from their ability to
perform well under high and low voltage strain without the development of irreversible side
reactions.® The groundwork for LIBs and intercalation chemistry was laid out in the early 1970s
by Whittingham, who worked on the LixTiS> system.* This preliminary work employed a layered
titanium disulfide (TiS2) cathode paired with a lithium metal anode, where Li" ions were
reversibly inserted into a host lattice without hindering its integrity.> This system only achieved a
working voltage of ~2.5V, which, combined with other safety concerns, rendered this material
unsuitable for widespread commercial use.%’ In 1980, Goodenough further advanced the field by
demonstrating lithium cobalt oxide (LiCoO2, LCO) as a cathode material.® This system offered a
much higher operating voltage of ~4.2V, enabling commercial viability.®® Following that
advancement, Yoshino evaluated a carbon fiber for its effectiveness as an anode for the LCO
system. It was found that the crystalline structure of the anode was perfect for the intercalation
mechanics of the Li* ions.!° The cultivation of these advancements led to the first
commercialized battery in 1991 by Sony and Asahi Kasei, and the eventual recognition of the

2019 Nobel Prize in Chemistry awarded to Whittingham, Goodenough, and Yoshino.'!

Lithium-ion technology made several advances over the next few decades, giving us high-energy
density, long cycle life, and efficient energy storage devices we use every day. Despite these

advantages, lithium has substantial environmental concerns and a rapidly decreasing supply. It is
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estimated that with a 5% growth rate in the lithium demand, our current resources may only last
another 65 years.!?"'4 Three main countries (Australia, Chile, and China) account for the majority
of the mining, refining, and associated infrastructure of lithium materials. This small
geographical distribution raises concern for global supply chains.'* Additionally, the most
popular form of lithium mining, known as brine extraction, involves a large usage of fresh water,
affecting the surrounding communities and ecosystems.'> With this alarming rate of
consumption, environmental impacts, and the selective locations for mining this rare material,

researchers have begun to focus more on beyond-lithium battery technology.

A promising solution to the growing demand for energy storage is the development of sodium-
based batteries. SIBs have similar intercalation mechanisms to LIBs, resulting from both
elements being in the alkali metal group. These single-valence-electron ions contain high charge-
to-mass ratios, which allows Na to have the second-highest energy density of the alkali metals,
after Li.'¢ Additionally, sodium is the fourth most abundant metal, which makes it 1180 times
more abundant than lithium in the Earth's crust.!”!® Cell components of SIBs are almost identical
within the battery, along with their intercalation mechanisms.?° As a result of its high abundance
and low-cost advantages, industries have taken steps to evaluate sodium-ion cathodes for their
efficiencies in small-scale electronics. SIB cathodes range in structure, including layered

transition metal oxides (LTMOs), poly-anion compounds, and Prussian blue analogues.

LTMOs are among the most versatile cathode materials due to their compositional diversity,
simple synthesis, and high energy density.?! LTMOs are composed of transition metal-oxygen
octahedra that are stacked with alkali metal ions (such as Na or Li) in between. The layered

structure facilitates the diffusion of the alkali ions in and out of the cathode material, allowing



for this type of material to attract the attention of many sodium-ion cathode researchers.???* With
this structure, the ratios of transition metals, along with the charge carrier ion, can be tuned
through simple synthesis adjustments, offering high theoretical capacities.?* In most NaxTMO
materials, such as NMO, the sodium ions are found in prismatic (P) or octahedral (O) sites
located between ‘slabs’ of transition metal oxides. The number of layers in the unit cell is
denoted by a number 2-4, such as the structures shown in Figure 1. In comparison to Li-ion
analogues, sodium’s ionic radius is much larger (1.02 A vs. 0.76 A for Li*). The widening of
layers caused by Na* can be an advantage, as it allows for enhanced diffusion during charge-
discharge cycling.?> However, large vacancies left by the Na* ions during charging lead to
weakly bonded layers, which can induce the gliding or shifting during cycling and significantly
reduce the long-term capacity of these batteries. Shifting/gliding is a result of a lower energy
geometry being more favorable at lower interlayer spacing, causing, for example, a P2 structure
to phase change to an O2 structure during desodiation.'® Figure 1 illustrates the typical phases of

NaxTMO materials along with the probable phase transitions.?®
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Figure 1. Depiction of possible crystal lattice structures available to NaxTMO,. Layered
stacking of edge-sharing TMOs octahedra and reversible phase transitions are shown.!

Capacity fade stemming from phase instability during cycling is among the greatest issues for
LTMO materials. Due to the larger size of Na', NaxTMO materials have more freedom to
transition in and out of rigid structures, leading to semi-irreversible phase changes.?” When the
structure shifted to a lower energy state, it can decrease the ¢ lattice parameter, which then
impedes the re-insertion of Na" ions and effectively collapses the diffusion pathways in the
cathode material. One way to mitigate this effect is to partially replace the alkali ion with other

cations to stabilize the TMO layers. This process is known as cation pillaring.

Cation Pillaring

Along with transition-metal site substitution, cation pillaring of the alkali ion site can have
structural benefits as well. Pillaring refers to the act of inserting foreign cations into the
interlayer between the TMO slabs, effectively acting as pillars in a building, keeping the ceiling
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and floor spaced far enough for objects to travel freely between, in this case, Na* ions diffusing
through the TMO slabs. These pillars can anchor the slabs within the material and can aid in
maintaining the desired phase of the cathode during cycling. One approach to pillaring has been
to use a larger ion, such as K", for the substitution of Na*, which allows for an expansion of the
TM-TM interlayer distance.?®° This interlayer expansion has been observed to improve the
electrochemical performance by favoring the kinetics of interlayer diffusion of the Na" ions.
Another approach is to substitute a similarly sized ion, such as Ca**. This method can improve
the electrochemical performance and ambient stability of the cathode material.>'*?> There are
certainly trade-offs to consider when using cation pillaring in a battery material. Since these
pillaring cations often occupy redox-inactive sites, they reduce the theoretical capacity of the
material due to the ions not participating in the charge migration. Additionally, excessive cation
substitution can impede Na" diffusion by blocking intercalation pathways, underscoring the

importance of the substitution ratio.

Sodium Manganese Oxide (NMO)

The study of NMO draws the attention of many battery chemists for its wide variety of
polymorphs, accessible by alteration of sodium content and synthesis conditions.** The layered
NaxMnO; structure was first investigated by Parant et al. in 1971 and continued in 1981 by
Delmas, revealing that the Mn-O framework yields the capability to accommodate sodium in
multiple different coordination environments.***> Typically, NaxMnOx can be categorized into
two-dimensional (2D) and three-dimensional (3D) types of structures. This work only focuses
on the 2D type structure, where x>0.5.2° Three phases of the 2D-NMO material have been

identified: hexagonal P2-Na>sMnO; (P63/mmc space group), monoclinic O’3 a-NaMnO, (C2/m



space group), and orthorhombic P’2-NaMnO» (Cmcm space group).”**’ The structures of the a-
NMO and P’2-NMO polymorphs are shown in Figure 2. Synthesis of a specific polymorph is
typically achieved by tuning the calcination temperature and cooling protocol. The orthorhombic
P’2 polymorph is reported to be a high-temperature material, existing at temperatures above
1000°C.*%3% Additionally, O’3 a-NaMnO> has been reported to be stable at temperatures between

600°C and 850°C.*’

S
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Figure 2. Structures of (a) a and (b) P’2 polymorphs of NaMnO, (yellow = sodium
atoms; red = oxygen atoms; purple = MnOg octahedral slabs).

For this study, the recent advancements of P2-Nao7MnO: in a hexagonal structure will be
discussed to establish the groundwork for this research. This P2-type material exhibits the
LTMO stacking sequence of ABBA, where the total prismatic sites are split between edge and
face sharing with the MnOg slabs.*’ Figure 3 illustrates the structure of a P2-NaMnO,, including

the locations of the edge and face-sharing Na" sites in the lattice structure.?’
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Figure 3. P2 (hexagonal P63/mmc) NaMnO» with the approximate locations of face and
edge sharing prismatic sodium sites.”

The electrochemical reaction mechanism for NMO materials has been observed from previous
operando XRD studies, which record various XRD patterns of the cathode material during a
charge/discharge cycle. For P2-NMO, the transition of Mn** to Mn*" is responsible for the
conduction. As the cell is charged, Na* is removed from the interlayer sites, and Mn®" is oxidized
to Mn**. This Na removal is responsible for weakening the interlayer repulsion between the
transition metal slabs and often leads to layer gliding and phase transitions, which can be
observed by XRD characterization.*®3” An operando study done by Kulka et al. on a P2-
Nao.706MnO> yielded evidence of a P2—OP4 transition at high charge voltages and a P2—P’2
transition during full discharge.*® These transitions corresponded to a volume variation of 11.2%,
indicating structural instability during cycling.*® The electrochemical properties of P2-NMO
have been studied extensively along with its diffusion kinetics.?*»?”34! In a study comparing the
electrochemical performance of pure P2-NMO with P2/P’2 hybrids, Kulka ef al. found that the
pure P2-NMO topped out at 180 mAh/g within the first specific charge on discharge. However,
the P2 cathode suffered capacity fade, which was attributed to the gliding of the MnOs slabs and
the thermodynamic instability of the prismatic sodium sites.? Furthermore, Kumakura et al.

reported an energy density of 490 Wh (kg-oxide)™! with an initial reversible capacity of 198



mAh/g.*® Nonetheless, capacity degradation is unavoidable and falls below 80% capacity
retention after only 25 cycles when cycled between 1.5-4.4V.>®¥ NMO has proven itself to be a
sodium-ion cathode material that can demonstrate a high specific capacity, but it falls short in

long-term capacity fade.

Objective

The goal of this project is to explore the pillaring effect of Ca in the

P2-Nao.67-2yCayMnO; cathode material. NMO is a well-studied and highly tunable sodium-ion
cathode material that is made with abundant materials. Inexpensive solid-state synthesis routes
allow for different polymorphs of NMO to be achieved with ease. This study aims to report an
adjustable solid-state synthesis to allow easier reproducibility of the P2-NMO cathode material,
in addition to a refined method for the Ca-ion exchange. Previous studies have not explored the
calcium substitution of the P2-NMO material, but it has been studied with other alkali ions such
as potassium.*® Characterization techniques such as powder XRD, operando XRD, and

galvanostatic charge/discharge cycles will show the effects of calcium integration on P2-NMO.



Materials and Methods

The P2-phase Na>sMnO> was synthesized using a solid-state reaction scheme. Precursor
powders of NaCH3COO 299% from Sigma-Aldrich and MnO2 299% from Sigma-Aldrich were
used without drying or purification. The powders were weighed in stoichiometric ratios, with the
addition of 10% sodium to offset evaporation during heating, and ground with an Across
International planetary ball mill for 12 h at 400 rpm in the presence of acetone. A batch size of
13-15 g was typical for these starting materials. The homogenized precursor mixture was dried
overnight in a vacuum oven at 80°C. Once completely dry, the mixed powders were pressed into
1.5 g pellets at 150 bar for about one minute. Around 2-4 pellets were stacked in the center of an
alumina crucible and heated for 2 h at 500°C, directly followed by 10h at 900°C in air using a
box furnace, with a heating rate of 5°C/min and a cooling rate of 2.5°C/min. The products were

transferred to an argon-filled glovebox and ground to a powder for characterization.

Calcium-Ion Exchange

Substitution of Ca for Na in NMO followed an ion-exchange reaction previously described by
Yikang Jing et al., where a standard solid-state reaction process was used to insert calcium into
the alkali layer of NMO.3! The samples were labeled as CaX%-NMO, with X% representing the
planned calcium occupancy of the interlayer before synthesis. First, a calcium nitrate hydrate
(Ca(NO3)2:4H>0) from Sigma-Aldrich was dehydrated by heating to 250°C for 24 hours in air

using a box furnace, then ground with a mortar and pestle. The anhydrous Ca(NOz3)2 was



transferred to an argon-filled glovebox. In a typical synthesis, 1-3 g of powdered NMO was
mixed in a mortar and pestle with anhydrous Ca(NOs3)2 (10% excess Ca) at a specific
stoichiometric ratio. The mixture was quickly removed from the glove box, pelletized at 150 bar
for about one minute, and placed into a box furnace with the pellet centered in an alumina
crucible. The material was heated to 300°C for 24 h in air at a rate of 5°C/min and allowed to
cool naturally to room temperature before being transferred to a glovebox and ground into a fine
powder. During the synthesis, the evolution of NaNO3 occurs and needs to be washed out of the
product. For washing, the powdered product was transferred out of the glovebox and into an
Erlenmeyer flask filled with ~75 mL of DI water per 1g of material, and a stir bar. The product
was stirred at room temperature for 10 min, followed by centrifugation and decanting of the

NaNOs water mixture. After vacuum drying, the product was returned to the glovebox.

An additional annealing step was performed on the Ca5%-NMO and Cal0%-NMO samples to
increase the phase miscibility between the lattice structures with and without the Ca substitution.
This step was done by re-pelletizing the material and heating in a box furnace, at 5°C/min, to
500°C and holding for 2 h, followed by a quench to room temperature. This process was

observed to be necessary for the formation of a single-phase product.

Characterization

Powder XRD was performed on a Bruker D8 Advance instrument using a Mo Ka source (Ko =
0.7093 A, Kaz = 0.7136 A) and a LynxEye XE-T linear position-sensitive detector in 1D
configuration. Data was acquired in Bragg-Brentano geometry at room temperature using zero-

background sample holders. Structural refinements were carried out with TOPAS Academic
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(Bruker AXS, Coelho Software), with instrumental peak broadening corrected by comparison to

a LaBs standard, using TCHZ profile parameters and the software’s LPSD instrumental model.

Cathode preparation was carried out using the slurry deposition method. An 8:1:1 ratio by weight
of active material (P2-Nao.67-2yCayMnQ,), carbon black (Alfa Aesar), and poly(vinylidene
fluoride) (Sigma-Aldrich) was mixed with 1-methyl-2-pyrrolidinone and spread on aluminum
foil with a doctor blade. The slurry spread was dried in a vacuum oven at 80°C overnight, or
until it was fully dried. A 12 mm punch was used to cut out electrode disks with a typical active
mass loading of 5.5 mg/cm?. Electrochemical testing was conducted using a standard coin cell
construction. The coin cell parts were of the CR 2032 type and consisted of an anode case, a
cathode case, a wave spring, and a steel disk. The electrolyte used was a solution of 1 M NaClO4
in propylene carbonate with 1% fluorinated ethylene carbonate. Metallic sodium was spread onto

the steel disk and used as the anode of the cells. The separator used was a glass fiber.

The galvanostatic charge/discharge test is the most popular electrochemical test for battery
materials. It involves charging the cell at a constant current, expressed by a C rate, until a voltage
threshold is reached. After a rest cycle with no current, the reverse current is applied until finally
reaching a lower voltage threshold. The corresponding potential response versus time, or
capacity, is recorded. The produced voltage vs. capacity plots provide key insight into the
diffusion kinetics, reaction reversibility, capacity degradation, and phase changes of the cathode
materials.*? Short and long-term galvanostatic cycling of the coin cells was conducted on Landt
CT3001A (Landt Instruments) cell cyclers with an operating voltage window between 1.5 and

4.4V at room temperature. A theoretical capacity of 243 mAh/g was calculated for the P2-NMO

11



material, which allowed for the specific current to be influenced by the active material contained

within each cell. The cycling rate was set to C/20, and data was collected in ten-second intervals.

Synchrotron XRD data were taken using beamline 28-ID-2 of the National Synchrotron Light
Source II, by Brookhaven National Laboratory. Capillaries of 50 mm tall were filled with the
sample and sealed using a quick-drying epoxy. In-operando XRD samples were also constructed
using custom coin cells with designed cut-out windows to allow the beamline to analyze the
cathode material. A wavelength of 0.1811 A was used. Synchrotron measurements were

conducted by Anthony T. Pacileo.
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Results and Discussion

Synthesis Optimization

When following the procedures outlined by previous studies, a mixture of P2, a, and P’2
polymorphs of NMO is often produced. Alterations in various synthesis parameters were
necessary to achieve the phase-pure product. Of these synthesis parameters, it was found that the
mixing style of the precursors was of importance as much as the synthesis temperature and
cooling rate. Previous attempts done with an insufficient amount of mixing and not in the
presence of acetone yielded phase impurities in the product. Figure 4 shows the X-ray diffraction
patterns measured for two samples prepared with the same calcination parameter but different
mixing protocols: mixing precursors (NaCH3COO and MnQO) for a total of 2 hours at 600 rpm
without acetone in a planetary ball mill resulted in a secondary monoclinic o phase, whereas
mixing for a total of 12 hours at 400 rpm in acetone yielded the pure P2 phase. Solvent-assisted
ball milling can reduce the particle size of precursor powders and allow for a more homogenous
mixture, yet it requires an additional drying step before pelletizing.** In this study, it has been

found that a more homogeneous mixture is necessary to form the pure P2 phase.
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Reactant Mixing Conditions:
200 — ]

1 2h at 600rpm

1 12h at 400 rpm + Acetone
150 * Monoclinic phase peaks |-

Intensity (a.u.)

5 10 15 20 25 30

©20 (A =0.7093A)

Figure 4. Powder XRD patterns measured for samples synthesized from precursor mixtures by
two different mixing protocols. Asterisks indicate peaks of the secondary impurity phase.
When using this refined synthesis route, even a slight change in starting materials, such as using

a new bottle of MnQO,, can lead to unwanted phase impurities. In this initial synthesis,
stoichiometric ratios of NaCH3COO (99%) and previously used MnO: from Sigma-Aldrich (lot
#1003401622) were combined, according to the outlined methods, and heated for 2 hours at
500°C, followed immediately by 10 hours at 900°C at a ramp rate of 5°C/min with a final
cooling step to 250°C, at a controlled rate of 5°C/min. With only one variation, using a new
bottle of MnO; (Sigma-Aldrich, Lot #1003805061) instead of the older one, we observed a
monoclinic a-NMO phase impurity (s.g. C2/m) in the product, shown in Figure 5. Both MnO>
compounds were purchased from Sigma-Aldrich and were found to be of the same orthorhombic
phase (space group Pnma) with no impurities. Many synthesis alterations were done to reproduce

the synthesis of phase pure P2 products using the new MnQO,, including a variation of secondary
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heating temperatures (820°C — 940°C) in addition to the rate of cooling. XRD patterns collected
for samples synthesized at different temperatures show a uniform monoclinic phase impurity,
indicating the synthesis temperature within the range of 820°C — 940°C has little importance to

the purity of the NMO when cooled at 5°C/min. A pure P2-NMO sample is included in Figure 5

as a reference.

NMO Synthesis Temperatures:

400 —

* Monoclinic phase peaks

W
1=
o

200

Intensity (a.u.)

100

900°C (Old MnO, used)

|
5 10 15 20 25 30

°20 (A = 0.7093A)

Figure 5. Powder XRD patterns measured for samples synthesized at different temperatures
between 840-940°C. Asterisks indicate peaks of the secondary impurity phase.

Furthering the investigation to cooling rate modification, both decreasing and increasing the rate
of cooling the sample from 900°C was tested. Significantly increasing the rate of cooling by
quenching the NMO sample to room temperature from high temperatures of > 900°C results in a
pure orthorhombic phase (space group Cmcm), which corresponds to the high temperature
(>1000°C) P’2 phase reported in the literature.>®? This result shows that the sample is phase
pure before the cooling step; therefore, decreasing the rate of cooling was attempted to allow for
the lower temperature thermodynamically stable phases to be observed. When decreasing the
cooling rate from 5°C/min to 2.5°C/min, the P2 hexagonal structure was replicated with the new
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bottle of MnO; precursor, shown in Figure 6. Therefore, the cooling rate has a significant impact
on the phase purity of the NMO product. For a meta-stable phase like the P2 hexagonal NMO, a
slower cooling rate is preferable.>® Even with the new MnQ», a phase-pure P2-NMO could be
achieved. Figure 6 shows how slight changes in the synthesis methods (using new versus old
MnO,, and cooling rates of 2.5°C/min versus 5°C/min) can influence the phase purity of the
product. This study has found the synthesis optimization of hexagonal P2 to be dependent on the

homogeneity of the precursor compounds and the rate of cooling after the second heating step.
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Figure 6. Powder XRD patterns for samples prepared from different precursor materials and
synthesized at alternate cooling rates. Asterisks indicate peaks of the secondary impurity phase.

Ca-pillared NMO

For the incorporation of calcium into the structure of NMO, first, a direct synthesis method was
tested by mixing stoichiometric amounts of NaCH3COO, MnO,, and CaO (Alfa Aesar) in a ball
mill with acetone and performing the solid-state synthesis with the previously outlined
methods.*® Shown in Figure 7 is the XRD of a direct-synthesized Cal5%-NMO material.

Multiple different phases, but not the desired hexagonal P2 structure, were seen in the product.
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Phase identification refinement was not performed on the direct synthesis sample. It is
hypothesized that a direct substitution synthesis of Ca for Na is not possible at the high
temperatures required for the formation of the layered phase due to unfavorable

thermodynamics.’! Further investigation into the direct synthesis method was not performed.
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Figure 7. Powder XRD pattern of a y = 0.15 sample synthesized using a direct synthesis method.
Therefore, an ion exchange method was adopted from a previous work on Ca substitution in P2-
NaxCayFeo sMngsO,.%! This synthesis reported the mixing of his material with Ca(NO3), before
pelletizing and heating in a tube furnace for 48 h at 300°C under flowing O> before repeated
washing with ethanol.?! For this study, stoichiometric amounts of as-synthesized NMO and
anhydrous Ca(NO3)2 (10% excess) were mixed using a mortar and pestle in a glovebox. The
mixed powders were then pelletized and heated to 300°C for 48h under flowing O». After
cooling to room temperature, the samples were ground into a powder and washed in DI water.
After washing and drying the cathode material, inductively coupled plasma optical emission

spectrometry (ICP-OES) was carried out to analyze the specific stoichiometry of the synthesized
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Ca5%-NMO sample. The total Mn content was used as a reference for ICP-OES analysis due to
the probable absence of Mn impurities, leading to a consistent 1.0 molar ratio. Results for the
measured elements are shown in Table 1. Limited by the functionality of the ICP-OES
instrument on site, only the pristine NMO and Ca5%-NMO samples were analyzed for their
stoichiometric composition.

Table 1. Elemental concentrations determined from ICP-OES.

Relative Element Fraction

Samples Na/Mn Ca/Mn
NMO 0.65 .
Ca5%-NMO 0.42 0.065

Equation 1 outlines the chemical reaction and evolution of the NaNO; byproduct during the Ca-
ion exchange. In accordance with this equation, we should expect that an amount of 0.05 Ca
should remove 0.10 Na, yet we observe a decrease of over 0.20 Na. This is hypothesized to be
partly due to some excess sodium evaporation during the additional heating cycle. While ICP-
OES analysis confirmed the presence of Ca in the NMO samples after ion exchange and wash,
steps were taken to refine the ion-exchange methods. Factors such as the required atmosphere
and the duration of synthesis affect the efficiency and cost-effectiveness of an experiment.**
First, the exchange synthesis was repeated in air, without the flow of oxygen. As shown in
Figure 8, the in-air synthesis, heated for 48 hours, produced almost identical XRD scans, which
provided evidence of the CaX%-NMO materials’ viability to be synthesized in air instead of
oxygen. Furthermore, a synthesis conducted for 24 h was compared to that of a 48 h scan, where
the total NaNOs evolution during the exchange gave evidence of a finished reaction after just 24
h (Figure 8). These tests lead to the conclusion that the ion-exchange could be completed in just

24 hours.
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Figure 8. Powder XRD patterns for different synthesis atmospheres and lengths of the Ca-ion
exchange, showing the evolution of equal amounts of the NaNOj salt formation.

With the need to wash the NaNOj salt out of the product after the exchange, different durations
of a DI water rinse were tested. Initially, a 24 h wash was performed on the CaX%-NMO
materials, but XRD characterization yielded evidence of the integration of H>O into the structure,
denoted as the “hydrated phase” shown in Figure 9. Subsequent durations of washing were tested
and observed to completely remove the NaNOs3 from the product after only 10 minutes of
washing, with no evidence of a hydrated phase. Figure 9 shows these washing durations in
addition to the pre-washed sample that includes the NaNOs3 peak. These washing tests allowed
for the Ca-ion exchange method to be further refined to a more efficient and quicker synthesis.
To conclude, the Ca-ion exchange methods were refined to a heating scheme of 300°C for 24 h,

followed by grinding and a 10-minute DI water wash.

Na,;3sMn0; + yCa(NO3), — Nay3_5,Ca,Mn0, + 2yNaNO3; Equation 1
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Figure 9. Different DI water wash durations for post-ion-exchange samples are shown with
Powder XRD data of the Ca5%-NMO sample.

Phase Miscibility Gap in P2-Nao.¢7-2yCayMnO2

Maintaining the P2 hexagonal structure of the NMO material post Ca-ion exchange is important
for evaluating the electrochemical performance of the substituted cathode. In-house lab XRD
showed peak broadening with increased calcium concentrations, which was hypothesized to be a
phase separation between Na-rich and Ca-rich domains. Figure 10 shows the lab XRD patterns

of NMO and the substituted samples with apparent peak broadening.
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Figure 10. Powder XRD patterns of y = 0.00-0.15 samples taken in the lab with a Mo Ka source.
To obtain better resolution of a possible phase separation, synthesized materials of pristine NMO
and CaX%-NMO (X =5, 10, and 15) were sent to the synchrotron for beamline XRD analysis at
Brookhaven National Laboratory. Further synchrotron characterization allowed for the
refinement of two separate P2 phases present in the substituted samples. Figure 11 shows the
XRD patterns for a range of P2-Nag 67-2yCayMnO; samples, with y = 0, 0.05, and 0.10. When
observing the (002), (004), and (100) peaks of the hexagonal P2 crystal system (Figure 11d), the
second P2 phase is shown to be more intense with higher Ca-substituted materials. One possible
explanation for the apparent phase separation is a change in the interlayer spacing. Previous
studies involving the substitution of Ca into the prismatic sodium sites have shown that low
doping levels of Ca can lead to a decrease in the c-lattice parameter.*> Although Ca®* replaces
two Na' ions during the ion exchange, its greater localized coulombic charge may be responsible
for the reduction in interlayer spacing.*® The uneven distribution of Ca ions throughout the
substituted samples is thought to be partly responsible for the peak separation observed. A

miscibility gap refers to the region on a phase diagram where two or more phases do not
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completely mix, resulting in a two-phase system that can be observed through XRD
characterization techniques.*’*® In the case of this study, the two phases present are proposed to

be a Na-rich phase and a Ca-rich phase, caused by the uneven distribution of Ca ions during the

ion-exchange.
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Figure 11. Rietveld refinement results of synchrotron XRD data for (a) y = 0.00, (b) y = 0.05,
and (c) y = 0.10 in P2-Nayg ¢7-2yCayMnOs. (d) Comparison of (002), (004), and (100) peaks from
the for y = 0.00, 0.05, and 0.10 materials.

a (A

To evaluate this hypothesis, an additional annealing step was performed on the substituted
samples. Annealing to a higher temperature than the ion-exchange was initially performed can
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allow for a more uniform phase to be thermodynamically favorable. After heating to a higher

temperature of 500°C for 2 h, the samples were quenched to room temperature. This quenching

step is important because it locks in the higher temperature phase, assuming that the diffusion

kinetics are low for Ca at room temperature. Powder XRD measurements for y =0.05 AQ and y

=0.10 AQ samples were performed with a Cu x-ray source (A = 1.5418 A) with the intention of

observing further d-space separation due to a longer wavelength. Figure 12 shows the (002)

peak of the y = 0.05 and 0.10 samples before and after re-annealing. Further investigation of the

Cal5%-NMO was of little interest due to the phase impurities brought on by annealing.
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Figure 12. Powder XRD data for the Ca5%-NMO sample in the range of 15 - 17°, before and
after the anneal-quench step. Collected using Cu K « radiation.

Electrochemistry

Galvanostatic charge/discharge cycles were performed on the cathode materials. Voltage profiles

for the non-annealed samples (y = 0.00, 0.05, 0.10, 0.15) during the 2" charge/discharge are
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shown in Figure 13. Changes in the slope of these voltage profiles can be an indication of
structural changes occurring within the cathode material. Looking at the NMO material (y =
0.00) in Figure 13, there is a moderate voltage plateau around 4.0-4.4V during the charging
cycle, which can be an indication of a phase change. Additionally, when comparing the y = 0.00
material to the substituted samples, we can see that this upper voltage plateau gets smoother,
which can be evidence of the reduction of this specific phase change region. It should be noted
that within the 2.1-2.3V window, there are sharp dips in the voltage profile of some of the

substituted materials, which could be a result of trace water impurities.
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Figure 13. Voltage profiles for Nao.¢7.2yCayMnO- materials at C/20 for 243 mAh/g during the
second charge/discharge cycle.

The long-term cycling performance of the P2-Nay.67.2yCayMnO; materials was measured for
samples without the additional anneal-quench step (Figure 14). These tests were evaluated in the
voltage range of 1.5-4.4V at a rate of C/20. The initial specific capacity of the pristine NMO, y =
0.00, was 193 mAh/g, which outperformed the Ca-substituted samples. However, the y = 0.00

sample experiences significant capacity degradation within the first 5 cycles and follows the
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degradation characteristics of the y = 0.05 material. It can be observed that the y = 0.05 sample
outperforms the pristine NMO after just 30 cycles and continues to proceed with steady
degradation through 125 cycles. Past the 30-cycle benchmark, the NMO material loses capacity
at a faster rate than any of the Ca-substituted materials. Additionally, with more Ca substitution,
the overall specific capacity of the material decreases. This is due to Ca®* ions occupying the
space of two Na* ions. While these calcium ions stay behind in the cathode and allow for a more
rigid structure, the theoretical capacity of the material is reduced due to the ions not participating
in the charge migration.*’ The comparison between the substituted and unsubstituted samples
shown in Figure 10 yields evidence of a positive relationship between capacity retention and Ca-
substitution for > 40 cycles with respect to the y = 0.00 and 0.05 samples. These findings align
with previous studies on Ca-doped NaxCoO» conducted by Han et al., which also demonstrate

improvement in cycling stability in Ca-doped sodium-based materials.*?
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Figure 14. Average cycle performance of P2-Nag ¢7.2yCayMnO; materials at C/20 for a
theoretical capacity of 243 mAh/g. Error bars include the standard deviation of 2-3 cells.

25



Additional long-term cycling of the annealed-quenched (AQ) samples was tested under the same
electrochemical parameters. The voltage profiles of the AQ samples appear very similar to the

non-annealed samples (Figure 15).
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Figure 15. Voltage profiles for y = 0.00, y = 0.05, and y = 0.10 Nao.67-2yCayMnO, materials,
including AQ samples, at C/20 for 243 mAh/g during the second charge/discharge cycle.

Figure 16a shows the additional benefits of the secondary AQ step for the y = 0.05 and 0.10
samples, as it appears to increase the overall specific discharge capacity while still maintaining a
slower degradation rate than the pristine NMO material. The y = 0.10AQ sample observed a
specific discharge capacity of 118 mAh/g and a capacity retention of 87% after 100 cycles in
comparison to the non-annealed sample, 89.8 mAh/g with 72% retention after 100 cycles. When
looking at the y = 0.05 samples, the capacity retention after 100 cycles is the same, 70%, yet the
capacity of the AQ sample is about 10-15 mAh/g higher than the non-annealed material. These
differences in capacity can be due to slight variations within the AQ samples, such as a reduced

water impurity in the cells. Figure 16b shows the specific energy density (Wh/kg) of the samples.
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It’s observed to be a linear decrease in energy density for the Ca-substituted samples over 100

cycles, with a stronger decrease in the as-synthesized NMO after just 40 cycles.
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Figure 16. (a) Average cycle performance of AQ P2-Nag 67-2yCayMnQO; materials compared with
as-synthesized Ca-substituted materials. (b) Average specific energy density for all P2-Nao 67-
2yCayMnO; materials. All cells cycled at C/20 for a theoretical capacity of 243 mAh/g, with error
bars showing the standard deviation across 2-3 similar cells.

A rate test was performed on the pristine NMO and the highest performing Ca-substituted
material (y = 0.05AQ). Charging and discharging cycles from 0.1C to 5C were conducted in
groups of five cycles before increasing the rate. After completing the 5C cycles, the cells
reverted to cycling at 0.1C for five more cycles. It can be seen in Figure 17 that at all rates of

charging and discharging, the y = 0.05AQ sample performed higher and with more stability than

the unsubstituted material.
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Figure 17. Rate performance of y = 0.00 and y = 0.05 (A+Q) materials.
Phase transition during electrochemical cycling
In-operando XRD is a valuable technique for characterizing battery materials that allows for
tracking the structural development of the cathode during charging and discharging cycles.
Operando experiments enable analysis of mechanisms, phase transitions, and insights into
capacity fade and mechanical failure.’*>* This study uses in-operando XRD characterization,
conducted at the synchrotron at Brookhaven National Laboratory by Anthony T. Pacileo, on the
y =0.00 and 0.05 materials before annealing. The operando cells were cycled at C/10 with an
average mass loading of 21 mg/cm?. Custom coin cells were made with slits in the casing to
allow the X-ray beam to pass through the cell. A higher mass loading is preferred to increase
scattering and overall intensity. The second cycle of each cell is shown in Figure 18 below
within the 260 range of 1.6-2.2°26 (A = 0.1811). Single peak refinement was used in an attempt to

analyze the lattice parameters of the phases present during cycling. The pristine NMO material,
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Figure 18a, shows multiple phase changes at both low and high voltages. When charged to 4.3V,
the extraction of Na" ions promotes the gliding of MnOg layers, causing a phase change from P2
to OP4.3° When Na* ions are re-intercalated, a phase change from P2 to P’2 is observed at a
lower voltage. These phase change locations are labeled within Figure 18a. Previous studies
confirm the same phase transitions in NMO through similar in-operando XRD techniques.*°

Observations of lattice parameters for the y = 0.00 material are shown in Figure 19a.

While single peak fitting was also used on the y = 0.05 sample, it is more difficult to identify and
analyze the different phases present. Figure 20 shows the structural evolution of peaks within the
20 range of 1.6-2.2 °26 (A =0.1811) and illustrates the limited separation of these peaks when
charged to 4.3 V. Additionally, Figure 21 shows the XRD patterns of the y = 0.00 and 0.05
samples in the charged state at 4.3V. The resolution between the peaks for the 0.00 material is
significantly better than that of the 0.05 material. Synchrotron XRD data revealed that this
sample was composed of two separate P2 phases, which are hypothesized to be Na-rich and Ca-
rich P2 phases. This further complicates the specific refinement since we are unable to
distinguish the phases from each other during cycling. Single peak refinement can allow us to
obtain structural lattice parameters from the hypothesized (002) peaks within this region, but we
are unable to determine the identity of these phases. At the high voltages, the substituted sample
is observed to have three peaks corresponding to the P2, Z, and OP4 phases. The TM-TM
interlayer distance can be seen for these phases in Figure 19b. The low voltage yields an
additional small peak, which was refined and labeled as the U phase. Evidence of pillaring can
be seen by the reduction of phase separation at the high and low voltages shown by operando

XRD. However, we are unable to obtain a complete understanding of the pillaring effect due to
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the presence of multiple P2 phases in the y = 0.05 starting material.
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Figure 18. Operando XRD measurement of the (002) peak reflection for (a) y = 0.00 and (b) y =
0.05 cathode materials during the second full cycle in the voltage window of 1.5V to 4.3V.
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Figure 19. Refined unit cell parameters for the phases in the (a) y = 0.00 and (b) y = 0.05
materials during the second full cycle in the voltage window of 1.5V to 4.3V.
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Figure 20. Operando XRD patterns corresponding to the second charge and discharge cycle for
the y = 0.05 sample within the 20 range of 1.6-2.2°20 (A = 0.1811).
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Figure 21. XRD pattern of the y = 0.00 and 0.05 material in the charged state at 4.3V within the
20 range of 1.6-2.2°20 (A =0.1811).
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Conclusions

The results of this study report a tunable solid-state synthesis for the phase-pure P2-NMO
cathode material. Additionally, a refined method for the partial substitution of calcium into the
layered structure was recorded. This investigation observed that with higher levels of Ca

substitution, there was a phase splitting into two separate P2 phases.

This study has identified one possible explanation for the phase splitting observed when
increasing the substitution level of Ca. It is hypothesized that the Ca-ions do not completely
diffuse during the exchange and therefore create areas of a Ca-rich lattice and Na-rich structure.
This is one possible explanation for the observed lattice decrease seen when increasing the
amount of calcium substitution. An additional anneal-quench step has been reported in this study
to decrease the phase miscibility gap between the two P2 phases observed through powder XRD.
Long-term cycling of the P2-Nay 67-2yCayMnO; materials shows a decrease in starting capacity
due to the Caions that occupy the redox inactive sites of Na* after substitution. Cycling shows
the y = 0.05 and 0.05(A+Q) samples outperform the as-synthesized NMO, showing a positive

pillaring effect at this doping level.

Operando XRD studies yielded consistent results with previous literature for the NMO sample.**
However, the y = 0.05 sample was not a single-phase cathode material and therefore was more
difficult to analyze the phase evolution during cycling. Nonetheless, the y = 0.05 sample
observes an overall decrease in lattice shift, which may be evidence of its pillared structure.
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Future Work

This study does not address manganese dissolution, which is a common problem for SIBs.
Further investigation into the manganese dissolution mechanism for the NMO material needs to
be addressed, along with the influence that Ca-pillaring may have on this issue. Previous studies
have had success using ZrO> as a coating on manganese-oxide cathodes to prevent such

transition metal dissolution.>*

A neutron diffraction proposal has been submitted for the unsubstituted and AQ samples.
Neutron diffraction patterns allow for specific site occupancies to be observed and will enable us
to determine where the Ca ions are in the material. This insight into the distribution of Ca within
the material can provide information on the effectiveness of the anneal-quench step at diffusing

the Ca into the layered structure.

In-operando XRD studies of the AQ samples will be a more informative method for observing
the phase changes present during the cycling of the substituted materials. It can show the
difference between the two-phase and a single-phase substituted material and can shed light on

the reaction mechanism for a pillared cathode.

Additionally, ICP-OES analysis is necessary for the Ca-substituted materials and was not
performed in this study due to some functionality issues with the instrument. This analysis can
provide further insight into the substitution limitations. Although the Ca-ion substitution reaction
was successful, further optimization may be performed to eliminate the anneal-quench step

reported in this study. Increasing the ion-exchange reaction temperature to 500°C may allow for
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the complete diffusion of Ca into the P2-NMO in favor of the formation of a single phase.
However, the decomposition temperature of the evolved NaNOs salt is 380°C, which may
introduce impurities in the sample. Additionally, the investigation of the Ca solubility in NMO
can be determined by increasing the dopant levels until the layered structure can no longer
substitute for Ca. Furthermore, Ca-doping has been known to improve the water and air stability
of different LTMOs.>'° Subsequent stability experiments can be performed on the P2-Nag ¢7-

2yCayMnO; materials to identify any atmospheric stability improvement.
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