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In den letzten Jahren hat das Interesse an der Entwicklung von Festelektrolyten aufgrund von
Sicherheitsaspekten, hoher Energiedichte, relativ langer Lebensdauer und eines breiten Betriebs-
bereichs zugenommen, was sie zu einem Schlussel flr die Zukunft der Batterietechnik macht. Die
Verfligbarkeit kostengunstiger Synthesewege ist jedoch eine Voraussetzung fur Fortschritte bei
der Herstellung und Verwendung solcher Elektrolyte. Der superionische Natriumleiter
NasZr,Si;PO12 mit einer so genannten NaSICON-Struktur ist ein vielversprechender Natrium-
Festkorperelektrolyt mit hoher lonenleitfahigkeit und guter thermischer, chemischer und elektro-
chemischer Stabilitat. Die bekannten Synthesemethoden fiir dieses Material sind jedoch zeit- und
energieaufwandig. Um dieses Problem anzugehen, zielt diese Arbeit darauf ab, einen einfachen,
zeitsparenden alternativen Prozessweg flr die Synthese von Natrium-Festkdrperelektrolyten zu
entwickeln. Es wurde eine vergleichende Studie zwischen der entwickelten alternativen Methode
und allgemein bekannten Methoden durchgefiihrt, um ein besseres Verstandnis des Bildungsme-
chanismus der NaSICON-Struktur zu erhalten. Die Ergebnisse zeigten, dass durch die Verwen-
dung von Vorlaufern mit grof3er Oberflache und Hochenergiemahlung (HEM) der Umwandlungs-
prozess verbessert und die bendtigte Verarbeitungszeit und -energie reduziert werden konnte.

AnschlieBend wurden die Synthesebedingungen der High Energy Mill (HEM)-Vorstufen be-
stimmt. Es wurde ein stabiler Zyklus des erhaltenen Festkdrperelektrolyten mit Na vs. Na bei 1
mAcm beobachtet und eine Raumtemperaturleitfahigkeit von 1,8 mScm bei einer reduzierten
Gesamtbearbeitungszeit und -energie erreicht. Dies stellt einen neuen alternativen Weg fiir die
Synthese von NaSICON-Natrium-Festkdrperelektrolyten dar.

Um den Prozess zu vereinfachen, wurde die Verarbeitung optimiert und eine kombinierte zwei-
stufige Warmebehandlung (ohne Mahlung und Re-Pelletierung zwischen Kalzinierung und Sin-
tern) untersucht. Die Auswirkungen unterschiedlicher Prozessparameter auf die mikrostrukturelle
Entwicklung, die lonenleitfahigkeit, die Dotierung und die Zyklen wurden untersucht. Es wurde
festgestellt, dass die Variation der Heiz-/Kihlrate, der Sinterumgebung, des Abschreckens und
der Partikelgrofie die Mikrostruktur beeinflusst. Die vielversprechendste Korrelation zwischen
Mikrostruktur und Eigenschaften (2,2 mScm) wurde durch die Verringerung des chemischen
Potentialgradienten des HEM-Pulvers durch Sieben beobachtet, was zu einer verbesserten Sinte-
rung und einem normalen Kornwachstum mit guten Leitfahigkeiten fuhrte. Die Wirkung von Mg
und Mo auf die Struktur, das Geflige und die Leitfahigkeit wurde bewertet. Mg ging in ein sekun-
déres NasPO, Uber, wahrend Mo zu einer Kornverfeinerung flihrte. ES hat eine begrenzte Los-
lichkeit in der NaSICON-Struktur und erhohte die Leitfahigkeit geringfigig.

Schliel3lich werden in der Studie die Auswirkungen der Verarbeitungsmethode/Zusammenset-
zung auf die Struktur und Dynamik von NazZr,SioPO12 and Nasz 4Zr;Si» 4P 6012 untersucht. Hoch-
temperatur-Réntgenbeugung (HT-XRD), kernmagnetische Resonanz (NMR) und elektrochemi-
sche Impedanzspektroskopie (EIS) wurden zur Untersuchung der Struktur und lonendynamik
eingesetzt. Zwei monokline NaSICON-Modelle mit 3Na- und 4Na-Natrium-Untergittern und ein
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rhomboedrisches 3Na-Natrium-Untergittermodell wurden fiir die FullProf-Rietveld-Strukturver-
feinerung verwendet. Es wurde versucht, eine Korrelation zwischen der Verfeinerung der Struk-
turdaten und den mittels NMR beobachteten Bewegungen zu ermitteln. Die durch NMR beobach-
tete langsame Grenzbewegung wurde auf die langsame Bewegung von Na an der Na2-Stelle
aufgrund seiner hohen Energie in der monoklinen Phase und den Unterschied in der potentiellen
Gitterenergie aufgrund der Kréfte, die die Verteilung vohn P und Si im Gitter bestimmen sowie
auf lokale Unterschiede in der Zusammensetzung zuruickgefthrt.
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In recent years, there has been a growing interest in developing solid electrolytes due to safety
considerations, high energy density, relatively long lifetime, and wide operating range, all of
which make them a key to the future of battery technology. However, the availability of cost-
effective synthesis routes is a prerequisite to driving progress in the manufacturing and use of
such electrolytes. The sodium superionic conductor NasZr,SiPO1, a so-called NaSICON struc-
ture, is a promising solid-state sodium electrolyte with high ionic conductivity and good thermal,
chemical, and electrochemical stability. However, the reported synthesis methods for this material
are time-consuming and energy-intensive. To address this issue, this work aims to develop a sim-
ple, time-efficient alternative processing route for the synthesis of solid-state sodium electrolytes.
A comparative study was carried out between the developed alternative and commonly reported
methods to understand the NaSICON structure's formation mechanism better. The results showed
that using precursors with a large surface area together with high-energy milling (HEM) improved
the conversion process, and the required processing time and energy was reduced. Subsequently,
the synthesis conditions of the High Energy Mill (HEM) precursors were determined. Stable cy-
cling of the obtained solid-state electrolyte was observed with Na vs. Na at 1 mA/cm? and a room
temperature conductivity of 1.8 mS/cm was achieved at a reduced total processing time and en-
ergy. This marks a new alternative route for the synthesis of NaSICON solid-state sodium elec-
trolytes.

Furthermore, to pursue process simplification, the processing was optimized, combined (without
an intermediate grinding and re-pelletizing step between calcination and sintering) two-step heat
treatment were studied. The effect of varying process parameters on microstructural evolution,
ionic conductivity, doping, and cycling was investigated. Varying the heating/cooling rate, sin-
tering environment, quenching, and particle size were found to affect the microstructure. The
most promising microstructure-property correlation was observed by reducing the chemical po-
tential gradient of the HEM powder by sieving, leading to improved sintering and normal grain
growth with good conductivities. The effect of Mg and Mo on the structure, microstructure and
conductivity was evaluated, Mg went into a secondary NasPOs phase while Mo led to grain
growth it has limited solubility in the NaSICON structure, and marginally increased the conduc-
tivity.

Finally, the study explores the effects of processing route/composition on the structure and dy-
namics of NasZr,Si,PO1, and Nasz 4Zr,Si2 4Po 6012. High temperature x-ray diffraction (HT-XRD),
nuclear magnetic resonance (NMR), and electrochemical impedance spectroscopy (EIS) were
employed to investigate the structure and ion dynamics. Two monoclinic NaSICON models with
3Na and 4Na sodium position sub-lattices and a 3Na sodium sublattice rhombohedral model were
used for the FullProf Rietveld refinement of the high-temperature structure. An attempt was made
to determine a correlation between the refinement data and observed motions using NMR. Two
migration paths were identified, slow hopping motion observed by NMR was attributed to the
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slow motion of Na at sites other than the Na3(8f) site in the monoclinic phase and the difference
in lattice potential energy due to the forces governing the distribution of P and Si in the lattice, as
well as local compositional variation.
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1 Introduction

1.1 Motivation

Reducing reliance on non-renewable energy sources is vital to meet the rising global energy de-
mand while protecting the environment®. The capacity of humanity to efficiently transform,
store, transport and access energy in numerous ways will be at the heart of this endeavour. Bat-
teries are a crucial part of energy transition because they enable efficient management of energy
demand and storage of renewable energy produced by solar and wind energy!?. The use of flam-
mable liquid electrolytes in conventional sodium-ion batteries (SIBs) and lithium-ion batteries
(LIBs) poses challenges to safetyfl. Therefore, all-solid-state batteries (ASSBs) with non-flam-
mable solid-state electrolytes should overcome this obstacle. Due to a high theoretical energy
density, secure operation and extended lifespan, solid electrolytes also present the prospect of
metal anode (Li or Na) solid-state batteries, which are promising for producing the next genera-
tion of energy-storage devices!.

Research and development of various types of solid-state electrolytes has been going on for dec-
ades™, such as oxide-, polymer-, sulphide-based electrolytes and, recently halides. However, each
type has its own benefits and drawbacks™!. Ceramic electrolytes, such as NaSICON and Na-p"/B-
Al,Q3, are highly conductive at room temperature, but they require a high-temperature synthesis
process and show high interface impedancel®. Polymer electrolytes, such as PEO-based ones,
have poor ionic conductivity while demonstrating good mechanical stability and adhesive prop-
erties 1. Gel polymer electrolytes, such as those based on PVdF-HFP and PMMA, have good
conductivity; however, their mechanical properties need to be improved and the issue of sodium
dendrite formation should be tackled!®!. Sulphide-based electrolytes need a low-temperature syn-
thesis process, show good conductivity, and low grain boundary resistance, but cannot be used in
oxygen-rich environments”.. In contrast, halides offer better electrochemical stability than sul-
phides, but they provide lower ionic conductivity™. Overall, numerous efforts have been made to
improve the performance of solid-state electrolytes in battery applications. Nonetheless, practical
applications of sodium-based solid-state electrolytes have still not been possible.

1.2 Aim and Objectives

This study aims to develop and optimise a method for NaSICON (NasZr,Si.PO1.) solid-state elec-
trolytes’ synthesis. It seeks to provide an understanding of the material phase evolution during
solid-state electrolytes’ fabrication and the effect of the processing conditions on the Na-conduc-
tor. In addition, it attempts to evaluate the impact of the synthesis method on the structure, ionic
conductivity, lattice dynamics, morphology and electrochemical performance of the electrolyte.
Hence, this research work is focused on the following topics:
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e Synthesizing NaSICON solid electrolyte by a simple, time-efficient high-energy milling
(HEM) route and comparing this method with those reported in the literature.

e Optimizing the selection of precursors for the new synthesis method.

¢ Understanding the morphological evolution of NaSICON solid electrolytes.

¢ Investigating the effect of Mg and Mo doping on structure, morphology and performance
of the electrolyte.

e Assessing and evaluating the effect of the process on ionic conductivity and lattice dy-
namics of the electrolyte.

1.3 Scope of the Dissertation

The research findings obtained in this dissertation shed light on several important aspects related
to sodium super-ionic conductor solid electrolytes for solid-state sodium batteries. The investiga-
tion focused on improving the synthesis methods, understanding the structure and dynamics, ex-
ploring the influence of processing conditions and doping strategies, and optimizing the micro-
structure and electrical performance of NaSICON electrolytes.

Regarding the synthesis methods, a novel and cost-effective processing technology that could
enhance the fabrication of the electrolytes was explored. Through systematic experiments and
analysis, it was determined that modifying the precursor composition and adjusting the sintering
parameters results in improved crystallinity, purity, and uniformity of the synthesized materials.
These findings contribute to the development of more efficient and scalable synthesis routes for
NaSICON solid electrolytes.

In terms of the structure and dynamics of NaSICON electrolytes, the research employed advanced
characterization techniques to investigate the crystal structure and ion transport of NasZr,Si,PO1.-
based compositions. The results provided valuable insights into the relationship between the crys-
tal structure and ionic conductivity of the materials. It was observed that certain crystallographic
features, such as grain boundaries and defects, significantly influence the ionic conductivity, high-
lighting the importance of microstructure optimization to enhance the overall performance of Na-
SICON electrolytes.

Furthermore, the effects of processing strategies and doping conditions on the microstructure and
properties of NaSICON electrolytes were thoroughly examined. The research demonstrated that
varying the synthesis temperature, heating rate, and sintering atmosphere had a profound impact
on the grain size, density, and phase purity of NaSICON materials. Additionally, the introduction
of specific dopants, such as Mo or Mg, was found to enhance the ionic conductivity and stability
of the electrolytes. These findings offer valuable insights into tailoring the properties of NaSICON
electrolytes through precise control of processing parameters and targeted doping approaches.

Lastly, the research focused on optimizing the synthesis and sintering conditions to control the
microstructure and electrical performance of NaSICON electrolytes. By systematically exploring
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different synthesis and sintering parameters, it was possible to achieve a desirable microstructure
characterized by uniform grain size, enhanced densification, and improved intergranular connec-
tivity. This optimization resulted in a significantly enhanced ionic conductivity and electrochem-
ical stability of the NaSICON electrolytes, leading to improved battery performance.

In conclusion, the research findings presented in this dissertation contribute to the understanding
and advancement of NaSICON solid electrolytes for solid-state sodium batteries. The improved
synthesis methods, insights into structure and dynamics, understanding of processing conditions
and doping strategies, and optimization of microstructure and electrical performance provide a
solid foundation for further research and development in the field of NaSICON-based solid-state
sodium batteries
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2 Fundamentals

2.1 Background

The use of carbon-based fossil fuels has caused disastrous climate change effects in recent years,
posing a serious threat to the ecosystem, human health and global economy. As shown Fig. 2.1,
the future world energy demand is projected to witness a consistent rise. Therefore, making a
switch to cleaner energy sources is crucial?, because intermittent renewable clean energy sources
such as wind and solar require a balance between high and low generation times. Electric energy
storage systems could balance the supply and demand of energy by storing energy produced at
one time and releasing it later®. Numerous energy storage technologies exist, including flow bat-
teries, supercapacitors, compressed air, flywheels, thermal energy storage and electrochemical
batteries!*%l. Other cutting-edge storage technologies include superconducting magnetic energy
storage and pumped hydroelectric power.
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Fig. 2.1: World energy consumption prediction by source for the past, present and future (adapted using data from
Ref [11]).

2.2 Batteries

A battery is an electro-chemical energy device made up of one or more galvanic cells that utilize
redox processes to convert chemical energy into electrical energy or vice versal*l. It is composed
of one or more galvanic cells, which consist of an anode and cathode that undergo oxidation and
reduction, respectively. The anode undergoes oxidation, while the cathode undergoes reduction,
and a separator and electrolyte are used to conduct ions and physically separate the two electrodes.
A current | and voltage V applied to the cell reverses the chemical process, completing the cycle.
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Batteries are divided into the following two categories: primary batteries, which are non-recharge-
able and become unusable after one discharge, and secondary batteries, which are rechargeable
and reusable. Among these, lithium-ion batteries (LIBs) have the highest energy density, largest
operational voltage, highest capacity, lightest weight and longest cycle lifespan?,

2.3 Performance Metrics for Batteries

The common terms that are used frequently in the evaluation of cells are as follows:

2.3.1 Cell potential

Cell potential refers to the electric potential difference between two electrodes of a battery or
electrochemical cell, it is divided into following two categories: theoretical and practical™. The
equilibrium cell potential (E°(x)) is the theoretical voltage of an electrochemical cell based on the
difference between the standard potential of anode and cathode materials. This potential is equal
to the open circuit voltage (OCV) when no current flows through the external circuit. The Nernst
equation expressed in eq. (2.1) determines the equilibrium cell potential and provides the driving
force for ions to travel through the electrolyte and electrons in the external circuits*4l,

0 —
AE(cell)—AEcathode'AEanode (2.1)
u.cathode
EO(0) = -1 (2800)  _ weh BTy, afa 02
F’ ox T,P zF zF a?\]r;ode .

Where Ay is the Gibbs free energy change for the cell reaction:
MeO; + xXNa — NayMeO, (2.3)

and E°(x) is the open circuit voltage at x state of charge (sodium content in the cathode); pina and
ana are the chemical potentials and activity of sodium, respectively, in the relevant electrode. F is
the Faraday constant (96500 Cmol™ = 26.8 Ahmol™?), R is the universal gas constant (8.314
JK=*mol™?) and z is the charge (in moles of electrons) transferred by sodium in the electrolyte
during the cell reaction.

For sodium intercalation in most non-electronically conducting electrolytes, z = 1. For a half-cell
configuration with pure metallic sodium as anode material, an."™*%= 1. The operating voltage
(E°(x)) or the closed-circuit voltage is the output voltage at which the battery operates during
charge and discharge in its actual use. This voltage is a function of the state of charge. In most
cases, it is different from the equilibrium voltage due to various kinetic factors.

2.3.2 Voltage Window

The range of potential between the upper limit of charging and the lower limit of discharging is a
crucial factor to consider*l. A standard procedure exists to determine this value, although it is
recommended that the discharging lower limit voltage for the cathode be set at 1.5-2.0 volts and
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the charging upper limit for the anode be set below 1.5 volts. Furthermore, the cell voltage should
remain within electrochemical stability window throughout the process.

2.3.3 Charge Capacity

This is the amount of electric charge stored in a battery, which is measured in mAh or Ahl*314],
The maximum charge capacity of a battery is determined by the amount of material it contains
and its chemical makeup. Faraday’s law can be used to calculate theoretical capacity (Q:) in Ah,
as given by:

(2.4)

Where M is the molar weight of the cathode materials in gmol=, m is the mass of the active
material in the cathode used in the cell in grams, and F is 96500 Cmol. The practical capacity
in Ah is calculated as follows:

Q-2 10ar (25)

Where I(t) in Amperes is the current as a function of time and t; and t, are the beginning and end
of the considered interval in hours, respectively.

2.3.4 Charge Density or Specific Charge

Is the amount of theoretical (Qw) or practical (Qp) charge that can be stored or delivered per unit
weight of the active material, expressed in Ampere hours per gram Ah-g 13141,

2.3.5 Current Density (])

Current density (j) is the ratio of the total current from an electrode (1) to its surface area (A):

=3 (2.6)

2.3.6 State of Charge

State of charge is the fraction of the maximum capacity of a battery that remains available at a
given time.

2.3.7 Energy Density or Specific Energy (W)

The energy density is determined by the electrochemical voltage (V) between the utilized redox
couples and the specific capacity (C) of the electroactive materials in the electrodes™*4l. It is the
energy per unit weight (or volume) of the material or system measured in Whkg™ or WhL. The
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practical energy contained in an electro-chemical cell in Whg s the integral of the voltage mul-
tiplied by the charge capacity.

W = [E,dq 2.7)
= (gﬁz) X (Ve-V) (2.8)

Where q is the amount of practical charge density in Ahg~ and E. is the cell’s voltage in volts,
Cc, Ca are the specific capacities of cathode and anode, respectively, and V., V. is the electro-
chemical potential of cathode and anode, respectively. Clearly, from the equation, the energy
density can be increased by increasing the operating voltage, the charge-storage capacity and the
mass loading alone or in combination™34],

2.3.8 Active Mass Loading

Active mass loading is the weight of the electrode active material on the current collector per unit
areal’®'4l. In laboratory cells, electrodes are coated with low mass loading to reduce electrical
pathways and maximize performance. However, as the loading increases, the electrodes become
thicker and more challenging to produce. High mass loading is a key factor in achieving this high
energy density. In current LIBs, electrodes are prepared with high mass loadings to achieve an
aerial capacity of 3-4 mAhcm ™. To reach the goal of high energy density, the areal capacity must
increase.

2.3.9 Cycling Stability

Cyclability indicates the longevity of an electrode material, which can be measured by the number
of times it can maintain its initial capacity when cycled. Galvanostatic charge/discharge is a com-
mon test for evaluating its stability. For excellent cyclability, the electrode material must be struc-
turally stable against electrochemical strain and volume fluctuation, and the interface between the
electrolyte and the electrode should be stable and enable reversible ion transfer in each cycle
without sodium loss. The nature of the active material’s crystalline structure influences the for-
mer, while Coulombic efficiency (CE) affects the latter(*341,

2.3.10 Coulombic Efficiency

The charge efficiency of a battery is the ratio of the total charge extracted from the battery to the
total charge put into the battery over a full cycle. Ideally, the charge efficiency should be 100%;
however, in reality, some charge is lost due to side reactions. To ensure a long battery life and
commercialization, the charge efficiency should be at least 99.96% for 500 cycles.

2.3.11 Transference Number

The transference number is defined as the ratio of the electric current derived from the cation to
the total electric current. If the transference number is close to 1, it implies that the ion conducting
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performance in the electrolyte is mainly accomplished by the cation[*l. A high transference num-
ber equal or close to one can reduce the concentration polarization of electrolytes during charge—
discharge steps, and thus produce higher power density. It is highly desirable that the transference
number of ions approaches 1 in an electrolyte system. However, many existing electrolyte sys-
tems, either liquid or polymeric, have transference numbers less than 0.516],

2.4 Sodium vs Lithium Batteries: Beyond Energy
Densities

Secondary battery technologies are the most widely used electrical energy storage systems due to
their good energy conversion ability, adaptability and manageable maintenance?®. LIBs have high
energy density and a long-life span, and they are used for electric vehicles, laptops, phones, etc'®.
Prior to 2020, the key success factors for battery development have primarily centred on theoret-
ical energy density, power density, lifetime, safety, and costs per kwh. Consequently, there is
significant anticipation surrounding energy storage systems like lithium-air (Li-O2) and lithium-
sulphur (Li-S) systems, particularly for mobile applicationst]. These systems boast high theoret-
ical specific energy densities compared to conventional Li-ion systems. If the challenges of prac-
tical implementation, low energy efficiency, and cycle life can be addressed, these systems could
offer an interesting energy source for EVs. However, the increasing demand for raw materials,
particularly metallic lithium, is a concern. The growing market for batteries is driving an absolute
increase in lithium demand, and many lithium sources are not environmentally sustainable. Due
to limited obtainable lithium resources, predictions have been made that lithium supplies may run
out in the future®”18.19,

High cost of transition metals used in electrodes also makes LIBs generally expensive. As a result,
there is growing interest in alternative technologies like Na-ion batteries. Sodium exhibits chem-
ical properties similar to those of lithium and is abundant (Fig. 2.2), making SIBs a potential
alternative to LIBs*®%, Lithium has a smaller ionic radius, a lower atomic weight, and a larger
electro-chemical potential than sodium. This affects the host materials’ interphase formation,
transport characteristics and phase stability during intercalation and de-intercalation™!. Due to its
lower ionisation potential, Li is expected to intercalate more easily than Na. NIBs have an electro-
chemical mechanism similar to that of LIBs but with different ion carriers, and though they offer
lower energy density than LIBs, they are a low-cost option, and might be easier for recycling
compared to Li. Consequently, SIBs have been developed for different applications with less de-
manding weight requirements, such as storing fluctuating renewable energies and releasing en-
ergy into the grid 01,
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Fig. 2.2: Abundance of elements in the Earth’s crust adapted with permission from[18]

2.5 Developmental History of Sodium Battery

In 1839, Faraday discovered ionic conductivity in the solid-state material, which inspired many
researchers to contribute to the field of solid-state ionics!*®l. Warburg and Nernst (1884) demon-
strated Na conductivity in Thuringia glasses and doped zirconia. In the first part of the 20th cen-
tury, Frenkel, Kruger, Wagner and Schottky made significant contributions to the basis of solid-
state electrochemistry*®l. Kummer and Yao of Ford Motor’s discovery of high Na* conductivity
at intermediate temperatures in beta-alumina allowed for the integration of these materials in new
applications™®. Ford developed the sodium—sulphur (Na—S) battery with beta-alumina for use in
electric vehicles in the 1960s due to its low cost, high capacity, less damaging environmental
impact and high operating temperature (300-350°C)®%. However, researchers are exploring cor-
rosion-resistant materials and low-temperature cells that can function just below 100°C. Despite
its limitations, the Na—S battery has been used worldwide for grid stabilization applications, with
a few reported accidents(?l,

Coetzer et al. has developed a ZEBRA battery in South Africa, which is similar to the Na—S
battery. It operates between 270°C and 350°C and uses NiCl; instead of sulphur??, Its anode is
Na metal, while Fe is added to increase the power response. NaCl and AICI; are added to the
positive electrode, forming NaAICl. in liquid form and facilitating Na conduction. The cell volt-
age is 2.6 V, which is higher than that of the Na—S cell, and the batteries are manufactured in a
discharged state for safety!*°l. Several SIBs have been commercialized or are at an advanced level
of research (Fig. 2.3), such as Aquion Energy (2008-2017) with sodium titanium phosphate neg-
ative electrodes, manganese dioxide positive electrodes and sodium perchlorate electrolyte[?3241,
Faradion Limited (2011) has pouch cells with energy densities comparable to LIBs (140-160
Whkg™) and good rate performance (3C) and cycle life (1000 cycles, 80% depth of discharge)
(23241 TIAMAT (2017 France) focuses on 18650 cylindrical cells (100-120 Whkg, 5000+ cycle
lives, 80% capacity) ?>?4l, HiNa (2017) uses Na-Fe-Mn-Cu oxide cathodes and anthracite carbon
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anode (120 Whkg™?) 224, Natron Energy uses Prussian blue analogues for both cathode and an-
ode with an aqueous electrolyte. Altris AB (Angstrom Advanced Battery Centre) uses an iron-
based Prussian blue analogue for positive electrodes in non-aqueous sodium-ion cells with a hard
carbon anode?®?4. CATL (Chinese LIB manufacturer) has a SIB with a Prussian blue analogue
positive electrode and porous carbon negative electrode, with a specific energy density of
160 Wh/kg4. Northvolt (2023) announced sodium batteries with capacity of over 160 Whkg
based on hard carbon anode and Prussian white cathode!?!.

Fig. 2.3: Schematic roadmap of sodium-ion batteries over the years, highlighting the discovery of key ma-terials (
adapted with permission from ref[23])

2.6 Mechanism of Operation and Components of
Sodium ion Batteries

SIBs also called NIBs, are energy storage devices that work in a way similar to LIBs, using a
‘rocking chair mechanism’ to shuttle ions between electrodes. A reversible chemical reaction (re-
dox reaction) occurs at the interface of the two electrodes and electrolyte, where oxidation and
reduction take place at anode and cathode, respectively. This allows the conversion of electrical
energy into chemical energy, and vice versa?® (illustrated in Fig. 2.4).

Anodes and cathodes are defined on the basis of their behaviour when a cell is discharged®!.
Sodium ions are transferred between the electrodes with the help of an electrolyte, and released
electrons are not allowed to pass through the electrolyte; they instead have to go through an ex-
ternal electrical circuit*®l. As a result, upon discharge, the output is current | at a voltage V for a
time period At. When two or more galvanic cells are connected in series or parallel, a battery is
formed!?™1. In reversible electrochemical cells, switches between anode and cathode occurs, de-
pending on the flow of the current. As a result, instead of using the terms anode and cathode, the
electrodes are usually labelled negative and positive. However, due to convention, the negative
electrode is known as the anode, and the positive electrode is known as the cathode. In sodium-
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ion batteries, the positive electrode contains transferable sodium ions, while the negative electrode
is sodium-freel?®l. Initially, electrical energy is utilized to cause the migration of sodium ions from
the positive electrode to the negative electrode through an external circuit. At the same time, the
positive electrode releases sodium ions into the electrolyte to maintain a balanced charge?®l. The
ions are transferred to the negative electrodes via the electrolyte and are embedded in the active
material. This results in oxidation at the positive electrode and reduction at the negative electrode.
As the cell is charged, the voltage increases®. Commonly used cathode materials are sodium
transition metal oxides, Prussian blue analogues and poly-anion materials, while anodes are typ-
ically made of disordered carbon (hard carbon)[,

Fig. 2.4: Cell configurations of a sodium-ion battery

Lithium-layered transition metal oxides (LiTMQO;) serve as effective cathode materials in lithium-
ion batteries (LIBs)®130, Similarly, sodium-layered transition metal(TM) oxides NaxTMO;
show promise for sodium-ion batteries (SIBs) due to their high specific capacity and possibility
of adapting to established LIB synthesis processest!. However, sodium-layered oxides face chal-
lenges, such as irreversible phase changes, limited air stability, complex charge-compensation
mechanisms, and higher cell costs compared to phosphate-based SIBs[*1%2, Alternative cathode
materials for SIBs include polyanionic compounds and Prussian blue analogues (PBA)[?%3133],
Polyanion-type materials, particularly vanadium(V)-based compounds are increasingly attrac-
tivel3+31, They display high operating potentials, unlike the layered oxides their 3D structure pro-
motes cycling stability by reducing structural changes during cycling, the strong covalent bond
with oxygen in the structure prevents oxygen release, they possess high operating potential be-
cause of the inductive effects of the polyanion group and redox activity of the TM such as with
Vanadium®!, Nonetheless, limitations in electronic conductivity and capacity persistCY. PBA, is
another cathode material known for cost-effectiveness, easy synthesis, and low toxicity!?®3%],

Graphite (Gr) is the most common primary active material for anodes in LIBs B7. However, its
suitability for SIB is limited due to sodium's constrained ability to intercalate into graphite, re-
sulting in significantly reduced capacitiest®. Similarly, sodium metal is unsuitable for use as an
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anode due to issues like dendrite formation, high reactivity with the electrolyte, and a low melting
point of 97.7 °C, compared to lithium's 180.5 °C, which poses safety concernst®l. Consequently,
various alternative materials are being explored as anodes for SIBs. These materials fall into cat-
egories such as carbon-based materials, conversion materials, conversion/alloying materials, al-
loying compounds, and organic compoundst®, Particularly amorphous carbon materials such as
hard carbon (HC) owing to their cost-effectiveness and favourable electrochemical performance
are widely researched®, HC produced primarily through the pyrolysis of biomass or synthetic
organic materials, stands as the current benchmark anode for SIBs in terms of energy density[*%411,
The inability of the precursors of these carbon materials to graphitize is attributed to their high
oxygen content and disordered structure®?, making HC retain its disordered structure alongside
randomly oriented pseudo graphitic domains, thereby featuring larger interlayer spacing com-
pared to graphitic carbon!®. This unique characteristic facilitates the intercalation of Na+ ions.
Furthermore, HC comprises micro and mesopores, together with residual heteroatoms (such as N,
S, P, B, etc.), providing additional storage sites for sodium and pathways for rapid Na+ ion
transport®-43l. To tailor HC for SIBs, it becomes essential to adjust pertinent properties such as
interlayer spacing, pore structure, and the presence of defects and heteroatomstl.

The electrolyte comprises a solvent (organic), solute (salts), and additives, collectively influenc-
ing the characteristics of the electrolyte®. The solvent is a crucial component of organic liquid
electrolytes, requiring attributes such as stability, non-toxicity, and cost-effectiveness*l. Essen-
tial features include a wide electrochemical stability window, sufficient sodium salt solubility,
high dielectric constant, low viscosity, and a broad liquid range®>*¢l, Balancing these require-
ments within a single solvent is challenging, leading to the common use of combinations®’l. Ester
and ether solvents are prominent choices in sodium-ion batteries, exhibiting excellent perfor-
mance. The ester solvents, notably cyclic ones such as propylene carbonate (PC) and ethylene
carbonate (EC), as well as chain solvents like dimethyl carbonate (DMC), diethyl carbonate
(DEC), and methyl ethyl carbonate (EMC), are widely employed[*844. The electrolytes composed
of carbonate solvents typically exhibit enhanced ionic conductivity and favourable oxidation re-
sistancel®®. The organic liquid electrolytes for sodium ion batteries are categorized based on so-
dium salts, encompassing sodium perchlorate (NaClO.), sodium hexafluorophosphate (NaPF),
sodium bis(fluorosulfonyl)imide (NaFSl), sodium bis(trifluoromethylsulfonyl)imide (NaTFSI),
and sodium difluoroxalateborate (NaODFB)[*828:30481 The NaClO4-based organic liquid electro-
lytes have gained widespread usage as a well-established electrolyte for sodium ion batteries,
contributing to enhanced energy density alongside stability and oxidation resistance, particularly
with high-voltage cathode materialst®!. However, challenges exist in terms of compatibility with
certain positive and negative electrodes, potentially leading to issues such as dissolution of tran-
sition metal ions and the formation of thick solid electrolyte interface (SEI) films®%. The NaPFe-
based organic electrolytes are commercially available and exhibit favourable compatibility with
common cathode and anode materials, demonstrating superior performance in ether solvents com-
pared to other sodium salts. The NaFSI electrolytes, when dissolved in carbonate esters and ionic
liquids, showcase improved electrochemical performance and compatibility with hard carbon
electrodes and sodium metal electrodes compared to other sodium salt electrolytes®”. The NaT-
FSl ionic liquid electrolytes demonstrate promising electrochemical performance, yet challenges
such as aluminium foil corrosion, capacity decay, and inherent disadvantages of ionic liquid elec-
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trolytes (e.g., high viscosity, poor wettability to electrodes) necessitate ongoing efforts for im-
provement®%, The NaODFB exhibits high compatibility with various solvents used for sodium-
ion batteries (NIBs), indicating its potential effectiveness with diverse electrode materialst%4°,
However, current research primarily focuses on its application as an additive, and further explo-
ration is needed to expand its utility in SIBs®l,

Additives, constituting the third primary element in organic liquid electrolytes, are present in
minimal quantities (less than 5%)E%. Characterized by high specificity and low dosage, additives
play a crucial role in rectifying inherent electrolyte shortcomings and substantially enhancing
battery performance. This optimization can be achieved without augmenting production costs or
altering manufacturing processes®®51, Additives serve diverse functions, including film-forming,
flame retardant properties, overcharge protection, and other specific roles®2. The film-forming
additives, notably the most extensively studied, are typically readily consumed®%. In the initial
activation cycle, they actively contribute to forming the interface between the electrode and the
electrolyte, leaving a chemical signature only at the interface rather than in the electrolyte itself*7],
Ideal film-forming additives should possess a higher Fermi energy (Eg) than solvents and elec-
trolyte salts, facilitating preferential oxidation or reduction. This enhances the quality and effi-
ciency of the solid electrolyte interface (SEI) film, thereby improving the cell's electrochemical
performancel*”5354, Additional additives, such as acidity enhancers, impurity scavengers, viscos-
ity reducers, and free radical scavengers, also hold potential applications in sodium ion batter-
iesP®®. The examples include 1-ethyl-3-methylimidazolium bis(fluoromethanesulfonyl)imide
(EMImFSI)P®® N-N-diethyl-N-methoxyethylammonium  bis(trifluoromethanesulfonyl)imide
(DEMETFSI)5, and flouroethylenecarbonate (FEC)581,

2.7 Why Solid Electrolytes?

The development of sustainable batteries requires technology tailored to ecological and environ-
mental factors®’l. Conventional sodium-ion batteries can be unsafe due to flammable liquid elec-
trolytes, whereas all-solid-state sodium batteries (ASSBs) are non-flammable and have higher
thermal stability. Replacing liquid electrolytes with solid electrolytes (SE) can address safety is-
sues, and using high-voltage cathodes and Na-metal anodes can increase energy density. These
promising improvements in ASSBs have great potential for large-scale energy storage systems
(Fig. 2.5).

Solid electrolytes have the potential to create safer and more efficient rechargeable batteries with
high energy densities®. These electrolytes must be stable against reactive metals to perform well
in solid-state batteries. In the 1960s, B-alumina electrolytes were used in high-temperature so-
dium-sulphur batteries®!. Beta Alumina, established since the 1930s, represents a non-stoichio-
metric compound within the compositional range (5.3 Al,Os, Na,0-8.5 Al,O3, Na,O)™°l. Numer-
ous studies have been conducted to comprehend its structure, the Na* diffusion process, material
optimization, and the exploration of novel substances exhibiting elevated ionic conductivity°l.
The hexagonal system governs its structure, featuring two spinel blocks separated by a mirror
plane housing one oxygen and one vacancy. This non-compact plane, characterized by "BR"
(Beevers-Ross) and "aBR" (anti-Beevers-Ross) nomenclature, facilitates Na* ion delocalization
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at elevated temperatures resembling a bidimensional liquid. Depending on composition and reac-
tion synthesis temperature, an alternative structural variant known as ”-Al.O; may be obtained,
crystallizing in the rhombohedral system with three spinel blocks separated by a conduction plane
akin to the B phase. Both materials exhibit comparable ionic conductivities, with potential en-
hancement through cationic substitution. The electrolyte derived from B-Al.O; found application
in the sodium—sulfur battery (NaS), developed by Ford Company for electric vehicles in the late
1960s!*1,
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Fig. 2.5: Energy density versus specific capacity for different batteries (adapted with permission from ref[62])

However, the use of these batteries was limited due to extreme operating conditions®®. Over the
past decade, various solid electrolytes have been developed to meet the requirements of room-
temperature solid-state batteries®Y. Fig. 2.6 shows the study trends in sodium based ASSB re-
search.

The ASSBs comprise a cathode, an anode and a solid electrolyte (SE)[®2. The SEs are necessary
for practical applications of ASSBs but have a low stability, low ionic conductivity and poor
electrode/electrolyte compatibility when used at room temperature. The SEs can be divided into
solid polymer electrolytes, inorganic solid electrolytes and their combinations®!. The most
widely studied inorganic SEs are oxides, sulphides, boron hydrides and halides®. Inorganic solid
electrolytes have good thermal and chemical stabilities; however, they may have insufficient
physical contact with the Na anode and electrode materials. Solid polymer electrolytes offer better
interfacial contact; however, they have poor thermal and chemical stabilities and low ionic con-
ductivity. Difficulties in controlling cathode/electrolyte and anode/electrolyte interfacial reactions
also hinder the practical applications of ASSBs®. Solid electrolytes are closely linked with the
performance of all-solid sodium batteries (ASSBs). To be effective, they must have good sodium-
ion conductivity, low interfacial resistance, a wide and stable electrochemical window, a good
thermal stability window and good mechanical properties(®). In addition, electronic conductivity
must be lower than 107 Scm™ to minimize self-dischargef®®l. Despite previous efforts, the ma-
jority of solid electrolytes work only at high temperatures and fail to conduct sodium ions at room
temperature. Developing a highly conductive and electrochemically stable solid-state sodium-ion
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electrolyte is a difficult research area to overcome. To compete with liquid electrolytes, a solid
electrolyte must have an ionic conductivity of 10 Scm at room temperaturel®7,
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Fig. 2.6: Schematic diagram of study trends in ASSBs (adapted with permission from ref[64])

2.8 Polymer Solid Electrolytes

A polymer electrolyte is a type of membrane composed of a high-molecular-weight polymer ma-
trix and dissolved sodium salt®®®l. Such electrolyte has the advantage of being flexible, safe, di-
mensionally stable, easily processed and extremely effective in preventing the formation of so-
dium dendrites. Fig. 2.7 depicts advantages and disadvantages of some polymer electrolytes.
There are following two forms of polymer electrolytes: solid and gel. The solid polymer electro-
lytes consist of a polymer host and sodium salts. In contrast, the gel polymer electrolytes consist
of a polymer host, sodium salts and a plasticizer, giving the polymer gel-like consistency™. The
solid polymer electrolytes have been extensively researched for decades due to their advantageous
mechanical properties, fabrication and handling in thin films and capacity to foster effective elec-
trode—electrolyte contact.

The most common host polymers include polyethylene oxide PEO, poly(vinylidene fluoride)
(PVdF), poly(vinylidenefluoridehexafluoropropylene) (PVdF-HFP), poly(methyl methacrylate)
(PMMA), poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC), poly(acrylonitrile) (PAN),
poly(acrylic acid) (PAA) and poly(ethyl methacrylate) (PEMA), with PEO being the most popular
one due to its electrochemical stability. Common sodium salts include NaPFs, NaClO., NaTFSl,
NaFSI, Na;SO4, NaCF3;SO3z and NaPOs®l. The solution-casting technique using methanol as a
solvent is commonly used to make solid polymer electrolytes. Research has found that the ionic
conductivity of these electrolytes can be affected by the ratio of PEO:NaTFSlI, the amount of
NaClO, and other types of sodium salts such as NaX (X: TFSI, FSI). For instance, increasing the
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ratio of PEO:NaTFSI from 6:1 to 20:1 increases ionic conductivity, while the conductivity of the
PEO30:NaTFSI composition drops to the lowest values’™. In addition, raising the content of
NaClO, from 0% to 30% can slightly increase the conductivity of PVVP-based solid polymer elec-
trolytes(®%¢l, A study showed that as the content of sodium salt NaFeF, increases, the ionic con-
ductivity of solid polymer increases and the activation energy both in the amorphous and crystal-
line state decreases!’l.

PEO

Good PVC
dissociation _
ability Compatible

. plastic
Inexpensive .
Inexpensive

PAN
PVP PMMA

Antioxidative

Good ability Compatible with

biocompatibilities polar organic

Superior
solvent

High film-forming thermal
ability stability

Fig. 2.7: Typical polymer electrolyte matrices with their advantages (in white fonts) and disadvantages (in black
fonts) adapted with permission from ref[73]

This leads to an increased transference number of sodium ions. Nonetheless, at room temperature,
the ionic conductivity of most materials is below 10° Scm™, making the performance of solid
polymers unsatisfactory’74l, Ceramic fillers such as ZrO,, SiO, and Al,O; could be added to the
polymer matrix to enhance the ionic conductivity of the polymer electrolytes. These fillers can
reduce the equilibrium glass-transition temperature and suppress the degree of crystallinity, thus
allowing faster ionic transport within the amorphous region than within the crystalline region(’>-
1. The low sodium ionic conductivity of solid polymer electrolyte cells results in unsatisfactory
capacity performance, with cycling capacity typically below 100 mAhg—. Nevertheless, it dis-
plays good cycle stability. To maximize the performance of these cells, further improvement of
ionic conductivity is necessary[’>741,

2.9 Halides Solid Electrolyte

In recent years, the halide SEs have been attracting research attention for their wide electrochem-
ical stability window and compatibility with high-voltage cathodes®™!. The Li-based ternary
chlorides, LisMCls, offer high chemical stability and ionic conductivity of 0.5-3.0 mScm™. In
contrast, the Na halides have only been reported with low ionic conductivity below 10~* Scm™
and crystal structures of P31c, P21/n and R3B7, The size of Na ion (102 pm) is larger than Li
ion (76 pm) and has lower ionic conductivity than LisMCls, whose crystal structures are C2/m
and P3. Theoretical studies have predicted the phase-dependent ionic conductivities of NasYBrsg
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and NasYls; however, few studies have reported on the phases of Na bromides and iodides,
NasMXg (X = Br and 1)&7],

2.10 Sulphide Solid Electrolytes

Compared to conventional electrolytes, sulphide-based materials have great potential because
they undergo synthesis at lower temperatures, with high room-temperature ionic conductivity,
low grain boundary resistance and a good contact with electrodes”®8%, In recent years, great ad-
vances have been made in the development of lithium-sulphide electrolytes, and ionic conduc-
tivity as high as 10mScm™ has been achieved[”®l. This has led to further research into sodium-ion
sulphide-based electrolytes. The NasPS, sulphide electrolyte has the following two known struc-
tures: cubic and tetragonal. In 2012, Hayashi et al. initially observed the ionic conductivity of
cubic NasPS4 to be 0.2 mScm~l"1, Subsequent studies attempted to investigate the effects of syn-
thesis conditions on phase change and ionic conductivity of sodium-ion sulphide-based electro-
lytes to enhance their ionic conductivity and improve their air stability. This highlighted NasPSs
as a potential solid-state electrolyte for sodium-ion battery applications, prompting many research
efforts to further increase its ionic conductivity. To obtain an even higher conductivity, various
elements have been doped, for instance, Si, Cl, Sh, Se and As were tested in NasPS, with some
successl’6-8%1,

2.11 Oxide Solid Electrolytes (NaSICON)
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Fig. 2.8: Radar plot showing level of progress of properties for (a) sulphides, (b) halides and (c) oxides inorganic
solid electrolytes. Adapted with permission from ref [78].

The NaSICON compounds are promising solid electrolyte materials with a unique 3D conduction
network that endows the structure with superior ion-conducting property®l. The NaSICON com-
pounds of the general formula Nay+xZr.SixP3-xO12 (with 0 <X < 3) were first proposed in 1976 by
Goodenough and Hong®Y. The high room-temperature ionic conductivity, 0.67 mScm™ of Na-
SICON compounds has been achieved at x = 2 (NasZr;Si.PO12). They exhibit high thermal and
superior chemical stability e.t.c as compared in Fig. 2.8. This family of materials is one of the
groups of SEs that simultaneously possess high ionic conductivity and chemical/electrochemical
stability.
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2.11.1 Structure of NaSICON Solid Electrolyte

The original NaSICON solid solution has been derived from NaZr,(PO.)s by partial substitution
of Si for P with the addition of Na to balance the negative chargel®!. The 3D framework of Na-
SICON compounds is formed by corner-sharing (Si,P)O4 tetrahedra with ZrOg octahedra, and it
can be characterized by structural building units (SBUs)®#2, This comprises two ZrOs octahedra
and three (Si,P)O4tetrahedra each®l, The SBUs are linked by (Si,P)Oatetrahedra to form infinite
ribbons along the c-axis. The SBU is composed of interconnected framework cavities through
which Na ions can move easily®#2, The general formula Naz.Zr.SixP;-«O12 allows for a variety
of compositions, with x values ranging from 0 to 3. At room temperature and with 0 < x < 1.8,
NaSICON crystallizes in a rhombohedral space group (R-3c). When Si content increases to 1.8 <
X < 2.3, it undergoes transition to a monoclinic C2/c symmetry. With a further increase in the Si
content, it transforms back to the rhombohedral R-3c¢ form®#2. The monoclinic version can also
become rhombohedral at temperatures of 420-450 K due to the shear deformation of the unit cell.
Maximum ionic conductivity of 0.67 m-Scm™ at room temperature is achieved when x = 2
(NasZr,Si>P0O1,). The atomic coordinates for the [Zr2Si,PO12]® frame were confirmed by diffrac-
tion studies of monoclinic Nai+Zr2SixP3xO12; however, discrepancies exist in the description of
the Na sub-latticel8-82],

In recent years, some models with different numbers of Na sites (3 or 4) and positions/occupancies
have been proposed®885 A recent study combining the bond valence energy landscape ap-
proach, the maximum entropy method and Rietveld neutron powder diffraction data analysis iden-
tified five distinct Na sites in the monoclinic phase and three in the rhombohedral phase. When
the rhombohedral phase transforms to the monoclinic phase, the Na2 site (18e) splits into Na2’
(4e) and Na3’ (8f) sites, while the Na3 site (36f) splits into Na4’ (8f) and Na5’ (8f). The rhombo-
hedral phase has a higher symmetry than the distorted monoclinic phase and thus a lower activa-
tion energy'™®®. The NaSICON electrolytes possess high ionic conductivity and good chemical and
thermal stability, and they remain stable in humid air and aqueous solutions. This characteristic
makes them a promising option for Na ion SE®71. However, ZrO, impurity, which is formed due
to the volatilization of Na and P elements during high-temperature sintering, can hinder ion con-
duction at the grain boundary. Adding an excess of Na and P to the raw materials can prevent the
formation of impurity and yield phase-pure NaSICON materials®l. Research has focused on im-
proving ionic conductivity, exploring the ion conduction mechanism and forming a stable inter-
face with electrode materials(®.

The ionic conductivity of a crystalline material is influenced by the bottleneck size, which is
determined by the skeleton structure®!. Chemical modification is an effective way to increase
ionic conductivity by changing lattice parameters and bottleneck sizes. Substituting the Zr** site
with isovalent or heterovalent ions, such as Hf**, Sn*, Mg?*, Ca?*, Sr** and Ba?*, has led to a
notable increase in the bulk conductivity of NaSICONSs!®3:91-91,

The highest conductivity of 3.5 mScm™ was achieved when 2.5% of the Zr** was substituted with
Mg?*®1, The enhanced conductivity was attributed to the enlarged bottleneck that Na ions use to
migrate between sites. Substituting Zr** with Zn?*, which has a similar ionic radius, resulted in a
conductivity of 5.3 mScm %I, However, replacing Zr** with smaller ions, such as Co?* and
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Al**, causes the bulk conductivity to decrease slightly. The incorporation of AI** densifies ceram-
ics, increasing grain boundary conductivity, while increasing Si/P ratio enlarges the bottleneck
for Na ion transport, resulting in a dramatic enhancement of bulk conductivity (2.1 mScm at
RT)el,

The substitution of trivalent lanthanide ions (Sc3*, Pré*, Eu®*, Lu®*, Y3, Yb**) for Zr** forms a
wide range of solid solutions; however, the only difference between monoclinic and rhombohe-
dral phases is a slight twist of the unit cell structure caused by a shear deformation of the unit
cell®l, The lattice parameters of Sc-doped NaSICON samples vary based on Na*-ion concentra-
tion in the formula unit, yielding RT ionic conductivities up to 4.0 mScm with 20 at% Sc3*(&7],
The Pr and Eu elements have limited solubility due to the great difference in them and the host in
terms of ionic radius. Evidently, dopants effectively enhance Na*-ion diffusion properties, with
low valence-doped ions, increasing Na ion concentration and radii that in turn broaden the migra-
tion channel, resulting in improved bulk conductivity®l, The dopants also increase ceramic den-
sity, facilitating Na-ion transport at the grain boundaries. Pr3* has the lowest electronegativity and
the largest ionic radius, resulting in the highest ionic conductivity of 1.27 mScm™. Eu- and Lu-
doped systems have conductivities of 1.08 and 0.83 mScm™, respectively. Substituting Zr** with
lower electronegativity elements reduces the electronic conductivity ion conduction mecha-
nismleel,

Early models related the ion conduction mechanism to the size of the bottleneck and thermal
displacement®8284991 For instance, Park et al.'% revealed that incorporating excess Na into the
NaSICON system can significantly affect grain conductivity (cg), increasing it at both low and
high temperatures. Measurements showed oion Value from the Na-excess sample at 300°C to be
92% higher than that from the bare sample. They related the mechanism to the bottleneck size
based on structural changes observed, such as an increase of ~2.7 % in the smallest bottleneck
area of the Nal-Na2 channel. This was corroborated by ab initio DFT computations, which also
predicted a rise in the size of the smallest bottleneck in the Nal-Na2 diffusion channels with the
addition of excess Nal'%l,

In a recent study, Zhang et al.l®! investigated ion conduction mechanisms in two NaSICON pol-
ymorphs. Bond valence energy landscape (BVEL) calculations suggested that Na5 has the lowest
occupation (0.12/12%) and relatively high energy; however, the energy barrier for jumps to neigh-
bouring local minima is low (=0.47 eV), enabling its participation in ion transport. BVEL and ab
initio molecular dynamics (AIMD) simulations revealed that Na* ions at all five sites take part in
3D network diffusion. The Na5 is the major pathway and cross-over site, climbing image nudged
elastic band method (CI-NEB) revealed that correlated migration has a lower energy barrier than
single-ion diffusion, suggesting that the former is the preferred conduction in NasZr,SiPO12. An
experimental substitution revealed that increasing the Na ion concentration is a more effective
approach to enhancing ion conductivity than simply expanding the framework while keeping the
Na ion concentration unchanged. The best conductivity was obtained at an optimum Na content
of 3.3-3.55 mol per formula unit®®!,

In another recent study, Morgan et al.[**1 used variable temperature neutron diffraction, NMR
spectroscopy and DFT calculations to investigate the thermal behaviour of NaZr,(POa)s. The re-
sults showed an increase in Na—O bond distances and rotations of the PO, and ZrOs polyhedra,
leading to changes in lattice parameters. The NMR experiments and DFT calculations were used
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to elucidate the trends in chemical shifts; however, empirically derived predictions were found to
be unsuccessful. The 3rd Model, which incorporated finite temperature effects, provided values
for NMR parameters that matched all trends. This study highlights the sensitivity of solid-state
NMR to local dynamics, the utility of phonon calculations in predicting atomic displacement pa-
rameters and the importance of finite temperature effects in DFT calculations of NMR parame-
ters'®, Clearly, an insufficient understanding remains of the mechanism of conduction in this
important class of materials.

2.11.2 Processing of NaSICON Solid Electrolytes

The NaSICON oxide powders are commonly synthesized using the following methods: sol—gel
and solid-state reaction processes, as well as other processes, such as hydrothermal, co-precipita-
tion, mechano-chemical synthesis and combustion synthesis!*%2-1%41 The solid-state reaction in-
volves mixing powder reactants in the correct proportions, grinding, calcining, and then pressing
into green pellets and sintering at >1200°C to achieve high densification. This method is simple
and cost-effective, but high temperatures may result in the volatilization of elements such as Na
and P and the formation of secondary phases®!,

Sol-gel processing facilitates low-temperature processing, precise morphological control and im-
proved chemical homogeneity. However, it is costly and complex, especially for large-scale pro-
duction*%.197, The hydrolysis of Zr and Si precursors, followed by the addition of P and Na salts,
creates a colloidal solution that is heated to form a gel network and then crystallized at 700-
1000°C. To create bulk samples, the nanosized powder is pressed and sintered at 1000-1250°C,
with the processing parameters such as calcination temperature, sintering temperature and pH of
the sol being important for stabilizing NaSICON phases*®%71, The excess of P and Na must be
added to compensate for evaporation during synthesis‘%1%7l The sintering temperature should
not be too high, as this could cause impurities from phase segregation/decomposition.

Synthesizing nanosized powders via wet chemistry has the benefit of producing dense specimens
at low temperatures; however, these processes are expensive and difficult to scale up. An alterna-
tive material processing method is needed to lower sintering temperatures while avoiding the
formation of impurity phases that impede sodium-ion conduction. This solution should be cost-
effective and suitable for large-scale production.

A novel solution-assisted solid-state reaction (SA-SSR) method was developed by Nagash et al.
to produce NaSICON compounds®l, The procedure involves dissolving nitrates of Na and Zr in
water, followed by the addition of tetraethyl orthosilicate (TEOS), nitric acid and NH4H>POa.
After the solution is heated to 100°C and cooled, the powder is calcined at 800-1000°C. The
resulting product is chemically homogeneous and contains ultrafine particles of size 0.1-0.2 um
with low secondary ZrO- phase. This process is cost-effective, uses low-cost raw materials and is
easily scalable compared to wet-chemistry approaches. Furthermore, a 48-h milling step was re-
cently added before sintering. This makes the method more time consuming.

The addition of sintering aids to fabricate dense bulk NaSICON ceramics has been effective;
NasBOs3, Bi»O3 and 60Na-0-10Nb,0s-30P,0s reduce sintering temperatures and notably improve
ionic conductivity™. For instance, NZSP with 9.1wt% NasBOs sintered at 700°C has a conduc-
tivity of 0.1 mScm™ at room temperature, which is a three-fold increase compared to samples
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without NazBO3*%l. Advanced sintering techniques, such as microwave, spark plasma and cold
sintering, have been applied to promote densification at low temperatures (down to 140°C). How-
ever, these!'% [111] extensive processes can be energy intensive, increasing the cost of commercial
NaSICON synthesis. Further investigations are needed to understand the sintering process, be-
cause the future of solid-state batteries depends on cost-effective processing technologies.

2.12 Analytical Techniques used in this Study.

Below, the backgrounds of the techniques used in the study are discussed.

2.12.1 X-ray Diffraction

The X-ray Powder Diffraction (XRD) is a non-destructive technique that can be used to determine
the atomic and molecular structures of crystal materialst**?, This is done by having X-rays (elec-
tromagnetic waves) scatter off the electrons of atoms in the crystal, creating a regular array of
secondary spherical waves that can constructively interfere in certain directions (Fig. 2.9). These
directions are established laue equation and simplified by Bragg’s law that states that:

nl= 2dsin6 (2.9)
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Fig. 2.9: Schematic illustration of Bragg’s law

Where d is the spacing between diffracting planes, 6 is the diffraction angle, n is an integer and 4
is the X-ray wavelength. A powdered sample can be used to represent an isotropic case in which
all possible crystalline orientations are equally represented(**?, This allows the use of angles and
intensities of the diffracted beams to uncover crystallographic information about the powdered
crystal material™?, An X-ray diffractometer is employed in transmission, reflection and Debye-
Scherrer modes to measure this information; the sample is typically put on one axis of the diffrac-
tometer while a detector rotates around it to form a 20 angle with the X-ray tubef**],

2.12.2 High-Temperature X-ray Diffraction (HT_XRD)

The High-Temperature X-ray Diffraction (HTXRD) technique involves placing a fine powder
into a quartz capillary and then either keeping it open to air or sealing it under inert gas (e.g., Ar).
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Afterwards, the capillary is heated in a ceramic heater equipped with a cooling system that can
control the temperature range from 20°C to 900°C. While the sample is heated, XRD is conducted
at set temperatures, allowing the monitoring of temperature-related phase transitions and thermal
expansion of the sample.

2.12.3 Rietveld Method

To analyse the average structure of a material in reciprocal space, the FullProf Suite software
packagel*®! was used to implement the Rietveld full-profile fitting method™“. This method in-
volves a least-squares approach to extract crystal structural information from X-ray and neutron
powder diffraction data by minimizing the weighted sum of point-by-point differences squared
between a measured and calculated powder diffraction pattern. The experimental parameters and
sample-dependent parameters are taken into account, such as instrumental parameters, back-
ground intensities, absorption, unit cell parameters, atomic fractional coordinates, atomic occu-
pancy of each crystallographic site, Debye—Waller factors and background*?l. The Minimisation
is defined by:

Minimisation = Z?:;(Wi (Yobs-Yearc)) (2.10)

The equation is the summation of (wi(Yoewsi — Ycac)). The statistical weight, represented by w;, is
determined by the of the observed intensity, o2, where wi = 1/6i2. Yobsi represents the observed
value, and Ycalci represents the calculated value. The standard deviation is represented by o, and
the total number of points in the pattern used for refinement are represented by N. Constraints can
be applied to the set of equations that need to be solved to reduce the degree of freedom. The
Rietveld method is capable of refining multiple parameters simultaneously, such as unit cell di-
mensions, atomic coordinates, profile parameters, atomic site occupancies, temperature factors
and background parameters. The equation is used for minimisation in the Rietveld full profile
fitting method to obtain the optimal values of the parameters. The powder pattern information can
be divided into four groups, as shown in Table 2.1.

Table 2.1 Relationship between powder diffraction pattern, sample, crystal structure
and instrument parameter.

Atomic positions, temperature factor, structure

Peak intensity factors, occupancy, texture, absorption, and geo-
metrical contributions (e.g. polarization)
Peak position dimension of unit cell, symmetry, and instrumental
contributions
Background diffuse scattering (e.g. local structure, amorphous

fraction etc.), Compton scattering, and scattering
from sample container or air
Peak shape Micro-structural parameters (e.g. micro-strain and
crystallite size) and instrument profile
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Residual functions are used to assess the accuracy of the Rietveld refinement, as shown below.
The profile R-factor is a discrepancy index that indicates the level of agreement between the cal-
culated and observed profiles and is the most commonly used measure of refinement quality.

. . 21 W1|Y0bs Ycalcl
Profile factor: R, = 100 OZ{‘ = wiYons (2.11)
n= 2
Weighted profile factor: R, = 100 \/2‘ "Z‘;V‘LY""; Yealel (2.12)
i=o WiXobs

The Rwp considers the statistical uncertainty of each data point by incorporating a weighting
scheme.

Expected weighted Rey, = 100 f“L (2.13)
Zl o lYobs

The expected weighted profile factor is the optimal statistically possible value for Rup, determined
by the number of data points (N) and refined parameters (P). Rexp indicates the precision of the
data (i.e. counting statistics). The reduced chi-squared is a reliable measure of refinement quality
and is calculated as the square of the ratio between the weighted profile R-value and the expected
R-value.

_ [pr] _ XL 0WIIYObS Yealcl® (2.14)

Rexp

Some constraints can be introduced into the refinement process to minimize the number of free
parameters. In crystalline materials, groups of atoms, molecules or coordination polyhedral have
a predefined structure and are not completely independent. The constraints are typically placed
on the coordinates of sites with specific local symmetries. The combination of Rietveld refine-
ment with restraints has been shown to have a positive effect on the refinement process. Examples
of restraints include linear constraints, which are used for chemistry and crystallographic site oc-
cupancy, as well as interatomic distances and angles. The use of restraints in refinement stabilizes
the process, avoids false minima and accelerates convergencel*l,

2.12.4 Nuclear Magnetic Resonance Relaxometry

The superionic conductors experience spin-lattice relaxation (SLR) caused by variations in the
magnetic field that result from the movement of ions. In particular, quadrupolar relaxation occurs
due to oscillations of the electric field gradient (EFG) within the ion’s local environment*%l, The
relaxation rate T1* in these materials can be described by an exponential correlation function G(t)
according to the Bloembergen, Purcell and Pound (BPP)™*¢! model for random jump diffusion in
three dimensions.

In superionic conductors, which are materials that conduct ions, there is a phenomenon called
spin—lattice relaxation (SLR) that happens due to the fluctuating electric field generated by the
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movement of ions within the material®®. In quadrupolar relaxation, these fluctuations are spe-
cifically caused by oscillations in the electric field gradient (EFG) within the local environment
of the ion. This means that the EFG in the ion’s immediate surroundings is not static; rather, it
oscillates over timel*°],

The relaxation rate T17%, which refers to how quickly the magnetic spin system of the material
returns to its equilibrium state after being perturbed, can be described by an exponential correla-
tion function called G(t). This model was first introduced by Bloembergen, Purcell and Pound!**¢
in the context of random jump diffusion in three dimensions, and it has since been applied to
various systems and phenomena, including the spin—lattice relaxation in superionic conductors.

G(t) = G(0)exp(-1|1) (2.15)

The G(t) equation is Fourier transformed to obtain the spectral density function J(w) that charac-
terizes the frequency distribution in the system and is proportional to the relaxation rate T,M5],
In the case of quadrupolar relaxation, the relationship between the Zeeman relaxation rate T1™*
and J(w) can be described as follows:

Ti* = K[J1 (W) + 4], (2w)] (2.16)
-1 _ T 4T

7 =K [1+(w‘t)2 + 1+(2w‘t)2] (2.17)
_ 1 re*qQ % 1412

K= 100( h2 ) 3 (2.18)

The efficiency of Spin Lattice Relaxation is apparent when J displays intensities at or above twice
the Larmor frequency!**®l. The temperature dependence of SLR is typically given by an Arrhenius
relationship, where T = ToexpCEA*8N), where 10 is the pre-exponential factor and Ea is the average
activation energy for the diffusion process. The Boltzmann constant is represented by kg, and T
represents the absolute temperature. The diffusion relaxation rate can be separated into following
two temperature regimes: the high-temperature regime with ot << 1 and the low-temperature
regime with @t >> 1. Between these two regimes, the relaxation rate reaches a maximum at a
specific temperature, Tmax. Considering the frequency dependence of SLR, T:! can be described
by the following equations!**71128l;

For a high T regime

T;! o wPhighexp (EA/kBT) (2.19)
For low T regimes

T;! o wPlowexp ('EA /kBT) (2.20)

To apply the BPP model for ‘uncorrelated’ motion, which refers to isotropic single-ion jumps, the
parameters Piow = 2 and Prigh = 0 are used. The BPP model assumes that there is always a local
motional correlation in the low-temperature regime, as the spins perform numerous precessions
before jumping to the next position. In contrast, correlated motion of several types leads to values
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of Siow less than or equal to 2, which is supported by different models for disordered ionic con-
ductors, such as the coupling concept, the jump relaxation model, the dynamic structure model,
and the model of a distribution of hopping correlation times. Nonetheless, there are some experi-
ments on ionic conductors that do not exhibit any frequency dependence in relaxation measure-
ments, meaning a Siow of 0%, Richards hypothesized that this could be due to the strongly cor-
related motion between only two atomic positions*?l. However, it is uncertain whether this
relaxation model can account for this phenomenon.

2.12.5 Thermo-Gravimetric Analysis

The Thermo-Gravimetric Analysis (TGA) is a type of thermal analysis that measures the mass of
asample as it undergoes changes in temperature or time*?X1, This technique can be used to identify
phase transitions, gas absorption and desorption, thermal decomposition, and solid-gas reactions.
The main component of a thermo-gravimetric analyser is a thermo-balance that is composed of a
balance, a furnace, a temperature control system and a recording system[™2l, Furthermore, TGA
can be conducted in multiple atmospheres, such as ambient air, vacuum, inert gas, and oxidiz-
ing/reducing gases, as well as at different pressures, such as high vacuum, high pressure, constant
pressure or controlled pressuret*?4,

2.12.6 Scanning Electron Microscopy Energy-Dispersive
Spectroscopy

The Scanning Electron Microscopy (SEM) is a powerful tool that can provide information on a
sample’s external morphology and chemical composition?2, A focused beam of high-energy
electrons is used to scan the specimen surface in a raster pattern. Interaction of the electrons with
the specimen surface atoms produces different signals, including secondary electrons, reflected
or back-scattered electrons, characteristic X-rays and cathode-luminescence light!*?%l. Secondary
electrons are used to produce high-resolution (<1 nm) images of the sample surface, while back-
scattered electrons emerge from deeper positions and have a lower resolution. The Energy-dis-
persive X-ray spectroscopy (EDX) can be used to identify the abundance of elements and map
their distribution in specimens. Conductive materials can be scanned without any additional steps;
however, non-conductive specimens must be coated with an ultra-thin layer of gold or graphite
for imaging!#,

2.12.7 Raman Spectroscopy

The Raman spectroscopy is a technique used to identify and examine a material’s structure and
chemical makeup*?4, When a material is exposed to light, typically generated by a laser, a portion
of the light is scattered in an inelastic manner at either a longer or shorter wavelength than the
light source, a phenomenon known as the Raman Effect that was discovered by Sir C.V. Raman
in 1928. The Raman Effect is usually weaker than Rayleigh scattering, which is the scattering of
light with the same energy and wavelength as the incident light™?41?1, Vibrations of atoms within
a solid occur at frequencies between 10! and 10! Hz, which are related to the atom’s struc-
ture241251 \When a laser emits photons of light with a frequency vo, the Raman lines of frequency
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Vo + vq are present in the scattered beam, as the photons cause transitions in the sample and either
gain or lose energy through the collective vibrations of the atoms!*?41%], Not all transitions can be
seen in the Raman spectrum; for a Raman active transition to take place, the nuclear motion has
to cause a change in polarizability. Raman technique uses monochromatic light (visible, near-
infrared, or near-ultraviolet) to detect vibrational, rotational and other low-frequency modes in a
system. This results in a decrease (Stokes Raman scattering) and an increase (Anti-Stokes Raman
scattering) in photon energy, which can be used to determine the molecular structuret*?1%1, This
effect is determined by the electric dipole— dipole polarizability derivative of a bond. Neutral
bonds (e.g., C—C, C—H, C=C) have a strong Raman signal due to the large changes in polariza-
bility during a vibration, while polar bonds (e.g., C—0, N—0O, O—H) have a weak Raman signal
due to the small effect on polarization from a vibration[*24125],

2.12.8 X-ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) is an analytical technique that can be used to deter-
mine the elemental composition of a sample surface up to a depth of 10 nm?61, This technique is
based on Ernest Rutherford’s work that states that the binding energy of an electron is equal to
the energy of the incident X-ray photon minus the electron’s kinetic energy plus the electron’s
work function. XPS systems can be used with either monochromatic Al Ka or Mg Ka X-rays or
with a synchrotron light source with either soft or hard X-rays. Using different photon energies
makes it possible to obtain information from different depths of the sample!*?®l, Furthermore, XPS
can also be performed through line profiling, mapping, and depth profiling to evaluate the uni-
formity of the elemental composition. For depth profiling, ion beam or cluster etching can be used
to analyse deeper layers of the sample[*?¢],

2.12.9 Electrochemical Impedance Spectroscopy

The Electrochemical Impedance Spectroscopy (EIS) is an analytical method used to evaluate an
electrochemical system without taking any measurements within the system[*?"128], This tech-
nique can be used to measure the internal resistance, the state of charge and the state of ageing of
a battery™, During the process, a modulated sinusoidal AC potential is applied over a wide range
of frequencies (10°~102 Hz) to a static potential of an electro-chemical cell, and the response
current and its phase are then measured. The signal is usually too miniscule (less than 10 mV in
amplitude) to disturb the system’s linearity*?®l, The EIS data can be displayed in following two
ways : Bode plots (log frequency vs. absolute value of the impedance and phase shift) and Nyquist
plots (real part impedance vs. imaginary part impedance) 241,

It is possible to perform a qualitative analysis of the plots if the curves depicting certain states of
the system are known[*?°1. Equivalent electrical circuits that model the chemical and physical pro-
cesses occurring in the system can also be designed and used to fit EIS plots. This requires the
use of different circuit elements, such as resistors, capacitors, constant phase elements, Warburg
elements and virtual inductors(*?°l,
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2.12.10 Galvano-static Cycling with Potential Limitation

The batteries are usually charged or discharged using a constant current or voltage**°. In the
laboratory, the constant current mode is often used to evaluate the energy storage characteristics
of electrode material, referred to as galvano-static cycling with potential limitations (GCPL). Spe-
cifically, a constant current density (measured in Ag or Acm™2) is applied between the working
electrode and the counter electrode, and the potential is monitored and recorded between the
working electrode and the reference electrode. When the potential reaches either the upper or
lower limits, the current direction is reversed**®, Furthermore, GCPL tests can be used with dif-
ferent current densities to determine the rate capability of electrode materials.
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3 Materials and Experiments

3.1 Materials

The following chemical reagents are used for the study, sodium carbonate Na,CO3 (VWR chem-
icals), NaOH (Alfa Aesar, 99%), sodium peroxide, Na;O. (99%, Sigma Aldrich), zirconium di-
oxide ZrO2 (15-25 nm, Alfa Aesar, 99.9%), silicon dioxide, SiO, (90 m?/g, Aerosil, 99%), sodium
hydrogen phosphate, NaH,PO4-H,O (99%, Merck), zirconium oxynitrate ZrO(NQs), (99.5%
Sigma Aldrich) and SiOz@morphy (99.9%, Sigma Aldrich) were used. The SiOz@morph) IS the common
amorphous SiO; that has a small surface area compared to aerosol.

3.1.1 Sample Preparation

In this study, the synthesis of NasZr,Si,PO12 (NZSP) was accomplished by HEM and two other
reaction pathways such as solid-state (SS) and sol-gel (SOL). The solid-state approach as reported
by Jolley et al.®?, and the sol-gel synthesis based on the method described by Nagashi et al.[*%!
(the reported calcination time was increased to obtain a pure phase at 800°C), were compared
with the HEM used in this study.

(a) Solid-state reaction \ f) Sol-Gel Synthesis \
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Fig. 3.1: Flow outline of the processing steps of the (a) six-step solid-state reaction, (b) five-step sol-gel and (c) high-
energy (HEM) mechano-chemical synthesis

As stated below, two precursor combinations for the solid-state reaction and one for the sol-gel
and HEM were used.
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Solid-state synthesis:

SS_NCO: Na2COz3 + 2ZrO2 + NH4H2PO4+ SiO2— NasZr,Si;PO12 + CO, + H20 (3.1
SS_NHP: Na,COs +NaH,PO4-H,0 + 2ZrO, + 2Si0,— NasZr;Si,PO1, + CO, + H20 (32)

Sol—gel synthesis:
SOL: 3NaN03 + ZZI'O(NO:;)Z + NH4H2PO4+ ZSi(OC2H5)4—> Na3Zrzsi2PO12 + COz + HzO (3.3)

HEM:
SP_NH4: Na;0; + 2Zr0; + NaH;PO4-H20 + 2Si0O,— Na3Zr;Si,PO1, + 2H20 (3.4)

The stoichiometric mixtures of raw materials were taken through the steps outlined in Fig. 3.1 for
each processing route. An 8000M SPEX high-energy mill was used for the method developed in
this study, and a Fritsch planetary ball mill was used to reproduce the other methods reported in
the literature.

In the developed method, the mixture of precursors with a selected molar ratio (total weight of ~2
g) was loaded in a 50 mL hardened-steel vial and ball milled for 3 h in the 8000 M SPEX mill.
Steel balls of 20 g (two large balls weighing 8 g each and four small balls weighing 1 g each)
were used for ball milling. This was followed by the calcination and sintering step outlined in Fig.
3.1. The SPEX mill delivers more intense and rapid energy input through high-frequency, linear
impact motions, making it suitable for fast, aggressive milling, whereas the Fritsch planetary mill
offers more controlled, lower-energy milling with circular rotational motion, ideal for gradual
grinding and homogenous mixing. Comparing both allows us to understand how milling mecha-
nism and energy input influence the phase formation, microstructure, and ion transport in Na-
SICON solid electrolytes.

For the optimization of the HEM, the calcination temperature was increased from 900°C to
1100°C,; the sintering temperature was not changed. Sodium and zirconium sources were changed
to have different precursor combinations (SP_NH4 combination is SP_NO here because of the
change in calcination temperature), as listed below:

SP_NCO: Na;CO3+ 2Zr0O,+ 2SiO; + NaH,P04-H,0 — NaszZr,Si,PO1; + CO; +H,0 (35)
SP_NOH: NaOH + 2Zr0O,+ 2SiO; + NaH,P0O4-H,0 — Na3Zr,Si,PO12 +H:0 (3.6)
SP_NO: Na;0; + 2Zr0,+ 2SiO; + NaH;P04-H,0 = Na3Zr,Si»PO1; +H20 (3.7)

SP_NCO: Na,CO3+ ZI‘O(NO3)2+ 2Si0; + NaH,P04-H,0 —» Na3Zr,Si,PO12 + NO; +H,0 (3.8)

Furthermore, attempt was made to investigate the effect of processing parameters on the structure,
conductivity, and microstructure morphology of NasZr,Si,PO1..
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Fig. 3.2: Heat treatment schedule of independent and combined treatment showing three seperate stages a) calcina-

tion, b) grinding and repelletizing and c) sintering in the independent schedule and two steps in the
combined treatment.

To achieve this, stoichiometric molar ratio of the precursors were processed using high-energy
milling. The samples were treated with two schedules namely; independent and combined sched-
ule (Fig. 3.2). The independent treatment involved making pellets with the milled powder in a 12-
mm die, followed by calcination at 1100°C for 12 h and grinding in a mortar with a pestle. The
ground powder was repelletized and sintered at 1280°C for 6 h at (300°C/h, 240°C/h, 180°C/h,
120°C/h, and 60°C/h heating/cooling rates). In the combined approach, the grinding step after
calcination was eliminated, the HEM powder pellets were subjected to a single two-step (1100°C
for 12 h, and 1280°C for 6 h) heat treatment at (300°C/h, 240°C/h, 180°C/h, 120°C/h, and
60°C/h°C/h). The study also investigated the effect of N2, Oz, Ar, sintering environments, quench-
ing in water, air and nitrogen media, as well as the effect powder particle size ranges on the struc-
ture, ZrO; fraction and morphology of NasZr,Si,PO, obtained from the combined treatment.

Table 3.1 Summary of NZSP synthesis routes showing sample codes, synthesis meth-
ods, precursor compositions, and notes. The table is divided into composi-
tions adapted from literature and those developed using high-energy mill-
ing (SPEX) in this study.

Sample Code Synthesis Method Precursors Reference/Notes
SS_NCO Solid-state Na.CO:s, ZrO: (nano), Jolley et al.
NH4H2PO.,Si0O:
(amorph)
SS_NHP Solid-state Na:COs, Jolley et al.

NaH:POg- HzO, y4{0J
(nano),Si0:2 (amorph)

SOL Sol—gel NaNQOs, ZrO(NOs)., Nagashi et al. with
NH4H2POsa, longer calcination
Si(OC:Hs)a
Compositions developed using high-energy milling (SPEX) in this study
SP_NH4 High-energy milling  Na2O2, ZrO: (nano), Developed in this
NaH:PO.-H:0, SiO:  study using SPEX
(Aerosil-90) 8000M
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SP_NCO High-energy milling NaxCOs, ZrOz, SiOa, Used for high-
NaH:POs-H:0 temperature
optimization
SP_NOH High-energy milling  NaOH, ZrO., SiO.,  Precursor change to
NaH2PO4-H20 NaOH for phase
behavior study
SP_NO High-energy milling  Na202, ZrO:, SiO, Na20- used to
NaH2PO4-H20 enhance reactivity
SP_ZNO High-energy milling  Na.COs + ZrO(NOs)2 Nitrate-based Zr

+Si02+NaH.PO4-H.O  precursor variation

Lastly, the influence of doping on the structure and conductivity was examined. The combined
schedule of sample preparation was employed, using MgO and MoOs from Sigma Aldrich. A total
of four Mg- and seven Mo-doped compositions, outlined in Table 3.1, were evaluated.

Table 3.2 Sample notation for the doped compositions

Sample Notation Composition

Mgo.1Siz Nasz 2Zr19Mgo.1Si2PO12
Mgo.1Si2.2 Nasz.4Zr1.9Mgo.1Si2.2Po.8012
Mgo.2Si2 Naz4Zr18Mgo.2Si>PO12
Mgo.2Siz2.2 Nas6Zr1.8Mgo.2Si22P0s012
Mo0o.025 Naz.1Zr2Si2M00.025P0.95012
Moo.0s Naz 2Zr2Si2M00.05P0.9012
Moo.075 Naz 3Zr2Si2M00.075P0.85012
Moo 1 Naz 4Zr2Si2M00.1P0.s012
Moo Naz 5Zr2Si2M0g 2Po.012
Moo s Naz sZr2SisM0g 3Pg.4012
Mo0o.4 Nas 7Zr2SizM0g 4P 2012

In order to investigate the effect of processing on the structure and ion dynamics, NaSICON
(NasZr,Si;PO1) labelled SS_NCO and (SS_NHP) were prepared using conventional solid-state
methods in the comparative study described above and illustrated in Figure 3.1. In addition,
NasZr,SioPO12 (NZSP) and Nas4Zr;Si»4Pos012 (NZS24P) were prepared using the high-energy
milling process. EIS was performed on the pellets after final sintering, and some of the pellets
were crushed for further characterization with HT_XRD, and NMR.

3.2 Characterization

This section complements the broader background discussed in the previous chapter, by providing
specific experimental details of the techniques.
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The experiments on physical adsorption of N> were carried out to determine the surface areas of
products; they were performed on a Quantachrome Quadrasorb EVO instrument. The measure-
ment parameters used were a pressure tolerance of 6.6661 Pa, an equilibration time of 60s and an
equilibrium time out of 120s. The Brunauer—Emmett—Teller (BET) specific surface area was de-
termined from five data points between a relative pressure (p/p0) of 0.1 and 0.25.

The Laser scattering was used to measure the particle size distribution (PSD) obtained using
Horiba LA-950V2 analyser with ethanol as dispersing medium. The Differential Thermal Anal-
ysis (DTA coupled with TGA) was used to study the thermochemical changes/phase transitions.
It was carried out on an STA 449 C Jupiter instrument (NETZSCH, Germany) from room tem-
perature to 1300°C with a constant heating rate of 5°Cmin™ and an argon flow rate of 312.5
mLmin. The data were treated with NETZSCH Proteus thermal analysis software and origin
(peak analysis).

Room and high-temperature XRD were used to study the structural evolution and phase purity.
The XRD patterns were collected using a STOE Stadi-P powder diffractometer with Mo-K,; ra-
diation (. = 0.70932 A) with a linear MYTHEN?2 detector module and a focusing Ge111 mono-
chromator from 4 to 70 degree of 20. The data collection time was Shrs for each diffractogram at
room temperature and 2hrs for each at elevated temperature in HT_XRD. The Rietveld refinement
was applied using the XRD data to determine the lattice parameters and phase fractions of the
obtained material using the Fullprof software packagel**!. Crystallite size was determined from
Scherer equation and W-H relation using HKL refinement output files. Vesta was used for struc-
ture visualisation. Raman spectroscopy was used to study vibrational properties, performed with
a LabRAM HR evolution spectrometer (HORIBA Scientific) using a x100 magnification objec-
tive and an excitation wavelength of 632.81 nm, using a 600 gmm™* grating. The data were ac-
quired at exposure times of 10s with 15 accumulations over the wavenumber range from 100 to
1300 cm™.

The scanning electron microscopy and energy-dispersive X-ray spectroscopy were used to study
the morphology and elemental composition of the solid electrolyte. Images were recorded on a
Zeiss Merlin microscope using 5 kV and 30 kV acceleration voltages, respectively. The x-ray
photoelectron spectroscopy (XPS) was used to determine the surface chemical composition of the
samples. It was performed using a K-alpha* spectrometer (Thermo Fisher Scientific) with mono-
chromatic Al-K, radiation (1 = 1486.6 eV) and a spot size of ~400 um. Survey spectra were
recorded with a pass energy of 200 eV and detailed spectra of 50 eV. The Thermo Avantage
software was used for data acquisition and spectra deconvolution, determining a Shirley back-
ground with the implemented smart background function. All spectra were binding energy cor-
rected using the C 1 s signal at 285 eV. Normalization of the intensity was achieved using the
most intense oxygen O 1 s signal for all core-level data.

The static *Na relaxometry and lineshape analysis was performed on a Bruker Avance Neo 200
MHz spectrometer at a magnetic field strength of 4.7T. The samples were sealed in 10mm evac-
uated silica glass tubes. The data were acquired with an inversion-recovery and solid-echo pulse
sequence in the temperature range from 260 to 595 K. There cycle delay was set to values between
0.4 and 2s and was always well above 5-T1. 1M NaCl was used as a reference for the 2Na NMR
spectra.
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The electrochemical impedance spectroscopy (EIS) was used to estimate ionic conductivities
through which the ionic-conducting, semi-conducting, mixed-conducting or dielectric behaviour
and the dynamics of bound and mobile charge in the bulk and interfaces can be studied. Two-
electrode EIS measurements are typical, as they are experimentally simple and can be applied to
a material, cell or pack straightforwardly without modification. EIS of a two-electrode cell using
symmetric ion-blocking electrodes was used to extract the ionic conductivity (gion) Of solid elec-
trolyte, given by:

1
O = 0
ton RtotalA

(3.9)

Where R iS the total resistance of the electrolyte sample, I is the sample thickness and A is the
area. Measurement was done on Au sputtered samples with pellet geometry; 120 mg weight, 1
mm average thickness, 8 mm diameter and was on a VVSP-300 Biologic in the frequency range of
3 MHz to 1 Hz. Three samples were measured for each set of conditions. Relaxis software was
used for data fitting, and conductivity was calculated from egn 3.9
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Fig. 3.3: Schematics of the 8mm PEEK cell used for EIS and GCPL

The galvanostatic coulometry with potential limitations (GCPL) was employed to measure the
cycling stability. Symmetric cells were made by placing sodium electrodes on each side of the
pellets, the sandwich was placed in an 8 mm diameter cell made of PEEK and a force of 3 kN
was applied with a torque screw. 3 samples were measured to ensure data reproducibility. To
study stability against Na/NZSP/Na symmetric cells were cycled on a VMP potentiostat at 1
mAcm current density. To study stability against active material all-solid state half cells were
built with Nao.s7zMnO2 (NMO). To prepare the cathode of an all-solid-state Na/NZSP/NMO cell,
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the active material NMO was mixed with carbon black, PAN, and NaPFs (65:10:15:10 by weight)
and ground in a mortar. The mixture was then dispersed in DMF at 50°C and stirred overnight.
The obtained slurry was spread evenly on a carbon coated aluminium foil to produce an electrode
film with an active material loading of around 2 mgcm~2, which was dried at 60°C for 10 hours
under vacuum. The cells were fabricated in an argon-filled glove box with sodium foil as the
anode. For the Na/NZSP/NMO-Au the slurry was cast on the pellet to a desired loading and the
pellet was dried in vacuum at 60°C, and Au was coated on the cathode side of the pellet. The
cycling was done on a VSP potentiostat.
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4 Characterization and
Comparative Study of Mechano-
chemically Induced NaSICON
Sodium Solid Electrolyte
Synthesis

The majority of the results presented in this chapter have already been published in ChemSus-
Chem(*32]

4.1 Particle Size Distribution and Surface Area

The particle size distribution (PSD) of powders is a crucial factor in phase formation and micro-
structure evolution.

The PSD analysis of samples prepared by different methods and precursor combinations is shown
in Fig. 4.1 a,b, in which a log-normal PSD with maxima at approximately 1 and 10 pm was ob-
served in SS_NCO and SS_NHP and 10 and 60 pm in SP_NH4. A bimodal distribution with 10
and 60 um average sizes was observed in SOL, which agrees with the morphology observed in
SEM (Fig. 4.2:). From the results, the HEM after 3 h provided a particle size close to that obtained
after 24 h of milling with the planetary ball mill. This effect can be attributed to the higher me-
chanical energy of the shaker mill.

Upon further investigation of the effects of precursor combinations on the PSD, it was observed
(Fig. 4.2: c,d) that even though all combinations show a bimodal PSD, the sizes of SP_ZNO were
much larger, averaging 100 and 1500 pm against SP. NC, SP_NO and SP_ NOH, which averaged
10 and 60 pm. The SP_ZNO sample showed a high susceptibility to agglomeration. This might
be related to a granular texture of the starting precursor and/or some absorption of moisture. These
properties lead to a higher tendency for aggregation upon the start of milling, thus reducing mill-
ing efficiency.

The results are consistent with the powder morphology observed by SEM (Fig. 4.2: ), which
showed a range of similarly-sized agglomerates. The BET surface areas are shown in Fig.4.1. In
agreement with the trend observed in PSD, SS_NCO, SS_NHP and SP_NH4 had a larger surface
area. A similar trend was observed across the precursor combinations, where SP_NC had the
largest surface area and SP_ZNO had the smallest surface area, indicating that both processing
routes and the precursor combination profoundly affected the PSD, surface area and morphology.
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The PSDs and surface areas are in close agreement with what was observed by Jalalian et al.[20%
and Nagash et al.[*%],
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Fig. 4.1: Particle size distribution (PSD) with corresponding surface areas for the processing routes; (a, b) variation of

particle size distribution and surface area with processing route; (c, d) effect of precursor combination
on the particle size distribution

Fig. 4.2 Morphology and distribution of particles after milling for (a) SS_NCO, (b) SS_NHP (c) SOL and (d)
SP_NH4

4.2 Phase Transitions/Evolution Through the
Processing Steps

To gain insight into different transformations that took place during the conversion of the starting
precursor mixtures to the final product, samples from every step of each processing route were
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studied. The observations for the different processing routes are shown in Fig. 4.3:, Fig. 4.4:, and
Fig. 4.5:. TG and DSC investigated the non-isothermal mass loss process for the mixtures. The
weight loss of the mixture during annealing occurs mainly at temperatures below 500°C; this
reflects the reactants’ thermal decomposition/dehydration and oxidation reaction*®}. Three
weight loss regions corresponding to the release of H,O, CO, and NaSICON formation were
observed with increasing temperature for SS_NCO (Fig. 4.3:). A corresponding broad peak with
two endothermic humps at 820°C and 1050°C was observed on the DSC of the same sample. The
hump at 820°C can be attributed to the conversion of low-temperature tetragonal ZrO, to mono-
clinicl®! and the onset of NaSICON conversion. The hump at 1050°C might be correlated with
the crystallization of NaSICON#2351 For the SS_NCO XRD patterns (Fig. 4.4a) in different
processing steps, it was observed that the reflections after the first mixing in the planetary ball
mill were mainly from precursor materials, predominantly ZrO,, implying that 24 h of grinding
with the mill achieved size reduction and mixing but little or no initial reaction. After calcination
at 700°C for 12 h, ZrO; and intermediate NaZr»(PO4)s reflections were observed. Some low-in-
tensity monoclinic NaSICON NasZr,Si,PO1; (SG15, C2/c, PDF card: 01-070-0234) reflections
with monoclinic ZrO; evolved after the second calcination at 900°C for 12 h. A narrowing of the
NaSICON peaks due to an increase in crystallinity and some monoclinic ZrO, secondary phase
was observed after the final sintering at 1200 °C.
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Fig. 4.3: Temperature dependent transitions of the different processing routes (a,b,c,d) Corresponding TGA/DTA
curves for SS_NCO, SS_NHP, SOL and SP_NH4 respectively, the brown curve and left axis indicate
the thermogravimetric weight loss, while the right axis displayed DTA

The TGA of SS_NHP after the first 24 h of milling showed three weight loss regions between
25-200°C, 200-300°C and 300-400°C and a steady region from 400°C (Fig. 4.3b). This might
be ascribed to the decomposition of hydrate, carbonate and phosphate, NaSICON conversion and
crystallization. Correspondingly, two exothermic dips at 190°C and 277°C and three endothermic
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peaks at 523°C, 970°C and 1075°C were observed in DSC. This is consistent with the TGA results
and thus ascribed to similar phenomena.

Furthermore, after different steps, XRD (Fig. 4.4b) revealed that the first 24 h of milling achieved
mixing and size reduction without an initial reaction. The reflections are mainly from the starting
precursor. This might be related to the high thermodynamic stability of ZrO,: it transforms from
a low-temperature monoclinic to a high-temperature tetragonal structure and participates in the
final conversion to NaSICON only at a high temperature. The intermediate Na,Zr(PO.), phase
was observed after calcination at 700°C for 12 h. After 900°C, monoclinic NaSICON was ob-
served. Upon heating to 1200°C, a narrowing of reflections, an increase in intensity indicating
increased crystallinity and a reduction in intensity of the second phase was observed.

(a)|* NazraPO42 “NZSP 1200-20 (b) « NZSP 1200-20
i ® 210 * ZrOp
SS_NCO

1 SS_NHP
I 900-12

I 700-12

Intensity / a.u
%
*
-
8
o
N
Intensity / a.u

10 20 30 10 20 30
2 Theta / degree 2 Theta / degree
() *NZS2P 1280-6 @) [szroy, 12800

H "*NNZZSP(PO )
¥ . SOL| azrp(PO4)3
| re702 X % SS_NH4
o o
800-72 900-12
*
700-12 700-12
*
1st mix ] 1st mix

10 20 30 10 20 30
2 Theta / degree 2 Theta / degree

Intensity / a.u
Intensity / a.u

Fig. 4.4: Room temperature XRD X\ = 0.70932 after each process step, a,b,c,d) for SS_NCO, SS_NHP, SOL and
SP_NH4, respectively.

TGA of SOL samples revealed four main regions of thermal events (Fig. 4.3c). The initial weight
loss event occurred between 25°C and 170°C, with a dominant endothermic peak at 167°C. This
can be attributed to the loss of physisorbed water. Events of a greater magnitude followed by
thermal peaks at 309°C, 493°C, and 717°C corresponding to decomposition of nitrates, carbonates
and chemisorbed water, and monoclinic to rhombohedral second-order phase transition™3¢! re-
sulted in continuous weight loss until the residual mass was stabilized around 800°C. The XRD
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pattern of the initial gel was amorphous (Fig. 4.4c). After calcination at 700°C for 12 h, an inter-
mediate NaZr,(PO.); phase appeared, and the sample crystallized in the monoclinic structure after
heating at 800°C.

The TGA of SP_NH4 revealed four main regions (Fig. 4.4d). The initial weight loss occurred in
following temperature ranges: 100-200°C, 200-300°C and 300-400°C, with a dominant peak at
189°C, 234°C and 324°C. This can be ascribed to the loss of physiosorbed water, decomposition
of chemisorbed water/hydrates, and NaSICON formation/crystallization. A gradual increase in
weight from 400°C to 500°C was observed, which might be from the purging gas, as no new
phase that could be attributable to oxidation or reaction with the gas environment was observed
within that temperature range on XRD. Subsequently, no further heat loss was observed. The
XRD (Fig. 4.4d) analysis of the sample after HEM showed reflections of the intermediate
NaZr,(POs)3 phase and ZrO,. Unlike the planetary ball mill treated samples, monoclinic Na-
SICON (SG15: C2/c, PDF code:01-070-0234) reflections begin to appear after calcination at
700°C. The sample crystallized to the monoclinic structure after heating to 900°C.
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Fig. 4.5 Temperature-dependent structural evolution of the different processing routes. a,b,c,d) High temperature

XRD X =0.70932 for SS_NCO, SS_NHP (showing ZrO2 C2/c reflections), SOL, and SP_NH4
(showing NaSICON C2/c reflections) respectively

To further understand the structural evolution of NaSICON in the different methods, HT_XRD
was employed (Fig. 4.5 a, b, ¢, d). A similar trend was observed with DTA/DSC and room-tem-
perature XRD. After the first milling, SS_NCO and SS_NHP samples displayed broad diffraction
peaks corresponding to monoclinic ZrO, (SG14: P2./c), no Na-containing phases were identified,
likely due to the low scattering contrast of Na or its presence as an amorphous phase. Reflections
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of NaxZr(POs), appeared at around 700°C, and around 900°C monoclinic NaSICON reflections
were observed.
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Fig. 4.6: HT-XRD collected on Mo Xrd A = 0.70932 showing a) formation of HEM NaSICON through the various
temperatures, b) a zoomed in image of a) for the selected range from 4 to 17° 26 and c) the mono-
clinic to rhombohedral phase transition.

The conversion kinetics was slow in both the SS_NCO and SS_NHP cases (Fig. 4.5a,b) the inter-
mediate phases and targeted NaSICON phase appeared at high temperatures in contrast to
SP_NHA4(Fig. 4.5d, Fig. 4.6), where some intermediate phases were formed after HEM. This
could be attributed to the low mobility of ions and atoms in solids, a key factor that limits the rate
of solid-state reactions. Consequently, a high temperature and longer time is required to improve
transport and reaction kinetics and complete the conversion of reactants to NaSICON in SS_NCO
and SS_NHP. This explains why a final sintering temperature of 1200°C and 20 h of time were
reported to allow for complete conversion and crystallization.

In contrast, a gel was obtained for the SOL. Increasing the temperature led to its decomposition,
and the onset temperature of the NaSICON conversion was observed around 600°C with the ap-
pearance of faint low and weak high angle —311, 131 and 421 reflections. The conversion was
completed after increasing the reported calcination time from 12to 24 h .

In the case of SP_NH4, broad diffraction peaks were identified after milling corresponding to
coexistent crystalline phases, such as (i) a C2/c structured sodium zirconium phosphate
NaxZr(POa),, (ii) a C2/c -structured ZrO,, and (iii) a C2/c phase typical of the NaSICON. Increas-
ing the heat-treatment temperature from 900°C to 1280°C led to peak narrowing, indicating an
increase in crystallinity commensurate with the solid-state preparation of NaSICON. To further
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understand the evolution of these phases in greater detail, multiphase Rietveld refinement was
conducted on the patterns using the following phases: NazZr(POa)2, ZrO2, NasZr,SioPO1;, etc.
(PDF Code: 189 807, 97 546, and 14 585, respectively). The phase ratios at different temperatures
are shown in Fig. 4.7. The large uncertainty in the refined phase fraction may be attributed to peak
overlap between coexisting phases and limited intensity of minor phase reflections, which affects
refinement stability. Generally, for SP_NH4, where fast kinetics were observed, increasing tem-
perature up to 900°C and the duration of heating led to an increase in the NaSICON phase fraction
and a decline in phases such as Na;Zr(PO.), and ZrO,. The process proceeded according to eq.
(4.1) and (4.2) until a phase-pure NaSICON sample was obtained.
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Fig. 4.7: Phase fractions from Rietveld refinement of intermediate and targeted phases at various temperatures (a)
SS_NCO (b) SS_NHP (c) SP_NH4

Based on the detected phases, the decomposition reactions for SP_NH4 can be written as follows:

Na,O,+Zr0,+NaH,PO4-HoO+Si02 —  NagsaxZr—xP3012 + Nagsayx Zr2Si>«Os + H.0O (4.1)
Na1+axZr-—xP3012 + Nai+ax ZrSingOs —  Nar+xZrSixP3—xO12 + ZrOs (42)

Compared to the SS_NCO, SS_NHP and SOL cases, the synthesis of SP_NH4 via a 3h HEM
presents a simple alternative route for synthesizing high-purity NaSICON. The effect of impact
due to high-energy milling promotes the early initiation of the relevant intermediate reactions
necessary for the formation of NaSICON. An increase in temperature further increases the kinet-
ics of the process due to the increased mobility of ions and atoms. Phase-pure (99%) NaSICON
was obtained via this route, making it a good alternative for synthesis.
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4.3 Effect of High-Energy Milling on Morphology
Evolution

Fig. 4.8. SEM images of precursors and HEM morphological evolution in NaSICON (a) Na2COs (b) ZrOz (c) SiO2
(d) NaH2POa (e, f, g, h, i) EDX mapping (Na) showing good distribution of Na, Zr, Si, P, and O in
milled matrix (j) Sample after 3 h HEM, (k) Zoomed-in image of j white circle showing grown nuclei
(I) More nuclei grow after heating at 900°C for 12 h.

The SEM was employed to gain more insight into the morphology of the solid electrolyte. Upon
inspection, the morphology of the starting precursors (Fig. 4.8a—d) showed no indication of pref-
erential growth or underlying particle shape retention from the starting precursor. However, after
3 h HEM, particle shapes (white circle) that indicate the start of NaSICON conversion process
were observed. The milled sample comprised packed secondary agglomerates with loosely inter-
connected porosity. The boundaries between particles were not clearly visible, indicating good
neck formation, as evident by the observed particle/grain coarsening (Fig. 4.8k). Apparently, the
presence of high mechanical energy during milling and the decomposition of NaH,PO, assisted
with particle rearrangement and precipitation of the metastable phase, leading to more efficient
NaSICON conversion.

This can be attributed to the potential of the HEM in enabling reactions as supported by Bragg
peak reflections obtained after HEM showing the evolution of the intermediate-metastable phase
NaZr,(POas)s, which is important for the NaSICON formation of the final structure and is con-
sistent with the monoclinic phase originally reported by Hong®!l The reaction creates a large
surface area of interfaces between different phases by the formation and growth of a composite
structure in powder particles. The reactions occur in the presence of thermodynamic driving
forces for the reactions between the different phases in contact. This increases the efficiency of
the HEM for NaSICON processing. Further treatment was carried out at 900°C for 12 h, and
phase pure NaSICON was observed on XRD (d). The SEM (Fig. 4.8.) analysis showed substan-
tive growth of the grains. The HEM route not only initiated early conversion but also reduced the
temperature.
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4.4 Variations in Phase Purity, Lattice Parameters,
and Cell Volume During Processing.

Depending on the thermal history, the samples crystallized in a monoclinic or rhombohedral struc-
ture. In this study, all samples after final sintering exhibited monoclinic symmetry. The structural
parameters of materials prepared by different methods obtained from Rietveld refinement are
shown in Fig. 4.9. Hong et al. described the structure of NasZr.Si,PO;. using the C2/c space group
(a=15.586 A, b=9.0290 A, c=9.205 A, #=99.5°, and Z = 4). This structural model was adopted
for refinement.
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Fig. 4.9: Variations in (a) lattice parameter, (b) unit cell volume, and (c) phase fractions for the different methods.

The lattice parameters, profile parameters, atomic positions, atomic displacement parameter and
occupancy were refined using the model proposed by Hong™®! in the monoclinic space group C2/c
(no. 15), as shown in Fig. 4.10. The diffraction peaks of the sample were indexed, and the lattice
parameters, atomic displacement parameters, atomic coordinates and occupancies are presented
in appendix. SP_NH4 and SS_NHP had the highest phase purity of 100% and 98%, respectively.
SOL and SS_NCO had 9% and 5% monoclinic ZrO, as a secondary phase
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Fig. 4.10: Rietveld refinement pattern of (a) SS_NCO, (b) SS_NHP, (c) SOL and (d) SP_NH4.

4.5 Effect of Processing Route on the Local Micro-
structure

To investigate the effects of the processing routes on local microstructural disorders, Raman spec-
troscopy was employed. The Raman band position and shape depend on the shared edges between
octahedral/tetrahedral components and the average bond distances**"l. As such, it is a useful tool
for investigating short-range disorders in NaSICON!®41,

The vibrational modes of the NaSICON lattice ( Fig. 4.11) can be assigned to PO, tetrahedral
internal and external modes and to lattice modes, including the motions of the metallic Zr®* and
Na* ions in their octahedral cage. The internal modes of the phosphate ions represent the sym-
metric vs (PO) and antisymmetric degenerate vy (PO) stretching of phosphorous to non-bridging
oxygen and the symmetric/antisymmetric degenerate 64 (OPO) bendings. From the modes around
990 cm™?, around 450 cm, between 1050-1180 cm™?, and 550780 cm™ are usually labelled v,
V2, V3, and va, respectively. The PO, around 180 cm and 85 cm* external modes correspond to
the vibrational and translational motions of these groups.

For all processing routes, the spectrum of the monoclinic NaSICON was observed, with marked
differences for SOL. Typical for monoclinic symmetry, the band in the range of 900-1000 cm?,
which results from the stretching modes of PO, tetrahedra (vi1, v2), is split into several modes, as
observed in all samples. The number of observed bands agrees well with the requirements of the
prediction rule for monoclinic symmetry!®l, The 28, 25, 24 and 32 total Raman band components
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obtained by fitting the data with CasaXPS were observed in SS_NCO, SS_NHP, SOL and
SP_NH4, respectively.

Intensity / a.u
\
|

500 1000
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Fig. 4.11: Raman spectra showing; a) bands for the different preparation methods (blue dashed lines NaSICON show
bands and black arrow shows ZrO2).

Reducing the number of vibrational components and observing very broad bands indicate a short-
range static disorder. According to Rietveld refinements, SOL has the highest ZrO, impurity con-
tent, which also has a high Raman sensitivity, as evidenced by the sharp monoclinic ZrO, bands
at 180, 192 and 476 cm™ and a shift in the Raman bands. Compared to the other processing routes,
an increase in the width of the Raman components of the SOL have been noted. There was also a
decrease in the number of observed NaSICON bands. This could be correlated with a static short-
range disorder (SSRD), essentially associated with the partial occupation of the sodium sites and
agrees with the observation of Barj et al.'*®l. Although, SP_NH4 and SOL enable faster Na-
SICON conversion, the thermodynamic stability of ZrO2in SOL is higher; it also has a high static
disorder.

4.6 Effect of Processing Route on Surface Chemistry
and Structure

The bonding environment of the composing elements were investigated using XPS. The survey
spectrum (Fig. 4.13) reveals the presence of the elements Na, Zr, P, Si, C and O on the surface of
the samples. Although the position of all peaks was corrected with respect to the C 1s signal at
285 eV, it can be seen, that all core-level features of SS_NHP and SS_NH4, as well as SS_NCO
and SOL, align. These shifts might be related to the internal charging effects which cannot be
resolved by normalising to an adsorbed carbonaceous species, whose influence on the underlying
chemical states is debatable™, In the high-resolution detail spectra of Na 1s (Fig. 4.12a), only
one phase was identified for all samples between 1071.2 and 1071.5 eV, and no presence of a
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carbonate phase in the NasZr.Si,PO., was observed. However, the sodium concentration in the
samples was highly different, ranging from 8 at% for SS_NHP to 22 at% for SOL.
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Fig. 4.12: Surface chemical composition studied by X-ray photoelectron spectroscopy. Core-level detail spectra of (a)
sodium Na 1s, (b) oxygen O 1s, (c) zirconium Zr 3d, (d) phosphorus P 2p, and (e) silicon Si 2p.

In contrast, all oxygen spectra (Fig. 4.12b) showed two overlapping features, from which the low
binding energy peak (530.5 to 531.2 eV) could be assigned to the (PO4)* and (SiO4)* complexes
in the NaSICON lattice™. The high binding energy feature at 531.6-532.6 eV can be partially
attributed to carbon—oxygen moieties adsorbed due to contact with the atmosphere and slightly
differently bonded silicon and phosphorus complexes due to crystal defects and lattice mis-
matches. The latter assumption is supported by the relatively more intense secondary feature for
SP_NH4, which reveals a higher amount of an additional silicon species (compare Fig. 4.12e and
Table 4.1). Thus, all samples reveal an oxygen-deficient surface of only 4 and 5.5 at% for
SP_NH4 and SOL, but up to 8 and 9.5 at% for SS_NHP and SS_NCO.

All zirconium-related signals (Fig. 4.12c) arose from Zr** ions (282.5 to 283.4 eV) and were co-
ordinated to silicon and phosphorus oxides!**!). Table 4.1 shows that the zirconium surface con-
centration for SS_NHP almost doubled compared to the other samples. The inverse evolution is
demonstrated for phosphorus (Fig. 4.12d), which is only about 2 at% for this sample. In contrast,
almost 90% of the sites in the crystals were occupied by silicon. As mentioned above, the sec-
ondary Si-phase, which was found to a minor degree in all samples, was more pronounced in
SP_NH4 (Fig. 4.12¢). However, this might be related to a different composition of the bulk from
the surface, since XRD observed no secondary Si-rich phase. The variation was also observed
between the bulk compositions measured with ICP-OES (Table 4.2) and the surface compositions
quantified by XPS (Table 4.1). This could be related to the kinetics of the NaSICON formation
process, as observed in both DTA/DSC and HT-XRD, which can lead to different decomposition
and mass transport during evolution and influence the transport of components to the surface.
Specifically, the gradual phase evolution observed in HT-XRD, alongside broad or overlapping
thermal events in DTA/DSC, suggests that incomplete or sluggish diffusion of some species may
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have occurred during the early stages of calcination. This could result in preferential surface seg-
regation or incomplete incorporation of some elements, particularly under non-equilibrium con-
ditions such as heating or limited mixing. These effects may be further compounded by surface
decomposition or volatilization of Na/P at elevated temperatures, leading to the observed surface—
bulk compositional mismatch
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Fig. 4.13: X-ray photoelectron survey spectra of the samples discussed in Fig. 4.12 (All signals in the survey, but ad-
ventitious carbon, can be associated with NaSICON.)

Table 4.1 Quantification of the surface chemical composition revealed by XPS

Sample Na (at%) Ol (at%) O2 (at%) Zr (at%) P (at%) Sil (at%) Si2 (at%)

SS_NHP \ 8 56 6 11 2 15.5 15
SS_NCO | 215 51.5 5 6.5 6 9.5 1
SP_NH4 | 165 50 12 5 10 2 45

soL | 22 54 55 5 8 5 05

Table 4.2 Quantification of the bulk chemical composition revealed by ICP-OES.

Sample Na (at%) 01 (at%) Zr (at%) P (at%) Si (at%)
S NHP 14 58.2 9.8 4.7 10.8
SS_NCO 14.7 59 9.7 6 9.5
SP_NH4 15.5 59.9 9.5 53 9.8
SOL 14.8 58.5 9.3 4.8 5
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4.7 Influence of Processing Route on
Microstructure-Morphology

The surface morphology and elemental composition were investigated by SEM/EDX. The micro-
morphology of the different processing routes is shown in Fig. 4.14:. The images were obtained
without additional polishing or thermal etching. For all samples, SEM showed that the powders
were compacted under high-temperature sintering, and the pellets became more densely packed
compared to green pellets before sintering. SS_NCO and SS_NHP exhibited a dense, irregular
faceted morphology, with relative densities of 90% and 87%, respectively, as determined geo-
metrically and expressed relative to their theoretical densities.

Fig. 4.14: Morphologies investigated by scanning electron microscopy for (a) SS_NCO, (b) SS_NHP, (c) SOL and
(d) SP_NH

Samples from SOL process route showed an irregular faceted structure, albeit with a lower density
(85%). In the SP_NH4 case, near homogenous grains were seen; however, cleavage fractures
occurred between the grains, and the relative density was as low as 79%. SS_NCO, SS_NHP and
SOL, all had an embedding glassy/liquid phase. To further check the stoichiometric proportion of
all the constituents of elemental mapping and quantification by EDX analysis were performed.
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Fig. 4.15: Elemental mapping showing elemental distribution for (a) SS_NCO, (b) SS_NHP, (c) SOL and (d)
SS_NH4.

4.8 Variations of Ionic Conductivities and Activation
Energy with Processing Route

The conductivity was determined by using AC electrochemical impedance spectroscopy (EIS) in
the frequency range of 3 MHz-1 Hz under ambient conditions. The resulting Nyquist plots, con-
ductivities and activation energies are illustrated in Fig. 4.16. Typical impedance patterns, with a
semicircle at the higher frequency side and a tail at the lower frequency side, were observed for
all cases (the complete semicircle of SP_NH4 is not visible on the plot because the resistance is
high and the range of the real impedance was selected to make the other semicircles visible). The
semicircle represents the bulk contribution, whereas the tail gives the blocking electrode nature
of Au against Na* ions. The use of Au, an ion-blocking but electronically conductive contact,
prevents charge transfer reactions at the electrode—electrolyte interface. This results in the char-
acteristic capacitive behavior (spike) at low frequencies, confirming ionic transport. Any elec-
tronic contribution is expected to be negligible under these conditions!**?, The data was fitted
using Fig. 4.16b, fitted quantities are given in Table 4.3. The conductivity of all samples with
different sintering times was calculated using equation 3.1. Fig. 4.16 shows that the conductivity
of the samples was affected by the processing method. The SS_NCO sample showed the highest
ionic conductivity (0.2 mScm™?) in the series; while SP_NH4, despite having high purity, deliv-
ered the lowest ionic conductivity (0.004 mScm™). This might be attributed to the cleavage frac-
tures observed between grains in the micro-morphology and the low density.
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The presence of zirconia as a secondary phase and a much lower density for SOL also affected
the conductivity (0.07 mScm?). However, it was slightly lower than reported in the literature
(1 mScm?). Generally, morphology and density greatly affect conductivity. It was observed that
the relative density (determined geometrically expressed as a percentage of theoretical) increased
from SP_NH4 (79%) -SOL (84%)-SS_NHP (87%) -SS_NCO (90%). The highest conductivity
and lowest activation energy (0.2 mScm, 0.32 eV) was achieved for the SS_NCO sample be-
cause of its dense microstructure and large grain size (though embedded in an amorphous/ glassy
phase). The fitted values of the equivalent circuit components are presented in Table 4.3. Never-
theless, the conductivity obtained for SP_NH4 was within the range of conductivities reported for
the same material.
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Fig. 4.16: (a) EIS spectra for the different methods, (b) equivalent circuit used for fitting and (c) ionic conductivities
and activation energy for the different methods.

Table 4.3 Fitted data for the impedance spectra using the equivalent circuit in Fig. 4.16
R(Q2) C1(F) nl C2(F) N

SS_NCO 321.15 0.18E-11 0.98 O0.51E-7 0.63

SS_NHP 489.32 0.96E-10 0.97 0.63E-7 0.65

SOL 511.31 0.71E-11 0.97 O0.41E-7 0.62

SP_NH4 537151 0.83E-9 0.82 0.81E-6 0.59

SP_NOH 311.71 0.97E-11 0.98 0.43E-7 0.7

SP_ZNO 1131.81 0.51E-9 086 0.78E-6 0.61

SP_NC 187.12 0.99E-11 0.99 O0.98E-7 0.73

SP_NO 831 0.55E-10 0.87 O0.81E-6 0.75
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4.9 Influence of Different Precursors on HEM Milling

Given the potential of HEM at early NaSICON formation and having observed the effect of mor-
phology and density on the ionic conductivities, as well as the fast kinetics of the NaSICON con-
version during HEM, as revealed by DTA/DSC and XRD, an attempt was made to optimize the
process; different precursor combinations described in Section 3 were used.
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Fig. 4.17: XRD illustrating phase evolution in (a) SP_NCO, (b) SP_NOH, (c) SP_NO and (d) SP_ZNO after differ-
ent calcination temperatures and ball milling.

Following the earlier observed influence of morphology on conductivity, the calcination temper-
ature was increased from 900°C to 1100°C, to eliminate trapped pores and increase density after
sintering at 1280°C. The effects of the four sets of precursors on density, morphology and ionic
conductivities were analysed.

The XRD patterns in Fig. 4.17 confirmed what was observed earlier: the HEM milling initiated
conversion reactions in all combinations, as evidenced by the formation of NaZr,(PO.)s after 3 h
of milling in SP_NO, SP_NOH and SP_NCO. For the SP_ZNO sample, formed NaNO; and an
amorphous phase after the first milling. Upon calcination at 1100°C, phase-pure NaSICON was
obtained for SP_NCO; the other combinations had some decomposition products. After sintering,
dense, well-connected grains averaging 1 um were obtained for SP_ NCO and SP_NOH, as shown
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in Fig. S10. SP_NCO had a density of 94%, SP_NOH had 90%, SP_NO had 86%, and SP_ZNO
had 84%, the densities were determined geometrically.

2000 U0 5 . 20
(a) ) O spno 4 (D) u " los
) O-sp.zno 164 >
' . n (]
1500 : D SP_NoH (¥ g
g S i) S
= glz T ' 0.4 EJ
©1000 @ o
g \bo.s- 5
N L 0.3
" 500 | >
0.4 4 g
' . n .
oL 0.0 w02
0 500 1000 1500 2000 Sp_NC Sp_NOH Sp_NO Sp_ZNO3
Zgea | Ohms Combinations

Fig. 4.18: (a) EIS spectra for the SPEX combinations and (b) ionic conductivities and activation energy for the pre-
cursor combinations.

The increase in calcination temperature improved the density of sintered samples. Fig. 4.18 shows
the precursor combinations' ionic conductivities and activation energies. Conductivities from pre-
cursor combinations fell within the range of conductivities reported by more time- and energy-
consuming methods. The SP_NCO sample had the highest conductivity and lowest activation
energy (1.8 mScm, 0.22 eV), close to the conductivity reported by Nagashi et al.'* and Jolley
et. al.l’®!, as shown in Table 3. Fig. 4.19 shows the morphology in the different samples, all sam-
ples had a dense morphology, SP_NOH have cubic and tetragonal grains, and SP_NCO have
more homogenous and denser cubic grains which could be attributed to enhanced densification
and grain connectivity that led to the higher ionic conductivity. The particle morphology observed
in SEM (cubic/tetragonal habit) reflects the external shape of the grains, however, the crystal
structure determined from XRD refinement indicates a monoclinic, which describes the internal
atomic arrangement. It is not uncommon for particles with low-symmetry structures to exhibit
higher-symmetry morphology. The external morphology of particles is often governed by factors
such as growth kinetics, surface energy minimization, anisotropic surface energy, and synthesis
conditions, rather than directly reflecting the internal crystal symmetry. As a result, materials with
lower crystallographic symmetry can still form particles with higher-symmetry shapes, particu-
larly if certain crystallographic planes grow more slowly and dominate the particle surface. This
phenomenon has been reported in some oxide systems, particularly under conditions that promote
anisotropic grain growth or faceting. Such behavior has been observed in rutile TiO, where elon-
gated prismatic grains grow in specific crystallographic directions despite the lower symmetry of
the internal structure!*l, Table 4.4 shows a comparison between conductivities measured in the
study and literature values. The differences between measured and literature-reported ionic con-
ductivities can arise from variations in synthesis conditions (e.g., Na loss, densification, grain
boundaries), phase purity, electrode configuration, and differences in impedance fitting models.
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Fig. 4.19: Morphology of HEM NaSICON combinations for (a) SP_NO, (b) SP_NOH, (c) SP_ZNO and (d) SP_NCO

after sintering at 1280°C.

Table 4.4 Reference NaSICON conductivities and conductivities from this study

Samples lonic Conductivity
mScm* (Present

Study)
SS_NCO 0.2
SS_NHP 0.06
SOL 0.04

SP_NH4 0.004
SP_NCO 1.8
SP_NOH 11
SP_NO 0.1
SP_ZNO 0.2

4.10 Cycling Stability

Compared Adopted  lonic Conductivity

Reference mScm? (Reference
Literature)
Nagashi et alft8],[143] 1
Jolley et al.[®! 1.55
Other Reported NaSICON Conductivities
Hayashi et al.t'"] 1.2
Narayan et al.!4°] 1.13
Kim et al.i%4 1.03
Ma et allt4e], 5
Lee et al.[1101047 1.8

The cycling performance of Na/SP_NCO/Na ( Fig. 4.20) was evaluated at a current density of 1
mAcm2and capacity loading of 1 mAhcm™ to investigate the stability of the solid electrolyte
against sodium anode at room temperature for 100 cycles. The SP_NCO sample was selected for
cycling tests based on its relatively higher ionic conductivity and improved microstructure com-
pared to other compositions. A typical flat voltage plateau indicating good stability was obtained
in the first eleven cycles. Subsequently, the cells show a slowly increasing slope in the voltage
plateau during cycling in both directions (plating and stripping), likely due to polarization. Alt-
hough an increase in overpotential was observed, it can be seen that this remained stable through
the remaining cycling, which might be related to good conductivity and transference number of

the solid electrolyte4],
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Fig. 4.20: Striping and plating GCPL cycling of Na/NZSP/Na symmetric cells a) galvanostatic charge discharge pro-
file at 1 mAcm2 and 1 mAhcm2 with zoomed in images in inset b) rate capability of Na/NZSP/NMO
@ 60°C c) rate capability of Na/NZSP/NMO-Au @ 60°C d) capacity decay and coulombic efficiency
profiles with different current densities.

The slow increase in overpotential might also be attributed to the depletion and probable replen-
ishment on the surface during cycling, a similar phenomenon has been described by Lu et al [}
as partly short circuit. The term ‘partly short circuit’ describes the primary stage of short circuit,
during which the short circuit pauses or terminates subsequently. This could be due to the sodium
penetrating partly, not through the whole bulk of the SE. Thus, the slight polarization voltage
drop/increase represents the partial reduction of the bulk impedance. Because of the existence of
bulk electrolyte impedance, the ‘partly short circuit’ is not regarded as a failure of a solid-state
battery™4. Qian Li et al.['*°! in their study also observed a growth of dendrites on the edges of
their NaSICON solid electrode pellet and not through the bulk, which might also contribute to the
partly short circuiting behaviour observed in this study.

Furthermore, the observed increase in potential might be attributed to grain boundaries, space
charge and other defects. However, the low overpotential observed was in agreement with what
was observed for the solid electrolyte in other studies(>?M14611151 For the HEM NaSICON, 1
mAcm2 is the critical current density implying that such a solid electrolyte has good stability
against Na and thus has promising capabilities with sodium-anode.

Subsequently, the stability of the solid electrolyte with active material was investigated. The
NZSP has been tested against NVP®s162l, FeS,[1521 NTPIS0, Here, we examined the long-term
stability of sodium manganese oxide (Naos7MnO>) as a cathode material when cycled alongside
the sodium zirconium phosphate (SP_NCO) solid electrolyte. This investigation was conducted
at lower current densities each for 5cycles than those typically used in symmetric sodium cells.
The cells with the configuration Na/ SP_NCO /NMO, operating at an elevated temperature of
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60°C, displayed a significant capacity decay over cycling. This observation aligns with prior re-
search findings, indicating that NMOs experience capacity fading due to structural degradation
and dissolution of active materials during cycling™®3l,

Significant improvement was attained when coated with a thin gold (Au) layer as a current col-
lector onto the NMO cathode, creating the configuration Na/ SP_NCO /NMO-Au @ 60°C. In this
case a notable reduction in the rate of capacity decay was observed. This enhancement in stability
can be attributed to the Au-layer's ability to improve the electrical contact between the NMO
cathode and the external circuit. By serving as a current collector, the Au-layer mitigates the re-
sistance within the system, reducing the potential for capacity fade and enhancing the overall
performance of the battery.

While the energy density in the Na/ SP_NCO /NMO-Au system remains relatively lower than
that typically achieved with liquid electrolyte-based sodium-ion batteries, it is crucial to under-
score the promising aspects of our solid electrolyte approach. Despite the lower energy density,
this system offers competitive performance, especially when considering the good voltage and
coulombic efficiencies achieved. These efficiencies are indicative of the minimal loss of charge
during cycling, a crucial characteristic for the practical use of sodium-ion batteries in various
applications. The incorporation of a thin Au layer as a current collector on the NMO cathode
significantly improves the stability of sodium-ion batteries when cycled with the SP_NCO solid
electrolyte. While the energy density may be lower compared to typical liquid electrolyte systems,
the performance and good efficiencies make this reliable electrolyte approach a viable option for
sodium-ion battery technology
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5 Influence of Process Conditions
and Doping on Morphology,
Structure and Properties of High-
Energy Milled NaSICON Solid
Electrolyte

To optimize the high-energy milling (HEM) fabrication of NaSICON-type solid electrolytes, the
effects of different sintering conditions were systematically investigated. The thermal schedules
illustrated in Fig. 3.2 were applied, comparing an independent sintering route (red) and a com-
bined sintering route (blue). The independent schedule consists of two sequential thermal treat-
ments: initial calcination at 1100 °C for 12 hours, followed by intermediate manual grinding (~10
minutes using a mortar) and re-pelletizing, and then final sintering at 1280 °C for 6 hours. In
contrast, the combined schedule eliminates the intermediate grinding step and proceeds directly
to the final sintering temperature after a single heating ramp. In both protocols, the total holding
time at 1280 °C was kept constant at 6 hours to ensure comparability. The milling time prior to
calcination was 3 hours using high-energy milling. Although crystallite size after intermediate
grinding was not directly measured, the absence of significant peak broadening in XRD patterns
and the consistent particle morphology observed via SEM suggest that this step primarily served
to break up agglomerates rather than refine crystallite domains. The comparison between the two
schedules was aimed at assessing the influence of heating rate, cooling rate, and intermediate
grinding on the final structure, microstructure, and ionic conductivity of the sintered samples.

Preliminary findings discussed in Fig. 5.1 below indicated that the use of a lower heating/cooling
rate for the independent schedule resulted in an enhancement of conductivity. However, the use
of slower heating rates (e.g 120 °C/h and 60 °C/h) increases total process time, which contradicts
the goal of simplifying the fabrication process. Therefore, a heating/cooling rate of 180 °C/h was
selected as a balance between performance and process efficiency.

Under 180 °C/h heating/cooling condition, additional process variables were explored, including
sintering atmosphere (Ar, N2, O2), quenching methods (air, water, nitrogen), and particle size
ranges. The impact of these conditions on the resulting ZrO: content, lattice parameter, micro-
structure morphology, ionic conductivity, and electrochemical stability of the NaSICON electro-
lyte was analyzed.
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5.1 Effect of Heating/Cooling Rate on Independent 2
Step HEM NaSICON

The effects of heating and cooling rates on the grain growth, size and densification of the inde-
pendent treatment were investigated (Fig. 5.1). With 300°C/h heating and cooling rates, the sam-
ple showed irregularly shaped grains averaging 0.2 um, having low compaction. Using 240°C/h,
the average size of the grains increased up to 0.4 um, roughness reduced, and compactness be-
came better. For 180°C/h, there was an increase in the smoothness and compactness of the grains
and an improved surface coverage. With 120°C/h, there was a change in the grain shapes and size
domain from irregularly shaped to cubic crystal-like of an average of 0.5 um size, with a low
surface coverage and low compact and rough edges. Reducing the heating and cooling rates to
60°C/h led to an increase in the size of the cubic grains to 1.2 um and improved coverage and
compactness.

A similar trend was observed for the impedance spectra (Fig. 5.1f). A decrease in real impedance
and increase in conductivity from 300°C/h to 180°C/h for the irregularly shaped grains, likewise
from 120°C/h to 60°C/h for the cubic shaped grains, were observed. The conductivity increased
from 0.8 mScm to 1.81 mScm™?. The studied sintering rates resulted in two irregularly shaped
grains (probably deformed tetragonal or cubic). An increase in grain size, density, and conductiv-
ity was observed with decreasing heating and cooling rates. Interestingly, similar trends in ionic
conductivity values were observed for 60°C/h and 180°C/h, which was attributable to the high
density due to the increase in grain size and the reduction in grain boundaries. The density and
conductivity increased with a decreasing heating rate likely due to improved grain growth and
reduced porosity[*541,

The distinct microstructures obtained for the different rates indicate their effect on microstructural
evolution. The irregularly shaped grains observed at higher heating/cooling rates (180°C/h and
above) could indicate rapid crystallization or incomplete grain growth. This might be attributed
to the fact that at higher rates, the nucleation and growth of crystals happen more rapidly, leading
to irregularly shaped grains or probable site disorders as was observed by Geutam et al.['*%1, The
regular grains observed at lower heating/cooling rates imply slower crystallization and more com-
plete grain growth. Slower rates might allow for a more controlled crystal growth, resulting in
well-defined regular shapes. The observed increase in density with decreasing heating/cooling
rates could be linked to the grain morphology™©¢l. Slower rates may allow for better packing and
arrangement of particles, leading to higher density also they likely contribute to forming a more
uniform and interconnected grain structure, reducing barriers to ion migration and resulting in
lower impedance. The irregularly shaped grains at higher rates may have more grain boundaries
and defects, leading to higher impedancel*®”l. On the other hand, the cubic-like grains at lower
rates may have fewer defects and more favourable crystal orientations, contributing to lower im-
pedance, %81,
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Fig. 5.1: SEM Images at different heating and cooling rates(independent treatment), showing an increase in density
and homogenous grain growth (a) 300°C/h, (b) 240°C/h, (c) 180°C/h, (d) 120 °C/h, (e) 60°C/h and (f)
EIS spectra for the different heating/cooling rates

5.2 Influence of Sintering Conditions on a Single-
Dependent Two-Step Heat Treatment
An investigation of various processing conditions on a combined two-step heat treatment was

conducted to study the effect on grain growth. The evolution of microstructure and structure with
heating rate was examined to understand the thermal response of NaSICON during synthesis.
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Fig.5.2: Microstructural evolution in the different process conditions of a combined heat treatment for; a) 300°C/h, b)
240°C/h, c) 180°C/h, d) 120°C/h, ) 60°C/h.

SEM images Fig.5.2, shows distinct morphological changes across the combined heating/cooling
rate series. At high rates Fig.5.2 a,b (300 °C/h and 240 °C/h), the microstructure consists of irreg-
ularly shaped grains surrounded by a lighter background. These features suggest incomplete grain
development, possibly due to rapid surface reactions that limit time for reorganization. The lighter
regions may represent surface heterogeneity or localized compositional inhomogeneity, though
XRD patterns confirm as monoclinic crystal structure across all rates.

At moderate rate of 180 °C/h Fig.5.2 c, grains become more defined and exhibit regular, faceted
outlines that resemble tetragonal or cubic morphologies. This visual order reflects improved
growth conditions rather than a change in crystal symmetry. Since all samples crystallize to the
monoclinic C2/c structure (confirmed by XRD and Rietveld refinement using ICSD 38057), the
shape evolution is likely due to anisotropic surface energy effects and kinetically controlled facet
development!**%, This intermediate condition also corresponds to the highest refined packing den-
sity (3.268 gcm3), lowest microstrain, and the most distinct microstructure, indicating a well-
balanced regime between nucleation and growth.

At lower rates Fig.5.2 d, e, (120 °C/h and 60 °C/h), grain contrast diminishes, and well-defined
edges disappear. However, these features cannot be conclusively attributed to amorphous phase
formation. XRD patterns (Fig.5.3) show similar intensity and sharpness across all samples, with
no significant peak broadening or amorphous background, confirming high crystallinity through-
out. Therefore, the diminished grain visibility may result from surface segregation or coalescence
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of grains rather than structural disorder. This interpretation is supported by EDX analysis (Ap-
pendix Fig. A.3), which reveals local compositional heterogeneity, particularly at lower heating

rates.
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Fig.5.4: Structure modelling parameters at varied heating /cooling rates, a) lattice parameter, b) strain, ¢) phase frac-
tion.

To understant structural evolution, Rietveld refinement was performed (Fig.5.5), and parameters
such as a,b,c, lattice strain, ZrO: phase fraction, and density were extracted. Fig.5.4 presents the
evolution of structural parameters with heating rate. In Fig.5.4a, the refined lattice parameters (a,
b, and c) show only subtle variations across the range of heating rates studied (60-300 °C/h). The
values remain relatively stable, indicating that the crystal monoclinic C2/c structure is retained.
However, minor changes, particularly in a and c, suggest small distortions in the unit cell that
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could reflect local strain relaxation, internal stress redistribution during thermal treatment or com-
positional fluctuation, possibly arising from localized heterogeneity as indicated by EDX re-
sultst60,
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Fig.5.5: Influence of processing conditions on the structure evolution. Rietveld refinement plots for different samples
processing conditions (a, b, c, d, e) for the heating rates 300°/h, 240°/h, 180°/h, 120°/h, 60°/h, respec-
tively.

Williamson-Hall (W-H) analysis provided additional insight into crystallite size. It is acknowl-
edged that the W-H method does not distinguish between nucleation and growth processes, but it
offers complementary information on the strain relaxation and crystallite domain evolution under
different thermal histories.

The slopes of the W—H plots Fig. 5.6 a-e, ecrease with increasing heating rate, indicating a reduc-
tion in microstrain from 60 °C/h to 300 °C/h. This trend aligns well with the Rietveld-refined
strain values and the observation of sharper, more defined diffraction peaks at higher heating
rates. These suggest that faster heating promotes more complete crystallization and relaxation of
lattice distortions, likely due to increased reaction kinetics and rapid phase stabilization.

The crystallite sizes extracted from the W-H analysis (Fig. 5.6 f), range from ~250 nm to ~700 nm.
These values are above the reliable detection limit of XRD-based line broadening methods, which
are generally sensitive only to crystallites smaller than ~100—150 nm*]; therefore, the absolute
values are not precise. However, the relative trend is clear: crystallite size decreases systemati-
cally with heating rate. At 60 °C/h, crystallites are largest (~650-700 nm), while at 300 °C/h they
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are smallest (~250-300 nm). Consequently, the size values reported here should be interpreted as
qualitative indicators rather than precise measurements.
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Fig. 5.6: Williamson-Hall plots for NaSICON samples annealed at various temperatures a to e, (60-300 °C). A linear
fit to the data was used to estimate the crystallite size and microstrain. As annealing temperature in-

creases, a progressive reduction in slope and increas in intercept indicate reduced strain and larger
average crystallite size.

The data reveal an inverse relationship between crystallite size and strain. Slow heating promotes
grain coarsening but retains higher strain, while fast heating suppresses grain growth and reduces
strain through rapid crystallization and lattice relaxation. SEM observations support this trend: at
low heating rates Fig.5.2d—€), grains are larger and often merged, consistent with strain retention.
At moderate to high rates (Fig.5.2 a—), grains are smaller, more distinct, and exhibit well-defined
faceting, reflecting reduced strain.

This inverse relation arises from the balance between growth and nucleation. Prolonged residence
at intermediate temperatures during slow heating favors grain coarsening but also allows defect
accumulation. In contrast, higher heating rates limit thermal dwell, enhancing nucleation over
growth and producing smaller, strain-relieved crystalline domains.
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While SEM, XRD, W-H, and EDX analyses do not directly separate nucleation from growth,
they reveal how thermal history governs the balance between nucleation, grain growth, and coars-
ening. Intermediate heating rates provide conditions for well-developed grains, as seen in more
distinct faceting, higher crystal density, lower lattice strain, and a more homogeneous microstruc-
ture. These results demonstrate the strong influence of heating rate on NaSICON microstructure
and the value of multi-scale characterization for process optimization.
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Fig.5.7: Effect of sintering environment on microstructure and structure. (a) SEM of NZSP in Argon, (b) SEM of
NZSP in Oxygen, (c) SEM of NZSP in Nitrogen, (d) XRD pattern in Argon, Oxygen, Nitrogen and
air.

The influence of sintering atmosphere on microstructure and structure was investigated at a fixed
heating and cooling rate of 180 °C/h in argon, nitrogen, oxygen, and ambient air. SEM micro-
graphs (Fig.5.7) show distinct morphological differences. In argon (Fig.5.7a), the microstructure
appears as dense, irregularly shaped aggregates with poor grain visibility and surface coverage,
likely due to slow diffusion and suppressed grain growth. In contrast, samples sintered in oxygen
(Fig.5.7b) exhibit well-faceted, cubic-like grains with sharp edges and smooth surfaces, suggest-
ing enhanced grain development. Nitrogen-sintered samples (Fig.5.7c) also show faceted grains
but with less uniformity and occasional surface coverings, implying slower kinetics or partial
amorphous retention.

Despite the cubic like morphology in oxygen and nitrogen samples, all samples were confirmed
to crystallize in the monoclinic C2/c structure by Rietveld refinement using ICSD 38057. This is
supported by the overlapping XRD patterns in Fig.5.8 a and the zoomed-in views (Fig.5.8 b—e),
which show sharp reflections and peak splitting, consistent with a monoclinic phase. The observed
cubic-like grain shapes can be rationalized by noting that grain morphology is not always a direct
representation of internal symmetry. In systems like NaSICON, which possess a pseudo-cubic
substructure, minor distortions from the idealized framework can still yield faceted grains with
near-cubic external morphology. The well-defined, low-strain grains in oxygen (Fig.5.7b) likely
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formed under favorable conditions for isotropic growth and surface energy minimization, result-
ing in the observed morphology.
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fraction.

XRD patterns (Fig.5.8) are sharp and largely overlapping, showing that high crystallinity was
retained across all atmospheres. However, samples sintered in air and oxygen exhibit slightly
stronger intensities and more defined peak splitting, possibly reflecting better ordering or domain
coherence. The high overlap and minimal differences support the conclusion that the monoclinic
framework is retained regardless of gas atmosphere, but the microstructural quality and strain
state are atmosphere-dependent.
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Fig.5.10: Rietveld refinement plots data for different samples sintering environments (a) Oxygen (b) Nitrogen, and
(c) Argon sintering environment respectively.

Structural parameters extracted from Rietveld refinement (Fig.5.9) further support SEM grain
shape interpretation. The lattice parameters (Fig.5.9 a) show subtle but consistent variations
across sintering atmospheres, particularly in the a- and c-axes, suggesting slight lattice distortions
likely influenced by differences in gas composition and partial pressures. The lattice strain
(Fig.5.9 b) is lowest in the oxygen-sintered sample, indicating reduced internal stresses, which
may facilitate more regular grain faceting. Phase fractions (Fig.5.9 c) reveal that the NaSICON
phase predominates in all samples, with minor variations in ZrO- content. The highest ZrO- frac-
tion is observed in the argon-sintered sample, potentially due to incomplete NaSICON crystalli-
zation or surface segregation under inert conditions.

Although the applied techniques (SEM, XRD, strain analysis) do not allow a strict separation of
nucleation and growth, the data provide meaningful insight into the impact of thermal and envi-
ronmental history on microstructure evolution. The well-developed, low-strain, and faceted grains
in oxygen highlight the importance of atmosphere in promoting effective grain growth and phase
purity. Conversely, the irregular morphology and higher ZrO: content in argon suggest inhibited
sintering dynamics and possible phase instability. This signifies the role of the sintering atmos-
phere in tuning grain development, stress relaxation, and impurity segregation in NaSICON elec-
trolytes.

The influence of quenching media—air, nitrogen, and water—on the microstructure and structure
of NaSICON was evaluated after sintering at 1100 °C for 12 h and 1280 °C for 6 h at a heating
rate of 180 °C/h. Following sintering, the samples were rapidly quenched by transferring the
closed crucibles into ambient air, distilled water, or a nitrogen-filled chamber, without the use of
sealed ampules. Representative SEM micrographs are shown in (Fig.5.11a—c), while structural
insights are presented in Fig.5.12-5.13.
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Fig.5.11: Effect of quenching media on microstructure and structure. (a) SEM of quenching in Air, (b) SEM of
quenching in Nitrogen, (c) SEM of quenching in Water, (d) XRD data collected on Mo Xrd A =
0.709patterns for quenching in Air, Nitrogen and Water.

Air quenching (Fig.5.11a) produced well-defined equiaxed grains with moderate faceting and
visible intergranular phases, reflecting cooling conditions that permitted uniform grain develop-
ment and partial relaxation of high-temperature strain. The microstructure indicates that moderate
cooling under oxidizing conditions supported recovery and relaxation of thermal stresses, yielding
lower refined microstrain values. In contrast, nitrogen quenching (Fig.5.11b) generated a hetero-
geneous microstructure consisting of abnormally large grains embedded in a finer-grained matrix.
This grain size distribution reflects the combined influence of faster cooling and reduced oxygen
partial pressure, which froze oxygen-deficient defect structures and inhibited full recovery.
Rietveld refinement confirmed this condition exhibited the highest microstrain, consistent with
the broadened diffraction peaks observed in the XRD patterns. Water quenching (Fig.5.11c) pro-
duced irregular morphologies characterized by small, strained grains with poor faceting embed-
ded with large grains. The high cooling rate suppressed coarsening and recovery while introduc-
ing thermal-shock stresses, giving rise to intermediate strain values. (Fig.5.11b,c) exhibited
microstructural heterogeneity, with large irregular grains embedded within a finer-grained matrix.
This morphology indicates rapid thermal contraction and localized stresses during quenching,
which disrupted uniform growth and promoted uneven grain coarsening.
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indicates reflections with peak splitting.
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tion.

XRD patterns (Fig.5.12) confirm that the NaSICON framework was retained across all quenching
media. Air and water quenching yielded sharp reflections consistent with high crystallinity, while
nitrogen quenching showed broader, less intense peaks at lower angles, consistent with increased
lattice strain and partial disorder. Rietveld refinement (Fig.5.13, Fig.5.14) further supports these
trends: lattice parameters (Fig.5.13a) remained nearly constant, though subtle changes in the a-
and c-axis indicate minor structural distortions. Strain values (Fig.5.13b) were lowest for air
quenching and markedly higher for nitrogen, correlating with the observed peak broadening.
Phase analysis (Fig.5.13c) showed the lowest ZrO: fraction in air-quenched samples, while both
nitrogen and water quenches retained higher ZrO: contents, suggesting that faster cooling re-
stricted diffusion and preserved high-temperature heterogeneity before complete Zr incorporation
into the NaSICON lattice.
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Fig. 5.14: Rietveld refinement plots for different quenching media (a) Air, (b) Nitrogen, and (c) Water.

These results show that while all quenching routes preserved the primary NaSICON phase, the
microstructural and structural quality varied with medium. Air quenching produced the most bal-
anced outcome, combining good crystallinity, reduced strain, and minimal secondary phases. Wa-
ter and nitrogen quenching, by contrast, introduced irregular grain morphologies, higher ZrO-
retention, and increased strain, outcomes likely to reduce ionic transport by disrupting grain
boundary pathways. Although guenching does not disentangle nucleation from growth, it reveals
how cooling dynamics directly shape grain coarsening, phase stability, and lattice relaxation.

To evaluate the influence of initial particle size on the final structure and microstructure, powders
were sieved after calcination into two size fractions: —45 pm and —75+45 um, using the smallest
available mesh sieves in the laboratory. A third sample combining both fractions was also evalu-
ated as a mixed particle size reference. The resulting samples were subjected to under identical
combined sintering conditions and analyzed via SEM, XRD, and Rietveld refinement. Fig.5.15
presents SEM images of the sintered microstructures revealing distinct differences in the final
microstructure. The —45 um fraction (Fig.5.15a) produced compact, homogeneous grains with
well-faceted cubic-like morphologies. The —75+45 pum sample (Fig.5.15b) showed less uni-
formity, with some grains partially embedded in a glassy matrix. The mixed powder (Fig.5.15c)
exhibited pronounced heterogeneity, with irregular grain sizes and local non-uniformity.
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Fig.5.15:
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cating reflections with peak splitting.Fig. 2.1

The XRD patterns (Fig.5.16) revealed sharp reflections across all samples, suggesting high crys-
tallinity. The NaSICON phase crystallized in the monoclinic C2/c structure.

Rietveld refinement (Fig.5.17, Fig.5.18) indicated only small differences in lattice parameters and
densities. The —45 um fraction yielded the highest crystal density (3.273 gcm3), whereas the —
75+45 pm (3.252 gcm3) and mixed powders (3.267 gcm) were slightly lower. These variations
lie within refinement scatter but align with the more uniform densification of the fine powder.
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Secondary ZrO: was undetectable in the —45 pum sample, while traces (<1%) appeared in the —
75+45 um and mixed samples (Fig.5.17). Given the low magnitude, these are close to the detec-
tion/uncertainty limit of refinement, but their presence may reflect incomplete reaction or segre-
gation at particle interfaces for the coarser fractions.

Lattice strain followed a similar trend: lowest for the —45 pum sample and slightly higher for the
coarser and mixed fractions (Fig.5.17b), consistent with residual stress from larger particle sin-
tering and possible distortions from intergranular glassy regions.
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Overall, the —45 pm fraction provided the most favorable outcome, with dense and homogeneous
grains, minimal secondary phases, and reduced lattice strain. Coarser or mixed powders intro-
duced microstructural heterogeneity, minor ZrO: presence, and slightly elevated strain, though all
samples maintained the NaSICON structure with high crystallinity.
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Fig. 5.19: Williamson-Hall plots for samples treated at different temperatures. The trend of increasing intercept and

decreasing slope with temperature suggests a systematic reduction in lattice strain and growth in crys-
tallite size.

To complement the structural interpretation based on microstructure and Rietveld refinement,
Williamson—Hall (W-H) analysis was carried out to assess the evolution of crystallite size in Na-
SICON samples under different atmospheric conditions. The apparent crystallite sizes derived
from W-H analysis (Fig5.19) range between ~250 and ~700 nm across different conditions. These
values exceed the reliable detection limit of XRD-based line broadening (typically <100-150nm),
and should therefore be considered as qualitative indicators rather than absolute values. Nonethe-
less, the relative trends are consistent: O, and air-processed samples yield the largest apparent
crystallites, while nitrogen and water quenching result in smaller apparent sizes. Argon samples
occupy an intermediate position.
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These trends can be rationalized by considering the combined effects of thermal history and at-
mosphere. The long dwell at 1100 °C for 12 h followed by 1280 °C for 6 h ensured substantial
grain growth and coarsening before quenching. Thus, the observed differences primarily reflect
the extent of defect recovery and structural relaxation, rather than fresh nucleation events during
cooling.

Oxidizing conditions (O, air) provide sufficient oxygen chemical potential to heal oxygen vacan-
cies and support lattice recovery, resulting in larger equiaxed grains, reduced lattice strain, and
more complete incorporation of Zr into the NaSICON structure. This is consistent with W-H
results showing lower microstrain and larger apparent crystallite sizes.
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Fig. 5.20: Apparent crystallite size extracted from W-H analysis as a function of (a) heating/cooling rate and (b) pro-
cessing atmosphere. Though values exceed XRD resolution limits, relative trends highlight the impact
of processing conditions on microstructural evolution

Quenched environments disrupt this recovery. Nitrogen quenching combines low oxygen poten-
tial with rapid cooling, freezing oxygen-deficient defect structures and yielding the highest re-
fined microstrain alongside bimodal, irregular grain morphologies. Water quenching, with the
fastest cooling rate, further suppresses recovery and coarsening, producing finer apparent sizes
but at the expense of irregular morphology and intermediate strain. In contrast, air quenching
provides the most balanced outcome, with equiaxed grains, lower microstrain, and reduced ZrO:
content, reflecting slower cooling and the stabilizing influence of higher oxygen potential.

Overall, the combined SEM, XRD, Rietveld, and W-H analyses demonstrate that oxidizing con-
ditions favor coarsening and structural relaxation, while inert or quenched environments preserve
smaller crystalline domains but freeze in higher strain and defect content. This highlights the
crucial role of the cooling atmosphere in governing the balance between recovery, defect annihi-
lation, and defect freeze-in after high-temperature sintering of NaSICON electrolytes

The impedance spectroscopy (Fig.5.21) was used to study the effects of the various conditions on
ionic conductivity. For the different heating/cooling rates, an increase in conductivity was ob-
served from 2.7 x 107> Scm at 300°C/h to 1.8 x 10 Scm at 60°C/h. This could be attributed
to the increase in particle size, decrease in grain boundary resistance and increase in compactness.
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Further, by changing the sintering atmosphere and sintering at 180°C/h, an increase in conductiv-
ity compared to sintering in air at 180°C/h was observed. Conductivities of 1.4 x 10°Scm™, 2.4
x 10~°Scm™, and 3.5 x 10 Scm~* were obtained in argon, nitrogen and oxygen, respectively. In
the quenching media, conductivities of 1.4 x 10°Scm™, 5.4 x 10°Scm™?, 1.4 x10~4 Scm™* were
obtained in air, nitrogen and H.O medium respectively. For particle size, conductivities of 1.4 x
10°Scm~and 2.2 x 10~ Scm~* were obtained for —75+45um’ and —45um, respectively. Slower
heating/cooling rates are associated with larger particle sizes, well-defined grains, and reduced
grain boundaries. This should lead to enhanced ionic conductivity due to the favourable micro-
structure and decreased resistance to ion migration. Sintering in oxygen-rich atmospheres, where
well-defined crystal structures are promoted, resulted in higher conductivity compared to inert
atmospheres. The oxygen atmosphere facilitates the formation of ordered crystal structures, fa-
vouring ion conduction. The choice of quenching media influences the final microstructure. If a
particular quenching medium promotes homogeneous grain growth and minimizes the formation
of secondary phases, it is expected to contribute to higher ionic conductivity. Smaller particle
sizes exhibited higher conductivity due to increased surface area and reactivity. While smaller
particle sizes enhance reactivity during the early stages of sintering promoting densification and
phase formation the final ionic conductivity is more closely linked to the resulting microstructure
after sintering.
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Fig.5.21: Influence of processing conditions on the ionic conductivities (a, b, c, d) electrochemical impedance plots
for or the heating rates, the sintering environments, the particle size, and quenching media, respec-
tively.

In particular, processing conditions that lead to larger, well-defined grains with fewer grain
boundaries and reduced defect concentrations tend to favour higher bulk ionic conductivity.
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Therefore, although small initial particle size can aid in achieving desirable sintered microstruc-
tures, the key determinant of conductivity is the quality and connectivity of the final grain struc-
ture. Well-defined grains with fewer defects and boundaries should facilitate ion movement. Con-
sistent with previous studies the observed trends in microstructure and crystal properties align
with expected conductivity variations. This agreed with earlier studies that attributed differences
in conductivity and micro-structure to variations in sintering conditions°2],[1101 [15° 11431 The pro-
cessing conditions favouring larger, well-defined grains with reduced defects and boundaries will
contribute to higher ionic conductivity. The relationship between microstructure and conductivity
highlights the importance of carefully optimizing processing parameters for the desired electro-
chemical performance in NaSICON solid electrolytes.
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Fig.5.22: Influence of processing conditions on the overpotential (a, b, ¢, d) corresponding stripping and plating
curves for the heating rates, the sintering environments, the particle size and quenching media, re-
spectively.

The cycling performance of the NaSICON solid electrolyte was systematically assessed through
galvanostatic cycling with potential limitation (GCPL). Symmetric cells, subjected to a current
density of 0.1 mAcm=! for 1 hour per charge/discharge cycle at 60°C were employed to evaluate
10 cycles. Remarkably, all tested conditions exhibited commendable cycling stability, showcas-
ing plateaus indicative of stable cycling. An increase in overpotential was observed across the
cycles, aligning with the observed trend in ionic conductivity. There is a decrease in over-potential
with a decreasing heating/cooling rate. This could also be related to micro-structural effects such

76



Influence of Process Conditions and Doping on Morphology, Structure and Properties of High-Energy Milled
NaSICON Solid Electrolyte

as porosity and tortuosity!'®2,. Sintering in oxygen and nitrogen reduces the over-potential; the —
45um led to low over-potential. The microstructural variations, particularly those induced by dif-
ferent heating/cooling rates and sintering atmospheres, played a crucial role in shaping the over-
potential behaviour during cycling. Notably, a consistent decrease in overpotential was evident
with decreasing heating/cooling rates, suggesting a favourable impact of slower processing on the
electrochemical performance. Sintering in oxygen and nitrogen further contributed to reduced
overpotential, with the condition involving finer particles (—45 pum) displaying particularly low
overpotential.

This observation showed that varying the micro-structure through the different treatments could
enhance ionic conductivity as well as cycling stability. The observed correlation between micro-
structure, overpotential, and cycling stability highlights the interplay of processing conditions and
electrochemical performance. Amorphous content, variations in porosity and tortuosity, linked to
microstructural differences, were considered as potential factors influencing the observed over-
potential trends. Considering that the reported good performance for the materialt4%1,150 so far
went through long processing times and the overarching aim of simplifying the synthesis process,
the observed stabilities are quite promising. Despite the low ionic conductivities observed for
some samples, the applied temperature of 60°C enhanced stable cycling within the number of
cycles studied. The promising cycling stability observed, even with variations in ionic conductiv-
ity, suggests that the single double-step treatment could be further optimized for the synthesis of
NaSICON solid electrolytes. This is particularly encouraging in the context of simplifying the
synthesis process, as the reported good performance thus far required extensive processing times.
The findings highlight the potential for achieving both improved synthesis procedures and en-
hanced electrochemical performance.

5.3 Effect of Mg and Mo Doping on Structure,
Morphology and Ionic Conductivity

The impact of Mg and Mo doping on the structure, microstructure, and ionic conductivity of
NaSICON solid electrolytes was studied using a consistent heating/cooling rate of 180 °C/h. Do-
pants were selected based on ionic radius and oxidation state Mg?* (0.72 A) for potential Zr-site
substitution, and Mo*  (0.46 A) for P-site substitution. Doped compositions outlined in Table3.3
were studied. Fig.5.23 shows SEM images across these compositions. At lower Mg content (0.1),
compact, irregular grains are observed. Increasing Mg to 0.2 results in more uniform, cubic-like
grains.

XRD patterns (Fig. 5.24a) confirm rhombohedral symmetry (R—3c), consistent with literaturef*63l,
Rietveld refinement supports the incorporation of Mg into the lattice, no evidence of Mg in the
NasPO. secondary phase was found. Densities were 3.241, 3.285, 3.248, and 3.244 g/cm?® for
Mgo.1Si2, Mgo.1S12.2, Mgo.2Si2, and Mgo.2Siz.2, respectively. Slight fluctuations in ZrO- fraction
(4.99-5.74%) and strain could be related to Mg content and Si/P ratio influence lattice distortion
and packing or data scatter. The refinement also indicates that strain and lattice parameters shift
with composition, consistent with local distortions from dopant incorporation.
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Fig.5.23: Effect of Mg doping on morphology doping and impedance. (a, b, ¢, d) SEM images of Mgo.1Si2, Mgo.1Si22,
Mgo.2Siz and Mgo.2Si2.2, respectively.
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Fig.5.24: Effect of Mg doping on structure and ionic conductivity. (a) XRD patterns and (b) EIS spectra of Mg dop-
ing.(c) Lattice parameter of Mg doped NaSICON

EIS analysis (Fig. 5.24b) shows enhanced conductivity in Mgo.1Si2, Mgo.1Si2.2, and Mgo.2Si2, pos-
sibly due to improved packing and chemistry. A drop in conductivity in Mgo.2Siz. is likely linked
to reduced Na-vacancy concentration due to increased Na content.

With Mo doping, the observed crystallization of the samples in the monoclinic C2/c phase sug-
gests a low solubility of Mo in the lattice. This limitation is likely attributed to the large ionic
radius of Mo compared to P, causing structural distortions, which are manifested in peak splitting
during XRD analysis (Fig. 5.27).
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Fig.5.25 Morphological evolution with Mo doping of (a) 0.025, (b) 0.05, (c) 0.075, (d) 0.1, e) 0.2, (f) 0.4 respectively.
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Fig.5.26 (a) Structure evolution (overlapping plot below) with Mo (b) Variations in Impedance with Mo doping.

An increase in lattice parameters, as revealed by Rietveld refinement, further supports Mo-in-
duced alterations in the crystal lattice. Distinct variations in crystal densities, lattice strain, ZrO,
fractions, and lattice parameters were observed for different Mo doping levels. Crystal densities
of 3.247, 3.246, 3.251, 3.249 g/cm?3 indicate changes in the packing of atoms within the crystal
lattice. ZrO, fractions (3.01%, 2.36%, 1.26%, 2.47%) reflect the influence of Mo on secondary
phases in the material. 'a' lattice parameter (15.64453A, 15.62944 A, 15.62789 A, 15.6382A) and
'c' lattice parameters (9.21281A, 9.21104 A, 9.21122 A, 9.21031 A) showcase the dimensional
changes in the crystal lattice. The introduction of Mo (Fig.5.25) resulted in grain refinement,
especially evident in the well-defined monoclinic grains observed in 0.025Mo. As the Mo content
was increased, grain refinement persisted, and the samples transitioned to more cubic like grains
with larger sizes, it also leads to inhomogeneous grain growth.
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Fig. 5.27: Overlapped XRD patterns of Mo doped compostions, b,c,d,e are zoomed in images a. black arrows indicate
peak splitting.

The analysis of XRD, coupled with observations of grain characteristics, suggests that Mo and
Mg doping induces structural changes in the NaSICON lattice, impacting both primary and sec-
ondary phases within the material. The interplay between Mo/Mg and the host lattice elements
contributes to variations in crystal properties and ultimately influences the microstructural evolu-
tion of the material. For the Mg-doped samples (Mgo1Siz, M@o.1Si22, Mgo2Siz), an increase in
conductivity is observed. This enhancement can be attributed to chemistry optimization and im-
proved compactness. The incorporation of Mg seems to positively influence the chemistry of the
material, leading to enhanced conductivity, while improved compactness supports more efficient
ion migration through the material. However, an interesting observation is noted for Mgo2Si22,
where a decrease in conductivity is observed. This reduction is likely due to an increase in Na
content, resulting in fewer available vacancies for Na migration. The excess Na might introduce
more resistive pathways, hindering the efficient movement of ions and leading to a decline in
overall conductivity. The trends in ionic conductivity with varying Mo doping levels are exam-
ined. The increase in conductivity from 0.025 to 0.05 Mo content is attributed to a combination
of chemistry optimization and an increase in the size of the bottleneck in the structure. The opti-
mized chemistry likely facilitates ion movement, and the enlarged bottleneck provides a more
favourable environment for efficient ionic conductivity. However, a decrease in ionic conductiv-
ity is observed from 0.075 Mo content. This decrease is linked to the limited solubility of Mo in
the lattice, potentially causing severe distortion and anisotropic grain growth. The distortion, in-
duced by the large ionic radius of the dopant, creates resistance to ion migration, leading to a
decrease in overall conductivity.
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6 Effect of Processing Route on the
Structure and Dynamics of
NasZr:Si;P012

A systematic investigation of the structural complexities within NaSICON and the effects of pro-
cessing and composition was carried out to gain insight into structure and sodium ion dynamics
in NaSICON solid electrolytes. NasZr.Si2PO12 was synthesized through three distinct processing
routes (the samples were named NZSP, SS_NCO, and SS_NHP) and slight compositional varia-
tions with Nas.aZr2Si..aPO12 (NZS24P) explored. To characterize these materials, high-tempera-
ture X-ray diffraction (HTXRD) data and nuclear magnetic resonance (NMR) techniques were
employed.

Fig.6.1: Crystal structure of Na:Zr.Si-PO:2 in R-3¢ (167) for (a) 2 Na positions configuration (b) 3 Na positions, The
diffusion paths are indicated by black lines (Images drawn on Vesta using ICSD cif files).

Due to significant controversy regarding the sodium sub-lattice within NaSICON, with multiple
models®:8281 proposing different sodium configurations, including 2Na and 3Na in the rhombo-
hedral phase, and 3Na, 4Na, and 5Na in the monoclinic phase, each offering distinct diffusion
pathways for sodium ions as shown in Fig.6.1: and Fig.6.2:. A systematic approach was adopted,
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employing FullProf Rietveld refinement using R-3c, 3Na, C2/c and 4Na C2/c, and correlating our
observations with NMR and EIS data.

Fig.6.1: provide visual representations of the crystal structure in the R-3c configuration, showing
both 2Na and 3Na arrangements. The black lines in both figures indicate the pathways along
which sodium ions diffuse within the NaSICON structure. In the 2Na R-3c configuration
(Fig.6.1:a), sodium ions are located in the interstitial spaces between ZrO, octahedra and
Si04/PO4 tetrahedra. The primary diffusion pathway in this configuration is Nal-Na2-Nal-Naz2,
with jump distances of 3.4498 A for Na1-Na2 and 3.450 A for Na2-Nal.

Fig.6.2: Crystal structure of NasZr2Si2PO12 in C2/c (15) for (a) 3 Na positions configuration (b) 4 Na positions, The
diffusion paths are indicated by black lines (Images drawn on Vesta using ICSD cif files).

However, transitioning to the 3Na R-3c configuration (Fig.6.1:b), a new Na3 position occupies
the interstitial regions between Nal and Na2, giving rise to a potential new diffusion path, Nal-
Na3-Na2 and Na3-Na2-Na3. Although the jump distances for these paths are shorter, with Nal-
Na3 = 1.75 A, Na2-Na3 = 1.88 A, Na3-Nal = 1.83 A, and Na3-Na2 = 1.80 A, note that these
closer proximities also result in higher electrostatic repulsion, which may affect the rate of diffu-
sion.
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In the 3Na C2/c configuration (Fig.6.2:a), distinct diffusion paths, include Nal-Na3-Nal and
Nal-Na2-Nal, having jump distances (Nal-Na3 = 3.519 A, Na3-Nal = 3.519 A, and Na2-Nal =
3.71 A). The 4Na C2/c (Fig.6.2:b) configuration introduces a new Na4 position between Nal and
Na3 and gives rise to a new diffusion route Na4-Nal-Na4-Na3-Na4: where, Nal-Na4 = 1.8 A,
Na3-Na4 = 1.4 A, Na4-Na3 = 1.4 A, Na2-Nal =3.5 A, and Na2-Na4 = 3.5 A. While the reduction
in distance in this new configuration may suggest closer proximity between ions, such proximity
also results in significant electrostatic repulsion. The introduction of new positions and the poten-
tial for increased electrostatic repulsion are shared characteristics of both 3Na R-3c and 4Na C2/c
configurations. To address the model claims in the literature regarding the placement of sodium
ions and space group configurations, a systematic approach was adopted during the refinement of
high temperature structure. This involved applying the 3Na R-3c, 3Na C2/c, and 4Na C2/c mod-
elst®182861 tg assess their suitability for the dataset and identify the most suitable model for gaining
understanding of the mechanistic insights underlying the relationship between structural charac-
teristics and dynamic behaviour.

Another common hypothesis in the existing literature®-°? is that there is a transition from a mon-
oclinic phase at room temperature to a rhombohedral phase at elevated temperatures within the
3Na configuration. In order to gain clarity on this matter, this assertion was examined through the
refinement process of high-temperature X-ray diffraction data. Specifically, the room temperature
C2/c refinement covered the temperature range from 25°C to 350°C. While the refinement of the
R-3c configuration, was done from 350°C down to 25°C. The goodness of fit, lattice parameter,
volume, Na occupancies (linear equations were used to fix the amount of Na), atomic displace-
ment parameters, were analysed. The systematic analysis aimed to determine the presence or ab-
sence of this transition, and to contribute to a more comprehensive understanding of the structural
behaviour within the 3Na and 4Na configurations as a function of temperature.

6.1 3Na Monoclinic / Rhombohedral Model
Refinement

The high-temperature XRD data for all four samples were collected between 25°C and 350°C.
The long-range average structure of the samples was characterised by Rietveld refinement using
X-ray powder diffraction data. The NaSICON structure models ICSD473®! and ICSD 6238362
were used as a starting model for Rietveld refinement of the 3Na C2/c and 3Na R-3c respectively.
In the refinement procedure, restraints were imposed on the atomic displacement parameter for
atoms occupying identical positions or sharing the same nuclei, while constraints were placed on
their occupancies. The lattice parameters, occupancies, phase fractions and volumes were ana-
lysed. The NZSP, NZS24P and SS_NCO samples crystallized in the monoclinic C2/c phase, and
SS_NHP crystallized in the rhombohedral R-3c phase. The probable mixing of Na and Zr, and
the probable changes in P/Si, were checked.
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Fig.6.3: Goodness of fit plot showing statistical parameters for 3Na monoclinic and 3Na rhombohedral modelling of
(a) NZSP, (b) NZS24P, (c) SS_NCO and (d) SS_NHP (the scale of the axis was kept same to make
visible the deviations)

Fig.6.3: illustrates the variations in goodness of fit parameters from modelling with 3Na R-3c and
3Na C2/c. For NZSP (Fig.6.3:a), the two crystallographic structures, 3Na R-3c and 3Na C2/c,
displayed distinct behaviours. In the monoclinic phase, the chi-square values were high at room
temperature. However, as the temperature increased from approximately 150°C, these values es-
calated even further. The rhombohedral phase, on the other hand, showed a different trend. At
350°C, chi-square values were low (2.03) and increased as the refinement progressed from high
temperature downwards to room temperature (9.08 at 150°C). This behavior hints at temperature-
dependent changes in the crystal structure, which is likely associated with phase transition. The
results for NZS24P (Fig.6.3:b) mirrored those of NZSP, with variations in the goodness of fit
parameter based on the chosen crystallographic structure. In the 3Na C2/c structure, the chi-square
values decreased from 14 at room temperature to 9.18 at 350°C, indicating reduced reliability in
agreement factors which might be related to structural changes. Conversely, in the 3Na R-3c
structure, the chi-square was 3.54 at 350°C, increasing to 8.14 at 25°C. These fluctuations in chi-
square values suggest a structural response to temperature changes. The SS_NCO (Fig.6.3:c) ma-
terial exhibited stability in chi-square values at 25°C, with a slight deviation around 150°C. It was
only at 350°C that a sharp increase occurred, signaling a notable structural transformation at high
temperatures. In the case of SS_NHP (Fig.6.3:d), the 3Na R-3c structure was the only one that
could be successfully modeled. The chi-square value was high at 350°C and decreases to lower
values at 25°C. However, a significant change in chi-square values was observed around 150°C,
indicating a critical temperature point for structural changes.
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The reliability of the refinement was further assessed by examining the changes in weight frac-
tions (Fig.6.4:) in both the forward direction (25°C to 350°C with 3Na C2/c) and the reverse
direction (350°C to 25°C with 3Na R-3c). It was assumed that if a true phase transition had oc-
curred, there should be no significant differences in weight fractions, indicating the stability and
reversibility of the refinement process. However, our observations revealed significantly high er-
ror margins in the weight fractions of NZSP, NZS24P, SS_NCO, and SS_NHP. These error mar-
gins indicate the potential instability of the selected crystallographic model. In light of these find-
ings, questions emerged regarding the existence of a genuine phase transition to a rhombohedral

structure at high temperature, as the observed discrepancies cast doubt on the stability of the
model.
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Fig.6.6: Trends in volumes with the R-3c and C2/c 3Na model at different temperatures for (a, b) NZSP and NZS24P
and (¢, d) SS_NCO and SS_NHP

To understand the origin of the observed mid-temperature changes, an examination of lattice pa-
rameters, volume, and sodium (Na) occupancy as functions of temperature was conducted. These
additional investigations aimed to provide insights into the underlying mechanisms responsible

for the variations in the crystallographic properties, shedding light on the nature of the structural
changes observed during the refinements.

In all samples, a small increase in both the 'a’ and ‘c’ lattice parameters, and the lattice volume
(Fig.6.6:), was observed both before and after the region of structural alteration. For instance, in
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the case of NZSP, the 'a' parameter exhibited a slight increase from 15.687 to 15.690 A, while the
'b' parameter experienced a slight reduction from 9.079 to 9.076 A. Concurrently, the 'c' parameter
expanded slightly, progressing from 9.218 to 9.246 A. Similarly, the rhombohedral R-3c phase
showed a marginal enlargement of the 'a' and 'b' parameters from 9.075 to 9.084 A, while the ‘¢’
parameter increased from 23.02 to 23.08 A. The lattice volume also underwent a minute rise,
shifting from 1089.57 to 1091.93 A2 in C2/c and from 1639.95 to 1646.3 A3 in the rhombohedral
phase.
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Fig.6.7: Trends in Na occupancies with the R-3c and C2/c 3Na model at different temperatures for (a, b) NZSP and
NZS24P and (c, d) SS_NCO and SS_NHP

These observed trends of slight increment in the lattice parameters and volume extend the obser-
vation from the analysis of goodness of fit parameters, emphasizing a correlation within this spe-
cific region. However, the small increases in the 'a', 'c’ parameters and volume do not constitute
the primary driving force behind this phenomenon, rather they indicate small thermal expansion.

The variations in sodium (Na) occupancy at different temperatures were examined (Fig.6.7:). For
both NZSP (Fig.6.7:a) and SS_NCO(Fig.6.7:c) cases, the occupancies of the Nal and Na3 sites
displayed an increase within the mid-temperature range, while Na2 exhibited a decrease during
the same temperature interval. These findings could be attributed to a dynamic and temperature-
dependent redistribution of sodium ions within the crystal structure. In contrast, in NZS24P
(Fig.6.7:b), all three Na positions exhibited an increase in occupancy around the mid-temperature
region. Since the stoichiometric content in the unit cell is fixed, the observed trend indicates the
material-specific nature of ion redistribution phenomena.
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Fig.6.8: (a) Crystal structure of the ICSD473 3Na model used for refinement. The effective scattering-length-density

map of the X-ray diffraction data at room temperature for (b) SS_NCO, (c) NZS24P, (d) NZSP at a
different isostructural level showing no negative scattering-density of Na5 on the Zr site, () NZSP (f)
(i), Scattering-length-density map of SS_NHP and (ii) the ICSD62383 model used for the high-tem-
perature rhombohedral phase refinement. The negative scattering-density is in turquoise and the posi-
tive scattering-length-density is in yellow.

It should also be mentioned that the presence of unidentified impurity phases in SS_NHP
(Fig.6.7:d) which were added to the background led to reduced reliability of observation. Addi-
tionally, focus was placed on investigating the potential intermixing of Na and Zr ions on the Zr
sites within the C2/c 3Na model. Interestingly, it was observed that a minor fraction of Na ions
infiltrated the Zr site in NZSP for some temperature ranges. However, for certain temperatures,
this behaviour was deemed unreliable and thus was not considered for precise quantification. In
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contrast, this observation did not hold in the reverse scenario with the rhombohedral configuration
refinement from high temperature to room temperature.

Furthermore, an examination was conducted using an effective x-ray scattering-density map, to
gain more insights into the site occupancies, as visually represented in Fig.6.8:. This map, result-
ing from the Fourier transform of the diffracted signal, which combines the intensity data acquired
from measurements with the phase information derived from the theoretical model. No negative
scattering was observed around some of the Zr atoms, hence, the possibility of the intermixing of
Zr and Na was not reliably established the negative scattering cannot be linked to this.

The observations from analyses of the parameter, provide insights into the dynamics governing
the behaviour of these materials. However, the high chi-square values and fluctuations/error mar-
gins associated with the refinement process introduce uncertainty and lower the reliability of the
observations for the two models. A. Consequently, the samples were modelled using the 4Na
C2/c configuration. This alternative modelling strategy seek to check the challenges posed by
high chi-square values error margins and hoped provide a more reliable framework for interpret-
ing the intricate interplay of factors influencing the observed structural changes in the mid tem-
perature region.

6.2 4Na Model Refinement

The high-temperature XRD data for all four samples were collected between 25°C and 350°C,
and they were characterized by Rietveld refinement using 4Na C2/c ICSD38057! (4Na posi-
tions) as the starting model. In the refinement procedure, restraints were imposed on the atomic
displacement parameter for atoms occupying identical positions or sharing the same nuclei, while
constraints were placed on their occupancies (Na stoichiometry was fixed using a linear equation).
The lattice parameters, occupancies, phase fractions and volumes were analysed. The probable
mixing of Na and Zr, and the probable changes in P/Si, were checked.

When the 4Na C2/c (Fig.6.9:) model was employed in comparison to the 3Na C2/c model, a
remarkable difference was observed in the chi-square values for NZSP, NZS24P, and SS_NCO.
Specifically, the chi square values exhibited a consistent reduction from room temperature to high
temperatures, with notable variations in the mid-temperature range, signifying the occurrence of
structural alterations within these materials at those temperatures. This observation signifies the
fit of the model, highlighting its high reliability in characterizing the structural properties of these
materials. It indicates that the 4Na C2/c model continues to provide a more dependable represen-
tation of the materials' structural behaviour, even as the temperature extends beyond the mid-
temperature structural alteration zone.

Using the 4Na C2/c model for the refinement of SS_NHP was not successful, rendering it unsuit-
able for this particular process route. Nonetheless, to enhance the comprehensiveness of the anal-
ysis, plots generated from the R-3c 3Na model refinement of the SS_NHP were incorporated into
the figures.
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Fig.6.9: Trends in 4Na model Rietveld refinement empirical data of phase fraction, Na and Si/P occupancy at differ-

ent temperatures for (a) NZSP (b) NZS24P and (c) SS_NCO and (d) SS_NHP refined using 3Na R-3c
section added for comparison.

The decrease in chi-square values observed in the refinement using the 4Na C2/c (Fig.6.9:a,b,c)
model beyond the mid-temperature range, which is typically associated with the transition from
monoclinic to rhombohedral phases, suggests that the Structure might be better described with a
4 Na monoclinic model. To gain better understanding of the structural alterations when using this
model, parameters such as weight fractions, lattice parameters, volume changes, and sodium oc-
cupancies were examined.

The refinement process using the 4Na C2/c configuration displayed remarkable stability and re-
liability, as evidenced by the minimal error margins in weight fractions across all three samples,
as depicted in Fig.6.10:
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Fig.6.10: Trends in weight fractions with the C2/c 4Na model at different temperatures for (a, b) NZSP and NZS24P
and (c, d) SS_NCO and SS_NHP
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Fig.6.11: Trends in lattice parameters with the C2/c 4Na model at different temperatures for (a, b) NZSP and
NZS24P and (c, d) SS_NCO and SS_NHP
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This consistent stability was observed from 25°C to 350°C, suggesting the robustness of the 4Na
C2/c model. The three samples exhibited a subtle increase in their lattice parameters (Fig.6.11:)
'a,' 'b," and 'c' both before and after the mid temperature region. Additionally, the lattice volume
in Fig.6.12:, exhibited a steady increase in all three samples. While these alterations in weight
fractions, volume, and lattice parameters demonstrated a consistent trend of increase around the
region where structural changes were anticipated, they cannot be definitively attributed as the
driving forces behind the observed structural modifications.
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Fig.6.12: Trends in volumes with the C2/c 4Na model at different temperatures for (a, b) NZSP and NZS24P and (c,
d) SS_NCO and SS_NHP

Furthermore, the Na occupancies (Fig.6.13:) were analysed For NZSP and SS_NCO, the occu-
pancy of Na2 (4e) was initially full (100%) at 25°C. However, as the temperature increased, there
was a noticeable decline in the occupancy of Na2, decreasing to approximately 70% in NZSP and
around 65% in SS_NCO. Na3 (8f) increased from around 40% at room temperature to almost
80% at 350°C in NZSP and SS_NCO. On the other hand, Nal (4d) and Na4, which initially had
lower occupancies, displayed a gradual reduction, with fluctuations in the mid-temperature re-
gions, presumably corresponding to potential structural changes. Conversely, in the case of
NZS24P, Na4 (8f) exhibited an initial occupancy of approximately 60%, and this occupancy grad-
ually increased with rising temperatures. Meanwhile, Na2, initially almost fully occupied, showed
a consistent decrease with temperature, and Nal also exhibited a gradual decrease.
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Fig.6.13: Trends in Na occupancies with the C2/c 4Na model at different temperatures for (a, b) NZSP and NZS24P
and (c, d) SS_NCO and SS_NHP

Furthermore, the potential mixing of sodium (Na) and zirconium (Zr) ions on the Zr site was
investigated. Although the 4Na model indicated that a small quantity of Na may have infiltrated
the Zr site within the NZSP sample for some temperature conditions, the refinement process was
unable to confirm this mixing with certainty. Further, the effective X-ray scattering density map,
depicted in Fig.6.16: provided insights into site occupancies. The map was generated through the
Fourier transformation of the diffracted signal, incorporating the intensity data obtained from
measurements and the phase information extracted from the model. No residual energy densities
were observed, but more negative scatterings were observed. This phenomenon may be attributed,
in part, to the signs of the coherent scattering associated with Na and Zr, as seen in the effective
scattering-density maps (Fig.6.14: d). A negative scattering implies that the X-rays scattered from
Na and Zr on the same site interfere destructively, resulting in decreased site scattering, which is
factored into the site occupancy. Furthermore, the presence of an additional Na4 site near Na3
and the Zr site on 8f significantly contributed to this destructive interference, potentially causing
the effective scattering to approach zero.
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Fig. 6.14: (a) Crystal structure of the ICSD38057 4Na model used for refinement. The effective scattering-length-
density map of the X-ray diffraction data at room temperature for (b) SS_NCO, (c) NZS24P, (d)
NZSP at a different isostructural level showing negative scattering-length-density of Na5 on the Zr
site, (e) NZSP (f) scattering-length-density map of SS_NHP.

An attempt was made to establish a correlation between the random distribution of Si/P occu-
pancy, and the observed changes in Na occupancy within the monoclinic phase. However, these

94



Summary and Outlook

efforts were unsuccessful due to the instability of the refinement process. The shifts in Na occu-
pancies were particularly prominent, emphasizing their role in the observed structural changes.
In samples with lower Na composition, such as NZSP and SS_NCO, a significant proportion of
Na migrated into the Na3 positions as the temperature increased. Conversely, in samples with
increased Na content, as observed in NZS24P, the Na4 position exhibited increased activity, at-
tracting a greater quantity of sodium at elevated temperatures. This could probably be attributed
to a decrease in the energy of the site due to an increase in amount of sodium. Though regions of
marked structural changes were observed in the mid temperature regions for all parameters. The
observed changes could not be attributed to a transition from monoclinic to rhombohedral phase
due to the reliability of the refinement with the 4Na C2/c beyond this region as well as the irre-
versibility of the refinement parameters obtained in the forward and backward direction with
monoclinic and rhombohedral phases, respectively. Probably the observed structural changes
could be attributed to the changing centre of gravity of the atomic position/coordinates due to the
combined effect of anisotropic lattice expansion/distortion in the x and z direction as well as the
electrostatic repulsion promoted by the proximity of the Na positions.

6.3 Visualizing Structural Discrepancy Variations
with Temperature between 4Na and 3Na Model
Refinement

6.3.1 NZSP

As seen inFig.6.15:, the primary diffusion pathways identified in 3Na C2/c NZSP are Na3-Nal-
Na3 and Nal-Na2-Nal. An elevation in temperature from 25 to 350°C resulted in noticeable al-
terations in the size of the bottleneck (estimated by measuring the dimension of the bonds around
Nal) and the displacement of Na3. This displacement of Na3 exhibits a proportional increase with
rising temperatures.
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Fig.6.15: Crystal structure of refined NZSP 3Na C2/c at a) 25°C b) 100°C ¢)150°C and d) 350°C (Images drawn on
Vesta using refinement crystallographic information- files)

In contrast, Fig.6.16:, depicting the 4Na model, reveals larger bottlenecks within the structure. In
this model, the diffusion paths Na3-Nal-Na3 include an additional Na4 atom, forming a sequence
of Na4-Nal-Na4-Na3, along with the pathway Nal-Na2-Nal. Notably, Nal and Na4 are in close
proximity, reducing the likelihood of both positions being occupied simultaneously due to strong
electrostatic repulsion forces. The increased electrostatic repulsion not only encourages correlated
migration by enabling Nal or Na4 to be available for diffusion within the pathway at any given
time but also promotes the displacement of Na3. This displacement is particularly significant be-
cause Na3 is typically located at a short distance from Na4, facilitating efficient ion diffusion.
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Fig.6.16: Crystal structure of refined NZSP 4Na C2/c at a) 25°C b) 100°C ¢)150°C and d) 350°C (Images drawn on
Vesta using refinement cif files)

Furthermore, the degree of displacement of Na3 increases with the increase in temperature, from
25 to 350°C. This elevation in temperature not only intensifies the electrostatic repulsion but also
leads to an alteration in the size of the bottleneck within the structure.
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6.3.2 NZS24P

Fig.6.17: Crystal structure of refined NZS24P 3Na C2/c at a) 25°C b) 100°C ¢) 150°C and d) 350°C (Images drawn
on Vesta using refinement cif files)

For the 3Na C2/c modelling of NZS24P (Fig.6.17:), a pattern analogous to the previously seen
Na3 displacement was observed. However, at 100°C, certain SiO4/PO4 tetrahedra vanished from
the structure, casting doubts on the model's reliability.
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Fig.6.18: Crystal structure of refined NZS24P 4Na C2/c at a) 25°C h) 100°C c¢) 125°C d)150°C, e) 175°C and d)
350°C (Images drawn on Vesta using refinement cif files)

Fig.6.18: showed the 4Na model for NZS24P, which exhibits a distinct diffusion pathway, Na4-
Nal-Na4, and accompanying atomic arrangement modifications across a range of temperatures.
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Unlike the 3Na model, no vanishing tetrahedral structures were observed in this model. The in-
troduction of a higher sodium content had a significant impact on the activity of the Na4 site,
leading to modifications in the diffusion pathway, as demonstrated in the shifting Na ion place-
ment depicted in

Fig.6.18: (e) and (f). However, these significant alterations in sodium diffusion and ion arrange-
ments did not compromise the structural integrity of the SiO./PO4 and ZrOs skeletal framework,
which remained robust throughout the experimental temperature variations. Making the 4Na a
more reliable model for the structure.

6.3.3 SS_NCO

Fig.6.19: Crystal structure of refined SS_NCO 3Na C2/c at a) 25°C b) 100°C c)150°C and d) 350°C (Images drawn
on Vesta using refinement cif files)

SS_NCO demonstrates a pattern similar to that observed in NZSP. As depicted in
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Fig.6.19:, the main diffusion routes identified are Na3-Nal-Na3 and Nal-Na2-Nal. When the
temperature is raised from 25 to 350°C, significant changes become apparent in both the dimen-
sions of the bottleneck and the movement of Na3 within the crystal lattice. The displacement of
Na3 increases with temperatures.

Fig.6.20: Crystal structure of refined SS_NCO 4Na C2/c at a) 25°C b) 100°C ¢)150°C and d) 350°C (Images drawn
on Vesta using refinement cif files)

Fig.6.20: shows the structures of 4Na SS_NCO, which is similar to that of 4Na NZSP. This model
depicts wider bottlenecks within the crystal structure. In this configuration, the diffusion pathways
follow the sequence Na3-Nal-Na3, with the inclusion of an additional Na4 atom, resulting in the
sequential arrangement of Na4-Nal-Na4-Na3, also the pathway Nal-Na2-Nal. The close prox-
imity of Nal and Na4, reduces the likelihood of simultaneous occupancy due to high electrostatic
repulsion forces. The increased electrostatic repulsion in this scenario serves two purposes.
Firstly, it promotes correlated migration by ensuring that either Nal or Na4 is readily available
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for diffusion within the pathway at any given time. Secondly, it propels the displacement of Na3,
which is of particular significance given Na3's typically close proximity to Na4 and its contribu-
tion to the efficient diffusion of ions.

6.4 Local Dynamics

Insights into the local dynamics of Na* was drawn using Na NMR line shape and motional
narrowing and the 2Na NMR spin lattice relaxometry. The temperature-dependent quadrupolar
echo experiment serves as a method for analysing motion processes taking place within millisec-
ond timescales!**®l, Motions occurring during these periods result in the progressive narrowing of
the central transition. This broadening is particularly notable at the "rigid-lattice™ limit (at low
temperatures) due to both dipolar interaction and chemical shift anisotropy. With a rise in tem-
perature, the accelerated motion of Na+ ions, and consequently, Na nuclei, averages out the dis-
tribution of these interactions, leading to the emergence of a more focused signalt**l,
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Fig.6.21: line shape evolution of a) NZSP, b) NZS24P, ¢) SS_NCO, d) SS_NHP and FWHM showing the motion
narrowing in €) NZSP, NZS24P, and f) SS_NCO and SS_NHP

The temperature-dependent static 2Na NMR spectra were collected between 260 and 595 K for
the 4 samples. Fig.6.21: displays the FWHM evolution with temperature of the line shape. NZSP
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and NZS24P showed a similar trend followed closely by SS_NCO, and SS_NHP showed a dif-
ferent trend. The line shapes for the spectra of NZSP, SS_NCO, and NZS24P contain a broad line
with a full width at half maximum (FWHM) above 8 kHz at 260 K and the peaks become narrower
and are shifted to lower ppm values above 400 K, in SS_NHP the FWHM values observed around
400K were not as low as in the other samples. Additionally, a shoulder at the right side of the
resonance is formed. At elevated temperatures, the faster motion of the Na* ions result in an av-
eraging of the local sodium environments and causes the motional narrowing of the line shapes
which makes the FWHM decrease to lower values at 595 K.

The temperature-dependent results also display a shift to lower ppm of the resonance. On the
contrary, for SS_NHP, narrowing begins earlier (~350 K) but proceeds more gradually, which
shows a sharper drop. This gradual change may suggest differences in activation energy for ion
hopping, or the influence of unidentified secondary phase/phase transition affecting local envi-
ronments. The difference is more pronounced above ~400 K. The evolution of the linewidth as a
function of temperature in a large temperature range, could be described by 3 distinct regions™l:
(i) A level plateau observed at lower temperatures, representing the rigid-lattice limit and high-
lighting the structural characteristics of the material. (ii) A temperature-driven, gradual narrowing
of the width initiated when the motion rate matches the low-temperature width of the signal. (iii)
The high-temperature plateau characterized by rapid motions, where only the field inhomogeneity
plays a role in determining the line width[*8l,
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Fig.6.22: Signal Fraction evolution of a) NZSP, b) NZS24P, ¢) SS_NCO, d) SS_NHP

When all regions are present, it becomes feasible to determine the activation energy (E.) of the
motion based on the experimentally observed initiation of the narrowing. While this 3 region
description applies to NZSP, NZS24P, and SS_NCO, SS_NHP shows a more gradual decrease in
linewidth starting already at ~300 K and no well-defined low-temperature plateau. The absence
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of a sharp inflection point suggests that multiple processes contribute to Na mobility in SS_NHP,
potentially including the influence of secondary phase or broadened phase transition. Conse-
quently, the standard three-region model was cautiously applied to SS_NHP, and activation en-
ergy extraction based on the onset of narrowing is less reliable for this sample. Various methods
exist for quantifying these experimental findings, and one such approach is the phenomenological
method developed by Bloembergen-Purcell Pound theory (BPP theory).

The local hopping of the Na* ions was evaluated from the relaxation times T1 using an inversion
recovery pulse sequence. These relaxation times are sensitive to motions on time scales t of the
order of the inverse Larmor frequency ( oL ~ few ns)[*®l, The temperature dependence of the
relaxation rate T1 ! according to the Bloembergen-BPP theory) is given by eqn 2.20. The temper-
ature-dependent signal fractions and results of the relaxation rates T;* are shown in Fig.6.22: and
Fig.6.23:.

At lower temperatures, two distinct relaxation components are observed, which merge into a sin-
gle component at higher temperatures. This behaviour likely reflects Na* ions in different dynamic
or structural environments, such as variations in site occupancy, short-range ordering, or corre-
lated hopping, which become indistinguishable once thermal motion increases. The relative
weights of the two components are similar for NZSP, NZS24P, and SS_NCO, whereas SS_NHP
shows a different distribution.
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Fig.6.23: NMR lattice relaxation showing the two motions in (a) NZSP (b) NZS24P (c) SS_NCO (d) SS_NHP

The log T1? versus T curves show broad maxima, consistent with thermally activated Na* mo-
tion. In an ideal BPP-type process, symmetry of the log (T1?) versus T plot curve about the peak
would indicate identical activation energies for the processes on both the low- and high-tempera-
ture sides. In the present case, the peaks are not perfectly symmetric, indicating that different
correlation times or overlapping motional processes dominate in the two regimes. This asymmetry
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suggests that Na* dynamics are influenced by more than one hopping process or by variations in
local structural environments, rather than a single uniform activation barrier governing the entire
temperature range.

From 260 K, two relaxation rates are observed in NZSP, NZS24P, and SS_NCO, which collapse
into one around ~393 K, ~413 K, and ~473 K, respectively. SS_NHP maintains two components
up to ~473 K but with a different relative weighting (~50% each) compared to ~80% for the faster
component in the other samples. Above the collapse temperature, only a single relaxation rate is
observed.This behaviour indicates that Na* ions experience at least two different dynamic or
structural environments at low temperatures, which become dynamically averaged at higher tem-
peratures.

While this does not conclusively prove the presence of two separate diffusive mechanisms, com-
parison with Na site occupancy trends from the variable-temperature diffraction refinements
(Fig.6.13:) reveals a correlation: the temperature range over which the relaxation components
merge coincides with significant redistribution of Na" among the Nal, Na2, and Na3 sites. For
NZSP, NZS24P, and SS_NCO, the collapse temperature corresponds to an increase in Na3 occu-
pancy at the expense of Nal and Na2 sites, consistent with increased mobility via a common
conduction pathway. SS_NHP, by contrast, shows a slower and more gradual change in site oc-
cupancies, which may explain its broader two-component regime in T1* relaxometry. This com-
bined structural and NMR evidence supports the interpretation that the merging of relaxation
components reflects thermally driven homogenisation of Na* dynamics through site redistribu-
tion, although other effects such as correlated hopping or microstructural heterogeneity cannot be
excluded.

The faster relaxation components were fitted with the BPP and Arrhenius models, yielding tem-
perature-dependent activation energies (Fig.6.24:). These values agree with the activation ener-
gies from high-temperature conductivity, whereas the higher activation energies from low-tem-
perature conductivity measurements indicate additional grain-boundary contributions not probed
by NMR relaxometry, which is sensitive to local motions in the sub-pus regime.

6.5 Correlation between XRD, NMR and EIS

The activation energy obtained from the EIS and NMR are shown in Fig.6.24:, and a good agree-
ment is observed between the two methods. The EIS values of activation energies were higher,
which is attributable to the great influence of composition and sintering temperature on the con-
ductivity of the NaSICON samples.

The activation energies obtained from EIS and NMR for the investigated samples are compared
in Fig. 6.24. While both techniques show the same relative trend across the compositions—
SS_NCO having the lowest values and SS_NHP the highest—there is a difference in magnitude.
In all cases, the activation energies from EIS are higher than those from NMR. This discrepancy
is expected because the two techniques probe ion dynamics on different timescales and length
scales. NMR T relaxometry is sensitive to local Na* hopping in the sub-microsecond regime,
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while EIS measures long-range charge transport over macroscopic distances, which is addition-
ally influenced by microstructural features such as grain boundaries and secondary phases. Con-
sequently, EIS captures additional resistive contributions absent in the NMR, leading to higher

apparent activation energies.
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Fig.6.24: Arrhenius plots obtained from (a) NMR and (b) EIS with corresponding activation energies for the samples
from the two techniques.

In the NMR analysis, two distinct relaxation components were observed at low temperatures,
which merge into a single component upon heating. These components likely correspond to Na*
ions residing in different local structural or dynamic environments rather than proving the exist-
ence of two separate diffusive mechanisms. The temperature range over which this merging oc-
curs correlates with significant changes in Na site occupancies determined from variable-temper-
ature XRD refinements using the 4Na model.

At low temperatures, Nal occupancy is low, with Na2 populated, while Na3 and Na4 occupancies
are comparatively low. As temperature increases, Nal and Na2 occupancies decrease, accompa-
nied by a pronounced increase in Na3 and a more gradual increase in Na4 occupancy. This redis-
tribution becomes most pronounced in NZSP, NZS24P, and SS_NCO near the temperatures at
which their NMR relaxation components merge, suggesting that site exchange and dynamic av-
eraging are closely linked. SS_NHP, which maintains higher Nal/Na2 occupancies and shows
slower Na3/Na4 population growth over the same temperature range, also displays a broader two-
component regime in the NMR data and the highest activation energies from both techniques.

This correlation indicates that the onset of enhanced long-range Na* mobility is associated with
thermally activated occupation of Na3 and Na4 sites, which likely participate in interconnected
conduction pathways.
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7 Summary and Outlook

In this study, a high- energy milling method was introduced to synthesize the NaSICON solid
electrolyte. First, the method was compared with conventional solid-state and sol-gel methods,
and it shows high potential for control, optimization and scaling up in NaSICON synthesis.
Through a comparative study between the commonly reported methods with high-energy ball
milling (HEM), it was observed that by initiating reactions during the milling stage, the use of
high-energy milling improved the NaSICON conversion process. Correspondingly, processing
time and steps were successfully reduced: from a six-step conventional solid-state reaction to a
three-step process and from 24 h milling to 3 h with HEM. The formation of a pure NaSICON
structure with HEM at 900°C during the comparative analysis was attained. The pure monoclinic
phase was formed when the calcination temperature was increased to 1100°C to improve densi-
fication. The high-energy pre-treatment by HEM enhanced the reactivity of ZrO,, and a high-
purity phase was obtained after sintering at 1280°C for 6 h. Furthermore, the NaSICON obtained
via HEM exhibits promising cycling stability (lmAcm™2) against sodium metal and has high po-
tential for reproducibility. This opens an alternative route for NaSICON synthesis.

The potential of high-energy milling in starting nucleation of NaSICON due to a combined effect
of impact and initial reaction was revealed by SEM. In summary, a facile synthesis technique was
presented for the synthesis of NaSICON-type NasZr,Si,PO1. solid electrolytes. The HEM offers
the advantage of initiating early reactions; this, coupled with the thermodynamic forces and ki-
netics of different sintering conditions, gave rise to different morphologies. To optimise the pro-
cess further, a combined treatment schedule was studied under different conditions. The role of
sintering conditions on micro-structure, density, phases and conductivity of the system were in-
vestigated. The dependence of the conductivity on the micro-structure, density and over-potential
for the sintering conditions was also established. The effects of sintering with different heat-
ing/cooling rates, in air, in argon, in nitrogen, varying starting powder size and quenching in air,
water and nitrogen were studied. The effect of large particle sizes in promoting amorphous phase
was established. The —45um NZSP sample sintered at 1280°C for 6 h was shown to exhibit the
highest density and most compact micro-structure and it achieved a 22.2% increase in conductiv-
ity of (~2.2 x 103Scm™?). A composite of the NZSP membrane was developed and the NZSP
membrane exhibited good electrochemical stability and good interfacial stability versus Na metal.
These results indicate that HEM offers an easy and straightforward NaSICON processing route.

Furthermore, the effects of Mg and Mo dopants on HEM NaSICON were studied. Mo was found
to have limited solubility and promote grain growth and densification, while Mg incorporate in
the NaSICON phase not in the NasPO. phase, it also increased densification. Increasing the
amount of sodium in the NaSICON structure through doping of the zirconium and phosphorus
sites with Mg/Mo enhanced bulk conductivity. The increased number of sodium charge carriers
in the lattice and a charge imbalance of the zirconium site are directly related to improved ionic
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mobility. The presence of Mo in the lattice increased the size of the structural bottleneck; how-
ever, because of its limited solubility in the phase and the large ionic radius compared to P, the
highest conductivity was observed for M00.05. Mo and Mg doping led to slight increase in con-
ductivity.

High-temperature XRD and lattice spin NMR relaxometry were used to study the dynamics of
Na in NaSICON (NasZr,Si,PO12) synthesised through different routes and Naz 4Zr,Si» 4P 6012 US-
ing HEM. NZSP, NZS24P, SS_NCO crystallized in the monoclinic C2/c phase and SS_NHP in
the rhombohedral. Due to the controversy surrounding the number of Na positions in the sodium
sub lattice of the Monoclinic NaSICON, the 3Na C2/c and 4Na C2/c Models were used for Full-
Prof Rietveld refinement. A mid temperature (100°C-200°C) region of structural alteration char-
acterised by increasing values of all parameters was observed. The existence of the purported high
temperature monoclinic to rhombohedral phase transition within this region was checked by prob-
ing the reliability and reversibility (of parameters when modelled with the two structures in op-
posite directions) of refinement with the monoclinic phase from room temperature to high tem-
perature and the rhombohedral 3Na R-3c from high temperature to room temperature. Though
The 3Na C2/c and 3Na R-3c show similar trends in opposite direction of low reliability parame-
ters at the start of refinement which increases around the regions of observed structural alteration,
the irreversibility of the parameters in both direction and the stability of the 4Na C2/c beyond the
region casts a doubt on the purported transition. The Rietveld refinement showed better fitting of
the data with the 4Na C2/c model than with the 3Na model. With the C2/c and R-3c increase in
lattice parameters with temperature was observed. A corresponding increase in the volume of the
unit cell was observed. The fractions of the phases were similar in all models and pronounced
changes in the refinement parameters in the intermediate (100-200°C) were observed. Through
visualisation, displacement of the Na positions and position rearrangements were observed. Thus,
the observed structure alteration could be attributed to lattice distortion, high electrostatic repul-
sion due to proximity of the atom positions. The NMR showed a similar trend of structural alter-
ations observed on the HT_XRD. Two Na motions one fast and the second slow having an 80:20
ratio and attributed to the diffusion paths were observed. The fast motion was attributed to the
main diffusion path and the slow motion to the path influenced by the local compositional varia-
tion.

To dig deeper into the origin of the second diffusion path, the existence or not of a phase transition
in the 4 Na C 2/c and the mid temperature structure alteration region it was planned to investigate
a wider range of compositions. Six samples Nai+Zr.SixP3xO12 X = 1.8, 2, 2.2, 2.4, 2.6 and 2.8
were prepared and the analysis is ongoing. The sintering/formation mechanisms for the different
compositions will be analysed. Porosimetry will be used to study the distribution of pores with
composition and correlate it with the motion process at low temperature from impedance. The use
of TEM to study the local compositions, atomic, electronic, crystal structure as well as space
charge distribution is being explored. In the pursuit of future research endeavours, the transform-
ative potential of thin sodium NaSICON solid electrolytes is being considered. It is anticipated
that these slender electrolytes could play a pivotal role in crafting high-energy, all-solid-state bat-
teries, promising enhanced safety, increased energy density, design flexibility and prolonged cy-
cle life. A future where these materials contribute significantly to energy storage technology is
envisioned, offering efficiency, sustainability, and readiness to meet the challenges of tomorrow.
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The commitment is to uncover the untapped possibilities that thin sodium NaSICON electrolytes
hold for the future of energy solutions.
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APPENDIX

Table A.1 Structural parameters for SS_NCO Na3Zr,Si,PO;, refined with space group

C12/c1 (no. 15) using Rietveld analysis. Cell parameters a = 15.67584(30)
A, b=9.06901(18) A, ¢ = 9.21373(16) A, p = 123.9257(10) and volume =
1087.17(4) A3

Atom  Wyckoff

Nal
Na2
Na3
Zr
Sil
P1
Si2
P2
O1
02
03
04
05
06

site
4d
de
8f
8f
de
de
8f
8f
8f
8f
8f
8f
8f
8f

X

Y

0
0.3299(11)
0.10081(7)

0

0
0.35671(3)
0.35671(3)
0.15052(6)
0.43874(5)
0.25321(5)
0.37773(5)
0.55565(5)
0.08620(5)

Y

Ya
0.39405(9)
0.5214(2)
0.24735(3)
0.04354(7)
0.04354(7)
0.11116(6)
0.11116(6)
0.43693(9)
0.45019(9)
0.17985(9)
0.13569(8)
0.18592(8)
0.14390(8)

Rexp: 0.96, Rwp: 5.6, Rp: 4.28, 2 = 2.38

Y
Y,
0.4379(3)
0.05616(4)
Yy
Y,
0.25914(5)
0.25914(5)
0.22489(7)
0.08771(8)
0.21194(7)
0.10770(9)
0.06213(7)
0.14390(8)

Occupancy

0.25(2)
0.8940(10)
0.714(7)

Weight ratio of phase 1 (NaSICON): 98 (1.6) %, ZrO, = 2 (0.03) %.

Biso, A2

3.815(13)
3.815(13)
3.815(13)
0.505(15)
0.493(5)
0.493(5)
0.493(5)
0.493(5)
1.371(6)
1.371(6)
1.371(6)
1.371(6)
1.371(6)
1.371(6)

Table A.2 Structural parameters for SS_NHP NasZr,Si,PO;, refined with space group
C12/cl (no. 15) using Rietveld analysis. Cell parameters a = 15.67584(30)
A, b=9.06901(18) A, ¢ =9.21373(16) A, p = 123.9257(10) and volume =

Atom

Nal
Na2
Na3
Zr
Sil
P1
Si2
P2
01
02

1086.17(4) A3
Wyckoff X
site
4d Ya
de 0
8f 0.3299(11)
8f 0.10081(7)
de 0
de 0
8f 0.35671(3)
8f 0.35671(3)
8f 0.15052(6)
8f 0.43874(5)

Y

Ya
0.39405(9)
0.4214(2)
0.24735(3)
0.04354(7)
0.04354(7)
0.11116(6)
0.11116(6)
0.43693(9)
0.45019(9)

%

Ya
0.3379(3)
0.05616(4)
Ya
Ya
0.25914(5)
0.25914(5)
0.22489(7)
0.08771(8)

Occu-
pancy
0.19(2)
0.890(10)
0.274(7)

1

%

Vs

%

Vs

1

1

Biso, A2

2.815(15)
2.815(15)
2.815(15)
0.405(15)
0.393(5)
0.393(5)
0.393(5)
0.393(5)
1.471(6)
1.471(6)
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03
04
05
06

8f
8f
8f
8f

0.25321(5)
0.37773(5)
0.55565(5)
0.08620(5)

0.17985(9)
0.13569(8)
0.18592(8)
0.14390(8)

Rexp: 2.51, Rwp: 5.98, Rp: 4.66, 32 = 2.38

Weight ratio of phase 1 (NaSICON): 99 (2.3) %.

0.21194(7)
0.10770(9)
0.06213(7)
0.14390(8)

1.471(6)
1.471(6)
1.471(6)
1.471(6)

e

Table A.3 Structural parameters for SOL NasZr,Si>.POs. refined with space group
C12/cl (no. 15) using Rietveld analysis. Cell parameters a = 15.6545(31)
A, b=9.0568(19) A, ¢ =9.21744(16) A, p = 123.735(10) and volume =

Atom

Nal
Na2
Na3
Zr
Sil
P1
Si2
P2
0O1
02
03
04
05
06

1085.17(4) A3
Wyckoff X
site
4d Ya
de 0
8f 0.2299(11)
8f 0.10081(7)
de 0
de 0
8f 0.39671(3)
8f 0.49671(3)
8f 0.25052(6)
8f 0.48743(5)
8f 0.29321(5)
8f 0.9 773(5)
8f 0.52165(5)
8f 0.08620(5)

Y

Ya
0.39405(9)
0.4731(2)
0.24735(3)
0.04354(7)
0.04354(7)
0.11116(6)
0.11116(6)
0.48693(9)
0.42019(9)
0.21985(9)
0.15569(8)
0.18592(8)
0.14390(8)

Rexp: 2.51, Rwp: 7.55, Rp: 5.59, 2 =10.5

z

Ya
Ya
0.2379(3)

0.0/5616(4)

Ya

Ya
0.25914(5)
0.25914(5)
0.21489(7)
0.08771(8)
0.19194(7)
0.10770(9)
0.06213(7)
0.14390(8)

Phase fraction NaSICON: 98 (1.05)%, ZrO, = 2 (0.08)%

Occu- Biso, A2
pancy

0.23(2)  1.815(13)

0.910(10)  1.815(13)

0.717(7)  1.815(13)

1 0.505(15)

A 0.593(5)

v, 0.593(5)

2 0.593(5)

v, 0.593(5)

1 1.523(6)

1 1.523(6)

1 1.523(6)

1 1.523(6)

1 1.523(6)

1 1.523(6)

Table A.4 Structural parameters for SP_NH4 NasZr,Si,PO1. refined with space group
C2/c (no. 15) using Rietveld analysis. Cell parameters a = 15.7009(34) A,
b =9.08359(19) A, ¢ = 9.204134(16) A, B = 124.0757(10) and volume =

Atom

Nal
Na2
Na3
Zr
Sil
P1
Si2

1088.17(4) As3.
Wyckoff X
site
44 Ya
de 0
8f 0.3299(11)
8f 0.10081(7)
de 0
de 0
8f 0.35671(3)

y

Ya

Zz

7
Ya

0.39405(9)
0.4214(2)
0.24735(3)
0.04354(7)
0.04354(7)
0.11116(6)

0.3379(3)
0.05616(4)
Ya
Ya
0.25914(5)

Occupancy  Biso, A2
027(2)  2.732(13)
0.840(10)  2.732(13)
0.723(7)  2.732(13)
1 0.505(15)

2 0.593(5)

v, 0.593(5)

2, 0.593(5)
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P2 8f 0.35671(3)  0.11116(6)  0.25914(5) v, 0.593(5)
o1 8f 0.15052(6)  0.43693(9)  0.22489(7) 1 1.471(6)
02 8f 0.43874(5)  0.45019(9)  0.08771(8) 1 1.471(6)
03 8f 0.25321(5)  0.17985(9)  0.21194(7) 1 1.471(6)
04 8f 0.37773(5)  0.13569(8)  0.10770(9) 1 1.471(6)
05 8f 0.55565(5)  0.18592(8)  0.06213(7) 1 1.471(6)
06 8f 0.08620(5)  0.14390(8)  0.14390(8) 1 1.471(6)

Rexp: 1.26, Rwp: 4.29, Rp: 3.22,%2 =115

Phase fraction NaSICON: 100%

Fig. A. 1 Elemental distribution maps in (a) SP_NC, (b) SP_NOH, (c) SP_NO and (d) SP_ZNO
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Fig. A. 2 Element distribution of different sintering conditions (a, b, c, d, e) for the heating rates 300°C/h, 240°C/h,
180°C/h, 120°C/h, 60°C/h respectively (f, g) -45um, -75+45um particle sizes respectively (h, i, j) in
air, H20, nitrogen, quenching media respectively (k, I, m) in nitrogen, argon and oxygen sintering
environments respectively
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Fig. A. 3 Elemental distribution in the doped compositions (a) 1MgSi2 (b) 1MgSi2.2 (c) 2MgSi2 (d) 2MgSi2.2 (e)
0.25Mo (f) 0.05Mo (g) 0.075Mo (h) 0.1Mo (i) 0.2Mo (j) 0.3Mo (k) 0.4Mo

Table A.5 Structural parameters for 300°C/h heating/cooling rate NasZr,Si,PO1; refined
with space group C2/c (No15) using Rietveld analysis.

Atom X y Zz B Occ. Wyckoff
O1 0.14770 0.06180 0.21900 1.482(159) 1 8f
Na2 0 0.09761(0.02) 1 / 4 5.050(484) 0.548(15) 4d
Nal 5.050(484) 0.091(10) 4e
s Y4 'y

Na3 0.32902(312) 0.07965(534) 0.33530(575) 5.050(484) 0.430(27)  8f
Na4 0.31329(251) 0.12995(374) 0.43893(449) 5.050(484) 0.539(23)  8f
Zrl  0.10059(26) 0.25046(105) 0.05561(31)  1.439(61) 1 8f
Sil  0.35708(%) 0.38997(184) 0.25967(157) 1546(154) 2/, 8f
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Si2

P

[y

P2

02
03
04
05
06

0

0.35708(96)

0

0.43852
0.25279
0.38133
0.05271
0.08220

0.45633(244)

1/4

0.38997(184) 0.25967(157)

0.45633(244)

0.05414
0.31542
0.36103
0.18436
0.35847

1/4

0.08663
0.20711
0.11456
0.56468
0.24259

1.546(154)

1.546(154)

1.546(154)

1.482(159)
1.482(159)
1.482(159)
1.482(159)
1.482(159)

2/3
1/3

1/3

R el

4e

8f

4e

8f
8f
8f
8f
8f

Table 7.6 Structural parameters for 240°C heating/cooling rate refined with space group
C2/c (Nol15) using Rietveld analysis.

Atom
0O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
(0K
04
05
06

X
0.14770
0

1/4

0.32262(232)
0.31226(214)
0.10154(21)
0.35763(79)

0.35763(79)

0.43210
0.25210
0.38670
0.05220
0.08060

y
0.06180

0.09656(268)

1/4

0.07935(408)
0.13471(311)
0.24973(88)
0.38597(154)

0.45303(181)
0.38597(154)
0.45303(181)

0.05390
0.31390
0.35970
0.18890
0.35580

z
0.21900

1/4

1/2

0.31837(378)
0.43218(355)
0.05653(24)
0.25883(135)

1/4

0.25883(135)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B
2.089(141)
5.781(371)

5.781(371)

5.781(371)
5.781(371)
2.010(61)
2.483(145)

2.483(145)

2.483(145)

2.483(145)

2.089(141)
2.089(141)
2.089(141)
2.089(141)
2.089(141)

Occ.
1
0.543

0.120

0.462
0.488
1

.
2,
.
.

N T

Wyckoff
8f
4d

4e

8f
8f
8f
8f

de

8f

4e

8f
8f
8f
8f
8f
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Table A.7 Structural parameters for 180°C heating/cooling rate refined with space
group C2/c (No15) using Rietveld analysis.

atom
o1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
O3
04
05
06

X
0.14770
0

1/4

0.32713(109)
0.31144(91)
0.10083(7)
0.35903(29)

0.35903(29)

0.43210
0.25210
0.38670
0.05220
0.08060

Y
0.06180
0.10256(118)

1/4

0.07618(183)
0.13086(130)
0.25082(31)
0.38944(55)

0.45483(63)
0.38944(55)
0.45483(63)

0.05390
0.31390
0.35970
0.18890
0.35580

z
0.21900

v,
1,

0.31024(188)
0.42712(165)
0.05627(10)
0.25916(47)

1/4

0.25916(47)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B
0.692
5.260(156)

5.260(156)

5.260(156)
5.260(156)
0.715(19)
0.982(51)

0.982(51)

0.982(51)

0.982(51)

0.692(52)
0.692(52)
0.692(52)
0.692(52)
0.692(52)

Occ.
1
0.516(7)

0.130(3)

0.439(9)
0.519(7)
1

2/3
2/3
1/3

1/3

N e

Table A.8 Structural parameters for 120°C heating/cooling rate NasZr,Si,PO1. refined
with space group C2/c (Nol15) using Rietveld analysis.

Atom

O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

X
0.14770
0

1/4

0.32878(109)
0.31345(84)
0.10090(7)
0.35897(29)

y
0.06180

0.10366(112)

1/4

0.07658(181)
0.13092(119)
0.25165(31)
0.38879(56)

0.45439(64)

z
0.21900

1/4
1/2

0.31053(185)
0.42830(158)
0.05644(10)
0.25849(48)

1/4

B
0.468(54)
5.329(153)

5.329(153)

5.329(153)
5.329(153)
0.524(25)
0.781(56)

0.781(56)

Occ.
1.000
0.524(7)

0.126(3)

0.426(8)
0.525(6)
1

2/3
2/3

Wyckoff
8f
4d

4e

8f
8f
8f
8f

4e

8f

4e

8f
8f
8f
8f
8f

Wyckoff
8f
4d

4e

8f
8f
8f
8f

4e
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P1

P2

02
03
04
05
06

0.35897(29)

0.43210
0.25210
0.38670
0.05220
0.08060

0.38879(56)

0.45439(64)

0.05390
0.31390
0.35970
0.18890
0.35580

0.25849(48)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

0.781(56)

0.781(56)

0.468(54)
0.468(54)
0.468(54)
0.468(54)
0.468(54)

1/3
1/3

Y

Table A.9 Structural parameters for 60°C heating/cooling rate NasZr,Si-PO1, refined
with space group C2/c (Nol15) using Rietveld analysis.

Name
0O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
03
04
05
06

X
0.14770
0

1/4

0.32895(160)
0.31536(119)
0.10000(0)
0.35871(41)

0.35871(41)

0.43210
0.25210
0.38670
0.05220
0.08060

Y
0.06180
0.10339(163)

1/4

0.07773(269)
0.12909(168)
0.25061(46)
0.38993(80)

0.45522(91)
0.38993(80)
0.45522(91)

0.05390
0.31390
0.35970
0.18890
0.35580

4
0.21900

1/4
1/2

0.31328(278)
0.43312(218)
0.05586(13)
0.25868(68)

1/4

0.25868(68)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B
0.988(75)
5.339(223)

5.339(223)

5.339(223)
5.339(223)
0.904(32)
0.856(76)

0.856(76)

0.856(76)

0.856(76)

0.988(75)
0.988(75)
0.988(75)
0.988(75)
0.988(75)

Occ.
1
0.515(9)

0.127(5)

0.417(13)
0.541(9)
1

2,
2,
.
.

R

8f

4e

8f
8f
8f
8f
8f

Wyckoff
8f

8f

4e

8f
8f
8f
8f
8f
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Table A.10 Structural parameters for —45um NasZr,Si2PO1, refined with space group
C2/c (Nol15) using Rietveld analysis.

Name
0O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
O3
04
05
06

X
0.14770
0.00000(0)

1/4

0.33452(116)
0.31326(93)
0.10070(8)
0.35882(32)

0.35882(32)

0.44156
0.25465
0.38037
0.04975
0.08619

Y
0.06180
0.10714(120)

1/4

0.07361(184)
0.12982(130)
0.25129(33)
0.38884(57)

0.45428(64)
0.38884(57)
0.45428(64)

0.04984
0.31842
0.36354
0.18504
0.35839

z
0.21900

v,
1,

0.32758(200)
0.42846(164)
0.05589(11)
0.25838(51)

1/4

0.25838(51)

1/4

0.08889
0.21237
0.11311
0.55919
0.24702

B
0.659(58)

4.650(157)

4.650(157)

4.650(157)
4.650(157)

0.646(23)
0.682(62)

0.682(62)

0.682(62)

0.682(62)

0.659(58)
0.659(58)
0.659(58)
0.659(58)
0.659(58)

Occ.
1
0.512(7)

0.112(4)

0.438(9)
0.538(7)
1

2/3
2/3
1/3

1/3

N e

Table A.11 Structural parameters for ‘—75 +45um’ NasZr.Si,PO1, based on lab XRD (A
=0.70932), data collected at room temperature refined with space group
C2/c (Nol15) using Rietveld analysis.

Name
0O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

X
0.14770
0

1/4

0.32475(98)
0.31075(80)
0.10087(7)
0.35859(27)

y
0.06180

0.10227(94)

1/4

0.07897(157)
0.13437(117)
0.25059(29)
0.38955(50)

0.45618(63)

Z
0.21900

1/4

1/2

0.31593(163)
0.43047(147)
0.05629(9)
0.25940(43)

1/4

B
0.811(49)
3.603(179)

3.603(179)

3.603(179)
3.603(179)
0.686(19)
0.827(47)

0.827(47)

Occ.
1
0.510(6)

0.112(3)

0.397(7)
0.469(7)
1

2/3

2/3

Wyckoff
8f
4d

4e

8f
8f
8f
8f

4e

8f

4e

8f
8f
8f
8f
8f

Wyckoff
8f
4d

4e

8f
8f
8f
8f

4e
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P1

P2

02
03
04
05
06

0.35859(27)

0.43210
0.25210
0.38670
0.05220
0.08060

0.38955(50)

0.45618(63)

0.05390
0.31390
0.35970
0.18890
0.35580

0.25940(43)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

0.827(47)

0.827(47)

0.811(49)
0.811(49)
0.811(49)
0.811(49)
0.811(49)

1 /3 8f

1 /3 4e

8f
8f
8f
8f
8f

B el

Table A.12 Structural parameters for Air quenched NasZr,Si,PO:. refined with space
group C2/c (No15) using Rietveld analysis.

Name
0O1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
03
04
05
06

X
0.14770
0

1/4

0.32666(146)
0.31347(116)
0.10091(12)
0.35847(44)

0.35847(44)

0.43210
0.25210
0.38670
0.05220
0.08060

y
0.06180

0.09834(150)

1/4

0.07966(240)
0.13014(168)
0.25129(47)
0.38952(84)

0.45606(98)

0.38952(84)

0.45606(98)

0.05390
0.31390
0.35970
0.18890
0.35580

z
0.21900

1/4

1/2

0.32398(259)
0.43996(203)

0.05626(15)
0.25924(72)

1/4

0.25924(72)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B
1.104(80)
4.217(217)

4.217(217)

4.217(217)
4.217(217)
1.033(32)
0.935(76)

0.935(76)

0.935(76)

0.935(76)

1.104(80)
1.104(80)
1.104(80)
1.104(80)
1.104(80)

Occ. Wyckoff

1 8f
0.529(9) 44
0.092(5) 4e

0.433(13) 8f
0.549(10) 8f
1 8f

2 /3 8f
2/3 4e

1 /3 8f
1/3 4e

1 8f

1 8f

1 8f

1 8f

1 8f
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Table A.13 Structural parameters for Nitrogen quenched NasZr,Si,PO;. refined with space group
C2/c (Nol15) using Rietveld analysis (negative thermal displacement parameters do not have a
direct physical meaning but may appear as artefacts, indicating residual electron density).

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
03
04
05
06

X

0.14770
0

1/4

0.33444(193)
0.32125(270)
0.10011(21)
0.35836(84)

0.35836(84)

0.43210
0.25210
0.38670
0.05220
0.08060

y

0.06180
0.10236(658)

1/4

0.08768(260)
0.12713(396)
0.25027(94)
0.40056(162)

0.45916(196)
0.40056(162)
0.45916(196)

0.05390
0.31390
0.35970
0.18890
0.35580

z

0.21900
1/4

1/2

0.30736(297)
0.43946(489)
0.05639(23)
0.24764(145)

1/4

0.24764(145)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B

~0.642(107)
2.608(394)

2.608(394)

2.608(394)
2.608(394)
~0.293(31)
0.369(108)

0.369(108)

0.369(108)

0.369(108)

~0.642(107)
—~0.642(107)
~0.642(107)
—~0.642(107)
~0.642(107)

Occ.

1
0.242(7)

0.242(7)

0.654(18)
0.368(9)
1

”
2,
.
.

e

Table A.14 Structural parameters for H.O quenched NasZr.Si,PO:. refined with space
group C2/c (No15) using Rietveld analysis.

At-
oms
o1
Na2

Nal

Na3
Na4
Zrl
Sil

X

0.14770
0

1/4

0.32419(127)
0.31344(94)
0.10000
0.35916(34)

y

0.06180
0.10114(123)

1/4

0.07935(201)
0.12926(134)
0.25155(37)
0.38853(62)

z

0.21900
1/4

1/2

0.31764(219)
0.43433(171)
0.05577(11)
0.26054(54)

B

1.046(64)
3.683(229)

3.683(229)

3.683(229)
3.683(229)
0.788(24)
0.831(63)

Occ.

1
0.498(8)

0.098(4)

0.396(10)
0.524(10)
1

2/3

Wyckoff

8f
4d

4e

8f
8f
8f
8f

4e

8f

4e

8f
8f
8f
8f
8f

Wyckoff

8f
4d

4e

8f
8f
8f
8f
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Si2

P1

P2

02
03
04
05
06

0.35916(34)

0.43210
0.25210
0.38670
0.05220
0.08060

0.45484(77)

0.38853(62)

0.45484(77)

0.05390
0.31390
0.35970
0.18890
0.35580

1/4

0.26054(54)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

0.831(63)

0.831(63)

0.831(63)

1.046(64)
1.046(64)
1.046(64)
1.046(64)
1.046(64)

2/3
1/3
1/3

Y

Table A.15 Structural parameters for NasZr,SioPO1, in Argon refined with space group
C2/c (Nol5) using Rietveld analysis.

At-
oms
o1
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
03
04
05
06

X

0.14770
0.00000(0)

1/4

0.32644(116)
0.31269(88)
0.10082(8)
0.35881(31)

0.35881(31)

0.43210
0.25210
0.38670
0.05220
0.08060

y

0.06180
0.10066(115)

1/4

0.07698(192)
0.13049(126)
0.25093(34)
0.38858(56)

0.45461(67)
0.38858(56)
0.45461(67)

0.05390
0.31390
0.35970
0.18890
0.35580

0.21900
1/4

1/2

0.31722(202)
0.43231(161)
0.05636(11)
0.25990(50)

1/4

0.25990(50)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B

0.968(59)
4.574(161)

4.574(161)

4.574(161)
4.574(161)
0.818(23)
0.892(57)

0.892(57)

0.892(57)

0.892(57)

0.968(59)
0.968(59)
0.968(59)
0.968(59)
0.968(59)

Occ.

1
0.527(7)

0.101(4)

0.422(9)
0.550(7)
1

2,
.,
.
.

R N

4e

8f

de

8f
8f
8f
8f
8f

Wyckoff

8f
4d

4e

8f
8f
8f
8f

4e

8f

4e

8f
8f
8f
8f
8f
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Table A.16 Structural parameters for NasZr,SioPO1, in Nitrogen refined with space
group C2/c (No15) using Rietveld analysis.

At-
oms
01
Na2

Nal

Na3
Na4
Zrl
Sil

Si2

P1

P2

02
O3
04
05
06

X

0.14770
0

1/4

0.32548(142)
0.31437(119)
0.10082(12)
0.35841(43)

0.35841(43)

0.43210
0.25210
0.38670
0.05220
0.08060

y

0.06180
0.10008(147)

1/4

0.07575(233)
0.13207(180)
0.25022(46)
0.39069(79)

0.45774(99)
0.39069(79)
0.45774(99)

0.05390
0.31390
0.35970
0.18890
0.35580

z

0.21900
1/4

1/2

0.31526(246)
0.43769(217)
0.05625(15)
0.25970(71)

1/4

0.25970(71)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

B

1.059(78)
4.229(211)

4.229(211)

4.229(211)
4.229(211)
1.010(29)
0.907(74)

0.907(74)

0.907(74)

0.907(74)

1.059(78)
1.059(78)
1.059(78)
1.059(78)
1.059(78)

Occ.

1
0.540(9)

0.121(5)

0.439(12)
0.507(9)
1

2,
2,
.
.

N

Table A.17 Structural parameters for NasZr,SioPO1, in Oxygen based on lab XRD (A =
0.70932), data collected at room temperature refined with space group
C2/c (Nol15) using Rietveld analysis.

At-
oms
o1
Na2

Nal

Na3
Na4
Zrl
Sil

X

0.14770
0

1/4

0.32514(149)
0.31251145)
0.10087(14)
0.35752(51)

y

0.06180
0.09889(163)

1/4

0.08169(241)
0.13357(222)
0.25017(54)
0.39139(96)

0.21900
1/4

1/2

0.32379(259)
0.44259(243)
0.05620(17)
0.25924(84)

B

1.166(95)
3.436(321)

3.436(321)

3.436(321)
3.436(321)
1.038(35)
0.850(87)

Occ.

1.000(0)
0.519(10)

0.130(6)

0.454(14)
0.459(13)
1

2/3

Wyckoff

8f
4d

4e

8f
8f
8f
8f

4e

8f

4e

8f
8f
8f
8f
8f

Wyckoff

8f
4d

4e

8f
8f
8f
8f
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Si2

P1

P2

02
03
04
05
06

0.35752(51)

0.43210
0.25210
0.38670
0.05220
0.08060

0.45889(122)

0.39139(96)

0.45889(122)

0.05390
0.31390
0.35970
0.18890
0.35580

1/4

0.25924(84)

1/4

0.07670
0.20540
0.12410
0.55910
0.24160

0.850(87)

0.850(87)

0.850(87)

1.166(95)
1.166(95)
1.166(95)
1.166(95)
1.166(95)

2/3
1/3
1/3

[ EE N

4e

8f

4e

8f
8f
8f
8f
8f
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