UNIVERSITY OF THE é
WITWATERSRAND, & %

JOHANNESBURG 2022

STRUCTURAL CHARACTERIZATION OF BIMETAL-PHOSPHATE BASED
SOLID-STATE ELECTROLYTES: A PXRD, PDF AND XAS STUDY

Gugulethu Charmaine Nkala

Student Number: 721270

A thesis submitted to the Faculty of Science, University of the Witwatersrand, Johannesburg,

in fulfilment of the requirements for the degree of

Doctor of Philosophy

Supervisors:

Prof. David G. Billing

Prof. Caren Billing

Dr Fernando D. Vila

Dr Roy P. Forbes

22 May 2024



DECLARATION

| declare that this thesis is, apart from the recognized assistance of my supervisors, my own
unaided work. It is being submitted for the Degree of Doctor of Philosophy at the University
of the Witwatersrand, Johannesburg School of Chemistry. It has not been submitted before for

any degree or examination at any other University.

Credel

(Candidate)

on this 22" day of May 2024

on this day of

(Supervisor)

on this day of

(Co-Supervisor)

on this day of

(Co-Supervisor)



ABSTRACT

In this work, NASICON-type lithium titanium phosphate (LiTi2(POa4)3, LTP) was synthesized
following the conventional solid-state reaction methodology. Single and double-doped
formulations of LTP were made, with the primary objective of improving the room-temperature
ionic conductivity, for their application as potential solid-state electrolytes for all-solid-state Li

ion batteries.

The primary characterization technique applied was ambient-temperature powder X-ray
diffraction (PXRD) at both laboratory and synchrotron experimental conditions. The Rietveld
refinement approach was used to determine the qualitative and quantitative phase compositions
of each sample, revealing the rhombohedral (R-3c, space group #167) main phase, with
phosphate-based secondary phases. Total scattering data, through the pair distribution function
(PDF) was applied, revealing lattice site preference during the substitution of Ti with Al, Sn
and Dy at the 12c site. Further analysis through small-box modelling indicated the local
structure deviation below 10 A, from rhombohedral (R-3c) to monoclinic (P21/n, space group
#14). The application of experimental X-ray absorption spectroscopy (XAS) revealed a stable
4+ oxidation state for Ti regardless of doping. However, the extended X-ray absorption fine
structure (EXAFS) data showed that the replacement of Ti with Sn results in heavy disorder
and subsequent changes in the PO tetrahedra, corroborating the findings from Raman
spectroscopy. Theoretical XAS spectra were computed using FEFF, providing insights into the
origins of experimentally observed XAS features from first-principles.

Applying electrochemical impedance spectroscopy (EIS) to assess the ambient-temperature
ionic conductivity, co-doped systems showed an improvement in the conductivity. The
application of characterization techniques at various length scales has been demonstrated to

provide insights into the mechanisms governing the performance of the solid-state electrolytes.
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‘Observed’ = Experimental data; ‘Calculate’ = Theoretical data obtained from the input
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Figure 3.6. Raman spectra of Sn**-LTP electrolyte materials recorded at room temperature
with an excitation wavelength of 514 nm.

Figure 3.7. Normalized Ti K-edge XANES spectra of Sn-LTP compositions synthesized at
900 °C. The zoomed inset shows the pre-edge features. The spectrum for TiO2 (Degussa P-25;
anatase: rutile = 87:13) is included for reference.

Figure 3.8. The splitting of atomic d-orbitals in the presence of a ligand field with different
distortions.

Figure 3.9. A magnified view of the near-edge region of normalized XANES spectra of the Ti
K-edge, for Sn-LTP formulations.

Figure 3.10. Ti K-edge: (a) Stacked k? y(k) data and (b) Fourier-transformed (FT) k? weighted
EXAFS spectra for Sn-LTP compositions (no phase correction). Highlighted peaks correspond
to the Ti-O single scattering, Ti-P single scattering and Ti-O-P multiple scattering shells.
Figure 3.11. Fitted Nyquist plots for Sn**-LTP phases (0-10, 50 mole % Sn*") and the EC
model used in data fitting.

Figure S3.1. Rietveld refinement results for Sn-LTP compositions (a) LTP, (b) 2% Sn-LTP,
(c) 4% Sn-LTP, (d) 6% Sn-LTP, (e) 8% Sn-LTP and (f) 10% Sn-LTP, showing the absence of
the isostructural LSP phase. ‘Observed’ = Experimental data; ‘Calculate’ = Theoretical data
obtained from the input structures.

Figure S3.2. Laboratory PXRD pattern of TiO2 Degussa P-25 standard, with Rietveld
refinement as implemented on Topas ACADEMIC based on the tetragonal anatase (ICSD
9852) and rutile (ICSD 121630) structures, used in the Ti K-edge XAS analysis.

Figure S3.3. The k? weighted kR plots of the EXAFS fits for Sn-LTP formulations for (a) LTP,
(b) 2% Sn-LTP (c) 4% Sn-LTP, (d) 6% Sn-LTP, (e) 8% Sn-LTP, (f) 10% Sn-LTP and (g) 50%
Sn-LTP.

Figure 4.1. Synchrotron PXRD patterns for variously doped NASICON-type LTP systems.
Figure 4.2. Raman spectra of variously doped NASICON-type LTP systems. The spectra for
LADTP and LATP were scaled by 0.5 and 5, respectively, for better visual comparison.
Figure 4.3. (a) Stacked X-ray atomic PDFs of variously doped NASICON-type LTP systems.
The zoomed inserts represent the M-M interatomic distances at approximately (b) 5 A and (c)
6 A, showing lattice site preference.

Xiii
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Chapter 1: Introduction & Literature Review

1.1. The viability of renewable energies in South Africa

Coal supplies approximately 77% of South Africa’s energy and more than 85% of its
electricity.! Although coal is the primary source of energy, fossil fuel combustion continues to
be detrimental to the environment. Coal and other fossil fuels produce carbon dioxide, amongst
other gases, during energy production, which results in global warming, air pollution and acid
rain.

Due to the growing economy and an increase in population in South Africa, the supply-demand
balance has been offset. To handle the load on the national electrical grid, Eskom, the country’s
publicly-owned power utility generating approximately 95% of the country’s electricity,?
embarked on the construction of multi-billion-rand coal power plants. The construction of the
4767 and 4800 MW Medupi and Kusile coal-fired power stations would have been a milestone
in the nation’s energy sector as well as in presenting potential employment opportunities for
the skilled youth as it would have been a source of more much-needed power to maintain homes
and industries. Unfortunately, this venture resulted in cost overruns which resulted in delays of
the entire project. One of the stated reasons behind the delay in project completion was as a
result of the lack of adequate skills and their availability. The updated timeline for the operation
of two power stations has now been revised to 2023 for Medupi and 2026 for Kusile.®

South Africa has an energy-intense economy, with the mining industry as one of the biggest
contributors to the country’s gross domestic product (GDP) at 21 % in the 1980s to a low 8 %
in 2016.* The implemented power cuts in recent years have had adverse effects in the total
mineral outputs, and by extension, the GDP contribution of the mining sector. Load shedding
continued to plague the daily running of industries thus costing the country between R20 billion
and R80 billion per month.>©

The effects of the delayed power plants have resulted in the country having to explore other
means of generating electricity, such as renewable energy sources energies. The relatively
lower prices for renewable power have probed an increasing interest in the subject hence an
increased interest in investment, globally. The scientific community’s interest in renewable
energies puts South Africa at a point where the renewables are cheaper than the coal-based
power. The new wind and solar power source initiatives have been estimated to be 20% cheaper

than Eskom’s coal-based 2016/17 electricity price.’



In a study conducted by Meridian Economics,® on Eskom’s financial crisis and the viability of
the new power plants, it was found that the use of alternative energy sources could meet
Eskom’s demand over the same period at a relatively cheaper cost than that of the energy that
would be obtained from the new power plants through fossil fuel combustion.” The study
concluded that it would, therefore, be more economically logical to consider other means of
energy generation instead of continuing with the construction of power plants. This speaks to
the importance of renewable energy and its potential economic impacts.'-!!

The continued use of coal as a primary source of energy has rendered South Africa the 14"
largest emitter of greenhouse gases (GHGs), accounting for 34% of Africa’s emissions.!

The government’s drive to introduce renewable energies was not only propelled by the need to
decrease South Africa’s carbon footprint but also favored by the constitution. Act No. 108 of
1996, states that the government is to provide adequate and clean energy to all citizens
regardless of their geographical location. Part of the Government’s objectives to fulfil the
Constitution was to address constraints on the development of renewable energy technologies
in the industry, as well as ensure that there is liberalization of state-owned entities (Eskom) to
encourage the energy mix.

The three energy policy documents that have shaped the energy sector are as follows:

e White Paper on Energy Policy (1998),"°- this was solely based on satisfying the
objectives of the constitution, wherein the Government had to provide safe, reliable and
sustainable energy for all. This was after the 1996 shift towards democracy.

e Renewable Energy (RE) White Paper (2003),'"> — Although SA predominantly
depended on coal as a source of energy due to its abundance (as well as its significant
contribution to the nation’s GDP), the rising concern towards the deteriorating health
of the lower-class regions and the environmental effects of coal combustion further
stimulated the need for alternative sources of energy. Target: 10 000 GWh by 2013

e National Climate Change Response Policy White Paper (2011),!> — SA’s energy-
intensive economy resulted in SA having one of the largest CO2 production per capita,
resulting in the country having to commit to a much cleaner energy climate. The
increase in the amount of RE integrated into the energy flow further increased the

attention, hence further attracting investments both at a local and international level.

Copenhagen Agreement: SA to reduce emissions by 34%.
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The second level of implementation of the RE policy was based on the Integrated Energy Plan
and Integrated Resource Plan (IRP).!® The IRP was a 20-year plan that focused on the
development of the correct energy mix as well as a delivery timeline. IRP 2010 was a 2010-
2030 plan that aimed at increasing the energy mix to having 26% energy contribution coming
from RE sources. To this end, three renewable energy sources are briefly discussed below, in

the South African context.

1.1.1. Waste-to-energy conversion

The generation of approximately 122 million tons of waste per annum in South Africa has
posed a significant threat to the environment and society.!” The amount of generated waste in
South Africa is projected to yield about 6.1 billion m* of methane (CH4) gas under standard
conditions of 273 K and 1 atmospheric pressure, which results in at least 528.7 MWh per annum
of electricity.'®

The decomposition of waste at landfills produces approximately 50-60% methane gas (CHa),
amongst others.!” Also, leachates from waste degradation pollute the underground water
systems, infringing on the constitutional rights to clean and safe water and the environment.
South Africa's fast running out of landfill air space is attributed to population growth and
urbanization, and existing landfills are regarded as non-compliant.

As such, the promulgation of the Extended Producer Responsibility (EPR) regulation,?? as an
extension to the National Waste Management Strategy,! has placed obligations on industries
and consumers to find alternative beneficiation strategies to landfilling, for their waste in
contribution to the circular economy. The EPR regulation places the responsibility of a
product’s end-of-life treatment on the producer who places the product on the market.?? The
circular economy encourages the minimal harvesting and use of raw materials by collecting
and recycling certain waste streams (e.g., glass, plastics, electronic waste and paper and paper
packaging) into the manufacturing of new products. This significantly decreases the
contributions of yielding raw materials to the manufacturing process’ environmental and
economic costs. Proposed technologies for harnessing energy from waste are anaerobic
digestion and microbial fuel cells. Microbial fuel cells have been reported to have higher energy
recovery efficiency from waste, than anaerobic digestion.?3>* Therefore, the large-scale

applicability of these methods is a point for further research.
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1.1.2. Solar energy

South Africa has an average daily direct normal radiation above 7 kWh/m?, implying that solar
energy is the most readily available source of renewable energy. Research has been conducted
to determine the feasibility of solar power in South Africa. In one case study, Geographical
Information System (GIS) was used as a tool to find the most viable provinces in which solar
power plants could be built. Factors such as solar resources, proximity to transmission lines,
land use profile and slope were taken into consideration. The study found that the Northern
Cape was the most suitable province, with a potential output of 510.3 GW of power. Other
provinces were identified as follows: Free State, Western Cape and Eastern Cape, each with
potential outputs of 25.3, 10.5 and 1.6 GW, respectively. One needs to consider that the plants
will not run at nominal capacity all year round, but instead, with a capacity factor of 40%.?

One of the major drawbacks of solar power has been that of expensive energy storage systems
because of their limited life span.?® Also, thorough investigations need to be carried out to
assess areas that would be best suitable for the construction of transmission lines from areas of

energy generation to main electricity consumer centres.'!

1.1.3. Wind energy

Wind energy has been shown to be one of the most viable sources of renewable energy. South
Africa has average wind speeds of 7 m.s™ in some coastal and escarpment regions. Wind energy
would be applicable in South Africa due to the extensive coastlines and lowland escarpment.
This has only been found to be practical in the Eastern and Western Cape provinces.? Two of
the existing wind farms, Klipheuwel and Darling farms, each contribute 3.2 and 5.2 MW,
respectively. The Klipheuwel farm served to demonstrate the possibility of harnessing wind
for its inclusion in the energy mix. Although the Klipheuwel wind farm contributed to the
energy capacity at Eskom, three wind turbines at this farm have since been decommissioned as
of July 2016, owing to the completed construction of the Sere wind farm in the Western Cape
(producing 100 MW of energy). The Darling Wind Farm Company, the first independent power
producer, provides energy to the City of Cape Town, following a 20-year power purchase
agreement.?” Wind and solar power remain applicable in South Africa for integration into
existing methods of generating energy. As it was alluded to earlier, investigating and improving
means of renewable energy storage remains one of the core areas of interest in scientific

research in South Africa.
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1.2. All-solid-state batteries in energy storage

1.2.1. An overview of ceramic solid-state electrolyte candidates

Current research is based on finding materials that are capable of harnessing renewable energy,
with the focus being the development of better energy storage materials and exploring ways in
which lower-cost batteries can be synthesized. As some of the renewable energy sources have
been discussed, it follows that if South Africa is to have a smooth transition towards higher
inclusion of RE in the energy mix, efficient energy storage systems are required. It has been
posited that for grid-level energy storage, redox flow batteries are a suitable candidate.?® These
are external energy storage devices have been reported to offer flexible and independent
scalability in order to increase their capacity, better operational lifespan. Redox flow batteries
involve the storage of liquid electrolytes in external tanks that are only pumped through the
cell during the charge-discharge process. During charging, electrical energy is converted to
chemical energy upon oxidation and reduction occurring at the anode and cathode,
respectively. The discharge state involves the conversion of chemical energy to electrical
energy, also facilitated by the oxidation-reduction processes occurring at the electrodes. The
changes in oxidation states of the electrolytes are what facilitates the charge and discharge
states. These energy storage devices therefore provide a relatively stable power supply to
supplement the national grid.

The current challenges around redox flow batteries are the need for improved ionic
conductivity and energy density. Increasing their energy density has a direct impact on the
associated costs, while an improved ionic conductivity can only be achieved through increased
concentrations of the electrolyte transition metal salts in water. This also leads to increased
viscosity and thus, poor conductivity. Therefore, it is imperative that research endeavors also
focus on finding the right balance to achieve a higher ionic conductivity. The other challenge
of redox flow batteries is that they are more suitable for fixed installations, instead of flexible,
mobile installations which would be more suitable to address energy poverty in remote areas,
due to their low energy density.?°

Although redox flow batteries have been studied and are currently being applied in other
countries for grid energy storage, their limited energy efficiency affects their worldwide large-
scale implementation. As such, lithium-ion batteries (L1Bs) remain a worthy candidate.
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The motivations for alternative energy storage systems are that the most widely used
rechargeable batteries contain toxic electrolytes such as sulfuric acid in lead acid batteries and
lithium perchlorate in LIBs.*® More prevalent organic electrolytes are typically mixtures of
ethylene carbonate and propylene carbonate, amongst others.312 The presence of these organic
electrolytes poses a safety threat, due to the formation of Li dendrites, that penetrate the
electrodes, resulting in the leakage of electrolyte solution into the rest of the battery
components.® The organic electrolytes exhibit low thermal stability and flame points, making
them susceptible to flammability.®* The drawbacks of current LIBs are, amongst others, their
costs and reliability concerns. These are attributed to the deterioration of battery devices over
a short period. The constant replacement of these materials has negative environmental effects,
and as such, research into recycling technologies of spent battery materials seek to address this
gap.®

Alternative electrolyte materials have received great attention, more specifically solid-state
electrolytes, for their applications in all-solid-state batteries. All solid-state batteries refer to
energy storage devices wherein all components, i.e., the cathode, anode and electrolyte are all
in the solid state. Figure 1.1 shows a general schematic of an all-solid-state Li ion battery.
Lithium-ion batteries are widely used in portable devices such as phones, tablets, and smart
watches, along with electric vehicles (EVs). The mechanism of operation is as follows: during
the discharge process, a redox process occurs, allowing the flow of electrons across the external
circuit from the anode to the cathode, with Li cations also moving from the anode to the

cathode, through the electrolyte.
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Figure 1.1. A schematic of an all-solid-state battery. Example compounds are given for each component; the negative anode is
lithiated graphite (LiCg), ref the electrolyte is the NASICON-type LiTi,(PO,); (LTP), while the positive cathode is LiFePO,. The Li

atoms are green, C are brown, Ti are blue, P are purple, Fe are yellow, with O atoms being red.

Electrolytes determine the current (power) density, time stability and the safety of the battery
as a whole. The state-of-the-art liquid electrolytes are limited with regard to poor physical
and chemical stability and their dependence on the formation of a solid electrolyte interface
(SEI). The use of solid-state electrolytes would eliminate the need for a separator, avoid the
use of organic electrolytes and therefore promote the use of safer batteries that do not pose any
leakage risks.®” An ideal solid-state electrolyte should possess properties such as chemical
stability over the temperature range of operation for the battery, a transference number close to
unity, wherein transference number is defined as the ratio of the Li* conductivity to the total
conductivity in the electrolyte, it should be low cost and minimally toxic and exhibit electronic
conductivity in the order of 101° S/cm, and an ionic conductivity that is greater than 10 S/cm.
32 The work by Sun,® delved into the challenges surrounding the application of all-solid-state
batteries in EVs. In the work by Sun, the challenges have been stated to be attributed to low
ionic conductivity at operating temperatures, chemical and electrochemical stability, lack of
understanding of interfacial mechano- and electrochemistry. Along with these challenges, the
consistent call to action around existing research is in the development of novel systems (solid
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electrolytes, cathode and anode materials) that can be applied to ASSBs in EVs, in alignment
with other authors discussed in this study, in the field of ASSBs. Sun further highlights the
need for structure-property analyses through a multiscale approach.

Extensive research has been conducted on ceramic materials meeting the above-stated
criteria. This work focuses on ceramic-type electrolytes. Li* ion conducting oxide electrolytes
are further divided into:*°

e  Garnet-type

e Perovskite-type

e Anti-Perovskite-type

e Lisuperionic conductors (LISICON) type

e Na superionic conductors (NASICON) type

e Amorphous oxides

Table 1.1 provides a glimpse of the various oxide-based Li*-ion conducting electrolytes that
have been studied for their potential application as solid-state electrolytes. Their respective

room temperature ionic conductivities are also given.

Table 1.1. Some classes of ceramic-based solid-state electrolyte materials and their respective conductivities.

Crystal structure Composition lonic Conductivity (S/cm)
Garnet-type,*0-42 LizLasZr,012 (LLZO) 7.74 x 10™*
Perovskite,*3 LioaslaossTiO3 5.25 x 107>
Anti-Perovskites,* LisOCI > 1073

LisOBr
LISICON,*® Lis55(G€0.45510.10Vo0.45) O4 5.8 X 107>
NASICON,* Li13Alo3Ti17(POs)a 7 x 1074

NASICON (Na Super Ionic Conductor) materials of formula Nai+xZrP3xSixO12 (AM2(POs)3;
A = Li, Cu, Ag; M = Ti, Ge, Hf, Zr and x = 0) have attracted great attention as solid-state
electrolyte materials. These refer to a class of rigid structures that have the ability of 3D fast
ionic transportation attributed to the mobility of A" cations through the interstitial sites of the
crystal lattice. The crystal structure consists of chains of PO4 tetrahedra that are corner-linked
to MOg octahedra to form a helical structure extending along the z-axis.’® 37 Li-based
NASICON-type materials have been successfully synthesized and their electrical properties

8
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established. The primary material LTP has been studied extensively in the past couple of years,
and it has been found to have the ideal space group R-3¢.>* *’*° One of the drawbacks of the
analogous LiZr2(PO4)3 (LZP), LiSn2(PO4); (LSP) and LiHf>2(PO4); (LHP) materials is that they
tend to exhibit a temperature-dependent polymorphism.

This change in the crystal structure with temperature results in varying voltage outputs and
ionic conductivities, thus making the materials unsuitable for applications as solid-state
electrolytes, if the temperature of the phase change is within the operating temperature range
of the device. 3%-30-3

Although the NASICON-type structure can readily be substituted at the A, M and P sites, the
variation in ionic radii of the substituent cations alters the size of the migration channels for A-
ion hopping, thus also affecting the ionic conductivity. Aono et al.,>* found that the highest
conductivity was displayed by LTP which showed the best size match between the Ti-bearing
phosphate framework and the Li mobile cation. Although these 3D structures have the potential
for fast ionic migration, they display ionic conductivities in the order of 107" S/cm, relatively
poorer than what is desired (10" S/cm) for solid-state electrolytes. Therefore, various strategies
have been employed to improve the ionic conductivity at room temperature, namely: improving
the bottleneck size by replacing Ti*" with ions of larger radii, and ii) increasing the amount of
Li* migratory species through replacement of Ti*" with aliovalent cations. As such, an
extensive list of aliovalent and isovalent cations have been applied to try and improve the
conductivity of Li" at room temperature, shown in Table 1.2, and subsequently briefly

reviewed.?? 3¢
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Table 1.2. A non-exhaustive list of variously doped LTP systems and their respective ionic conductivities at room temperature.

Doping strategy

Dopants used

lonic conductivity (S/cm)

Singly doped Al 4 7 x 1074
Sc,»® Sc (R-3c): 2.68 x 1075
Fe, In,% Fe (Pbca): 3.34 x 1077
Mn,57 _
Cr,>® 441 x 1077
In,8 8.30 x 107°

Doubly doped Al, Nb,>® 3.54 x 10~*
Al, Y% -
Al, Sc,%* 7 x107*
Al, Zr,%2 7.9 x107*
Al W% 5.49 x 107*
Al, Fe,® 1.1 x 1073
Al, Cr % 1.6 x 1073
Ca, Fe,% 5.2 x 107%

Co-doping strategies, wherein Ti*" is replaced with at least two other cations have also been

applied at the Ti 12c¢ site of the rhombohedral structure and have been reported to improve the

conductivity of Li at room temperature. It has been reported that although LATP has been

shown numerous times to be one of the most conductive NASICON systems, the reduction of

Ti*" to Ti** results in a redox reaction at 2.5 V against Li/Li. This leads to incompatibility with

other low-potential anode material candidates attributed to increased resistance of the

interface.®®%® Systems doped with multiple cations (co-doped) such as LiAlxZryTi(2-x-y)(PO4)3

have also been reported to be a promising method of reducing the reduction of Ti*" in LTP-

type systems.””
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1.2.2. Determining cation migration mechanisms through structural

characterization

The mechanisms governing the improvement of ionic conductivity remain an active area of
research. The application of various characterization techniques aids in this understanding, both
from an experimental and first-principles perspective. The most widely used techniques in
determining the average and local structure are powder diffraction methods based on both X-
rays (powder X-ray diffraction, PXRD) and neutrons (neutron powder diffraction, NPD).
Seeing how the ionic conductivity is largely dependent on the average structure and the
percentage composition of secondary impurity phases, the analysis of diffraction data provides
qualitative and quantitative insights into the phase compositions. The ionic conductivity at the
grain boundaries is largely affected by the presence of secondary phases such as TiP.0O7 and
Al,03. Therefore, determining the phase composition is of utmost importance.’

The application of neutron diffraction studies through difference Fourier maps has also been
insightful in determining the average cationic distribution in solid ionic conductors.’® In the
case of NASICON-type LTP systems, the general proposed migration pathway for Li* in the
rhombohedral NASICON structure is from the sites 6b to 18e and into the adjacent 6b sites
(6b— 18e — 6b) along the c-axis. However, the migratory Li* cations were found to be
distributed between the 6b and 36f sites in the rhombohedral structures (R-3c). The 36f sites
were found to be more energetically favorable, resulting in faster cation movement (i.e., higher
ionic conductivity). 7> This was the case in doped systems that have excess Li required for

charge balance.

Solid-state nuclear magnetic resonance (SS NMR) around the Li (“Li), Al (*’Al) and P (°!P)
elements also provides information on the coordination environments that vary depending on
the geometry around Li, Al and P, which can then be used to decipher the lattice sites occupied
by these elements in the structure. The advantage of NMR is that the crystallinity (or lack
thereof) of the sample is not a prerequisite, similar to PDF. SS NMR typically yields a single
chemical shift for an element in a particular environment, as shown in Table 1.3. Different
local order (geometry) around the nucleus of interest results in different chemical shifts,
therefore this technique has been a useful complementary method for validating the occupied
sites in NASICON-type solid-state electrolytes. The presence of Al in octahedral and
tetrahedral environments results in the observation of peaks at -15 ppm and 40 ppm,

respectively.
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Since the replacement of Ti** by AI** happens at the 12c site (octahedral), the presence of a
peak at 40 ppm is usually ascribed to the presence of the AIPO4 secondary phase, typically
obtained in LATP systems with more than 10% Al. For new sites of P, the peaks tend to move
towards more positive chemical shifts, which may indicate the formation of a new, secondary
phase.> 7® The presence of these secondary phases affects the cation migration, especially at
the grain boundaries, resulting in the grain boundary conductivity being the rate-determining

step.”’

Table 1.3. The respective chemical shifts of Li, Al and P in LATP NASICON-type rhombohedral (R-3c) pristine sample.>> 7

Nucleus Wyckoff position in R-3c Approximate chemical
shift (6; ppm)

"Li 6b -1.2

36f

2IA| 12¢ -15 (octahedral)
40 (tetrahedral)

43¢ 12¢ 17.5 (octahedral)

31p 18e -27.5

Raman spectroscopy provides a complementary analysis to that of diffraction and NMR
methods in establishing the phase compositions, particularly the changes around the phosphate
PO4 and metal oxide MOeg polyhedra. Computational and experimental vibrational spectra have
been used successfully to assign the vibrational modes observed to the structure of materials
that change depending on the chemical environments of atoms within the structure induced by
various lattice site substitutions.’”® Infrared and Raman spectroscopy have been used to
determine the presence of short-range static disorder, attributed to lattice site substitutions and
the presence of Li in non-6b sites in rhombohedral NASICONSs.”®® Since Li is typically found
at the 6b site of the LTP rhombohedral structure, with a site symmetry of Se, this atomic
position is Raman-inactive.

Therefore, any changes in the site symmetry of Li to Raman-active sites due to distortions in
the structure may be probed by Raman spectroscopy.

Although significant work has been done in the field of NASICON-type solid-state electrolytes
in varying dopants to improve ionic conductivity, as well as characterization, the application
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of techniques has been largely limited to those that have been briefly discussed in this section
(i.e., PXRD, NPD, SS NMR, Raman and Infrared spectroscopy). The PDF remains an
underutilized technique in the characterization of the local and medium-range structure of
rhombohedral Li-NASICON systems. To our knowledge, only one study has been conducted
that focused on the analysis of PDF data.®! However, it is largely radial distribution functions
stemming from ab initio molecular dynamics (AIMD) and density functional theory (DFT) that
have been discussed.?28 In the work by Lang and colleagues,* the use of DFT determined the
migration pathway of Li in doped NASICON-type LGP systems. The replacement of Ti by
trivalent cations showed the occupation of the 36f site by Li in the R-3c structure, which was
found to be more energetically favorable than the 18e site that had been previously proposed.
This resulted in faster migration of Li* cations due to decreased activation energies, particularly
around the dopant cations.

A more holistic approach to understanding the influence of structure on the properties of energy
materials is obtained through the application of structural analysis probes at various length
scales. To this effect, techniques such as the pair distribution function (PDF), both from X-rays
and neutron large-scale facilities have been applied over a wide range of energy materials.
Multiple studies have highlighted the limitations of conventional diffraction methods, which
probe the long-range ordered structure, while the local structure is not confirmed. The
application of PDF in unravelling the local structural phenomena has been used extensively in
energy materials, showing the presence of distinct phases that are not detected through
conventional diffraction methods and the deviation of a local structure from that detected from
the average structure PXRD. In the perspective authored by Malavasi and references therein,
case studies relating to the application and importance of understanding the local structure, are
given for oxide ion conductors and Li-ion battery materials. Sanchez et al.,®® also applied PDF
methods in detecting a glassy component in perovskite materials for photovoltaic applications
and the presence of amorphous phases, which could not be detected from conventional
diffraction methods such as PXRD. Proffen et al.,®” studied the effects of Nb substitution in
SrTiOz and BaTiOz compounds. The average structure of both systems at room temperature
was found to be cubic Pm-3m, while the local structure investigations through PDF indicated

a deviation of the Nb-doped BaTiO3 system from Pm-3m to the rhombohedral R3m space
group.
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Another pertinent technique in the analysis of energy materials is X-ray absorption
spectroscopy (XAS). XAS provides information on the local geometry and electronic structure
around a specific element within a system. Similar to the PDF, XAS has no long-range order
prerequisite, thus it can be used to probe the structure across crystalline, polycrystalline, nano
and amorphous materials. XAS can also be applied in the structural determination of solids,
liquids and gaseous state materials. This is particularly important in in-situ and operando
studies of energy materials to track reaction mechanisms.® In our case, this thesis presents the
analysis of NASICON-type structures from the perspective of Ti and Dy edges. In a recent
review on XAS, Kerr et al., & highlights the application of XAS in determining the local
structure of amorphous, crystalline, and mixed environment systems. It is imperative to
establish oxidation states of solid-state systems, particularly in the case of Ti-bearing
NASICONSs, since the interaction between LTP and Li electrodes has been stated to induce a
change in oxidation state for Ti (from Ti** to Ti%"), which can affect the performance of the
battery.?® The K-edge spectra of transition metals, such as Ti, typically show pre-edge features
attributed to the electronic transition from 1s to 3d states. The K-edge refers to the transition
involving the excitation of innermost (1s) electrons surrounding the nucleus.®® In-depth
analysis of the pre-edge region provides systematic information on the effects of changes in
the local environment and the degree of hybridization of the metal-oxygen moieties. These
analyses are supported by computational XAS methods,? which provide assignments of
spectral features from first principles.

Therefore, the primary focus of this thesis is on providing an in-depth analysis of the structure
of various NASICON-type systems across various length scales, following techniques such as
conventional X-ray diffraction (average), x-ray PDF with qualitative and small-box modelling
methods (local atomic structure), and X-ray absorption spectroscopy (local geometry and
electronic structure). These structural characterization methods provide insights into the factors
that may govern changes in the observed room temperature Li* ionic conductivities. The
background of these techniques is discussed in relatively more detail in Chapter 2, displaying
how they have been applied to the characterization of LTP-based systems in the subsequent
results chapters.

1.3. Aims and Objectives

Understanding the structure-property correlations in materials for potential use in solid-state
batteries remains important in influencing the design of these materials. To this effect,

variously doped LTP-based NASICON solid-state electrolytes have been synthesised
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following the conventional solid-state reaction mechanism and the objectives of this work are
as follows:

1) Proof of concept through synthesising Sn-doped LTP-based systems at 900 °C and
characterization of the average and local structure, along with the thermal stability
and 1onic conductivity at ambient temperature.

i1) Preparation of novel Al, Sn (Lii2Alo2Tii.7Sno.1(POs)3, LATSP) and Al, Dy
(Li13Alo25Dyo.05Ti1.7(PO4)3, LADTP) co-doped systems with improved ionic
conductivity and uncovering the site occupancy preference through model
independent PDF analysis, and the effect of doping on the degree of hybridization
through experimental XAS.

iil)  Using computational XAS to unravel the local structure of the Al, Dy co-doped
system through Dy Ls-edge analysis.

1.4. Thesis outline

Chapter 1 provides the rationale and brief literature review of the study, focusing on the
techniques applied in Energy Materials characterization and outlining the aims and objectives.
Chapter 2 gives insights into the synthesis procedure of various doped LTP systems, and the
techniques used to probe the structure at multiple length scales.

Chapter 3 presents the Sn-doped LiTi>xSnx(POa)s systems and the effects of increased [Sn**]
at the Ti** site, on the average and local structure of the NASICON-type systems through
diffraction and spectroscopic techniques.

Chapter 4 probes the co-doped Al, Sn (Li12Alo2Tiz7Sno1(POs)s, LATSP) and Al, Dy
(Liz.3Alo.25Dyo.05Ti1.7(PO4)3, LADTP) systems showing an improved ionic conductivity, and
the application of XAS in uncovering the site preference of dopant cations in the rhombohedral
12c¢ metal sublattice.

Chapter 5 largely focuses on the description of the Dy environment in the Al, Dy co-doped
system through the analysis of average, local and electronic structure through synchrotron-
based PXRD, PDF and computational XANES techniques.

Chapter 6 provides the conclusions and recommendations for future structural analysis of
NASICON-type systems in providing a unified structural description.
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Chapter 2: Experimental Synthesis and Characterisation Methods

2.1. Synthesis of NASICON-type LiTi2(PO4)3-based systems

A series of NASICON-type LiTi2(PO4)3 (LTP)-based materials have been synthesized via the
conventional solid-state reaction method. The composition-specific synthetic procedures and
characterization techniques are outlined in the respective Results & Discussion chapters.
Across all chapters, all variously doped compositions are compared to the parent, undoped
system, LTP. In this chapter, the background of characterization techniques used in the study
is briefly explained. Here, we outline the instrumental setup, data collection and reduction,
followed by the data analysis parameters used.

Table 2.1. A comprehensive list of all compositions synthesized in this work, showing the relevant chapters and the dopant %.

Chapter Composition Dopant %

3 LiTi2(PO4)3 -
LiTi1.06SN0.02(PO4)3 2% Sn
LiTi1.02SN0.08(PO4)3 4% Sn
LiTi1.88SN0.12(PO4)3 6% Sn
LiTi184SNn0.16(POs)3 8% Sn
LiTi1eSNo2(PO4)3 10% Sn
LiTiSn(PO4)s3 50% Sn

4 LiTi2(POa)3 -
Li13Alo3Ti17(PO4)3 15% Al (LATP)
Liz2Alo2Tiz.7SNo.1(PO4)3 10% Al, 5% Sn (LATSP)
Li13Alo2sDyo0sTi17(POs)s  12.5% Al, 2.5% Dy (LADTP)

5 LiTi2(PO4)3 -
Li13AloaTi17(POs)3 15% Al (LATP)

Li13Alo2sDyoosTirn7(POs)s  12.5% Al, 2.5% Dy (LADTP)
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2.2. Materials characterization techniques

The complex characterization of solid electrolytes exploring the average and local structures
provides insights into the structural changes that occur as a result of synthesis conditions such
as temperature,® lattice site substitution with various isovalent and aliovalent cations,?* and
their subsequent result on the ionic conductivity of the electrolytes. Employing multiple
techniques for analysis allows for the application of different probes and operation methods to
reveal different facets of the material’s properties. Although extensive studies have been going
on for decades on NASICON-type materials since their discovery by Goodenough et al.,®
developments and improvements of synchrotron facilities and techniques have provided new
insights that continue to inform further improvements on existing materials for their
applicability in energy storage and transport.

The quality of structural information obtained in each technique is largely dependent on the
method of sample preparation, the experimental set-up, and the correct data reduction and
subsequent analysis. Each of the following setions will consist of a brief introduction to the
technique and the importance of each technique in addressing the research questions stated in
this work. Exemplary data sets are presented for each section, with the data analysis

methodology.
2.2.1. Powder X-ray diffraction (PXRD)

PXRD is the preeminent analysis technique in this work, used as a method to establish the
qualitative and quantitative phase compositions and crystallinity of the electrolyte materials. In
PXRD using conventional diffractometers, a high-voltage field is used to accelerate electrons,
which then collide with a metal target (the anode), thus generating X-rays. The interaction
between an incident electron beam of sufficient energy and the anode results in the emission
of bound electrons of the anode, generating a hole. An electron from a higher-energy shell fills
the generated hole, and as the electron falls into the lower-energy vacancy, it releases energy
by giving off characteristic X-rays of specific energy (or wavelength). If the 1s (K shell) core
electron is ejected and the resulting hole is filled by an electron from the L shell, K , radiation
is given off; while the decay of an M-shell electron results in Kg X-rays being generated. The
intensity of K, radiation is significantly higher than that of Kg attributed to the relatively higher
probability of an L shell electron filling a K shell hole, than that of an M shell electron filling a
K shell hole.
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The X-ray tube has both a filament as the source of electrons (usually W) and an anode as the
source of X-rays, which can either be Ag, Mo, Cu, Co, Fe or Cr. The need for a monochromatic
beam of X-rays is achieved using filters, that are strongly absorbing of X-rays up to a certain
energy. Particularly, the respective Kg filters for the Ag, Mo, Cu, Co, Fe and Cr X-ray tubes
are Ru, Zr, Ni, Fe, Mn, and V.
XRD operates on the phenomenon of the interference of scattered waves. Waves can interact
with each other either constructively, or destructively depending on their phase. The
interference of the scattered waves is governed by Bragg’s Law, given by

nl=2dsin@
Where n is the multiplicity of wavelength, A, @ is the angle of incidence of the incoming X-ray
beam, and d is the interplanar spacing. Therefore, knowing the incident wavelength A, we can
determine the interplanar spacing as a function of #, upon constructive interference. The
changes in the atomic arrangements and periodicity thus yield different diffraction patterns,
allowing the use of diffraction techniques as a means to establish the average structure of
materials. Further background theory can be found elsewhere.®”’
In this work, the preliminary laboratory-based PXRD data were measured using the Bruker D2
Phaser diffractometer, equipped with a Co tube and a Lynxeye Position Sensitive Detector
(PSD). The obtained data were analyzed using DIFFRAC. EVA V4.2 to identify the phases in

the materials under investigation. The instrument-specific details are shown in Table 2.2.

Table 2.2. Instrumental and data collection information of the laboratory-based Bruker D2 Phaser diffractometer.

X-ray source Co Kal/Ka2
Goniometer radius 141.0 mm

Primary radius 70.7 mm

Secondary radius 70.7 mm

Detector Lynxeye 2Theta Angular
PSD opening 5.638°

20 range 10° - 90°

Step size 0.026°

Steps 3030
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Synchrotron PXRD
Although conventional laboratory-based PXRD provides information on the qualitative and

quantitative aspects of polycrystalline materials, higher-resolution data yield more accurate

structural information. Figure 2.1 displays exemplary data for lab and synchrotron-based

PXRD. The advantages of using synchrotron-based PXRD are as follows: °1°

>

The wavelength can be tuned, allowing the determination of element-specific changes
to the structure, through anomalous scattering techniques.

The high intensity and brightness make the measurements of small samples, by volume,
more feasible compared to laboratory-based measurements that require relatively larger
volumes of samples to yield results that are representative of the sample space.

The collimation of the beam allows for higher accuracy determination of structural
parameters due to higher angular resolution.

High photon energy allows for depth profiling (to the order of centimetres below the
surface of the sample), attributed to the large penetration depth of the radiation.

High photon energy also yields a large wave vector, allowing for the collection of more
data in a smaller angular range.

In-situ studies under various temperatures, pressures, and atmospheres are possible as
a result of using an experimental set-up that consists of an area detector, which yields

faster acquisition times.
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Figure 2.1. Exemplary data of PXRD patterns of LTP were measured using a) lab-based and b) synchrotron-based
instrumentation.

The instrumental details for the synchrotron-based PXRD data presented in this work are
provided in Table 2.3. More specific set-up details are presented in the Results sections of each

chapters.
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Table 2.3. Instrumental and data collection information of the 28-ID-1 (Pair Distribution Function) beamline at National
Synchrotron Light Source Il (NSLS-I1), Brookhaven National Laboratory, Upton, New York, USA. The reported values were those

used in this work.

Measurement mode Transmission

Sample holder Kapton capillary (OD = 0.9 mm)
Energy 75 keV

Sample-to-detector distance 200-1000 mm

2D area detector pixel size 200 pum x 200 um

The MATCH! Software,** was used to confirm the phases present in the materials as it includes
the option to input user-defined wavelengths, a very important feature when analyzing

synchrotron data.

2.2.2. The Rietveld approach to structural analysis

The Rietveld refinement approach to structural analysis yields quantitative information of
multiphase systems, on the structure of materials. The Rietveld refinement method is described
as a non-linear least-squares structure-based fitting of experimental data to a structural model,
which provides chemically reasonable starting parameters. The structural parameters,
background coefficients and profile parameters are varied until the best fit is reached between
the structural model and the whole experimental observed data.!*3 It is imperative that a
physically and structurally sound starting structural model is obtained. To this effect, programs
such as DIFRRAC. EVA 2 allow one to search for possible structures by specifying the
elements present in the known compound and comparing these to literature powder patterns in
crystal structure databases such as the Inorganic Crystal Structure Database (ICSD),*>*6 and
Crystallography Open Database (COD). This allows one to determine the starting unit cell
dimensions and space group of the sample.’

In this work, the PXRD data obtained from both conventional and synchrotron techniques were
analyzed using TOPAS Academic, to establish the percentage phase composition and

accompanying structural parameters of the systems explored.
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The standard practice in analyzing PXRD data is to determine the instrument resolution
function of the instrument through the measurement of a reference standard. In this case, the
Si reference standard (NIST CRM 640d),*® was used. The starting model for Si was the cubic
Fd-3m structure (ICSD Collection Code 29287).1° Under the structure (.str) component of the
input file, the fractional coordinates (x, y, z) from the crystallographic information file (CIF)
are replaced with the coordinates provided in the reference certificate, and the displacement
parameter, B, is also refined. For all presented refinements, the B values were constrained
between a minimum of 0.01 and a maximum of 5 A? to ensure that the resulting fits produced
crystallographically sound parameters and structures. Lattice parameters were kept fixed to
check how well the diffractometers and wavelengths were calibrated. The displacement
parameter accounts for the atomic vibrations about their equilibrium positions. Local static
disorder may also contribute to the displacement parameter.?°

The reference material provides information on the instrument resolution function. The peak
and instrument profiles are subsequently kept constant for sample analyses, while the
background function obtained from the standard was used as a starting point and varied for
subsequent sample compositions. The Rietveld refinement result for Si is shown in Figure 2.2.
The crystallographic information is given in Table 2.4. Table 2.5. gives the figures of merit
used in assessing the quality of the fits. The figures of merit are explained in more details in

the recommended literature.?°

e Exp. Si 640d CRM
= Calculated
. Difference

Intensity(a.u.)

10 12

6 8
26(°) A=0.16635 A

Figure 2.2. The Rietveld refinement result of the Si 640d CRM synchrotron PXRD pattern.
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Table 2.4. Crystallographic data for the Si 640d CRM from Rietveld refinement of synchrotron XRD results (28-ID-1 at NSLS-II,
0.16635 A).

Si (ICSD 29287)

RBragg 2.13
Weight % 100
Space group Fd-3m
a(A) 5.432(2)
b (A) 5.432(2)
c(A) 5.432(2)
Volume (A3) 160.244
Phase density (g/cm?) 2.328

Whole pattern refinement parameters: Rexp = 22.62%, Rwp = 9.24%, Rp = 6.59%, GOF = 0.41.

Table 2.5. Figures of merit used in reporting and assessing the quality of Rietveld refinement fits.

Figure of merit Formula Explanation and

expected value

Rp, profile R-factor R = SN Yobsi — Veatci(P)] This is a measure
P X1 Yobsi of the difference

between the
observed and
calculated profiles.

Rwp, Weighted profile 5 A weighting
N _ . . :
R-factor R = Li=1 Wi (y obsi — Y Calc'l(p)) scheme is applied
wp N . ;
Li=1WiYobs, i2 to R, to overcome

the overemphasis
of strong
reflections and
previously
excluded
experimental

uncertainties.
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Rexp, expected R-
factor

R exp

_ N-P
Zévzl WiYobs, i2

This factor is
mainly determined
by counting
statistics to give an
estimate of the
best possible fit,
with N and P
referring to the
number of data
points and number
of parameters,

respectively.

GOF, y, goodness of
fit

N . o . 2
Zl=1wl Yobs,i yCdlC,l(p)

N—-P

This is an absolute
measure of the
quality of Rietveld
refinement fit. A
good fit is
obtained when y is
between 1 and 1.5.
A smaller value
(as observed in
synchrotron PXRD
patterns obtained
in this work) is
typically indicative
of poor counting

statistics.

Gugulethu Charmaine Nkala PhD Thesis 2024

32



2.2.3. Atomic Pair distribution function (PDF)

The atomic PDF method is used to gain insight into the local structure of materials. The
advantage of this method is the lack of prerequisite for long-range order, unlike in conventional
PXRD. Therefore, it allows for the determination of local structure across crystalline and non-
crystalline materials. The PDF describes the distribution of distances between atomic pairs and
its intensity corresponds to the probability of finding two atoms within a particular distance.
While in PXRD, the structural information is obtained following Bragg’s law, the PDF is
derived from both Bragg and diffuse scattering, i.e., total scattering. This simply means that
the total scattering data consists of structural information obtained from the periodic long-range
order of atoms, as well as the information generated from a lack of periodicity in the long-
range.

The advantage of high-energy X-ray in synchrotron facilities is in the measurement of total
scattering data in a large reciprocal space range, attributed to the large wave vector, whose

magnitude is given by Q, as defined in equation 1:

Equation 1

_ A4msin6
A
where 6 is half the scattering angle, 26, and A is the wavelength of X-ray radiation.

The obtained signal is then corrected by removing contributions to the background such as air
scattering, electronic noise, sample environment and Compton scattering, after which the

reduced structure function F(Q) is given by: 2

Equation 2

F(Q =0Q(s(@) -1
Finally, to obtain the PDF a sine Fourier transform of the reduced structure function, F(Q), is
taken, yielding G(r): 1°

Equation 3

Gr) = 2/ f Q[S(Q) — 1] sin QrdQ
0

The reader is directed to literature for more detailed explanations of PDF.?2-%
In this work, PDF data were collected simultaneously with synchrotron PXRD, with the

sample-to-detector distance set to the 105 to 120 mm range.
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The 2D data were converted to 1D data of intensity vs 26 using the Fit2D software.?® The
contributions from the Kapton capillary were removed through background subtraction. More
detailed experimental procedures and small-box modelling approaches are given in Chapter
5.

2.2.4. Raman spectroscopy (RS)

The Raman Effect results from the scattering of light with matter. Photon absorption occurs
when the energy of the incident photon is equivalent to the energy change between the states
of transition. This transition between the two states is accompanied by a change in the
polarizability of the molecule. Elastic scattering occurs when scattering of the photon occurs
without any net change in the energy of the molecule-photon system. This is referred to as
Raleigh scattering. Inelastic scattering constitutes the Raman Effect. The molecule may either

gain energy from or lose energy to the photon.
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Figure 2.3. Energy level diagrams demonstrating the principles of a) Raleigh (elastic) scattering and b) Stokes Raman (inelastic)

scattering.
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There are two types of Raman scattering, namely i) Stokes scattering: wherein the scattered
photon will be lower in energy than the incident photon if the transfer of energy in the virtual
state is from the photon to the molecule (as demonstrated in Figure 2.3(b)); ii) anti-Stokes
Raman scattering: if the transfer of energy in the virtual state is from the molecule to the photon,
the scattered photon will be higher in energy than the incident photon.

Stokes lines tend to be more intense compared to anti-Stokes lines because the ground-state
population is greater than that of the excited state, therefore in Raman spectroscopy, one would
plot the intensity of the inelastically scattered light against the Stokes-shifted frequencies in
wavenumbers.

The advantages of applying Raman spectroscopy to materials characterization is that the
technique does not require large sample amounts for analysis, and samples can be probed under
various conditions such as variable temperature and pressure that may result in phase changes.
The technique is used as a fingerprinting technique, since each scattering molecule would have
a particular point group symmetry. Therefore, the number of observed peaks would be
determined by the number of symmetry-allowed modes that are Raman-active. However, it is
not unusual that the resulting spectrum of a material shows fewer number of peaks than
predicted by Group Theory. This is attributed to some of the modes being degenerate, while in
some instances, the symmetry-allowed Raman-active modes may have intensities that are too

low to be detected. For further information, the reader is directed to the references.® 2’-*°

Laboratory-based Raman spectroscopy measurements were conducted at room temperature at
a wavelength of 514.5 nm, using an Ar" laser with a grating of 600 lines/mm and a 100x
objective lens. The instrument employed a Symphony charge coupled device (CCD) detector,
cooled with nitrogen. The instrument was calibrated with as Si single crystal standard, to an
error of + 0.4 cm™!. The peak positions were obtained using the LabSpec software (V5.93.20,
Evaluation Copy, HORIBA Jobin-Yvon).

2.2.5. X-ray absorption spectroscopy (XAS)

XAS, largely a synchrotron-based technique, provides insight into the electronic structure and
local geometry of an X-ray absorbing atom in various materials, in gaseous, liquid and solid
states (both amorphous and crystalline materials).>® XAS measures the probability of X-ray
absorption by an atom, depending on the atom’s local geometry and electronic structures. The

operating principle for XAS is that of the Photoelectric Effect.
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In this phenomenon, a photon of energy, E, is bombarded onto a sample and is absorbed by a
core-level electron with binding energy Eg , which results in the excitation of this core-level
electron. This energy absorption results in the ejection of a photoelectron to an empty higher-
energy state, leaving behind a hole, when the incident photon energy, E is greater than Eg. As
the X-ray energy is increased above the absorption edge, the photoelectron is created and has
some kinetic energy allowing it to propagate away from the absorbing atom. Therefore, XAS
measures the probability of X-ray absorption as a function of energy, in accordance with Beer’s

law, when measured in transmission mode:

Equation 4
I = ]Oe—lt(E)t

I corresponds to the transmitted intensity through the sample, I, is the incident X-ray intensity,
4 corresponds to the absorption coefficient as a function of energy, our parameter of interest,
in a sample with thickness t. The absorption coefficient is traced as a function of energy, where
a sharp rise in absorption is observed when the incident energy is equal or greater than the
binding energy, Eg, of the core shell electron.
When the target element is available in low concentrations, the measurement is conducted in
fluorescence mode. In this mode, the monitored intensity is that of a fluorescence line
associated with the absorption process. The chemical specificity of XAS stems from the fact
that every atom has well-defined binding energies for its core electrons, thus the incident X-
ray energy can be tuned to that of the element of interest.
The XAS spectrum is divided into two sections, i.e., the X-ray absorption near-edge structure
(XANES), and the extended X-ray absorption fine structure (EXAFS). The XANES is a portion
of the XAS spectrum that consists of the pre-edge, rising edge, and approximately 30 eV above

the rising edge, as shown in Figure 2.4.
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Figure 2.4. An exemplary Ti K-edge XAS normalized XAS spectrum showing the pre-edge peaks (zoomed inset) and the dotted
lines denoting the XANES and EXAFS regions.

The XANES region is in the energy range within 30 to 50 eV of the absorption edge.®! The
typical structural analysis is done by fingerprinting, a method of direct comparison of spectral
signatures from the compound and element of interest, to reference well-researched
compounds.®? In the fingerprinting method, the shape and energy position of the spectral
signatures provide information into the local electronic structure of the absorbing atom, namely
the formal oxidation state and coordination chemistry. The electronic transitions’ names
depend on the origin of the core orbital from which an electron is excited. The K-edge refers
to the transition exciting the innermost 1s electron, while the Ls-edge refers to the excitation
of the 2p*3> electron to the free or unoccupied continuum states.® Taking Ti as an example,
the pre-edge corresponds to the 1s — 3d transition for the K-edge, and pre-edge peak fitting,
particularly for the first-row transition metals, provides information pertaining to the degree of
hybridization between the absorber and the near-neighbor atoms, and any changes in the
centrosymmetry of the metal centre.®* The rising edge corresponds to the 1s — 4p and 1s —
continuum states transitions in the Ti K-edge. In the fingerprinting method, the energy
position of the rising edge is used to determine the oxidation state of the element of interest,
with a shift towards higher energy indicating an increase in the oxidation state. However, it is
important to note that the shift in edge position is also affected by the identity of the ligands

around the metal centre of interest.2®
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The application of XANES in the determination of local structure around lanthanide absorbers
has been widely used across the energy materials field of research.®¢-3 Through the analysis of
the edge position and spectral features, the fingerprinting method is applied to establish the
oxidation state, site symmetry and coordination around the element of interest. The analysis of
the first- and second-derivative spectra of L3-edge XANES remains informative in the changes
around the absorber, possibly due to disorder,®® and as a means of identifying the reaction
mechanisms in catalysts.*°

The region beyond the XANES is the EXAFS. The EXAFS is obtained when an X-ray ejects
an electron from an atom (photoelectron). This photoelectron is described as a spherical wave
and it scatters off neighbouring atoms, returning to the original absorber atom, as shown in
Figure 2.5. The photoelectron wave can interact constructively or destructively with the
neighboring atoms.

Photoelectron

Incident X-ray
photon

Figure 2.5. The interference pattern generated by the interactions between the absorber and nearest neighboring scattering
atoms, demonstrating the EXAFS phenomenon.

The analysis of the EXAFS region provides details on the coordination number, degree of
disorder and the interatomic distances between the absorber and the nearest-neighbor

scatterers. The fine structure function, y(E) above the absorption edge is given by

Equation 5

H(E) — po(E)
Apo(E)
The u(E) corresponds to the measured absorption coefficient as a function of energy, while

x(E) =

Uo(E) represents the smooth background function, describing the absorption of an isolated

atom and Au, (E) is the edge jump at the absorption energy, E,.
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The Kkinetic energy given to the photoelectron when the X-ray energy is above the edge energy,

2m(E — E,)
k = /T

where k is the wave vector, m is the electron mass and E, is as described above. The EXAFS

is described as

Equation 6

signal y(k) is given by the EXAFS equation:

Equation 7

SZN;f; (k 2R
x(k) = z L’2()e—2’<2fffze % sin[2kR + & (k)]
~  KkR;
]
The equation describes the sum over all shells of equivalent atoms at the same radial distance.
The parameters are as follows: SZcorresponds to the amplitude reduction factor that is
determined from a standard. This factor is attributed to the relaxation of the electron in the

absorbing atom to the hole in the core level; N; corresponds to the number of nearest
neighboring atoms to the j™ absorbing atom, R is the mean distance between the absorber and
its neighboring scattering atoms, and o;* describe the disorder in the neighboring scatterer
distance. The parameter 4; is the mean free path of the photoelectron. It accounts for the decay
in amplitude due to the decreasing coherence between the outgoing and backscattered waves.
Given the scattering amplitude f;(k) and phase shift §;(k), we can determine N, R and ¢;2.
Since the scattering amplitude and phase shift are atom-dependent, we can evaluate the EXAFS
equation for different neighboring atoms, giving insight into the local structure around the
absorber.

Experimental XAS - In this work, the Ti K- and Dy Ls-edge data were measured and used to
study the effects of doping on the p-d hybridization changes, and the local geometry around
the absorbers. The data presented in this work have been collected at the Diamond Light
Source, beamline B18, and at the National Synchrotron Light Source Il (NSLS-11), at beamline
6-BM, at incident energies of 4996 and 7992 eV for Ti K- and Dy Ls-edges, respectively.
Samples were prepared by grinding a small amount of sample, determined using the
ABSORBIX suite of the MAX software, V3.2.,*1 ABSORBIX allows the user to determine the
appropriate sample mass depending on the chemical formula, absorber atom and the associated
edge. In our case, the masses were determined for Ti K- and Dy L3z absorption edges for the

various compositions studied in this work. To ensure sample homogeneity, the samples were
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ground along with 50 mg of cellulose for the Ti K and 100 mg of cellulose for the Dy L3 edges,
for 20 minutes per sample, using a pestle and mortar. The homogenous powders were cold-
pressed in a Specac uniaxial hydraulic press. The applied pressure was approximately 40 MPa,
for 15 minutes for each sample. The samples presented in this work were measured in both
transmission and fluorescence modes. All Ti K-edges were measured in transmission, along
with the Dy»Os standard Dy Lz edge. For the Al, Dy co-doped LADTP system, the Dy Lz edge
XAS were measured in fluorescence mode, since the target atom Dy was available in dilute
concentrations (2.5%). Each presented spectrum is an average of 3 spectra.

Data reduction was carried out using ATHENA, a software in the DEMETER package.** A
linear function is regressed in the pre-edge region, that is 150 eV to 30eV below the edge. By
default, a quadratic is regressed in the post-edge region that follows the curvature of the
exponential decay of the data, as demonstrated in Figure 2.6. The normalized data is obtained
by subtracting the pre-edge line from the full spectrum and dividing the data by the edge step
Aug. The Au, is determined by the difference between the pre- and post-edge lines at the

absorption edge energy, Eo.

— LTP

—— Background (Rpig = 1)
= Pre-edge

- Post-edge

48'00 49'00 50'00 51'00 52'00 53'00 5400

Energy (eV)

Figure 2.6. The Ti K-edge XAS data demonstrates the pre- and post-edge functions normalization procedure.

The normalized data is then used for further analysis via, for example, methods such as pre-
edge fitting for the Ti K-edge data and linear combination fitting of the full spectra to determine
the constituent spectra (i.e., materials of varying environments or oxidation states) of an

“unknown” sample.
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Normalization depends on the pre-edge and post-edge lines as shown in Figure 2.6. These are
in Energy. The k-range is used for Fourier transformation from k-space to R-space. The R-
range is used to define the part of the signal that will be modelled. The full description of pre-
analysis data treatment is given in the manuals accompanying the DEMETER software

package.*

Theoretical XAS — Although the analysis of experimental spectra through methods such as
fingerprinting and linear combination fitting may provide both quantitative and qualitative
information regarding the environment around the element of interest, it is equally important
to determine the source of the observed spectral features through first-principles approaches.
The initial important step is an understanding of the structure, typically obtained from other
techniques such as PXRD, Raman and IR spectroscopy, and PDF. These “proposed” structures
are then used to predict the XANES spectra. The mismatch in theoretical and experimental
spectra is used as a method to disqualify a model that describes the local structure of the
element of interest.** Similar to PDF, we can therefore use XANES to determine local atomic
and electronic structure deviations. Extensive work has been done in computational XAS that
sought to assign spectral features to experimental observations, particularly for transition metal
K-edges.3? 445 In this work, the theoretical XAS spectra were computed for Dy, to determine
the local structure of Dy when placed in the 12c site of Ti** in rhombohedral NASICON-type
systems. More details on the experimental approach are given in Chapter 5. More information
on the background and developments and challenges on computational XANES can be found

in the listed source.*6-4

2.2.6. Electrochemical impedance spectroscopy (EIS)

One of the most important properties of solid-state electrolyte materials is the ionic
conductivity. Electrochemical impedance spectroscopy is a useful technique in determining the
ionic conductivity that can be linked to the average, local atomic and electronic structure of
energy materials. EIS provides insights into the multiple interfaces present in the material.*8-5
In EIS, an electrochemical system such as a battery, electrolyte or electrode, is perturbed by an
input sinusoidal wave which is potential (or current). An output sinusoidal signal is then

measured as a current (or potential).
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The input sinusoidal signal is given by:

Equation 8§

E(t) = E, sin(wt)
where E, is the amplitude of the potential sine wave, w the angular frequency and t is time.

The angular frequency, w is given by:

Equation 9

w = 2nf
where f is the frequency.
The corresponding output current signal equation is similar to that of the input signal, except
with a phase angle, ¢ that accounts for the shifts in frequency during system perturbation
(equation 10):

Equation 10

i(t) = ipsin(wt — ¢).
EIS is therefore measured across a range of frequencies applied with the same input potential
amplitude, E,, typically from high to low frequencies. The measurable quantities are the
impedance, Z, the magnitude |Z| and phase angle ¢, for which the impedance amplitude is
defined as

Equation 11

Ey
|Z| =T
Lo
Expressing the equation in terms of the previously stated definitions for the input potential and
output current signals,

Equation 12

kK sin(wt)
" ipsin (wt — ¢)

Which simplifies to

Equation 13
Z = |Z|(cos¢ + jsing)

where j is the imaginary unit of a complex number. This further simplifies to the complex

expression:

Equation 14

Z=7Z,+%jZ;
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After the completion of the measurement, the results are given as a set of five values (given in
Table 2.6), namely the frequency (f), real component of the impedance (Z,), imaginary
component of the impedance (—Z;), impedance magnitude (|Z]), and lastly the phase angle (¢).
The imaginary component of impedance tends to be negative and is therefore given as negative
again so that the data can be plotted in the first quadrant as a set of positive values. One can
then express the data in the form of a Nyquist plot or a Bode plot.

Table 2.6. Parameters used in the measurement and analysis of EIS and their corresponding units of measurement.

Parameter Definition Unit

f Frequency Hertz (Hz)

Z, Real component of Ohms (Q)
impedance

jZ; Imaginary component of Ohms (Q)
impedance

|Z| Magnitude of impedance Ohms (Q)

¢ Phase angle Degrees (°)

The Nyquist impedance plots, that is plots of Z, vs —Z;, are used to determine the total
resistance which is, in turn, used to determine the total conductivity. A Bode plot is a double-
axis plot showing the variation of frequency (f) expressed in log scale, against impedance
magnitude (|Z|), and phase angle (¢).

This work only focuses on quantifying the ionic conductivity determined from Nyquist
impedance data. The total resistance is the sum of intragranular and intergranular (bulk and

grain boundary) resistances, given by equation 15:

Equation 15
Rtotal = Rbulk + Rgrain boundary
The total conductivity is then calculated using the total resistance using:
Equation 16
1 t
Ototal = X —
Rtotal A

where ;.4 IS the total conductivity in S/cm?. R, is the total resistance in Q (equation 15).

t is the thickness of the solid electrolyte in cm, and A is the surface area of the solid electrolyte
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in cm?. The resistances are determined through circuit fitting using equivalent circuit models
that can include a resistor (R), capacitors (C), inductors (L) and constant phase elements (Q),
amongst others.
Determining the validity of EIS results prior to the analysis is essential. For EIS data to be
valid, it must satisfy the following three conditions of the Kramers-Kronig relations:

1. Stability: the data must be free of potential decay with time

2. Causality: the input and output signals must only differ by the phase shift angle, with

no contributions from noise that would affect the output signal.
3. Linearity: the output must scale with input; the magnitude of impedance must be

independent of amplitude and data must follow the principle of superposition.

The Kramers-Kronig relations assist in evaluating the validity of EIS data, governed by the

equations below, for real and imaginary impedance, respectively:5-?

Equation 17

2 (®xZ(x) —wZp(w
iy = Rt 2 [T 010
0

xZ_wZ

Equation 18

7 2 OOZR(x)—ZR((U)d
iw) = o X2 — w2 X

To check the validity of EIS after the experiment, the Kramers-Kronig relations are evaluated
through fitting a theoretical circuit consisting of any combination of resistors, capacitors and/or

inductors. A test case of data validity evaluation for LTP is shown in Figure 2.7.
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Figure 2.7. A Kramers-Kronig EIS data validity assessment for LTP synthesized via the solid-state reaction at 900 °C where (a)
the full dataset was used and (b) the low-frequency data were excluded. The experimental data is shown as blue dots, while the

fitis shown as a red line.

The test cases using LTP were evaluated using the full dataset (Figure 2.7. (a)) and one wherein
the low-frequency region has been excluded (Figure 2.7. (b)). The fit results are presented in
Table 2.7. There was a reasonable fit in the high and medium frequency ranges. However, the
low frequency region was not included in the modelling, resulting in larger fit errors. This is
largely due to drift shift in the real system data. At low frequencies, it has been stated that it
takes longer to complete each sine wave. Furthermore, the qualitative analysis of the Nyquist
data showed a suppressed semi-circle, indicative of the system’s deviation from being ideal.
Therefore, it is reasonable and recommended that the low-frequency data points are excluded
from the validity assessment (b). > A reasonable fit is obtained upon this exclusion.

Table 2.7. Kramers-Kronig fit results for LTP using the full data set and without the low-frequency region.

Parameter Results
Full data set Without low-frequency
(%0) region (%o)
ARe(Z) 4.54 6.145
AIm(Z) 26.94 8.998
AlZ| 2.585 3.609
APhase(Z) 27.1 9.146

The results obtained from EIS experiments are shown as Nyquist plots, whose circuits are
explained in more detail in subsequent results chapters. The reader is referred to the listed
references for more detailed information.>*

To determine the total conductivity, the powdered samples were ground in an agate pestle and
mortar to ensure homogeneity and pelletized using an 8 mm die, to an approximate thickness
in the range of 1 and 2 mm, using a Specac uniaxial hydraulic cold press. The applied pressure
was approximately 40 MPa, for 15 minutes for each sample. The resulting pellets were then
sintered at temperatures equivalent to the synthesis temperature, in air. The specific details on

sintering are outlined in the Experimental section for each Results chapter (i.e., Chapter 3 and

Chapter 4).
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Chapter 3: Exploring the structure-property relationships in Sn-
substituted LiTi2(PO4)3

3.1. Introduction

The need for better energy storage devices such as batteries has been one of the driving forces
behind the research on Li*-ion batteries (LIBs). To this extent, LiTi2(PO4)3 (LTP) and its solid
solutions have been researched for their potential application as solid-state electrolytes in
LIBs.! LTP belongs to the Na Super lonic Conductors (NASICONS) family, a structure-type
to which NaZr(PO4)s belongs, with R-3c space group. The structure of LTP consists of TiOs
octahedra corner-linked to PO4 tetrahedra, bonded helically to form a three-dimensional
network as depicted in Figure 3.1. The conducting ion, Li*, tunnels through this rigid
framework, resulting in ionic conductivity. Li* can occupy two sites in the structure: the more
energetically favored M1 site at 6b Wyckoff position (6-fold O coordination) and the M2 site,
which consists of an eight to ten-fold oxygen environment.1* The currently accepted overall
migration path of Li* is M1-M2-M1 along the c-axis.

M1

Figure 3.1. Unit cell depiction of the NASICON-type LiTi,(PO.); belonging to the R-3c space group. It consists of Ti/SnOs

octahedra corner-linked to PO, tetrahedra. Li* occupies M1.
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The currently reported ambient temperature conductivity of LTP is too low for applications as
a solid-state electrolyte, in the order of 107 S/cm.> >® The highest known conductivity in
NASICONS is for the Al**-doped Li13AlosTi17(POs)s (LATP), in the order of 10 S/cm.® To
improve the ionic conductivity, a bottleneck which is formed by the two oxygens in TiOs and
one oxygen in PO4, forming a lateral face of a triangle going into the M2 site (Figure 3.2.)

must be increased/optimized.

Figure 3.2. A zoomed-in depiction of the lateral faces of LiOs octahedra. Highlighted in blue is the bottleneck formed by three O
atoms (blue triangles), going into the M2 void.

This can be done via lattice site substitution of Ti** by isovalent (M*") and aliovalent (M3"; M=
Sc, Ga, Al) cations. Studies on the substitution of Ti** with isovalent cations such as Hf**, Zr**
and Sn*" have been done; the addition of a cation with a larger ionic radius improves the
conductivity by forming larger bottlenecks. Larger bottleneck size results in easier Li*
migration within the structure.® ° In a review article, Bachman et al.® state that doping with
M#** cations resulted in an increase in ionic conductivity by up to four orders of magnitude.
First-principles studies on the migration mechanism of Li* ions within the NASICON
framework have been done, with varying substituents. Since there are two possible sites
wherein Li* can sit, the six-fold M1 site exhibited lower activation energy compared to the M2
site, which is ten-fold oxygen-coordinated in geometry. Doping with isovalent cations such as
Sn** allows for alteration of these energy barriers. However, the local structural distortions
caused by the larger Sn** cation need to be understood, as well as their effects on conductivity.*
Previous studies where Sn** was used as a substituent have been done. However, in the work

done by Bounar and colleagues,® larger substitution increments were considered (10%
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increments of Sn**). This did not provide sufficient information on the effects of incorporating
Sn** in smaller amounts on the structure of LTP and its properties. Another study by Rao et
al.,!* explored the structural and conductivity effects of Sn-doping at 5, 10 and 25% Sn. In this
work, we seek to explore the effect of lower dopant content on the structure of LTP and its

effect on enhancing the ionic conductivity.

3.2. Experimental section

3.2.1. Synthesis

LiTi2(PO4)3, as well as the Sn**-doped formulations, were synthesized following the
conventional solid-state mechanism.! Stoichiometric amounts of Li,COs, (NH4).HPO4, TiO2
and SnO> were ground into a fine powder in an agate pestle and mortar for twenty minutes.
The ground precursors were placed into an alumina crucible and heated at 450 °C for one hour
under air. Upon cooling, the decomposed samples were ground for one hour before being
annealed at 900 °C for eight hours under the constant flow of nitrogen gas. The obtained
products were then stored for characterization.

3.2.2. Characterization

Powder X-ray diffraction (PXRD)

PXRD was employed as the primary characterization technique in this work to establish the
phase compositions and XRD phase purities of the products. The room temperature XRD data
were collected in-house, using the Bruker D2 Phaser diffractometer, equipped with a Co tube
and a Lynxeye PSD detector. The obtained data were analyzed using DIFFRAC. EVA V4 to
identify the phases in the materials under investigation. TOPAS-Academic V6 and 7 were used
to carry out the non-linear least squares Rietveld refinements.'? This gave insights into the
phase compositions as well as information on the structure of the materials in question.

Room temperature Raman spectroscopy (RS)

Vibrational modes of the materials under study were investigated via Raman spectroscopy (RS)
at an excitation wavelength of 514 nm. The spectra were recorded in the range of 100-1200
cm calibrated using a Si standard with an error of + 0.4 cm™. The instrument is fitted with a

Symphony CCD detector, cooled with nitrogen.
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X-ray absorption spectroscopy

XAS of Ti K-edges (4966 eV) were recorded at the Core-XAS beamline B18 at Diamond Light
Source, for Sn-LTP compositions, under ambient conditions. XANES measurements were also
done on TiO2 Degussa P-25 for reference. Data were recorded in transmission mode using a Si
(111) double-crystal monochromator, with the storage ring running at 3.0 GeV and
approximately 300 mA ring current. The samples were ground into fine powders, along with
50 mg of cellulose (AVICEL PH-101, ~50 um cellulose, Sigma-Aldrich) as the diluent. The
homogeneous powder + diluent mixtures were pressed into 13 mm diameter pellets using a
Specac uniaxial hydraulic cold press. Three nitrogen-filled ionization chamber detectors set
up in series to measure the incident intensity (lo), the transmitted intensity through the sample
(1), as well as the transmitted intensity by the reference metal foil (lrer).2> XANES evaluation
was carried out on an average of three independent scans for every sample. Each scan was
imported along with the reference channel data for energy calibration. The calibrated scans
were then merged to produce a single scan per sample composition. The edge energy, Eo was
determined as the maximum of the first derivative. The background removal was conducted
with an Rbkg of 1 and a k-weight of 2.0 A in the range 0 to 14.8 A. No spline clamps were
used at low energy ranges, while strong spline clamps were applied at high energy. The Fourier
transform was performed on the k-space data weighted with k-weight of 2.0 A, using the
range from 3.00 to 12.8 AL, EXAFS fitting was performed with ARTEMIS software of the
DEMETER package.

Electrochemical impedance spectroscopy (EIS)

The obtained powders were pressed into pellets using an 8 mm die and an average thickness of
1.35 mm using a Specac uniaxial hydraulic cold press. The pellet thicknesses were measured
after sintering using a Vernier scale. The applied pressure was approximately 40 MPa. These
pellets were sintered in air for 8 hours at 900 °C. Two layers of Au/Pd electrodes of
approximately 5 nm thickness each were sputter-coated onto either side of the pellets. Room
temperature impedance measurements were done using a BioLogic VMP300 potentiostat,
using a four-probe, two-electrode system. The frequency range was 101-10"° MHz with a sinus
amplitude of 100 mV and no DC bias. The BioLogic EC-Lab VV11.27 (demonstration version)

software was employed in the data analysis.
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3.3. Results and Discussion

3.3.1. Powder X-ray Diffraction (PXRD)

X-ray diffraction data showed that the products consisted of two phases: the major NASICON-
type phase, belonging to the R-3c space group (LTP, ICSD collection code 95979) as well as
an impurity phase of TiP.O7 (ICSD 83831) in all samples under investigation, shown in Figure
3.3. Lattice constants for undoped L TP were obtained from Rietveld refinement, and they were
found to be 8.511 and 20.864 A for the ‘a’ and ‘c’ constants, respectively. The literature values
were reported to be 8.512 and 20.858 A for ‘a’ and ‘c’, respectively in samples that were

considered phase-pure.? -3

LTP
TiP207 -

Intensity(a.u)
-

) \ A A A 6% Sn
A A A h A N A 4% Sn
- - PV, W N NN 2%
10 20 30 a0 50 60 70 80 20
20(°) A=1.79 A

Figure 3.3. XRD patterns of the NASICON-type Sn**-doped materials LiTi,.Sn«(PO.)s (for 0, 2, 4, 6, 8, 10 and 50 mole % Sn*").

Table 3.1. shows the structural parameters that were obtained from Rietveld refinement for all
compositions. Based on the reported errors, the Sn**-substituted LTP phases showed lattice
constants along the a (=b) axis to be within standard error for LTP and 4 up to 10% Sn
compositions, indicating that there was no significant contraction or expansion along the a-
axis. However. 2% Sn exhibited a lower value along the a-axis, relative to LTP. As can be
observed across the various compositions, the variation in the a lattice constant showed a

relatively non-systematic change, compared to that of the c-axis.
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The addition of Sn results in the preferential expansion of the c-axis, attributed to the slight
displacement of Li atoms at 6b to more stables positions within the structure.* At 50% Sn, we
saw significant unit cell expansion along the a-axis, indicating the successful replacement of
Ti by Sn at the 12c site.

Table 3.1. The lattice parameters of undoped and Sn*-doped LTP phases, obtained from XRD, via Rietveld refinement (as

implemented in TOPAS-Academic).

Composition Lattice parameters  Cell volume XRD phase purity
a (A) c(A) (A3) % (Sn)LTP

LiTi2(PO4)3 8.511(1) 20.864(4) 1308.731(5) 98.17

2% Sn-LTP 8.505(2) 20.899(9) 1309.171(1) 98.78

4% Sn-LTP 8.511(2) 20.903(8) 1311.331(9) 97.45

6% Sn-LTP 8.514(2) 20.914(7) 1313.047(8) 98.39

8% Sn-LTP 8.511(2) 20.910(1) 1311.656(1) 96.39

10% Sn-LTP 8.513(2) 20.929(1) 1313.530(1) 96.66

50% Sn-LTP 8.5700(3) 21.152(1) 1345.352(1) 83.54

As NASICON-type LTP systems have been previously reported to show preferential unit cell
expansion along the c-axis, significant changes are noted along the c-axis. The 2 up to 8% Sn
compositions showed statistically similar values along the c-axis, relative to the undoped LTP
system. A notable increase along the c-axis was observed for 10 and 50% Sn, regardless of the

noticeable phase separation at 50% Sn.

Figure 3.4 shows the variation in cell volume with increasing lattice site substitution, showing
that a maximum is reached at 6% Sn content. A significant deviation from linearity for 8 and
10% Sn was observed, showing that these two compositions are outliers (closer to LTP volume)
in the series. This may be due to less Sn** being incorporated into the structure, shown by the
higher impurity content. However, the missing Sn content could have formed an amorphous
phase which could not be detected from traditional PXRD methods. The linear regression line
equation was determined to be y = 0.6906x + 1307.8. For 50%, the PXRD quantitative phase
analysis showed a Sn-bearing impurity content of approximately 15% (14.67%). Using the
standardless Rietveld quantitative phase analysis methodology, the amount of Sn that was
incorporated into the NASICON-type main phase was approximately 38.34%.
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As such, using the best fit line through the data, the expected cell volume at this concentration
determined using linear extrapolation is 1334.28 A3, Furthermore, the y-intercept from the
linear regression line yielded an LTP cell volume of 1307.8 A3, which compared well to what
was obtained experimentally.

1350
/"
1340 1 s
e
'
y = 0.6906x + 1307.8 7
R? = 0.992 @
—_
m e
0< PRe
~ 13301 ot
) -
£ e [sn"]=38,34%
= ~
®] e
> 7
Z 1320 2
T -
e
7
4
@) o
,/
9
13104 -7
1300 L r r r r r
(] 10 20 30 40 50

Mole % (Sn**)

Figure 3.4. The variation of cell volume with increasing Sn** content in NASICON-type LiTi»xSn,(PO,)s. A linear trend is observed
for LTP to 6% Sn-LTP. The [Sn*] incorporated into LTP was determined to be 38.34% using the standardless Rietveld phase

analysis methodology, with a corresponding cell volume of 1334.28 A3,

It is expected that for materials with a larger cell volume relative to LTP, the total
corresponding room-temperature conductivity would be higher. This is attributed to the larger
tunnel size as a function of increasing Ti** lattice site substitution with Sn** (which has a larger
cationic radius, r = 0.69 A in an octahedral environment relative to Ti**, (r = 0.605 A according
to Shannon®#)) resulting in increased migration of Li* ions in the NASICON structure. This
effect occurs because the larger Sn** ion causes an enlargement of the MOs octahedra, thus
increasing the bottleneck size for ion transport.’® However, it is worth noting that some of the
samples contained a higher impurity phase than others. The presence of TiP20O7 has been
reported to decrease the grain boundary conductivity in NASICON-type electrolyte materials.®
Therefore, one would expect slightly lower grain-boundary conductivities in the lower XRD

phase-pure compositions.
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Peak broadening, which was more apparent at 50% substitution, was also observed as the lattice
site substitution increased. Microstructural effects such as smaller crystallite size for doped
formulations and relatively poorly crystalline Sn**-LTP might not be the only cause of this
peak broadening. It may also be attributed to peak overlap because of the presence of
LiSn2(POa)3 (LSP, ICSD 83831), another phase that has a NASICON-type structure, with the
lattice parameters being slightly higher (a = 8.586 A, ¢ = 21.266 A). The noted peak asymmetry
served as evidence to this possibility, as shown in Figure 3.5.
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Figure 3.5. A Rietveld refinement result of 50% Sn-LTP and zoomed inset showing the presence of two isostructural phases,
LiTiSn(PO4);s (Sn-LTP) and LiSn(PO,); (LSP). ‘Observed’ = Experimental data; ‘Calculate’ = Theoretical data obtained from the

input structures.

A similar study by Francisco et al.,*> where the Ge** site in LiGe2(POs)s (r = 0.53 A) was
substituted by Sn** (LGSP), found that the Sn**-containing formulation showed broad peaks,
indicative of overlap of LGSP and LiSn2(POa)s phases, similar to our study.'® ** Rietveld
refinement results of LTP and the lower Sn-LTP compositions did not show any significant
mismatches between the observed data and the calculated model. The crystallographic

information for all compositions is provided in the Supplementary Information.

58
Gugulethu Charmaine Nkala PhD Thesis 2024



3.3.2. Room-temperature Raman spectroscopy (RS)

Raman spectroscopy was used to confirm the phase compositions of the materials under study,
and to further probe the effects of doping on the local structure of LTP. As already mentioned,
lattice site substitution of Ti** by larger cations such as Sn** causes local structural distortions.
The Raman spectra (Figure 3.6) confirmed that there were only two phases present, namely
the NASICON-type LTP phase and the TiP.O7 impurity phase (denoted by an asterisk).
However, this technique did not provide much insight into the presence of the isostructural
LiSn2(POa)3 phase. It is expected that the vibrational modes of this structure overlapped with

those of the main phase structure, Sn**-LTP, as seen in XRD.
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Figure 3.6. Raman spectra of Sn**-LTP electrolyte materials recorded at room temperature with an excitation wavelength of 514

nm.

The observed Raman bands are separated into external modes that occur in the region below
350 cm™ and internal vibrations that consist of symmetric and antisymmetric stretching and
bending modes occurring above approximately 350 cm™.1t External vibrations (lattice phonon
modes) correspond to the translational vibrations of Li*, Ti**/Sn*" and pseudo-rotations of the
PO4* anion groups. Internal modes largely consist of intramolecular stretching and bending
movements of the PO4> anion groups. Further discussions of the NASICON compositions’

spectra follow.
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External modes

The vibrational modes below 350 cm™ consist of Li* translations, M** translations as well as
PO4* translations and pseudo rotations. In the NASICON structure, Li* occupies a site with an
S6 symmetry thus making the ion’s translation Raman-inactive.?! The peaks are therefore
modes for M** and PO4* anions.

Raman bands of M** cations are susceptible to mass effects and their shifts give insight into
local structural changes. The peak at 139.5 cm™ in LTP shifted to 137.5 cm™ regardless of Sn**
concentration. The Aig band at 178.5 cm™ also shifted towards lower wavenumbers (176.6 cm-
1Y for 2% Sn-LTP and moved even further at higher concentrations to 174.6 cm™.

At 238.8 and 273.6 cm™, there was almost no peak shift observed and the peaks were ascribed
to PO4> pseudo rotations and/or translations. Significant lattice site substitution by Sn** at 50%
led to a further shift from 238.8 to 221.3 cm™. This significant shift is rationalized by
understanding that the surrounding, corner-sharing PO4% anions were significantly distorted by
the expansion of MOg octahedra caused by Sn**. Giarola et al.,?* attributed the band at 273.6
cm strictly to a PO4* translation since it was not affected by mass effects.

PO+ bending modes

The region between 380 and 600 cm™ corresponds to the symmetric (v2) and antisymmetric
(v4) bending modes of the POs* anions. Symmetric modes generally occur at lower
wavenumbers relative to antisymmetric modes.?? The symmetric bending mode occurring at
432.4 cm™ did not show any shifts, while the band at 447.5 cm™ shifted only slightly as Sn**
content increased. Since the POy tetrahedra are corner-linked to MOe octahedra, the exchange
of Ti* for Sn*" causes an increase in the volume of the MOs octahedron by a change in the
M*-O bond length, from considering average Ti-O against Sn-O bond lengths. To
accommodate the local structural change, the adjacent polyhedra become distorted and/or
rotated, thus affecting the vibrational motion of PO4> .2 2 This distortion of PO4* tetrahedra

is evident from the peaks merging into one, thus becoming broader, especially at 50% Sn-LTP.

PO4* stretching modes

Symmetric (v1) and antisymmetric (vs) stretching modes of the PO,* tetrahedra are observed
at higher wavenumbers: 800 to 1100 cm™. LTP is characterized by the presence of three peaks
of increasing intensity occurring at 969.8, 989.5 and 1007.3 cm™, respectively.

The symmetric stretch appears as the peak with the highest intensity, at 1007.3 cm™. This is

because symmetric stretches have high Raman scattering cross-sections.??
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The peaks at 969.8, 989.5 and 1094 cm™ belong to the antisymmetric stretching of PO4*
polyhedra. This assignment is due to the lower intensities of these peaks, relative to the
symmetric mode.

The peak broadening observed for 50% Sn-LTP specifically at the 900 to 1007 cm™ region
may be indicative of the poor long-range order in this specific composition, further agreeing
with results from XRD. In this study, we speculate that broadening is due to the shared peaks
by the NASICON phases Sn-LTP and LSP.

Although Li* occupies the M1 site in both these structures, its interaction with differently
distorted environments might have caused the observed peak broadening. However, this
remains unclear and could not hold for LiSn2(POa)s since, in single M** NASICON materials,
PO.* distortions are insignificant. Therefore, the broadening is attributed largely to the
distortions of MOg octahedra in the main phase, Sn-LTP.%® The decrease in intensity of the
symmetric stretch at 1007 cm™ for 50% Sn-LTP is also indicative of a change in symmetry of
the PO4* polyhedra because of high Sn** content. Similarly, the antisymmetric stretches also
showed a significant decrease in intensity at 50% Sn-LTP. These changes in symmetry are
therefore attributed to polymorphism at the local level in these NASICON-type Sn-LTP

structures. The peak assignments and positions are given in Supplementary Information.

3.3.3. Probing the local and medium-range structure: Ti K-edge X-ray absorption

spectroscopy (XAS)

It is important to understand the effects of changes of local and average structure of the
materials in this study, to better understand how these changes influence the properties. In
probing the materials further, X-ray absorption spectroscopy (XAS) was employed. The
analyses of the X-ray absorption near-edge structure (XANES) and the extended x-ray
absorption fine structure (EXAFS) provided insights into the electronic structure of the
absorbing atom, Ti, and the local-range order, respectively, in NASICON-type compounds.

An extensive amount of literature is based on the study of Ti in compounds such as the anatase
and rutile phases of TiO2,2% ilmenite-type compounds FeTiO3,?® and perovskites such as
CaTi03.%° In most cases, these studies have entailed both experimental work, and theoretical
computational analyses exploring the effects of multiple scattering events. Exploring both
experimental and computational approaches of studying these materials leads to a better

understanding of their structures.
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In the available literature for NASICON-type materials, the study by Wang et al.,*! evaluated
the sodium storage mechanism in Sodium vanadium titanium phosphate. However, they did
not discuss the observed features in their Ti K-edge XANES in depth, nor did they study the
changes in local structure by EXAFS. Therefore, the observations made in this study were done
by considering different spectra of Ti-containing materials, TiO2, FeTiOz and CaTiOs that have
been reported in literature, bearing in mind that the surrounding atoms differ for a qualitative
analysis based on the fingerprinting approach, as discussed in Chapter 2. It is also important
to note that the TiOs clusters in each of these compounds possess varying distortions despite
all of the clusters being octahedral. XANES is important to understanding the coordination

number, spin states and oxidation state of Ti.
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Figure 3.7. Normalized Ti K-edge XANES spectra of Sn-LTP compositions synthesized at 900 °C. The zoomed inset shows the

pre-edge features. The spectrum for TiO, (Degussa P-25; anatase: rutile = 87:13) is included for reference.

The Ti K-edge XANES spectrum, at 4+ oxidation state is characterized by the presence of 3
pre-edge features (labelled A1, A2 and B in Figure 3.8 inset). The first feature, Al, is assigned
to the core-hole effect on the Ti absorbing atom that is coupled with quadrupolar transitions.:
271,31 The next two features, A2 and B, correspond to the hybridization-induced dipolar

transitions from the 1s to the empty 3d-tzg and 3d-eq empty states, respectively.
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In first-principles calculations by Cabaret et al.,* simulations of the Ti K pre-edge region
showed that the presence of a core-hole in the absorbing Ti especially affected the energy
positions of the two local transitions 1s to 3d-tzg, and 1s to 3d-eg by shifting them to lower
energies. The Al feature was absent in the simulation that excluded the core-hole contribution.
The non-centrosymmetric nature of the Cz symmetry of Ti in TiOe octahedra of LTP allowed
for the mixing of p-d orbitals, where the empty p-states of the absorbing Ti atom, hybridized
with the empty 3d states of the absorbing Ti atom, hence relaxing the dipole selection rule of
AL=1, allowing for s to d transitions.

The splitting of the 3d orbitals is attributed to the removal of the degeneracy because of the
metal-ligand interactions, thus it is imperative to understand the crystallographic structure and
how the metal-ligand bonding affects d-orbital splitting. Since the peaks were assigned via the
fingerprinting method by comparing to the TiO2 spectrum, it is important to understand the
average structure of the standard. The structure of the TiO, reference sample was determined
from PXRD analysis with Rietveld refinement. The results are presented in the Supplementary
Information (Figure S3.2 and Table S3.3), showing the presence of both anatase and rutile (~
87% : 13% anatase to rutile). Therefore, the standard’s XAS spectrum is largely that of anatase.
The geometry of the TiOe cluster in TiO2 shows a [4+2] distortion of the Ti-O bonds, which is
a classic tetragonal distortion of an octahedral environment.

This is different to NASICON-type formulations, showing a trigonal distortion of [3+3]
nature.'® The implication of the difference in the d-orbital splitting is in the intensities and
energies of the pre-edge features. Figure 3.8 shows a representation of d-orbital splitting across
various environments. Niltharach and colleagues,?’ observed that the difference in relative peak
intensities were attributed to the differences in the crystal structure and the detailed octahedron
shapes of TiOg clusters.
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Figure 3.8. The splitting of atomic d-orbitals in the presence of a ligand field with different distortions.

The Al and A2 features in Sn-LTP compositions are symmetrical, unlike those in TiOa.
Phoohinkong et al.,?® deconvoluted the A2 feature in TiO; to ‘A2+A3’, showing that the local
symmetry around the Ti absorbing atom had a distorted octahedron to tetragonal, with Jahn-
Teller distortion. In our study, the distortion is an elongation trigonal distortion of the TiOs
octahedron.

The reported energies of pre-edge features in rutile are 4968.7, 4971.0 and 4972.1 eV (Al to
A3, respectively),?* and for Sn-LTP, these appeared at slightly lower energies of 4967.7 and
4969.8 eV for features Al and A2. The difference in the order of orbitals (tetragonal Ti
environment in TiOz vs trigonal Ti environment in Sn-LTP) may be the reason behind the
absence of the A3 feature and the shifts in energy between rutile and Sn-LTP compositions.
Feature A3 in TiO2 was attributed to the non-local, electric quadrupolar transition from 1s to
4p, where the empty p-states of the absorbing atom are hybridized with empty 3d states of the
Ti second neighbors.2

In this work, the lower Sn-doped compositions (0 to 10%) showed no significant difference in
peak intensity, however at 50% Sn, although present, the pre-edge features were quite low in
intensity. Lower pre-edge peak intensity could be indicative of the poor crystallinity at this
high dopant content. This may also suggest that there was a change in the symmetry, from a
trigonally distorted octahedral Ti system to a more symmetric, near-perfect octahedral Ti
environment. However, the noise in the 50% Sn-LTP data is too high to indicate any local
changes in symmetry. Although the shown spectrum is an average of 3 spectra and the data
was deglitched, the noise was not sufficiently removed to make any notable conclusions based

on the pre-edge peak analysis.
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Figure 3.9. A magnified view of the near-edge region of normalized XANES spectra of the Ti K-edge, for Sn-LTP formulations.

Figure 3.9 shows the rising edge and post-edge features. The shoulder (feature C) corresponds
to the 1s to 4p transition. Although there was no clear trend observed for the lower dopant
concentrations of 2 to 8% Sn, at 10% Sn, there was a decrease in the observed normalized
intensity. Increasing Sn** content to 50% Sn produced an even greater decrease. This may be
indicative of the poor crystallinity and phase mixture observed at 50% Sn.

The three post-edge features labelled D, E and F were said to be due to electronic transitions
from 1s to the 4p orbitals in the continuum states that have b, bay and bsy character,
respectively, hybridized with neighboring O 2p states of the same symmetry, attributing these
features to the multiple scattering of the ejected photoelectron wave from the central absorbing
atom to the nearest neighbors.?+25

In TiO, these bands appear at 4984, 4992 and 5004 eV, respectively; however, in NASICON-
type Sn-LTP, they correspond to 4988.6, 4996.2 and 5003.9 eV, respectively. Unsubstituted
LTP had the highest normalized intensity across all three post-edge features, suggesting a
relatively ordered structure. As the lattice site substitution of Ti** by Sn*" increased from 2 to
8%, a non-systematic decrease in intensity was noted. However, at 10% Sn**, the comparable
intensity to that of LTP could suggest that although the presence of Sn** caused local-range
distortions, the structure was still reasonably ordered. The decreased intensity in 50% Sn-LTP
suggested that the high Sn** content may have caused significant changes in the local-medium

range order, resulting in significantly poor crystallinity of the NASICON-type structure.

65
Gugulethu Charmaine Nkala PhD Thesis 2024



These results were consistent with Raman spectroscopy results, which suggested a similar
conclusion: a large amount of Sn** in the structure led to the poor crystallinity of the resultant
structure.

To further study the effects of lattice site substitution of Ti** by Sn** on the local structure of
Sn-LTP compositions, extended X-ray absorption fine structure (EXAFS) data were
considered (Figure 3.10). The k®>-weighted EXAFS spectra were fitted using the NASICON-
type LTP structure model (ICSD collection code 95979) in the Artemis software,*® to generate
scattering paths. The built LTP model was obtained using a cluster size of 8.0 A, with longest
path being 5 A.

The k-space stacked plot of Sn-LTP and TiO2 compositions are presented in Figure 3.10 (a).

The oscillations are similar for the NASICON-type systems for 0 to 10% Sn, while at 50% Sn,
the oscillations are noisy. The Sn-LTP systems data look similar up to ~ 12 A, after which the
noise supersedes the available usable data. The k-space data for the TiO, standard has similar
spectral signatures to the Sn-LTP compositions, indicating that the compositions have similar

oxidation states and nearest neighbour interactions.
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Figure 3.10. Ti K-edge: (a) Stacked k? x(k) data and (b) Fourier-transformed (FT) k? weighted EXAFS spectra for Sn-LTP
compositions (no phase correction). Highlighted peaks correspond to the Ti-O single scattering, Ti-P single scattering and Ti-O-

P multiple scattering shells.
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At high k (> 12 A™Y), the oscillations are relatively poor for Sn-LTP systems in comparison to
the TiO standard, possibly indicating a lower degree of symmetry in NASICON-type systems
than in TiO2 as seen in the XANES spectra. It can be noted that the R-space data (Figure 3.10
(b)) show a low r shoulder across all compositions including the standard. The shoulder is
attributable to slightly inaccurate background removal (at Rukg Of 1 A). However, increasing
the Rokg t0 1.2 A resulted in an R-range that is not enough to cover the entire first peak of the
FT-EXAFS spectra.

The EXAFS fits were performed by varying the Debye-Waller factor (¢?), shift in edge energy
(AEo), and the change in radial distance (AR) across all three paths. In total, 7 fitted parameters
were evaluated (1 x AEo; 3 x 6% 3 x AR). The fitting ranges were 1 to 3.4 A and 3t0 12.8 A*!
for R and Kk, respectively. The coordination numbers (N) were kept constant as per the crystal
structures for TiO2 and LTP. The starting values for the refined parameters were as follows:
AEo = 0; ¢®> = 0.003; AR = 0). The amplitude reduction factor, So> was obtained from the
refinement of the TiO» standard and the value of 0.786 was kept constant across the EXAFS
fits of the NASICON-type systems.

Carrying out the fit with two separate O paths (to account for the [3+3] distortion in NASICON)
resulted in strong correlations, such that the Debye-Waller (¢?) factor became negative for the
second Ti-O path, suggesting that the fitting model was incorrect. Therefore, N for the Ti-O
shells were set to 6 regardless of the structures showing [4+2] and [3+3] distortions for the
TiOe octahedra for TiO2 and LTP, respectively. An average Ti-O bond distance of 1.928 and
1.95 A for LTP and TiO, respectively, were then used as starting values. The assumption of a
perfect octahedral system resulted in a stable o2 to account for the distortion. The EXAFS fit
results are presented in Table 3.2. The accompanying fits are presented in the Supplementary

Information (Figure S3.4).
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Table 3.2. EXAFS fit results for Sn-LTP compositions. The amplitude reduction factor S¢> was kept constant at 0.786. The
coordination numbers (N) were also kept fixed as per the published structure of LTP. R the radial distance, o®the Debye-Waller

factor, and AE, is the shift in the edge energy. The R-factor determines the quality of the fit.

RA) ¢2(A? AEo (eV) R-factor (%)
1.94(6) 0.003(2) 3.034 % 2.200 6.68
3.26(1) 0.003(2)

3.369(4) 0.004(4)

1.93(5) 0.0040(7) 2.571+1.706 2.48
3.23(3)  0.001(3)

3.35(2)  0.004(2)

1.95(6) 0.0033(8) 4.048«2.119 5.33
Ti-P 3.26(1)  0.002(5)

Ti-O-P 3.36(1)  0.004(4)

Composition Shell N
6
3
6
6
3
6
6
3
6

6% Sn-LTP  Ti-O 6 1.94(6) 0.0040(7) 3.247 +1.737 2.56
3
6
6
3
6
6
3
6
6
3
6

LTP Ti-O

Ti-P
Ti-O-P
2% Sn-LTP Ti-O
Ti-P
Ti-O-P
4% Sn-LTP  Ti-O

Ti-P 3.25(2)  0.001(2)
Ti-O-P 3.36(1) 0.003(2)

8% Sn-LTP  Ti-O 1.94(5) 0.0045(7) 2.581*1.813 3.11
Ti-P 3.24(3)  0.000(2)
Ti-O-P 3.35(2)  0.003(2)

10% Sn-LTP  Ti-O 1.94(6) 0.0033(8) 3.274 + 1.987 3.59
Ti-P 3.26(1)  0.001(4)
Ti-O-P 3.36(1)  0.003(3)

50% Sn-LTP  Ti-O 1.93(5) 0.0050(7) -0.463 + 1.861 3.00
Ti-P 3.25(2)  0.001(2)
Ti-O-P 3.36(1) 0.033(2)

The first peak at ~1.95 A is attributed to the Ti-O single scattering shell. The distance was
noted to be quite similar, within the error margins, across all the Sn-LTP compositions.
Similarly, the second peak corresponding to the Ti-P single scattering path, and the Ti-O-P
multiple scattering path showed little to no variation across the various compositions. This
suggests that the local geometry around, particularly, the TiOs motif does not show significant

distortions as a result of doping.
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No significant changes in polyhedral distortions were noted from the EXAFS analysis of the
Ti-P interactions, to corroborate the findings from Raman spectroscopy.

The shift in energy from the absorption edge was also noted to not change significantly with
changing compositions. At 50% Sn, the fitted energy shift was negative, largely attributable to
the high noise level in the data, regardless of the deglitching procedures and averaging 3 scans
during the data normalization process. No deductions were made about the presence of the
isostructural LSP phase, from the perspective of Ti XAS. Although XAS is an insightful,
element-specific technique, the EXAFS analysis has not shown any significant changes in the
polyhedral distortion.

3.3.4. Ambient-temperature conductivity studies

Impedance measurements conducted at ambient temperature sought to understand the
structure-property correlations in Sn-doped LTP NASICON materials. The data shown in
Figure 3.11 were fitted using the Randomise + Simplex minimization method, as described in
the EC-Lab software manual. Since starting values of the fits are unknown, the Randomise
method allows the software to establish starting values of the model that are then used as
starting values for further minimization using the Simplex minimization algorithm (formally
known as the Downhill Simplex algorithm,®® or the Nelder and Mead algorithm,®*) least-
squares fitting of the data, to the equivalent circuit (EC) model.
The model is made up of two semicircles, one consists of a resistor (R) and constant phase
element (Q) arranged in parallel; the second semicircle was modelled with a resistor in series
with a finite Warburg element (Mg), both in parallel with a constant phase element to model
the low frequency region corresponding to the electrode response of the Li* ion blocking
process at the Au/Pd electrodes.'%? Estimates were derived via the maximum conditions of
relaxation frequency (o), given by the equation 19, where R is the resistance estimated from
the x-intercepts of the semi-circles and C corresponds to the capacitance:

Equation 19

1
R(2) X C(F)

Conductivity (o) is given by equation 20, where L is the thickness of the pelletized material, R

w(Hz) =

being the resistance and S as the surface area of the sample pellet:

Equation 20
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L (cm)
R () x S(cm?)

Capacitances indicate the respective regions that influence the ion migration in the material. At

o(S/cm) =

high frequency, the semi-circle modelled gave information about the bulk (intragranular)
conductivity (=10 F) and intermediate frequency corresponded to grain boundary
(intergranular) conductivity (=10° F). Lastly, the Li-ion blocking at the electrodes (sample-
electrode interfaces) occurred in the low-frequency region. These regions were assigned
according to their respective capacitances.'® >3%3% An o value of 1 indicates an ideal capacitor,
and as such, since a constant phase element, Q, is not an ideal capacitor, the value for o will

deviate from 1.

350
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Figure 3.11. Fitted Nyquist plots for Sn*-LTP phases (0-10, 50 mole % Sn*) and the EC model used in data fitting.

These results showed that LTP in this work has a comparable conductivity relative to literature-
reported values that are in the order of 10 to 10" S/cm.? 58 Desirable solid-state electrolytes
should have significantly higher conductivities, ranging at 10 to 10* S/cm, such as those
observed in L13Alo3Ti17(POa4)s, the most conductive NASICON-type compound. 23 568,35
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Table 3.3. The room temperature conductivity results for Sn**-substituted NASICON-type LTP formulations. The 8% Sn
formulation showed the highest bulk and grain boundary conductivities, while 50% Sn-LTP showed the highest total conductivity
(highlighted)

Composition Gbulk (S/cm) 6gb (S/cm) Giotal (S/cm)
LTP 9.54 x 10°® 1.27 x 10°® 1.12x 10°®
2% Sn-LTP 6.21 x 10 1.25 x 10°® 1.04 x 10°®
4% Sn-LTP 2.85x 10 1.19 x 10°® 8.40 x 10”7
6% Sn-LTP 4.87 x 10°° 1.99 x 10°® 1.41 x 10°®
8% Sn-LTP 1.05 x 10° 6.54 x 106 4,03 x 10°°
10% Sn-LTP 5.61 x 10 3.10 x 10°® 2.00 x 1076
50% Sn-LTP 7.10 x 10 - 7.10 x 108

The presence of a secondary phase, TiP20Oz, at the grain boundaries significantly decreases
grain boundary conductivity, since grain boundary conductivity is the rate-determining step in
ionic conduction, the total conductivity also decreased.? The Sn**-substituted formulations had
variable amounts of TiP207, with a maximum of approximately 3.61% for 8% Sn-LTP.

The 50% Sn**-LTP composition showed the highest bulk conductivity. This observation
supported the predictions from structural analysis. Rietveld refinement results suggested that
at this composition, the cell volume was the highest, at 1342.714 A2 for all doped formulations.
Since the addition of Sn** was hypothesized to result in lattice expansion, and by extension,
increased bottleneck size, it follows that 50% Sn-LTP would exhibit the highest bulk
conductivity of all the Sn-LTP compositions, as seen in Table 3.3.

Although the 8 and 10% were the outliers regarding their comparable phase purities (96.39 and
96.66%, respectively), the bulk conductivity of 8% Sn-LTP was higher than that of 10% Sn-
LTP, supporting that phase purity is not the only factor playing a role in the observed
conductivity results. Also, the grain boundary conductivity at 8% Sn** was higher than for all
other compositions, except for 50% Sn-LTP. The 8% Sn-LTP was an outlier because its cell
volume (1311.656 A%) was smaller than that of 10% Sn-LTP (1313.530 A®), while they have
comparable phase purities.
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Table 3.4. The changes in Li-O2 bond lengths, M1 void volume, Vyi, and Ti/SnOs (Vmos) Octahedral volumes obtained from

Rietveld refinement results for Sn-LTP compositions.

Composition Li-O2 bond length Vi (A3) Vmos (A3)
A)
LTP 2.232(6) 12.687(6) 8.927(9)
29 Sn-LTP 2.229(6) 12.611(3) 9.044(4)
4% Sn-LTP 2.214(6) 12.372(0) 9.048(8)
6% Sn-LTP 2.229(6) 12.556(0) 9.027(4)
8% Sn-LTP 2.244(8) 12.839(1) 9.320(9)
10% Sn-LTP 2.250(7) 12.926(1) 9.350(9)
50% Sn-LTP 2.284(1) 13.666(6) 10.348(6)

The PXRD analysis showing the Li-O2 bond length, M1 (6b) void volume and MOs (12¢) void
volume is shown in Table 3.4. The 2% Sn-LTP system showed a contraction in M1 void
volume, contrary to what is expected with partial replacement of Ti with larger Sn. However,
other compositions from 4 to 50% showed a systematic increase in the size of the M1 void
occupied by Li. This is indicative of successful partial replacement of Ti with Sn, as expected.
The 12c MO6 octahedra showed an increase in volume upon doping with 2% Sn, while an
overlap was noted in the volume of 2 to 4%. At 6% Sn, a unexpected decrease in the void
volume was observed, attributed to the possibility of secondary TiP2O7 phase’s effect on the
real stoichiometry of the system. Also, as previously noted, some Sn** may have formed
amorphous phases that are undetectable from PXRD. An increase in thel2c void volume was
also observed for compositions 8 to 50%. These void volumes overlapped.

The data showed that the longest Li-O2 bond was obtained for 50% Sn-LTP. This explains the
high total conductivity. Longer Li-O2 bond distances suggest larger M1 voids.

The first-principles study by Lang and colleagues found that doped LTP compositions with
larger M1 voids have lower activation energy for Li* migration at this site, hence the higher
intragranular conductivity.* Also, at 50% Sn-LTP, the MOs octahedra were the largest. There
was no plausible explanation for the high bulk conductivity observed at 8% Sn-LTP.
Understanding the effects of lattice site substitution on the M1 void volumes would explain the
changes in the bottleneck sizes, hence the conductivity in the structure.® The high M1 volume
exhibited by 50% Sn composition further supports the high total conductivity obtained for the

composition.
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Studying local structural disorders through Raman spectroscopy showed that 8% of Sn**-L TP
exhibited distortions of PO4 polyhedra to a lesser extent than 50% Sn-LTP. As discussed
earlier, lattice site substitution causes local triclinic disorders. Therefore, at 50% Sn**, the
distortions are well distributed within the structure, resulting in trapped Li* ions in M1 voids
and higher activation energies.'*

Li*-ion trapping occurs because the MOs octahedra counteract the said local distortions by
rotating about the c-axis resulting in a narrowing of the bottleneck. This means that although
ideally one would expect a higher substituent content to result in higher conductivity, the
experimental results support the observations made by Lang et al.,* that there can only be an
optimum allowed substituent percentage before Li-ion trapping comes into play. Through our

study, the optimum allowed substituent concentration would be in the range of 8 to 10% Sn**.

3.4. Conclusions

In this work, we sought to understand structure-property correlations in Sn**-substituted
LiTi>(POa)s formulations. The XRD results confirmed the average structure, showing that Sn**-
LTP phases belong to the NASICON-type, rhombohedral structure, with the R-3c space group
(#167). A persistent impurity phase of TiP.O7 was found in all compositions. The qualitative
phase analyses were further confirmed by Raman spectroscopy, which confirmed the presence
of NASICON-type LTP structure and a TiP207 impurity phase. Raman spectroscopy also gave
insight into the effects of doping on the local order of the structure, showing that the lattice site
substitution of Ti*" by the isovalent Sn** cation led to some local distortions around the PO4*
anion groups.

XANES gave further insight into the local environment around the Ti absorbing atom, showing
that all compositions maintained the Ti** state and no significant changes in the crystallinity of
doped compositions were observed in Sn-LTP compositions. An undistorted octahedral
symmetry was applied in the EXAFS fitting of Sn-LTP systems, regardless of the crystal
structure obtained from PXRD indicating a [3+3] TiOs motif. EXAFS was limited in providing
further insight on any changes around the framework polyhedra due to doping, as observed in

Raman spectroscopy.
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Conductivity studies showed that although lattice site substitution enhanced the total
conductivity for some compositions, 50% Sn** showed the highest value, attributed to larger
M1 void and MOs octahedral volumes due to the presence of the larger Sn** cation in the
structure. Therefore, substitution by M*" cations of a larger ionic radius relative to Ti*
increases the observed room temperature conductivity, but only to a certain degree of structural
tolerance, before changes in the local Ti/SnOs symmetry that may result in Li-ion trapping
starts coming into play. Finally, although the phase purity of the materials is important in grain
boundary conductivity, it is not the only factor that plays a role in the total conductivity of these
materials. The amount and ionic radius of the dopant must be considered, as it is imperative in
establishing the extent of local distortions that result in Li* ion trapping, which, in turn,
increases the activation barrier.

In conclusion, future work focused on studying the local order around the framework through
techniques such as the pair distribution function with small-box modelling. The PDF will also
provide possible clarity on accounting for the less than expected cell volume expansion for 8
and 10% Sn. Also, Sn and P XAS would provide more conclusive information on the effects
of Sn on the TiOe and PO4 polyhedra, and how these possible distortions contribute to the

changes in conductivity.
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3.6. Supplementary information

Figure S3.1. Rietveld refinement results for Sn-LTP compositions (a) LTP, (b) 2% Sn-LTP, (c) 4% Sn-LTP, (d) 6% Sn-LTP, (e)
8% Sn-LTP and (f) 10% Sn-LTP, showing the absence of the isostructural LSP phase. ‘Observed’ = Experimental data; ‘Calculate’
= Theoretical data obtained from the input structures.
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Table S3.1. Crystallographic data for Sn-LTP systems synthesized at 900 °C via the solid-state method.

Gugulethu Charmaine Nkala PhD Thesis 2024

Whole pattern | LTP 2% Sn 4% Sn 6% Sn 8% Sn 10% Sn 50% Sn
Rexp (%) 3.79 4.06 3.88 3.87 3.93 3.98 4.00
Rwp (%) 6.56 7.09 6.82 6.67 7.62 7.34 5.90
Rp 5.17 2.39 5.29 5.15 5.72 5.54 4.62
GOF 1.73 1.74 1.76 1.72 1.94 1.84 1.47

LiTi2(PO4)3
R Bragg 2.57 2.35 2.62 241 1.60 1.65 1.43
Weight % 98.17 98.78 97.45 98.39 96.39 96.66 69.74
Space group R-3c R-3c R-3c R-3c R-3c R-3c R-3c
a (A) 8.511(1) 8.505(2) 8.511(2) 8.514(2) 8.511(2) 8.513(2) 8.567(5)
c(A) 20.864(4) 20.899(9) 20.903(8) 20.914(7) 20.910(1) 20.929(1) 21.125(1)
Volume (A%) 1308.731(5) 1309.171(1) 1311.331(9) 1313.047(8) 1311.656(1) 1313.530(1) 1342.714(1)
Phase density | 2.951(1) 2.971(2) 2.988(2) 3.005(1) 3.030(2) 3.047(2) 3.402(4)
(g/cm?)

TiP207

R Bragg 2.46 2.66 2.33 212 3.64 3.90 2.50
Weight % 1.83 1.22 2.55 1.61 3.61 3.34 1.46
Space group Pa-3 Pa-3 Pa-3 Pa-3 Pa-3 Pa-3 Pa-3
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a(A) 7.876(6) 7.898(1) 7.882(6) 7.885(1) 7.899(7) 7.912(6) 7.937(1)

(g/em?)

Volume (A3 | 488.643(1) 492.611(3) 489.720(1) 490.241(2) 492.901(1) 495.204(1) 500.001(2)
Phase density | 4.699(1) 4.661(3) 4.689(1) 4.684(1) 4.659(1) 4.637(1) 4.592(1)
(g/cm?3)

LiSn2(POa4)3
R Bragg 1.28
Weight % 28.49
Space group R-3c
a(A) 8.586(7)
c(A) 21.266(2)
Volume (A3 1357.647(2)
Phase density 3.884(7)
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Table S3.2 Raman band assignments for Sn-LTP systems synthesized at 900 °C via the solid-state method.

External Modes PO4 bending modes POg4 stretching modes TiP207 sec.
phase (Pa-3)

Peak Eg (2) Alg Eg (5) Eg (6) A]_g Eg (7) A]_g A]_g Eg (11) Eg (14) Eg Eg (16) Alg (8)
Assignment Q) 3 4 5) (15)
Composition
LTP 139.9 | 178.5 | 238.8 | 273.6 | 312.1 | 352.4 | 432.4 | 4475 | 547.3 |969.8 |989.5 | 1007.3 | 1094 |1037.5 | 1074.1
2% Sn 138.7 | 179.0 | 239.8 | 274.3 | 310.9 | 352.6 | 431.6 | 446.5 | 548.6 ]969.9 |989.0 | 1007.3 | 1095 |- -
4% Sn 137.5 | 177.7 | 240.0 | 273.6 | 309.7 | 351.2 | 431.0 | 445.8 | 549.2 |976.6 |990.5 | 1006.2 | 1094.5 | 1031.0 | 1062.9
6% Sn 137.5 | 174.6 | 236.8 | 273.6 | 310.2 | 350.4 | 432.4 | 443.7 | 547.3 |968.1 |987.7 | 1005.5 | 1094 |1048.1 | 1069.3
8% Sn 137.5|176.6 | 238.8 | 273.6 | 310.2 | 350.4 | 432.4 | 445.6 | 547.3 |969.8 |987.7 | 1007.3 | 1095.8 | 1039.2 | 1069.3
10% Sn 139.5 | 180.5 | 238.8 | 275.5 | 312.1 | 352.4 | 432.4 | 445.6 | 551.1 |971.6 |989.5 | 1007.3 | 1097.5] 1039.2 | 1069.3
50% Sn 170.7 | 221.3 | 273.6 | 308.2 | 344.7 | 432.4 | 468.3 991.3 1094.0 | 1039.2
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Figure S3.3. Laboratory PXRD pattern of TiO2 Degussa P-25 standard, with Rietveld refinement as implemented on Topas
ACADEMIC based on the tetragonal anatase (ICSD 9852) and rutile (ICSD 121630) structures, used in the Ti K-edge XAS

analysis.
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Table S3.3. Crystallographic data for TiO, Degussa P-25 from Rietveld refinement of laboratory PXRD results (D2 Phaser, Co

Ka) in the range 10 to 90° 26.

Anatase TiO2 (ICSD 9852)

Rutile TiO2 (ICSD 121630)

RBragg 0.61
Weight % 87.73
Space group 14:/amd
a(A) 3.7900(5)
b (A) 3.7900(5)
c(A) 9.518(1)
Volume (A3) 136.71(4)
Phase density 3.880(1)
(g/cm®)

1.32
12.63
P4,/mnm
4.600(1)
4.600(1)
2.963(1)
62.68(3)
4.232(2)

Whole pattern refinement parameters: Rexp = 7.45 %, Ruwp = 7.58, Rp = 5.98, GOF = 1.02.
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Figure S3.4. The k2 weighted kR plots of the EXAFS fits for Sn-LTP formulations for (a) LTP, (b) 2% Sn-LTP (c) 4% Sn-LTP, (d)
6% Sn-LTP, (e) 8% Sn-LTP, (f) 10% Sn-LTP and (g) 50% Sn-LTP.
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Chapter 4: The enhancement of ionic conductivity of NASICON-
type LiTi2(PO4); by formation of Al, Sm and Al, Dy co-doped

systems

4.1. Introduction

Understanding the influence of structure on the properties of materials of technological
importance is imperative in influencing material design. Two strategies for ionic conductivity
enhancement in the NASICON-type LiTi2(PO4)3 have been proposed: i) increasing the number
of charge carriers by aliovalent doping with M3* cations (e.g., Al, Sc, Ga, In, etc.) 345 and, ii)
enlarging the LiOs octahedra to improve the bottleneck size for easier Li migration, by doping
with optimum amount of larger M*" cations (e.g., Sn, Hf),* ® as we have explored in the
previous chapter. The presence of cations larger than Ti* such as Sn**, Hf** and Zn** has

been reported to cause local triclinic distortions which may lead to the phenomenon of Li* ion
trapping.” 8 Nikodimos et al.® studied the effect of Sc3* doping and found that although the
presence of the relatively larger Sc3* cation enlarged the tunnelling size, there was a limit to
the amount of Sc* that could be added prior to the structure exhibiting distortions, and the
formation of secondary phases. °

Co-doping strategies have been proposed to enhance the total ionic conductivities of
NASICON-type formulations. Nikodimos et al.,® also studied the Al, Sc co-doped LiGez(PO4)3
(LGP) system. The best bulk ionic conductivity of 5.826 x 10 S/cm was found when a small
amount (8.5%) of Sc3* was incorporated into the LAGP system compared to 2.989 x 10 S/cm
for the singly-doped LAGP system. However, at higher Sc®* dopant contents, they observed
lower Li* diffusion, attributing it to the larger radius of Sc®* (r = 0.745 A), which affects the
solubility of Sc into the NASICON-type structure at the 12c site. The inclusion of larger radii
cations only improves ionic conductivity up to a point, after which other effects like triclinic
and/or monoclinic distortions, and Li ion trapping take over.

Sugantha et al.,* conducted a study on LioM3*M*"(PO4)3 systems. They state that the amount
and the cationic radius of the tri/tetravalent cations in the octahedral site of the framework
determine whether the resulting solid solution was rhombohedral (R-3c) or orthorhombic
(Pbca). They explored only the orthorhombic phases, with the highest conductivity found to
be 8.30 x 10°° S/cm for Li2InTi(POa4)s at room temperature.
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In this work, two double-doped systems of Lii2Alo2Ti1.7Sno1(PO4)s (LATSP; 10% Al, 5% Sn)
and Li13Alo2sDyoosTie7(POs)s (LADTP; 125% Al, 2.5% Dy) were studied, with
Li13Alo3Ti17(POas)s (LATP) used as a reference material. The addition of small amounts of
larger cations Sn** (r = 0.69 A) and Dy** (r = 0.913 A) was expected to enlarge the LiOs
octahedra without causing significant structural distortions, while the addition of AI** and Li*
increased the number of charge carriers within the structure. Employing the strategy of co-
doping allowed for the exploitation of both factors of improving the total ionic conductivity of
NASICON-type systems.

4.2. Experimental section

4.2.1. Synthesis

LATSP: stoichiometric amounts of Li2COs, (NH4)2HPO4, TiO2, SnO, and Al203 were
manually ground into a fine powder in an agate pestle and mortar for twenty minutes. The
ground powder was placed into an alumina crucible and heated to 450 °C at 10 °C/min for one
hour. Upon cooling, the precursors were manually ground for an hour and heated in a tube
furnace to 900 °C at 10°C/min and held at this temperature for 8 hours under the constant flow
of nitrogen gas. The resulting white powders were ground for twenty minutes upon cooling and
stored in sample vials for characterization.

LADTP: The AI**, Dy** co-doped LiTi2(POs)s was synthesized following the conventional
solid-state method. Dy.0Os was obtained via the thermal decomposition of Dy(NO3)3.6H,0
(Sigma-Aldrich, 99.999%) at 700 °C in air, for 2 hours. Stoichiometric amounts of Li,COs,
TiO: (Degussa P25), Al203 (99.99% purity), (NH4)2HPO4 and Dy.O3 were ground in an agate
pestle and mortar for 1 hour. The fine powder was decanted into an alumina crucible and heated
at 450 °C in air, at a heating rate of 10 °C for 1 hour to decompose the phosphate. Upon cooling
to room temperature, the intermediate was removed by scraping, ground for 1 hour in an agate
pestle and mortar and transferred into a boat. The boat was placed into a horizontal tube furnace
and heated to 900 °C in nitrogen at a heating rate of 10 °C/min and soaked at 900 °C for 9
hours. The final product was a white powder that was finely ground for 20 minutes and stored

for further characterization.
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4.2.2. Characterization

The average and local structure of NASICON-type systems were investigated with synchrotron
based PXRD and PDF following the outlined methodologies in Chapter 2. The
crystallographic data and structural parameters obtained from Rietveld refinements are
reported in Table S1 and S2. The LiTi2(POs); and Lii3AlosTii7(POs); NASICON-type
rhombohedral structure models were used in the Rietveld refinements using the Thompson-
Cox-Hastings pseudo-Voigt peak profile, where the lattice parameters, fractional coordinates,
atomic displacement parameters and site occupancies were refined. The 12¢ site for Ti, Al, Sn
and Dy was set to the nominal compositions for both systems, similarly for Li" at 65 and 36f
sites. The crystallite size and strain were also refined. The resultant crystallographic structures
were visualized in the VESTA software. The program xPDFsuite was used to extract the
experimental PDF. The r-poly was set to 0.98 A and an upper Q-range cutoff of 25.4 A™! was

used. The real-space structure fits were carried out in TOPAS-Academic (Version 7.12).

Laboratory-based Raman spectroscopy measurements were conducted at room temperature at
a wavelength of 514.5 nm, using an Ar" laser with a grating of 600 lines/mm and a 100x
objective lens. The instrument employed a Symphony CCD detector, cooled with nitrogen. The
instrument was calibrated with as Si single crystal standard, to an error of £0.4 cm™'. The peak
positions were obtained using the LabSpec software (V5.93.20). The tabulated peak

assignments are given in Table S3.

The XAS experimental spectra were collected at the National Synchrotron Light Source at
beamline 6-BM at Brookhaven National Laboratory. All samples were measured in
transmission mode at the Ti K-edge (4966.0 eV). The presented XAS spectra are an average of
three scans per sample to ensure reproducibility. The background subtraction and normalization

procedures were done as described in Chapter 2.
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4.3. Results & Discussion

4.3.1. Crystal structural analysis through synchrotron PXRD

The PXRD patterns of the parent and co-doped LTP-based compositions are shown in Figure
4.1. The highest intensity peaks correspond to the NASICON-type rhombohedral structure
(space group R-3c).

m AIPOg
¥ DyPO4
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= |
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Figure 4.1. Synchrotron PXRD patterns for variously doped NASICON-type LTP systems.

At 15% Al (LATP), the diffraction peaks shifted towards higher 20, indicating unit cell
contraction that is consistent with the replacement of Ti** (r = 0.605 A) with a smaller cation,
A" (r = 0.535 A). The radii under comparison are those of Ti** and AI** cations. The partial
replacement of Ti** with Al, Sn and Al, Dy in the co-doped systems resulted in unit cell
expansion, observed as a shift towards lower 20, as expected upon substitution with cations of
larger ionic radii (roy®* = 0.912 A; rsn** = 0.69 A). These observations suggest successful
addition of dopant cations into the Ti 12c site in the rhombohedral NASICON-type phase. The
quantitative structural information obtained through Rietveld refinement is presented in Table
4.1.
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Table 4.1. Structural information obtained from Rietveld refinements of synchrotron XRD data for various NASICON-type

systems.
Composition a(A) c(A) Volume (A3
LTP 8.520(2) 20.87(1) 1312.0(9)
LATP 8.505(2) 20.864(9) 1306.9(8)
LATSP 8.525(2) 20.929(9) 1317.4(8)
LADTP 8.515(2) 20.910(1) 1313.2(1)

It can be expected that the replacement of Ti with Al, Dy in the LADTP system, the unit cell
expansion would be larger than in the LATSP system, owing to the difference in the cationic
radii for Dy vs Sn. However, the results in Table 4.1 show a larger expansion for the LATSP
system, which is attributed to the presence of higher Sn (nominal composition 5% of Sn), than
in LADTP (nominal composition 2.5% of Dy®"). It is also important to note that the LADTP
composition has more AI** (12.5 mol %) than LATSP (10 mol%), therefore it follows that
LADTP would exhibit a relatively smaller unit cell than LATSP.

Upon doping, the systems exhibit TiP.07; (Pa-3), AIPOs4 (C222:) and DyPOas (141/amd)
secondary phases. The respective quantitative phase compositions of each system are provided
in Table 4.2. In LATSP, only the AIPO4 impurity was present, suggesting that the addition of
Al** to Sn-doped LTP (see Chapter 3) may have hindered the formation of the TiP20O7 phase.
Also, since the total AI** present in the structure was approximately x = 0.2 and 0.3 for the Al-
bearing systems LATSP and LATP, respectively, the resulting AIPO4 phase was relatively
smaller, than that observed in the higher Al-containing LATP.2 In the work by Arbi and
colleagues,*® they suggested that the addition of Sc** or In®* delayed the formation of secondary
phases, such as AIPO4. Kahlaoui et al.,” found that the addition of Sc®" in amounts x > 0.3, in
Sc-doped LTP resulted in the formation of LiSc(P.07), LiScO2 and TiO, impurity phases. The
presence of secondary phases has been said to affect the real stoichiometry of the main
NASICON phases, indicating that not all the dopants were successfully incorporated into the
structure.** Furthermore, these secondary phases are known to occupy the grain boundaries,

which may decrease the grain boundary conductivities in ceramics.®
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Table 4.2. Quantitative phase compositions of NASICON-based systems.

Composition NASICON-type TiP2O7  (Pa-3) AIPO4 DyPOq4
“LTP” (R-3¢) (%) (%) (C2221) (%) (I41/amd) (%)

LTP 96.6(2) 3.4(2)

LATP 90.6(3) 3.5(1) 5.9(3)

LATSP 90.0(9) 10.1(9)

LADTP 94.5(2) 3.3(2) 2.1(7)

In NASICON-type structures, there are two possible sites for Li". In the undoped LTP, Li"
occupies the 65 (M1) site, whilst in the M**-doped structure, Li occupies both the 65 (M1) and
36/ (M1/2) sites. In the present study, the excess Li" required for charge balance were placed
at the 36f site.'® The structure-based Rietveld refinements yielded less than 5% per secondary

phases across all systems, except for LATSP with ~10% AIPOs.

4.3.2. Raman spectroscopy

The solid electrolyte materials were further studied with Raman spectroscopy to understand
the effects of doping on their local structures. The Raman spectra of LTP and its doped
compositions are presented in Figure 4.2. The spectrum of LADTP was scaled by a factor of
0.5 while that of LATP was multiplied by a factor of 5 to enhance the visibility of the peaks

and enable better visual comparison in the plot.
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Figure 4.2. Raman spectra of variously doped NASICON-type LTP systems. The spectra for LADTP and LATP were scaled by

0.5 and 5, respectively, for better visual comparison.

The dominant spectral features in the range between 800 to 1100 cm™ correspond to the
symmetric (v1) and antisymmetric (vs) stretching vibrations of PO4> tetrahedra.81° There were
no notable peak shifts for the lower dopant containing LATP, LATSP and LADTP
compositions. Since these characteristic peaks were maintained for LATSP, the co-doping did
not induce any significant structural disorder of the NASICON framework.®

The peaks at approximately 1039 and 1074 cm™ were attributed to phosphate-bearing impurity
TiP,07.2* However, the peaks for AIPO4 could not be assigned and/or detected in the Al-
bearing compositions, as Figure 4.2 shows, regardless of evidence of phosphate-containing
impurity phases seen in PXRD (Figure 4.1). The peaks corresponding to the cristobalite C222;

phase of AIPO4 are expected to appear in the regions given in the Supplementary Information

Table S4.6, obtained from literature.?->* The peaks for AIPO4 have not been observed in our
work due to significant overlap with those of the main phase Al-bearing NASICON-type
systems. The highest intensity peak for AIPO4 is expected to be observed at ~ 1119 cm™

corresponding to the 1D symmetric stretching mode of PO4* groups.??

In the work by Dashav et al.,?® for AI** = 0.2 mol%, the substitution of Ti** with AI** and Li*
induced the presence of some peaks in the 550 to 800 cm™ range. They attributed these peaks
to the breaking of symmetry rules, allowing for the observation of infrared and silent modes,

resulting from increased substitution.
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These results were contrary to what was observed in our study. In our work and for the
compositions LATP (AI** = 0.3 mol%) , LATSP (AI** = 0.2 mol%) and LADTP (AI** = 0.25
mol%), no discernible peaks consistent with symmetry breaking were observed in the 550 to
800 cm* range. However, the peak at 551 cm™ corresponds to the anti-symmetric bending of
the PO4% groups, consistent with the observations in Chapter 3 (Sn-doped compositions). We
posit that although the substitution of Ti** with AI** and Li* induces some disorder, as seen in
the peak broadening of Al-containing compositions, there was no significant changes in
symmetry that may have led to the presence of peaks in the 550 to 800 cm™ region. The
occupation of excess Li* of the 36f site would have been expected to induce Raman-active Li*
vibrational modes due to the symmetry of this site, however, this was not observed in a manner
similar to literature. In the work by Burba et al.,?® the addition of excess Li* to form
LisTi2(PO4)s also did not show any peaks in the 550 to 800 cm™ region similar to our study.
This was attributed to the negligible polarizability derivatives of Li* ion cage modes, hence no
measurable Raman intensities. The symmetric (v2) and antisymmetric (v4) bending modes were

similar across all compositions.

4.3.3. Atomic pair distribution function: unravelling site preference in doped systems

Average bond distances between atoms obtained from total scattering data are, in general, more
accurate than those obtained from Bragg data.?® 2’ The differences are even more pronounced
in structures that exhibit rigid body motion due to correlated motion of atoms in these types of
structures. In this work, the pair distribution function technique was used to probe the effect of
substituting Ti with Al, Snand Al, Dy on the local structure of the [M2(PO4)3]” framework. The
distribution of the average M—M distances from total scattering data (Figure 4.3) revealed a

shift for some peaks in real space distance (r) for the substituted analogues compared to the
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parent, while others had no significant shift. This indicated a preference for some sites for the
M substituent.

2 4 8 10

r (R)

Figure 4.3. (a) Stacked X-ray atomic PDFs of variously doped NASICON-type LTP systems. The zoomed inserts represent the

M-M interatomic distances at approximately (b) 5 A and (c) 6 A, showing lattice site preference.

For instance, when some of the Ti atoms were replaced with only Al to form LATP, the M—-M
peak at around 5 A was shifted to lower r values compared to the Ti-Ti distances from the
parent material for all the strictly M—M distances inside one unit cell (Figure 4.3 insert (b)).
This suggested that Al prefers to occupy those positions in the structure, within 5 A, and this
is more energetically favourable due to reduced M-M octahedra repulsions. When Ti was
substituted with both Al and Sn in the LATSP sample, there was no significant shift in the M—
M peak at around 5 A ((Figure 4.3 insert (b)), suggesting that the Ti in this position was not
significantly substituted by Al and/or Sn/Dy in the co-doped analogues.
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Figure 4.4. A unit cell depiction of the lattice site preference because of Ti replacement with smaller AlI** and larger Sn** and

Dy**. The AI** occupies the 12c site at 5 A, while the larger Sn and Dy cation occupy 12c¢ sites further from the adjacent Ti at 6

A

Looking farther in r space in Figure 4.3 (insert (c)), the M—M peak at around 6 A revealed no
significant peak shift for the LATP analogue. However, at this same distance the M—M peaks
for the LATSP and LADTP analogues exhibited shifts to higher r values ((Figure 4.3 insert
() indicating that the larger Sn and Dy cations with larger ionic radii than Ti**, might prefer
to be further apart from adjacent metals to minimise strain in the unit cell and reduce
electrostatic repulsions between the M—M octahedra. Figure 4.4 provides a clearer picture of
the phenomenon described as observed from the PDF.

A simulated PDF of the ordered LTP structure, along with selected atom-atom pair partials are
presented in Figure S4.5 in the Supplementary Information. As can be noted in Figure 4.3.,
other regions in the PDF show slight changes as the doping changes, particularly the peaks at
approximately 3.9 and 7 A, respectively. Both peaks are attributed to the superposition of Ti-
O and P-O atom pair interactions as evidenced by the partial PDFs. By virtue of the slight
changes noted, it follows that the presence dopant cations in the 12c site may have led to local
lattice distortions in the MOg octahedra and PO4 tetrahedra.
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4.3.4. Qualitative analysis of Ti K-edge XANES

X-ray absorption spectroscopy as a local structure probe was applied to determine the effects
of doping on the observed spectral features, which relate to geometry and electronic structure.
The normalized Ti K-edge XAS spectra of variously doped NASICON-type systems are

presented in Figure 4.5 relative to the undoped LTP sample.

= LTP

- LATP

= LATSP
LADTP

Relative normalized absorption(a.u.)

4970 4980 4990 5000 5010 5020

Energy (eV)

Figure 4.5. Normalized Ti K-edge XANES spectra of variously doped NASICON-type systems. The respective spectra were

shifted along the y-axis for clarity.

The qualitative analysis of the Ti K-edge XANES regions of all spectra shows that the spectral
features observed were similar to what has been reported in literature for LATP, whose average
structure is that of the presented composition; the rhombohedral R-3c structure.?® The pre-edge
region is characterized by three peaks at approximately 4968 (Al), 4970 (A2) and 4974 (B)
eV. The pre-edge features, which are dipole-forbidden according to the Laporte selection rules,
become allowed due to orbital mixing between the metal’s 3d and 4p orbitals.?® An in-depth

analysis was provided in Chapter 3.
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The various compositions did not show significant edge energy shifts, which would imply a
change in oxidation states, therefore the Ti species remained at the 4+ oxidation state across
all compositions. Qualitatively, the compositions did not exhibit any apparent relative disorder
regardless of doping with different elements, as evidenced by the well-defined spectral features
across all systems. Further qualitative inspection of the pre-edge peaks indicates that the Ti
environment maintained the non-centrosymmetric site occupancy regardless of doping.
Although the regions at approximately 3.9 and 7 A in the PDF (highlighted in Figure S4.5)
showed some variations in the peaks attributed to Ti-O and P-O atom pair correlations, the
qualitative analysis from the pre-edge XAS has shown no significant changes in the TiO6
octahedra, regardless of doping. However, a quantitative understanding of the peaks’ origins is
not prevalent for NASICON-type LTP-based systems. Therefore, analysis will provide more
insights on the degree of hybridization induced by co-doping, which has rarely been done in
NASICON-type LTP-based systems.

4.3.5. Ionic conductivity enhancement induced by co-doping.

EIS was employed in order to investigate the resulting ionic conductivities. The Nyquist
impedance plots for LTP, LATP, LATSP and LADTP are shown in Figure 4.6. The observed
data for the (co)-doped systems LATP, LATSP and LADTP were largely governed by the
bulk/intragrain contributions, shown as one semi-circle in the spectra. Also, since only one
semi-circle was observed for these three compositions, only the total ionic conductivities could
be reported. However, for LTP, the bulk/intragrain and grain boundary contributions were well-
resolved through two semi-circles at relatively high and low frequency regions, respectively,

giving the individual contributions of intragranular and grain boundary conductivities.
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Figure 4.6. Experimental Nyquist impedance plots of NASICON-systems.

The fitted experimental data gave the conductivity values shown in Table 4.3. The undoped
LTP exhibited the lowest total ionic conductivity of 1.12 x 10® S/cm in the series. This was
comparable to the conductivity of 1.6 x 10 S/cm, found in the study by Arbi and colleagues.*®
LATP showed the second highest total conductivity in the series (8.39 x 10 S/cm). However,
the result was significantly lower than the expected value in the range of 107 to 10* S/cm
obtained by Aono et al.,® for AI** or Sc3*-doped systems.?® Arbi et al.,*® obtained a total ionic
conductivity of 5.2 x 10® S/cm for the 10% Al**-doped LTP composition. In the present study,
LATSP, also containing 10% AI®*, showed a total conductivity that was higher than that in the
work by Arbi and colleagues, in the 10 S/cm range, and approximately 7 times higher than
that for LTP. The slightly higher ionic conductivity in LATSP relative to 10% LATP by Arbi
et al.,*3 could be attributed to the partial replacement of Ti and Al by Sn, of larger ionic radius,

thus improving the tunnelling size for Li cations through the structure.
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Table 4.3. The room-temperature conductivity values obtained from fitting the EIS experimental data for NASICON-type systems.

obulk (S/cm) G grain boundary (S/cm) ototal (S/cmM)
LTP 9.54 x 10® 1.27 x 10°® 1.12 x 10°®
LATP - - 8.39 x 10
LATSP - - 8.04 x 10°®
LADTP - - 1.28 x 10°

The presence of impurity phases, although minor, across all doped compositions were the
largest contributing factor to the lower conductivities observed. These secondary phases
decrease the intergranular/grain boundary Li* ionic conduction since they have been reported
to occupy the grain boundaries in the pelletized materials. Since the grain boundary conduction
is the rate-determining step, the presence of less conducting phases such as TiP207 and AIPO4
would therefore hinder the fast ionic migration across the solid electrolyte.®

Although SXRD (Table 4.1) results showed that LATSP has the largest unit cell, the highest
conductivity was obtained for LADTP, suggesting that the unit cell expansion, and by
extension, the expansion of the LiOs polyhedra only influence the total conductivity up to a
certain degree, prior to severe structural distortion and stagnant ionic conductivity.® The
presence of AI**, and additional Li* improves the rate of cation migration by generating
additional migration pathways of lower activation energies, thus facilitating improved
conductivity by increasing the unit cell volume and the amount of charge carriers.® The addition
of Dy*', although small, contributes to the overall improvement of the ionic conductivity
possibly mostly due to the higher concentration of charge carriers and easier densification since

the addition of Li* decreases the melting point of the material. 2°
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4.4, Conclusions & Recommendations

This chapter presents two new NASICON-type compositions of Al, Snand Al, Dy NASICON-
type LTP systems. The solid electrolytes were synthesized following the solid-state method.
Synchrotron-based PXRD, through Rietveld refinement showed the formation of a
rhombohedral major phase, with minor TiP.O7, AIPO4 and DyPO, secondary phases. Raman
spectroscopy corroborated the qualitative results from PXRD, confirming the R-3c main phase
of the electrolytes. The effects of doping on the framework were determined using PDF. The
qualitative analysis considering the M-M interatomic distances showed that the dopant atoms
exhibit lattice site preference relative to adjacent Ti atoms. The replacement of Ti with the
smaller Al atoms resulted in the occupation of the adjacent 12c site at 5 A, while the
replacement of Ti with larger Sn and Dy cations resulted in the occupancy of 12c sites in an
adjacent ribbon at approximately 6 A. To further establish the effects of lattice site substitution
on the Ti groups, Ti K-edge XAS indicated that the partial replacement of Ti with iso and/or
aliovalent cations did not alter the oxidation state of Ti, attributed to the minimal shifts in edge
energy across the various compositions. The co-doping approach resulted in improved ionic
conductivity relative to the undoped LTP NASICON-type system, highlighting the importance
of simultaneous increase in the tunnelling size for Li migration, and in the concentration of Li
charge carriers. Most significantly, the doped systems had negligible grain boundary resistance
compared to the parent, resulting in higher total conductivity. DFT studies will aid in resolving

the cation migration mechanism as a result of co-doping.
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4.6. Supplementary Information

Figure S4.1. Rietveld refinement result of LTP.
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Table S4.1. Crystallographic data for LTP from Rietveld refinement of synchrotron XRD results (28-1D-1 at NSLS-II, 1.6635 A).

LTP (ICSD 95979) TiP,07 (ICSD 189807)

RBragg 3.51 5.20
Weight % 96.6(2) 3.4(2)
Space group R-3c Pa-3
a (A) 8.520(2) 7.89(1)
b (A) 8.520(2) 7.89(1)
c(A) 20.87(1) 7.89(1)
Volume (A3) 1312.0(9) 490.(3)
Phase density 2.943(2) 4.68(2)
(g/cm?)

Whole pattern refinement parameters: Rexp = 17.21%, Rwp = 6.95, Rp=5.19, GOF = 0.40.
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Figure S4.2. Rietveld refinement result of LATP.
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Table S4.2. Crystallographic data for LATP from Rietveld refinement of synchrotron XRD results (28-ID-1 at NSLS-II, 1.6635 A).

LATP (ICSD 95979)

TiP207 (ICSD 189807)

AIPO4 (ICSD 98382)

RBragg 3.71 4.47 3.70
Weight % 90.6(3) 3.5(1) 5.9(3)
Space group R-3c Pa-3 C222;
a(A) 8.505(2) 7.871(9) 7.22(2)
b (A) 8. 505(2) 7.871(9) 7.04(3)
c(A) 20.864(9) 7.871(9) 7.04(6)
Volume (A3) 1306.9(8) 488.(1) 358.(4)
Phase 2.923(1) 3.02(1) 2.26(2)
density

(9/cm?)

Whole pattern refinement parameters: Rexp = 20.64%, Rwp = 6.82, Rp = 5.33, GOF = 0.33.
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Figure S4.3. Rietveld refinement result of LATSP.
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Table S4.3. Crystallographic data for LATSP from Rietveld refinement of synchrotron XRD results (28-1D-1 at NSLS-Il, 1.6635
A).

LATSP AIPO;
(1CSD 95979) (1CSD 98382)

RBragg 3.02 3.70
Weight % 90.0(9) 10.1(9)
Space group R-3c C222;
a (A) 8.525(2) 7.2(8)
b (A) 8.525(2) 7.2(10)
c(A) 20.930(9) 7.4
Volume (A3) 1317.4(8) 380.(5)
Phase 2.963(1) 2.1(4)
density

(g/cm®)

Whole pattern refinement parameters: Rexp = 20.64%, Rwp = 6.82, Rp=5.33, GOF = 0.33.
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Figure S4.4. Rietveld refinement result of LADTP.
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Table S4.4. Crystallographic data for LADTP from Rietveld refinement of synchrotron XRD results (28-ID-1 at NSLS-Il, 1.6635
A).

LADTP (ICSD 95979) AIPO4 (ICSD 98382) DyPOs (ICSD 35705)
RBragg 3.25 4.07 3.49
Weight % 94.3(2) 3.5(2) 2.2(7)

Space group R-3c C222; 141/amd

a(A) 8.515(2) 7.07(2) 6.921(9)

b (A) 8.515(2) 7.286(7) 6.921(9)

c(A) 20.910(1) 6.93(2) 6.06(1)
Volume (A3) 1313.2(1) 357(1) 290.3(1)
Phase density 2.96 2.27 5.89

(9/cm?)

Whole pattern refinement parameters: Rexp = 14.43%, Rwp = 5.30, Rp=4.32, GOF = 0.37.
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Table S4.5. Raman spectroscopy peak assignments for NASICON-type systems.

External Modes PO4 bending modes POa stretching modes Secondary
(cm™) (cm™) (cm™) phase peaks
(cm™)
Peak Eg (2) A]_g Eg (5) Eg (6) Alg Eg (7) Alg Alg Eg Eg Eg Eg (16) Alg (8)
Assignment 1) 3) 4 (5) (11) (14) (15)
Composition
LTP 139.9 | 1785 |238.8 | 273.6 |312.1 |352.4 |432.4 | 4475 |547.3 ]969.8 |989.5 | 1007.3 | 1094 |1037.5| 1074.1
LATP 141.4 | 1785 |238.8 | 2755 |312.1 |354.3 |434.3 | 451.3 |551.1 ]969.8 |991.3 | 1009.1 | 1095.8 | 1051.6 | 1072.9
LATSP 1395 | 176.6 | 240.7 | 2755 | 312.1 | 352.4 |443.3 | 4494 |551.1 |971.6 | 991.3 | 1007.3 |1094.0 | 1051.6 | 1071.1
LADTP 139.5 | 1785 | 240.7 | 2755 |312.1 | 354.3 |434.3 | 449.4 |551.1 ]1969.8 | 991.3 | 1009.1 | 1095.8 1076.4
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Figure S4.5. Simulated PDF of the ordered LTP (R-3c) structure, with accompanying atom-atom interaction partials.
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Table S4.6. The expected Raman spectroscopy peaks for the AIPO, cristobalite (C222;)secondary phase observed in Al-
bearing NASICON-type compositions. The last column presents whether the expected AIPO, phase peaks are observed in the

measured NASICON spectra.

AIPO4 Peak
Compositions Observation
P in NASICON
spectra
LATP AlIPO422 AIPO4 23 AIPO4 24
99
141.4 145
178.5
188 188 Possible
overlap with
NASICON
peaks.
238.8 240.7 240.7 240.7
275.5 278 279 Possible
overlap with
NASICON
peaks.
= 312.1
)
2 354.3 352.4 352.4 352.4
o
= 380-390 388 388 Not observed.
<1
X 434.3
S
o 451.3 449.4 449.4 449.4
482 482 Not observed.
551.1
713 Not observed.
924 Not observed.
969.8
991.3 996 996 Possible
overlap with
1009.1 1013 NASICON
peaks.
1095.8
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1109

1113

1119

1124

Not observed.
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collaboration with the University of Washington, Seattle in the Rehr Research Group as part
of a research visit.

ABSTRACT: We report a rhombohedral (R-3c) Al, Dy co-doped LiTi2(PO4)s NASICON-type
(LADTP) solid-state electrolyte for potential applications in all-solid-state batteries. Co-doping
strategies have been proposed as a method for improving the room-temperature ionic
conductivity in NASICON-type solid-state electrolytes. However, it is important to establish
the substituents’ influence on the local, average, and electronic structure of the electrolytes to
gain a better understanding of the factors that may influence ionic conductivity. To this effect,
this work has employed a combination of techniques to explore the average, local and
electronic structure of NASICON-type systems. Synchrotron-based PXRD was used to
determine the qualitative and quantitative phase composition of the LADTP system, through
Rietveld analysis, showing a rhombohedral R-3c average structure. Raman spectroscopy
confirmed the presence of the rhombohedral major phase, with minimal insights into the degree

of local structural disorder induced by cationic replacement of Ti** with Dy3*.
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Local atomic structural insights were gained through the small-box modelling of the X-ray pair
distribution function, showing a local monoclinic P21/n description at the region below 10 A,
a local structure deviation from the rhombohedral structure observed in PXRD. X-ray
absorption spectroscopy provided insights into the Dy environment in the LADTP system.
Using both experimental and theoretical XANES, the Dy local environment in LADTP was
predominantly found to be similar to that of Dy in Dy»Os (la-3). This work highlights the
importance of using structural probes that study the material across various length scales to
improve the design of future energy materials.

5.1. Introduction

The increasing need for better energy storage devices has been the driving force in researching
solid electrolytes that can be used in all-solid-state batteries. These batteries offer better
alternatives to their organic electrolyte-bearing counterparts due to their thermal and chemical
stability in air and moisture, as well as their high energy, and power density.’®> NASICON-
type based compounds, with the chemical formula LiM2(PO4)3 have a rhombohedral structure,
belonging to the space group R-3c for M = Ti and Ge. The rigid framework consists of MOs
octahedra that are corner-linked to PO4 tetrahedra, forming a helical structure about the c-axis.
The mobile cations, in this case Li*, occupy two possible interstitial sites; i) the 6-fold O-
coordinated 6b, or ii) the 8-fold O-coordinated 18e. The 6b site has been shown to be the more
thermodynamically stable, and thus more favorable than the 18e site in LiTi2(PO4)3 (LTP). LTP
exhibits a 3D network that, in principle, should allow for fast migration of Li* species, and this
class of materials has been proposed and studied as possible solid-state electrolytes for Li-ion
batteries (LIBs).1* Although these materials should allow for good ionic conduction due to the
presence of such a 3D structure, their room-temperature ionic conductivity in the order of 107
S/cm is insufficient for solid-state batteries.

Various sites, i.e., the Li* 6b and especially the M 12c¢ sites within the NASICON framework
can be substituted with a wide range of aliovalent and isovalent cations, allowing for tuning
the structure and, in turn, the physical properties of the materials. Upon substituting the M 12c¢
site with aliovalent +3 cations, the chemical formula becomes Lii+xTizxM3'x(POs)s. The
highest conductivity for NASICON-based systems has been reported for 15% Al-doped LTP
(Liz3AlosTiL7(POs)s, LATP), to the order of 10 S/cm.? The ionic conductivity can be

improved by tuning the size of the tunnel for the Li cations.
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This tunnel is formed by three O atoms at the vertices of the face of the 6b site via lattice site
substitution with ions of larger radii at the neighboring 12c site (Ti*"). Another strategy is to
increase the concentration of charge carriers, i.e., Li* ions, by replacing Ti with trivalent cations
such as Al, In, Fe, Sc and rare-earth elements such as Eu.°~® The charge deficit created by the
+3 species is neutralized by additional Li*. The changes in chemical composition and synthetic
conditions of the NASICON-related compounds alter the average structure from the typical
NASICON-type rhombohedral, to monoclinic, orthorhombic, and triclinic structures, related
through the slight distortions of the hexagonal lattice.” The complex polymorphism in the
average structure leads to changes in the ionic conductivity of these materials.® &1
First-principles studies have provided information on the effect of doping on the conductivity
properties of NASICONSs. Lang et al.,* showed that the additional Li* cations in M**-doped
compositions occupy the 36f site, a 4-fold O-coordinated site on either side of the 18e site, near
the +3 dopant at the 12c site. This occupation by Li* ions is attributed to the dopant cations
altering the activation energy for Li* migration in the bulk. These observations were supported
by multiple studies based on neutron powder diffraction (NPD) since Li can be readily probed
through NPD due to its negative coherence length, in relation to the framework elements. 1?3
The Fourier difference maps allow for the determination of the location of Li* cations within
the structure. Typically, the average structure and phase compositions of various conductive
compounds have been extensively studied using powder X-ray diffraction (PXRD). Solid-state
Nuclear Magnetic Resonance (NMR) has also been extensively used in elucidating the
coordination environment around the dopants at the 12c site, such as Al, and any changes on
the PO43 polyhedra.® 14 The position of Li ions within the structure can also be obtained from
NMR. Raman and infrared spectroscopy provide insight into the changes in the framework and
around Li. However, since in the rhombohedral LTP system Li occupies a site with Sg
symmetry, this renders the site Raman-inactive, but the structural insights around Li can be
well established from IR spectroscopy.’®

Synchrotron-based probes such as the atomic pair distribution function (PDF) have rarely been
applied in the study of the rhombohedral LTP. An LTP-analogous Nai+xAlxGez-x(POa4)3 system
was studied using NMR and PDF.'® Although the PDF analysis provided an understanding of
the coordination numbers around Ge, Al and P, no structure-based, Rietveld-like modelling

was applied.
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In the present study, an Al, Dy co-doped system with a nominal composition
Liz3Alo25Dyo.05Ti1.7(PO4)3 (LADTP), with 12.5% Al and 2.5 % Dy has been designed. The
simultaneous use of AI** (r = 0.535 A) and Dy** (r = 0.912 A) in this composition yielded the
best possible combination of cations such that the resultant radii were comparable to that of
Ti** (r =0.74 A).Y7 This strategy allows for the simultaneous increase in the tunnel size for Li",
and the enhancement of the concentration of charge carriers. We investigate the effects of co-
doping on the average structure and phase composition via synchrotron-based PXRD and in-
house Raman spectroscopy. The atomic PDF is employed to determine the structure across
multiple length scales through small-box modeling to potentially elucidate any deviation from
the Bragg-detected average structure, and XANES gives insight into the changes around the
Dy dopant. Finally, the experimental XANES features are assigned from first principles using
FEFF.

5.2. Experimental Section

5.2.1. Synthesis

The AIRF*, Dy** co-doped LiTi2(POs)s was synthesized following the conventional solid-state
method. Dy,0O3 was obtained via the thermal decomposition of Dy(NO3)3*6H.0 (Sigma-
Aldrich, 99.999%) at 700 °C in air, for 2 hours. Stoichiometric amounts of Li>COsg,
(NH4)2HPOs, TiO2 (Degussa P25), Al203 (99.99% purity), and Dy20Os were ground in an agate
pestle and mortar for 1 hour. The fine powder was decanted into an alumina crucible and heated
to 450 °C in air, at a heating rate of 10 °C/min and soaked at 450 °C for 1 hour to decompose
the phosphate. Upon cooling to room temperature, the intermediate was removed by scraping,
ground for 1 hour in an agate pestle and mortar and transferred into a boat. The boat was placed
into a horizontal tube furnace and heated to 900 °C in nitrogen at a heating rate of 10 °C/min
and soaked at 900 °C for 9 hours. The final product was a white powder that was finely ground

for 20 minutes and stored for further characterization.

5.2.2. Characterization

The average structure of LADTP was investigated with synchrotron based PXRD (PXRD) and
PDF. The data were collected at the National Synchrotron Light Source-11 (NSLS-II) at the 28-

ID-1 (PDF) beamline at room temperature.
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The powder sample was loaded into a Kapton capillary and measured in transmission
geometry. The direct sample to detector distances were 819.16 mm and 241.78 mm for PXRD
and PDF, respectively. The wavelength of the radiation was 0.1663 A. A 2D PerkinElmer area
detector with a 200 x 200 um pixel size was employed. The Si (NIST SRM 640d) standard
was also measured to determine the instrumental profile. An empty Kapton capillary was
measured to obtain the background function. Rietveld analyses of the PXRD results were
implemented on TOPAS-Academic (Version 7.12).18 The crystallographic data and structural
parameters are reported in Table S1 and S2. The LiTi2(PO4)s and Li13AloaTi17(PO4)3
NASICON-type rhombohedral structure models were used in the Rietveld refinements using
the Thompson-Cox-Hastings pseudo-Voigt peak profile, where the lattice parameters,
fractional coordinates, atomic displacement parameters and site occupancies were fined. The
12c site for Ti, Al and Dy was set to the nominal composition, similarly for Li" at 6b and 36f
sites. The crystallite size and strain were also refined. The resultant crystallographic structures
were visualized in the VESTA software. The program xPDFsuite was used to extract the
experimental PDF. The r-poly was set to 0.98 A and an upper Q-range cutoff of 25.4 A was
used. The real-space structure fits were carried out in TOPAS-Academic (Version 7.12).
Raman spectroscopy measurements were conducted at room temperature at a wavelength of
514.5 nm, using an Ar+ laser with a grating of 600 lines/mm and a 100x objective lens. The
instrument employed a Symphony CCD detector, cooled with nitrogen. The instrument was
calibrated with as Si single crystal standard, to an error of +0.4 cm™. The peak positions were
obtained using the LabSpec software (V5.93.20). The tabulated peak assignments are given in
Table S3.

Experimental XAS data for LADTP and a Dy.Os standard were collected at the 6-BM beamline
at NSLS-11.* The powdered LADTP and Dy.Os samples with approximate particle sizes of
41(1) nm and 27(4) nm, respectively, were individually ground with cellulose filler (Avicel
PH-101, ~50 um cellulose, Sigma-Aldrich,) in an agate pestle and mortar until they were
homogeneous. The mixtures were pressed into pellets of 13 mm diameter at 40 MPa pressure,
using a uniaxial hydraulic press at room temperature. The pellets were loaded onto sample
holders and held with Kapton tape. The measurements for LADTP and Dy.Osz were done in
fluorescence and transmission modes, respectively, using a Si (111) double monochromator.
The typical edge steps for Dy>Os measured in transmission mode were set to 10 eV before the
edge, 2 eV at the edge and 0.03 eV after the edge. The steps were 0.05k for the EXAFS region.
The nominal composition for LADTP had a maximum of 2.5% Dy, therefore no self-absorption

correction was applied for the fluorescence data as the sample was sufficiently dilute and thin.
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Typical data reduction (i.e., background subtraction, energy calibration and alignment) were
carried out in the ATHENA software of the DEMETER package.?’ The evaluation of the results
was done on an average of three scans for each system. The edge energies were determined as
the maxima of the first-derivative spectra.

Computational details for theoretical XANES

Computational details for theoretical XANES. The Dy Lz-edge XANES spectra were
calculated for both LADTP and Dy,0s3 using the FEFF10 software.?* The starting models for
both systems were generated from PXRD. The average structure of Dy,03 was indexed to the
cubic system (space group la-3) (see Figure S1 and Table S4) The structure of Dy>O3 consists
of two inequivalent sites, 8b at (0.25, 0.25, 0.25) and 24d at (x, 0, 0.25), therefore, calculations
were done for both, and the resultant theoretical spectrum was a weighted average according
to the stoichiometry of the system. The optimum parameters obtained from calculations for
Dy,0s standard were used in subsequent calculations for LADTP. An 8 A cluster was
constructed around the Dy absorbers. Both the electric dipole and quadrupole transitions were
accounted for. The Hedin-Lundqvist self-energy and a ground-state background function were
used, with self-consistent field (SCF) radii of 5 A and full multiple scattering (FMS) radii of
approximately 7.96, 7.87 and 7.98 A for Dy,03, DyPO, (l41/amd) and DyPOs (P21/n),
respectively. The amplitude reduction factor was set to 1.0. In order to obtain better resolution
for the low energy peaks, the energy grid was customized to minimum and maximum values
of -26 eV and 10 eV, respectively, at 0.03 eV steps, while the k-grid was customized to a
maximum value of 6.0 A at 0.03 A steps. The local I-projected density of states (LDOS)
calculations was conducted in the energy range -30 eV to 20 eV, with the Lorentzian
broadening set to 0.01 eV. Finally, the theoretical spectra were shifted by 4.86 eV to align the
high-energy (EXAFS) regions to that observed in experiment. This shift was applied to all
theoretical spectra to preserve the relative behavior.
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Results & Discussion

5.3.1. Synchrotron powder X-ray diffraction (SXRD)

The room-temperature diffraction pattern of LADTP is shown in Figure 5.1. The most intense
peaks were indexed to the NASICON-type rhombohedral structure of LTP at 94.3(2) weight%
(space group R-3c) (ICSD 95979).22 Minor secondary phases of AIPO; (space group C222;,
ICSD 257190) and DyPO4 (space group 141/amd, ICSD 35705) were also detected at 3.5(2)
and 2.2(2) weight %, respectively.?3 24

e Exp. LADTP
—— Calculated
Difference
1 LTP R-3c
I DyPO4 14;/amd
1 AIPO4 C222,

Intensity(a.u.)

2 4 8 10 12

6
26(°) A=0.16635 A

Figure 5.1. The Rietveld refinement result of synchrotron XRD data of the Al, Dy co-doped LADTP system, indexed to the
rhombohedral NASICON-type structure (space group R-3c) (blue circles = observed data, red line = calculated model, and grey
line = difference).

The Rietveld refinement analysis for LADTP was carried out using the NASICON-type
rhombohedral model, with i) Li occupying the 6b and 36f sites, ii) Ti, Al, Dy at 12c, iii) P at
18e and iv) O1 and O2 at 36f sites. The resulting structural parameters presented in Table 5.1
showed unit cell expansion more notably along the c-axis (~0.32% expansion) relative to the
starting model of LTP, similar to the findings of Lang et al.,* The unit cell expansion is
suggestive of the successful partial replacement of Ti** with Dy®" attributed to the larger ionic
radius of Dy®* (rpys+, six-fold coordination = 0.912 A), than Ti** in the same environment (rris+
=0.605 A)

122
Gugulethu Charmaine Nkala PhD Thesis 2024



Table 5.1. Comparison of Rietveld refinement-obtained structural parameters for LADTP and literature-reported LTP and LATP
systems both indexed to the rhombohedral NASICON structure (R-3c). The contraction and expansion % (shown in parentheses)

correspond to the change from LTP.

Cell aLTP bLATP LADTP
parameters

a (A) 8.5110(1) 8.5098(1) (-0.02%) 8.515 (+0.05%)
c(A) 20.843(4)  20.8305(4) (-0.06%) 20.909(+0.32%)
Volume (A3) 1307.53  1306.38 (-0.09%) 1313.21 (+0.43%)

&b | jterature values from ICSD 95979 for LiTi2(PO4)s (LTP) and ICSD 257190 for
Li13AlosTii7(PO4)s (LATP) reference compositions, respectively.

The formation of AIPO4 has previously been reported for Al-doped LTP at Al contents higher
than 15%.% In the present study, 12.5% AI** nominal concentration was used, and the
secondary phase still formed. The formation of DyPO4 was attributed to the size disparity
between Ti** (r = 0.605 A) and Dy** (r = 0.912 A) in a six-fold coordination geometry. In
previous works wherein lanthanides were substituted into the NASICON-type structure at the
Ti 12c site, an ideal solid solution was formed when the ionic radius of Ln%" was approximately
0.9 A5 The amount of Dy®* incorporated into the structure was determined following the
standard-less Rietveld quantitative phase analysis methodology,? and found to be 96.6%, and
it was also suggested by the unit cell expansion.

5.3.2. Raman spectroscopy

The NASICON-type framework consists of MOs and PO4 polyhedra that can be readily probed
with Raman spectroscopy to further establish the phase compositions and the effects of doping
on the structure of LADTP. Figure 5.2 shows the Raman spectrum of LADTP. The

deconvoluted peak positions and assignments are given in Table S3.
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Figure 5.2. The vibrational spectrum of LADTP, analogous to the rhombohedral R-3c space. group of NASICON-type LTP. The

asterisk represents the PO, stretching mode of DyPQO, in the 14;/amd space group setting.

The observed vibrational spectrum for LADTP is consistent with NASICON-type LTP and
LATP systems reported in literature.?” The region below 350 cm™ corresponds to the external
modes, made up of the M3* and M** translational modes and PO.* translations and/or pseudo-
rotations. External modes refer to the movement of molecules making up the crystal through
partial rotations and translations.?® 2° The peaks at 434 and 449 cm™ correspond to the
symmetric bending modes of PO4>, while the asymmetric bending modes occurred at 549.2
cm®. The migratory cations, Li*, occupy both the 6b and 36f sites, as found in Rietveld
refinement of XRD data. However, the dominant 6b Li* cations have an Se site symmetry,
resulting in their cage modes being Raman-inactive. Although the excess Li* at 36f occupies a
site that renders them Raman-active, their contributions are significantly small. In the work by
Dashav et al.,*® for AI** = 0.2 mol%, the substitution of Ti** with A" and Li* induced the
presence of some peaks in the 550 to 800 cm™ range. They attributed these peaks to the
breaking of symmetry rules, allowing for the observation of infrared and silent modes, resulting
from increased substitution.

The region between 900 and 1030 cm™ consists of three peaks of increasing intensity, and a
small feature. These peaks correspond to the symmetric and asymmetric stretching modes of
the PO4> groups.3 The asterisk at 1069.3 cm™ is attributed to the PO, stretching mode of
DyPOqs in the 141/amd space group setting that was detected in XRD.
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The computational work by Giarola et al.,*> showed the presence of an Eg feature at 1065.0
cm, while their corresponding experimental work showed this feature at 1071 cm™,
comparable to what we observed in this work. This feature could be attributed to both the
rhombohedral main phase of LADTP, and the tetragonal DyPOs, indicating an overlap of
vibrational modes of the secondary phase with those of the main phase. The AIPO4 and DyPO4
secondary phases observed in XRD could not be easily detected from Raman spectroscopy,
possibly due to overlap of vibrational modes with those of the main phase, or the phase contents
being too low, at less than 4 weight %.

5.3.3. Small-box modelling of pair distribution function (PDF)

The X-ray PDF was used to probe the effect of lattice site substitution at the 12c site, replacing
Ti** with larger Dy** cations, on the [Tiz-x.yAlxDyy(PO4)*]" framework. Structure mining,* a
methodology that allows a user to search through a repository of data to find the best possible
structural match to experimental data, revealed the best agreement to the rhombohedral
NASICON-type model (R-3c) in the intermediate to long range (r > 10 A), in agreement with
average structure from XRD (see Figure S5.2), thus providing a starting model for small-box
modelling.

The small-box modelling approach has been used extensively in studying various energy
materials.3** This has provided information on the changes in local and average structure due
to distortions, the formation of an amorphous phase and the detection of minor crystalline
phases. Small-box modelling using the R-3c model showed a reasonable agreement in the
region 8 A < r <50 A (Figure 5.3, Rw = 32.8%). However, the residual curve in the low-r
region showed a discrepancy between the experimental G(r) and the applied average structure,
especially around the first two peaks at 1.5 A and 1.9 A corresponding to the P-O and Ti/Al/Dy-
O peaks, respectively. The deviation of the local structure from average structure could be due
to i) a secondary phase with short-range structural coherence,® or ii) a distortion of the structure

at a local level.¥’
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Figure 5.3. Small-box modelling of LADTP G(r) in the range 0.75 — 50 A, using the rhombohedral R-3¢c model obtained from XRD

(Rw = 32.8%) (blue circles = observed data, red line = calculated model and green line = difference).

The presence of minor crystalline phases has also been previously shown to account for the
structure deviation at low-r.® The qualitative analysis of PXRD data showed the presence of
Al-and Dy-bearing phosphate secondary phases. Applying the LTP (R-3c), AIPO4 (C222;) and
DyPO4 (l141/amd) three-phase model only gave a slight improvement in the fit (Rw = 28.1%),
but the misfits at low-r were still unaccounted for (see Figure S3). The secondary phases did
not show any considerable contributions to the fit, thus suggesting that structural distortions
are more likely the cause of the disagreement at low-r.

The deviation of the local structure from the average due to local distortions has been
extensively studied by means of PDF. Christensen et al.,*® studied nano-rutile TiO, anodes
and found that the local structure was better described as a monoclinic distortion (P2/m), than
the typical P42/mnm structure of rutile. Other NASICON-type systems containing Hf**, Sn**
or Zr** have been shown to possess monoclinic or triclinic crystal structures. First-principles
DFT studies found that the substitution of Ti*" with larger cations such as Dy®* results in
distortions around the metal’s 12c site due to size difference.* Aono et al.,** reported the
existence of a B-Fe2(SOa)s-type structure upon replacement of Ti** to form an analogous Hf-
bearing compound. The B-Fe2(SOa4)3-type monoclinic structure (space group P21/n) was then
tested in the region below 10 A, and this model showed the best agreement with the
experimental data (Rw = 3.96%), as shown in Figure 5.4 (a). Both the rhombohedral
NASICON-type and monoclinic B-Fez(SOas)s-type structures have similar framework

arrangements (Figure 5.4(b) and (c), respectively), wherein the MOs polyhedra are linked to

126
Gugulethu Charmaine Nkala PhD Thesis 2024



PO4 polyhedra, with a difference in the angles. This suggests that the local distorted monoclinic
arrangement may have to undergo rototranslation to yield the rhombohedral geometry in the

average structure, suggesting that the two phases show a group-subgroup relationship.

a) 1.5
e Exp. LADTP R, =3,96%
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Figure 5.4. (a) Small-box modelling of LADTP using the B-Fe,(SO,)s-type monoclinic (space group P2:/n) model in the 0.75 to
10 A range, Rw = 3.96%, (b) unit cell depiction of the NASICON-type LTP, based on the structure by Aatiq et al.,? and (c) unit
cell depiction of the adapted B-Fe,(SO.)s-type structure by Aono et al.*° Both structures consist of TiOg octahedra (blue), corner-
linked to PO, tetrahedra (purple).
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5.3.4. Analysing the local structure of LADTP using XANES

In this section we first discuss the overall agreement between LADTP and the Dy.Os3 standard,
for both the experimental and theoretical results. We then explore, in detail, the origin of each
feature in the spectra.

Comparison of experimental and theoretical LADTP and Dy>O3 XANES spectra - The

elemental specificity of XAS is useful for probing the local atomic and electronic structure
around an X-ray absorbing atom. Figure 5.5 shows the stacked Dy Ls-edge experimental and
theoretical spectra of LADTP and Dy»0s. The experimental spectra of these systems have
similar spectral signatures, with just a few small differences particularly a small increase in the
white line intensity and a peak shift in the 7820-7840 eV region. The theoretical results
reproduce these differences semi-quantitatively across the full spectrum. As discussed in detail
below, this agreement is achieved by using a mix of 60% Dy.03 (la-3), 35% DyPO4 (141/amd)
and 5% DyPOs (P21/n) to represent LADTP theoretically.

= LADTP

wiL = Dy,03

d Computational

koA e

7780 7800 7820 7840 7860 7880 7900

Energy (eV)

Relative normalized absorption(a.u.)

Figure 5.5. Normalized experimental and computational Dy Ls-edge XANES spectra of Dy,0O; standard and LADTP. The
computational spectrum of LADTP is made up of approximately 60% Dy,03 (la-3), 35% DyPQ, (14,/amd) and 5% DyPO, (P2,/n).

To gain a clear understanding of the local environment around Dy in LADTP, it was imperative
to compute theoretical spectra of Dy in different compounds with various crystallographic
orientations around Dy. To this end, the structures from phases obtained via PXRD and PDF

were used as starting models, and the results are shown in Figure 5.6.
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The main phase with a rhombohedral structure assumes the statistical distribution of Dy at the
12c¢ site of the R-3c space group. The white line (WL) of Dy in rhombohedral R-3c structure
(site 12c) split into two states, indicating a relatively large crystal field splitting, hence a
different electronic structure than observed in the experiment. It is also worth noting that PXRD
is a long-range probe, while XANES is a local structure probe, therefore it is not unexpected
that the PXRD model is inadequate in describing the local structure that is observed through
XANES.

The tetragonal 141/amd structure for the secondary DyPO4 phase detected from PXRD was also
calculated, similar to the monoclinic P2i/n local structure determined from small-box
modelling of the PDF. The WL obtained from the tetragonal and monoclinic models of DyPQO4
resembled that of the experiment, unlike the 12c site in R-3c, pointing to Dy possibly being
absent in 12c-like environments. This was suggestive of these models providing a better local
structural description of Dy in LADTP, than what was observed from the average structure

model.

Comp. Dy L3;-edge XANES

Dy@4e in P2;/n

Dy@4a in 14,/amd

Dy@12c in R-3¢

Relative normalized absorption (a.u.)
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Energy (eV)
Figure 5.6. Theoretical L3-edge XANES spectra of Dy in a 12c site in the rhombohedral R-3c NASICON-type main phase, a 4a
site in the tetragonal 14,/amd structure obtained from the PXRD-detected secondary phase, and the 4e site in the monoclinic

P2,/n structure obtained from PDF.

It should be noted that the structures used in the XANES simulations do not imply that phases
with similar structures are present in LADTP, but rather that the local environment in these
structures is representative of that in LADTP. This highlights the importance of using structural

probes that study the material across various length scales.
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It is important to note that these structure proportions are only estimates; however, all known
Dy environments have been accounted for.

Assignment of spectral features in LADTP and Dy,Oz - The origin of features in the XAS

spectra is best understood by analyzing the LDOS associated with the spectra of the Dy Ls-
edge. Figure 5.7 shows the computational XAS Dy.Oz spectrum together with the p-, d- and

f- DOS of the Dy absorber to elucidate the origin of the spectral features.
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Figure 5.7. Computational spectrum of cubic Dy,0; (space group la-3) computed using two sites 8b and 24d with a 25:75 ratio

to preserve stoichiometry. The localized Dy absorber p, d and f-DOS are also presented.

Pre-edge features - The pre-edge feature ‘a’ in Figure 5.5 is poorly resolved in our

experimental spectra, which were measured in conventional transmission (Dy203) and
fluorescence (LADTP) modes, with the need for high-resolution measurements to resolve the
pre-edge features of Ln Ls-edge XANES spectra having been demonstrated by Vitova et al.**
This feature has been attributed previously mainly to the quadrupolar 2ps» = 4f electronic
transition.*> 3 In contrast, the LDOS calculated in this work (Figure 5.7) show that this feature
(appearing at a relative energy of approximately -10 eV) is largely attributed to the dipolar 2ps2
-> 5d transition, with a smaller contribution from the quadrupolar 2pz—> 4f transition.

White line - As expected from the selection rules, the white line (WL) transition corresponds
to 2ps2 = 5d dipole transitions (d-DOS in Figure 5.7). The experimental edge energies of
LADTP and Dy.0O3 were found to be 7791.81 eV and 7792.39 eV, respectively.
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Given that changes in oxidation state from +2 to +3 in Ln ions show an energy shift between 7
to 10 eV,* the observed small energy difference of 0.58 eV (very accurately reproduced by the
theoretical results) suggests an oxidation state of +3 in both compounds. Moreover, since the
oxidation state of the oxide standard is known, the close match between LADTP and Dy>03
suggests the same oxidation state for LADTP. The integrated peak centroids from
computational spectra (shown in Table 5.2) showed a similar energy difference of -0.58 eV.

The LADTP system showed a slightly narrower and higher WL relative to the oxide standard
in the experimental data. The integration of the WL is instrumental in deducing the reason
behind experimental observations possibly linked to changes in local structure. The results
from peak integration, showing the intensity of the WL, peak centroids and peak width are

given in Table 5.2.

Table 5.2. Quantitative results of WL peak fitting for experimental and computational spectra of Dy,05; and LADTP.

WL integrated Peak centroid (V) Peak width (eV)
intensity (a. u.)
Exp. Dy.03 18.0 7792.44 3.2
Exp. LADTP 17.6 7791.81 2.5
Ratio: 0.98 Difference: -0.58 Ratio: 0.79
Comp. Dy203 16.4 7791.55 3.3
Comp. LADTP 16.2 7790.97 3.1
Ratio: 0.99 Difference: -0.58 Ratio: 0.93

The narrow WL in LADTP could be attributed to a higher coordination number than 6,
expected from the undoped NASICON-type LTP.* Aliovalent M3*-doped systems have been
studied both experimentally with techniques such as NPD, and from first principles using
DFT.* 2 Both these methodologies showed that the additional Li* cations required for charge
balance upon M3* doping tend to occupy the 36f sites located close to the M** dopants. In this
case, Dy cations are, therefore, surrounded by 6 O atoms, and at least one additional Li,
resulting in a coordination number of at least 7. This phenomenon has been observed in Ho and
La compounds, showing a decrease in the WL peak width with increasing number of ligands

around the Ho absorber.*> 46
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A similar deduction was made by Asakura et al.,*® for Eu and Dy amongst other Ln elements,
where they found that increasing the coordination number from 6 to 12 for Eu and Dy
complexes led to a decrease in the splitting of the d-states, thus a narrower WL.

The quantitative results from WL peak fitting support these observations: Given that the
experimental and theoretical WL integrated intensities are very similar for Dy,Oz and LADTP,
it follows that the observed change in WL height must be driven by a change in width, and not
differences in peak intensity. Put more precisely, the WL change is not due to the presence of
more d-states available, but because the d-states become closer together for the same intensity
and number of d-states, hence the width gets narrower and the peak heigh is visibly bigger.
This is clear from the fitted peak widths, which show significant changes (ratios of 0.79
experimentally and 0.93 theoretically). The idealized structure used in generating the
computational spectrum resulted in FEFF overestimating the peak width by approximately
15%, resulting in broader theoretical WLs in computational spectra compared to experiment.
The narrowing of peak width in LADTP is seen to be underestimated by FEFF also due to the
application of an idealized structure, resulting in similar heights for the WL peaks. Combining
the learnings from experimental observations in literature, and peak fitting of the spectra in this
work, it is supported that an increase in coordination number results in narrower d-orbital
splitting, as observed in the LADTP system.

Post-white-line features - Jeon et al.,*® have suggested that features that occur approximately

60 eV above the WL, such as ‘c’ and ‘d’ in Figure 5.5, are due to absorber-ligand interactions.
Feature ‘c’ could only be assigned to Dy-Dy interactions if an interatomic distance of at least
3.2 or 3.5 A is considered. Feature ‘d’ was attributed to the continuum resonance (CR) caused
by O ligands surrounding the Ln®* absorber. The positions of the CR features were explained
following the 1D particle-in-a-box phenomenon: As the bond distances between the Dy
absorber and its neighbors (either O in the first shell or Dy in the second one) increase, the CR

feature shifts towards lower energy.
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Figure 5.8. Dy-Dy interactions in (a) LADTP with an indirect line of site at 5.42 A apart and (b) Dy,O3 with a direct line of site at
3.52 A apart. The individual atoms are as follows: oxygen = red, lithium = turquoise, phosphorus = purple, dysprosium in

LADTP = blue and dysprosium in Dy,O3; = green.

In our results, feature ‘c’ is small and present in both compounds, but slightly less intense in
LADTP than in Dy20s3, suggesting that the LADTP is more disordered compared to Dy20s. In
LADTP, the Dy** dopants are assumed to be randomly distributed in the NASICON-type
framework’s 12c sites, with Ti*" and AI** in neighboring 12c¢ octahedra with a Dy-Dy distance
of ~5.4 A from average structure. The presence of excess Li at interstitial 36f sites blocks the
direct line of sight between the Dy cations, thus likely resulting in weaker interactions between
Dy cations (Figure 5.8 (a)). The theoretical spectra in Figure 5.8(a), obtained by removing,
relative to Dy.Oz structure, all Dy-O interactions while keeping the Dy-Dy ones, shows that
the peak is still present, supporting the assignment of feature ‘c’ to metal-metal interactions. It
is worth noting that the most important contribution to the DOS (Figure 5.6(b)) associated
with feature ‘c’ corresponds to p—> d transitions. Therefore, feature ‘¢’ is likely not exclusively
due to Dy-Dy backscattering interactions but also has a local atomic component. Finally, the
presence of feature ‘c’ in both Dy>0O3z and LADTP could indicate the presence of Dy in
environments similar to the oxide, in the LADTP compound.*® In Dy,0s3, the relatively shorter
Dy-Dy distance of 3.52 A would therefore result in feature ‘c’ appearing at higher energy,
relative to that of LADTP (5.42 A), as observed in this work.
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Figure 5.9. Comparison of computational Dy,O3; Dy Lz-edge XANES spectra, with that of an la-3 Dy-only system, showing (a)

feature ‘c’ as Dy-Dy interactions and (b) feature ‘d’ as Dy-O interactions.
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In agreement with the literature assignments, our theoretical results show that feature ‘d’
completely disappears when the O scatterers around the Dy absorber are removed (Figure 5.9
(a)) but has almost identical intensity and position when they are included (Figure 5.9 (b)). In
our LADTP measurements, feature ‘d’ appears 3 eV lower in energy with respect to Dy203,
suggesting a longer Dy-O bond length. The bond distances for Dy.O3, DyPOs (I41/amd) and
LADTP that were obtained from Rietveld refinement are shown in Table S5. Considering Dy
in rhombohedral LADTP, the average bond distance is 1.90 A, significantly shorter than for
both the parent oxide and DyPO4 (141/amd) secondary phases. The presence of Dy at the 12c
site would shift the CR feature ‘d’ to higher energy than both the phosphate and oxide phases.
To support this hypothesis, the effect of changing the Dy,03 Dy-O distance from 2.1t0 2.3 A
on the position of feature ‘d” was investigated and the theoretical results are shown in Figure
5.10. The increasing Dy-O distances in the first shell resulted in a shift towards lower energy

in feature ‘d’.
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Figure 5.10. Comparison of experimental and computational Dy,O; XANES spectra, showing the effect of Dy-O bond distance

on the position of feature ‘d’ at ~7829 eV (marked).

It follows that in the LADTP sample, although Dy is present in the secondary phase (DyPOa,
14:/amd), the remaining Dy is incorporated into another structure while maintaining the oxide-
like environment similar to Dy20s3, but with longer Dy-O distance, resulting in the appearance

of feature ‘d’ at lower energy, as observed in the experiment.
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The formation of Dy,0s-like regions apart from DyPOas (141/amd) is supported by the
qualitative similarities between the experimental spectra of the LADTP system, and the oxide
standard as well as the computational spectrum generated from a Dy203 (la-3), DyPO4
(141/amd), DyPOa (P21/n) mixture. Furthermore, the peak width of the WL is dominated by the
distribution of the multiple transitions making up the d-states shown in the LDOS. In changing
the Dy-O bond distance, the distribution of the states also changes (see Figure S5.5).
Therefore, the longer Dy-O bond length in the oxide-like environment in LADTP results in
narrower WL as observed in the experiment, leading to three states that are less separated. The
use of a full potential rather than the muffin-tin approximation in determining the XANES and
DOS would probably be more suitable in giving a better distribution of the d-states.

In summary, the proposed theoretical model for LADTP suggests the presence of Dy in the
secondary phase tetragonal (141/amd) and monoclinic (P21/n) environments, as observed from
PXRD and PDF, and most importantly, that the remaining Dy could be present as small oxide-
like clusters. A reasonable agreement between i) experimental and ii) computational spectra
for both compounds was obtained, suggesting a good approximation of the local structure of
Dy in LADTP.

5.4. Conclusions

In this work we report a new 12.5% Al, 2.5% Dy co-doped NASICON-type LADTP system,
synthesized via the solid-state mechanism. The Rietveld refinement analysis of room-
temperature synchrotron XRD results suggested a NASICON-like average structure, indexed
to the rhombohedral (space group R-3c) LADTP structure, with AI** and Dy3* substituted at
the 12¢ site of Ti**, and excess Li* occupied the 36f sites. However, the product also consisted
of DyPOg (space group l4:/amd) and AIPO4 (space group C222;) secondary phases. Raman
spectroscopy supported the phase compositions obtained from XRD, showing a majority of the
NASICON-type system. The results from Raman spectroscopy did not provide significant
insight into the changes in the Ti/Al/Dy octahedra. The crystallographic information obtained
from PXRD refinements was used as starting models in the small-box modeling of PDF data
and showed a deviation of the local structure from the average structure below 10 A, showing
the best agreement with a monoclinic P21/n B-Fe2SOs-like local structure. Therefore, the
LADTP system is described by the P21/n (r < 10 A) and R-3c (r > 10 A) models. The qualitative
comparison of experimental LADTP to Dy.03 suggested that the LADTP sample may also

consist of Dy in oxide-like environments.
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Like PDF, computational XAS indicated a deviation of local atomic structure from the
rhombohedral average structure. Subsequently, a monoclinic model (P21/n), analogous to -
Fe2(SO4)3 was used in conjunction with the PXRD-obtained 14:/amd DyPO4 and Dy.O3 (1a-3)
models in a 5% DyPO4 (P21/n): 35% DyPOs (141/amd): 60% Dy.03 (la-3) ratio, respectively,
to yield the best agreement with experimental LADTP XANES. The post-edge features
occurring about 60 eV above the white line were attributed to the Dy-Dy and Dy-O interactions
(features ‘¢’ and ‘d’), through simulations carried out via FEFF.

In conclusion, this chapter has successfully demonstrated the importance of understanding the
LTP-based NASICON-type materials and the effects of doping on the structure from both
experimental and theoretical approaches. The combined use of PXRD, Raman spectroscopy,
PDF and XAS provides insights ranging from the long-range average to the local atomic and
electronic structures perspective that will serve as a tool in informing the design of solid-state
electrolytes that are more applicable in an all-solid-state Li-battery. The application of methods
such as density functional theory (DFT), as demonstrated by Lang et al.,* and experimental
variable-temperature EIS would further assist in determining the cation migration mechanism
and activation energies from first principles, to consolidate the theory vs experiment

approaches taken in this work.
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5.7. Supplementary Information

Table S5.1. Crystallographic data for LADTP from Rietveld refinement of synchrotron XRD results (28-ID-1 at NSLS-II, 1.6635
A).

LADTP (ICSD 95979) AIPO4 (ICSD 98382) DyPO4 (ICSD 35705)

RBragg 3.25 4.07 3.49
Weight % 94.3(2) 3.5(2) 2.2(7)
Space group  R-3c C222; 141/amd
a (A) 8.515(2) 7.07(2) 6.922(9)
b (A) 8.515(2) 7.285(7) 6.922(9)
c(A) 20.910(2) 6.93(2) 6.06(1)
Volume (A3)  1313.2(1) 357(1) 290.3(1)
Phase density 2.96 2.27 5.89
(g/cm3)

Whole pattern refinement parameters: Rexp = 14.43%, Rwp = 5.30, Rp = 4.32, GOF = 0.37.

Table S5.2. Structural parameters of LADTP deduced from Rietveld refinement of synchrotron XRD.

Atom Wyckoff occ X y z B
Position

Lil 6b 1 0 0 0 2.86
Li2 36f 0.05 0.062 0.274 0.086 4.09
Ti 12c 0.85(6) 0 0 0.142 0.21
Al 12c 0.12(5) 0 0 0.143 0.21
Dy 12c 0.03(8) 0 0 0.138 0.21
P 18e 1 0.289 0 0.25 0.78
01 36f 1 0.182 0.996 0.189 0.96
02 36f 1 0.174 0.484 0.247 0.84
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Table S5.3. Raman spectroscopy peak assignment for the NASICON-type rhombohedral LADTP system.

Raman shift (cm™)

Band assignment

Phenomenon

139.5 Eq (2) External modes:

178.5 Alg (1) -PO4 translations; pseudo-

240.7 Eg (5) rotations

275.5 Eg (6) -M** translations

3121 Alg (3)

354.3 Eg (7)

434.3 Alg (4) PO4 symmetric bending

449.4 Alg (5) (v2)

551.1 Eg (11) PO4 antisymmetric bending
(v4)

969.8 Eg (14) PO4 antisymmetric stretching

991.3 Eg (15) (v3)

1009.1 Eg (16) PO4 symmetric stretching

(v

1095.8

Alg (8)

PO4 antisymmetric stretching

(v3)
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Figure S5.1. Laboratory PXRD pattern of Dy,O; standard, with Rietveld refinement as implemented on Topas ACADEMIC based
on the cubic la-3 structure (ICSD 66736).

Table S5.4. Crystallographic data for Dy,O3; from Rietveld refinement from laboratory PXRD results (D2 Phaser, Co Ka) in the
range 10 to 120° 26.

RBragg 2.45
Weight % 100
Space group la-3
a(A) 10.68 (1)
Volume (A3) 1218.28
Phase density (g/cm®) 8.13 (2)

Whole pattern refinement parameters: Rexp = 6.54%, Rwp = 9.19, Rp =7.04, goodness of fit
=141
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Figure S5.2. Results from structure mining for G(r) for experimental LADTP refined against LiTi,(PO,); (space group R-3c) (COD
722215/ ICSD 95979).2 Experimental data = blue, calculated data = red, difference = black (Rw = 29.8%).
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Figure S5.3. The small-box modelling of LADTP using the NASICON-type R-3c, AIPO, C2221 and DyPQ, I4,/amd crystalline
phases detected from PXRD (Rw = 28.053%).
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Table S5.5. The M-O distances in various Dy-bearing compositions obtained via Rietveld refinement of PXRD data, as

implemented on TOPAS-Academic.

Composition Dy Wyck. Dy-O (A) Distortion Average Dy-O
symbol (A)
Dy203 8b 2.25 (2) [6] 2.29
24d 2.27 (2) [2+2+2]
2.29 (6)
2.33(2)
LADTP 12c 1.90 (0) [3+3] 1.90
1.90 (0)
DyPOg4 4a 2.25 (1) [4 + 4] 2.30
2.35(5)
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Figure S5.4. Stacked LDOS of Dy,0s in la-3 space group, showing the effect of increasing Dy-O bond distance in the first shell
on the spread of d-DOS.
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Chapter 6: General Conclusions & Recommendations

6.1. General Conclusions

The purpose of this work was to improve the room-temperature ionic conductivity of LTP, a
NASICON-type rhombohedral solid-state electrolyte material. The literature-reported
conductivity of this fast-ion conducting material in the order of 107 S/cm is too low for its
application in all-solid-state batteries for renewable energy storage. The proposed mechanisms
for conductivity improvement are: i) the replacement of Ti at the 12c site with isovalent cations
of larger ionic radii to improve the tunnel size for Li ion migration, and ii) replacement of Ti
with +3 cations that would increase the concentration of Li* charge carriers since the change
in stoichiometry would require excess Li for charge balance. Most studies presented on Li-
based NASICON-type solid electrolytes have focused on the effects of doping on the ionic
conductivity, with some also explaining the cationic migration of Li* through DFT studies.
However, there have seldom been studies that seek to provide structure-property correlations
through synchrotron-based techniques such as the PDF and XAS.

Throughout this work, the solid-state synthesis method was applied in material synthesis. In
Chapter 3, Ti** (0.68 A) was systematically replaced with Sn** (ionic radius 0.74 A) (from 2
to 10 and 50%). The major phase was the rhombohedral NASICON LTP-type structure, with
TiP2O7 as a persistent secondary phase, established through laboratory-based PXRD with
Rietveld analysis. Furthermore, the existence of an isostructural NASICON-type LiSn2(POa)3
phase was observed at 50%. Raman spectroscopy confirmed the formation of the phases
observed in PXRD, however, we also noted that the replacement of Ti with Sn resulted in the
alteration of the crystallinity of the main phase, with significantly poor crystallinity at 50%.
The Ti K-edge XAS data confirmed the oxidation state of Ti4+ across all compositions. The
main spectral features of the Sn-doped systems matched the experimental features of undoped
LTP. Further analysis through EXAFS showed a better agreement with a perfectly octahedral
TiOs motif description, instead of the [3+3] TiOs bonding described by the average structure.
Finally, to correlate the structure of Sn-doped LTP systems to their performance, EIS studies
were used to show that the replacement of Ti with Sn improved the room-temperature ionic
conductivity only up to a certain point, prior to reaching a plateau. We further investigated the

possibility of improving the ionic conductivity by using a lower amount of dopant cations to
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minimize the change in the geometric configuration of the MQO® polyhedra that would possibly

negatively affect the Li* migration in the structure.

In Chapter 4, we presented two new formulations of 10% Al, 5% Sn (LATSP) and
12.5% Al, 2.5% Dy (LADTP) LTP-based systems. The co-doped formulations were compared
to 15% Al-doped LTP (LATP) and LTP. Synchrotron-based PXRD showed the successful
incorporation of the dopants into LTP, to a limited extent. The replacement of Ti with Al
seemingly suppressed the formation of TiP207, however AIPO4 was present. Similarly, in the
co-doped formulations AIPO4 and DyPO4 were present as secondary phases. These were
attributed to the limited lattice site substitution. The larger ionic radius of Dy (0.92 A) resulted
in a limited lattice site substitution at the Ti site due to the size differences. Hence the formation
of DyPOs. Nonetheless, the dopants were incorporated into LTP, as observed through the
changes in the lattice parameters, from PXRD. Raman spectroscopy further confirmed the
rhombohedral NASICON-type main phase; however, the technique was limited in providing
information on the changes in the framework, particularly around the PO4 tetrahedra, as a result
of doping. The qualitative analysis of total scattering data through the PDF revealed the lattice
site preference of dopant cations, depending on size. The smaller Al cations were revealed to
occupy the adjacent ribbon 12c site about 5 A from Ti, while the larger Sn and Dy cations
occupied sites about 6 A away from Ti at the adjacent ribbon. XAS confirmed that the doping
did not cause any notable changes in the configuration of the TiOe octahedra. EIS showed an

improvement in the ionic conductivity by at least 7 times, attributed to co-doping.

In Chapter 5, the LADTP system initially presented in Chapter 4 was explored further,
probing the average, local and electronic structure through the Dy dopant perspective from
PDF and XAS. The PDF has not been used extensively in the characterization of the local
structure of NASICON-type systems. The application of structure mining as a methodology of
determining the possible model describing the PDF data showed that the experimental PDF
data had >90% similarity index to the R-3c NASICON-type structure, as expected from PXRD.
However, the small-box modelling of LADTP PDF data using the rhombohedral R-3¢c model
showed only a reasonable agreement with experimental data at relatively higher r, even with
the secondary phases of AIPO4 and DyPO4 accounted for. Still, the low-r region was not
described well by the average structure model. In previous studies reported in literature, doping
has been stated to induce local triclinic and monoclinic distortions. As such, a monoclinic P2:/n

model was tested in the region below 10 A and was found to be the best descriptor of the local
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structure, showing deviations from average structure. The LADTP system was further studied
using XAS and compared to Dy,Oz3 standard as a reference material. The qualitative analysis
of the Dy Ls-edge showed similar spectral signatures across Dy.Oz and LADTP, with slight
changes in the white line (WL) width and intensities of other spectral features. This suggested
that some Dy in LADTP was present in oxide-like environments similar to Dy,03. The
narrower WL in LADTP, relative to Dy>Os was attributed to the higher coordination number
in LADTP (7) than in the standard (6). It was found in literature that the replacement of Ti with
aliovalent cations such as Dy** resulted in the excess Li* added for charge balance, occupying
the 36f sites adjacent to the dopant, hence the dopant at the 12c¢ site would have a coordination
number of at least 7; with 6 O atoms and the nearest-neighboring Li* at 36f. The origin of the
observed XAS spectral features were determined from first principles through FEFF
calculations. The best reproducibility of the LADTP experimental spectrum was found through
the combination of 60% Dy.0s, 35% DyPO4 (l41/amd) secondary phase determined from
PXRD and 15% monoclinic (P21/n) DyPOs as described by the PDF modelling. These fractions
are not indicative of Dy explicitly existing as separate phases with their respective structures,
but that the Dy local environment in LADTP can be best described as mostly oxide-like, with

some regions similar to the monoclinic description.

In conclusion, this work has demonstrated the application of characterization techniques,
PXRD, PDF and XAS, to provide insights into the structure of Li-based NASICON-type
electrolytes across various length scales. The small-box modelling of PDF and the theoretical
XAS approaches have successfully been applied to establish potential models that describe the
local and electronic structure of doped LTP systems, reported for the first time to the author’s
knowledge. We have also successfully corroborated the importance of co-doping with larger
and aliovalent cations in enhancing the room-temperature ionic conductivity for further

improvement and application in all solid-state Li-ion batteries.

6.2. Recommendations
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The work presented herein has successfully demonstrated the improvement in room-

temperature ionic conductivity of NASICON-type Li-based systems through co-doping. The

proposed next steps would be as follows:

Developing and testing alternative synthesis methods to improve the phase purity and
determine the resulting room-temperature ionic conductivities relative to conventional
solid-state synthesis methods presented in this work. The phase purity influences the
electrochemical stability window of the solid electrolyte materials, as the practical
stability is attributed to kinetic phase stabilization.!

Studying the local order around the framework of Sn-doped systems through techniques such
as the pair distribution function (PDF) with small-box modelling, along with Sn and P XAS.
Construction of exemplary all-solid-state batteries (ASSBs) using the proposed
materials to study the performance and degradation mechanisms of the battery
systems using our proposed co-doped LATSP and LADTP electrolytes. Techniques
such as X-ray tomography can provide such insights.

Neutron diffraction operando experiments to trace the migration mechanism,? of Li
ions in the co-doped systems (’Li) and pinpointing the location of Dy in LADTP system
to be reconciled with PDF and XAS studies.

Variable-temperature PXRD to assess the temperature-dependent polymorphism that
has been cited to impact the ionic conductivity of NASICON-type systems and
determine the coefficients of thermal expansion to establish compatibility with anode
and cathode components.

Ti K-edge XAS pre-edge fitting for all compositions to determine the variations in the
degree of hybridization as a result of (co)-doping.

Theoretical Ti K-edge XANES using FEFF10 to understand the origin of the pre-
edge features for NASICON-type Li-based systems.

Combined structure solution using PXRD, PDF and XAS to find a model that best
describes the structures from average, local and electronic perspectives to guide product

redesign of improved energy storage systems.

Although these above-mentioned strategies provide more information on improving structure-

property technical aspects of the solid-state electrolyte materials, it remains equally important

that other key factors such their environmental effects are accounted for. It is therefore

imperative that the production and post-consumer environmental effects/sustainability are also

investigated.®
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The implementation of the EPR legislation in South Africa in the Energy Sector requires in-
depth analysis through life cycle assessment in battery manufacturing,* as well as the
infrastructure required to recycle the end-of-life post-consumer solid-state batteries. The
placement of large-scale facilities for grid energy contributions of renewable energy needs
careful consideration of their location, and the impact of said facilities on the flora, fauna and
communities. Successful implementation would require collaboration with communities so as
to apply indigenous knowledge systems in the implementation plans of these facilities, the
skills development and job creation in the Green Economy, and lastly, the integration of small

businesses in the operations of the plants.
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