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ABSTRACT

This thesis evaluates several solid-state NMR spectroscopy approaches to
studying lithium ion dynamics in solid-state electrolytes. With the goal of reducing the
risks associated with current liquid electrolytes, solid-state electrolytes provide non-
flammable materials that are also stable against attack by cathode and anode materials.
Solid-state NMR spectroscopy offers a versatile method to determine structural details
and can also provide information about ion mobility in solid-state electrolytes. Challenges
involved in the study of solid-state electrolytes include the difficulty in distinguishing
between ®’Li resonances due to the small chemical shift range of diamagnetic lithium
species. Also, many of these materials tend to exhibit ion conduction in a single
crystallographic site, while at the same time long T, relaxation times create lengthy
experiment times. The NMR methods selected in this thesis aim to circumvent some of
these issues in order to determine structural and dynamic properties in solid-state
electrolytes. Several different electrolytes have been examined including LaligsFe202.09
and related materials, which exhibit intricate structural properties. 'La NMR
spectroscopy, in combination with 'Li MAS NMR spectroscopy, was used to determine
the nature of this disorder. In addition, studies of the quadrupolar framework ®’Rb
nucleus, which take advantage of its large electric field gradient, have been used to
indirectly probe the activation energy for Ag  ion hopping in the solid-state silver ion
electrolyte RbAgyls. Alternatively, heteronuclear dipolar coupling between °Li and 'Li
has been used to qualitatively compare lithium ion hopping rates in LicBaLa,M,0;, (M =
Ta, Nb) using SLi{’Li}-REDOR NMR studies. Finally, T, relaxation studies have been
used to probe ion dynamics in Li3V,(POs); and LiVO; in order to determine if this is a

viable method to study dynamics in this class of materials.
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Figure 3.6. 139, a WURST-echo NMR spectra of LisxLa(»/3)xTi0s collected at 21.1 T (top)
and 11.7 T (bottom). Simulations were performed in QuadFit and are shown above each
] 01111 4 1 1 4 DO USRPRT 92

Figure 3.7. Typical TEM image of LaLigsFey202.00. The image was taken on an FEI
Titan 80-300 equipped with image aberration corrector operated at 300kV. TEM analysis
showed a single phase, with a high degree of crystallinity...........ccccoeviiniiiiinniiinieee 929

Figure 3.8. GSAS Rietveld refinement output for LaLijsFe20, 9. Parameters used for
the refinement were taken from the literature. x> was found to be 2.5. ......o.covvvevereeuennn. 100

Figure 3.9. Right: Xtal Draw image of LaLio_sFeo_QOZ.()g.zg This is a cubic structure in
space group Im-3m, with cell length 12.231 A. Left: Xtal Draw image of structure in
which all of the Fe (0.25, 0.25, 0.25) sites have been replaced by Li, shown as the green

SPREIES. ...ttt ettt e bttt e e bt e eat e e bt e enbeeseeenteenseeenbeeseens 101
Figure 3.10. "Li MAS NMR of LalLigsFeo205.09, collected at 11.7 T, with MAS 20 kHz
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Figure 3.11. "Li MAS NMR of LaLig sFeo 20209 (top) collected at 11.7 T, with a spinning
speed of 20 kHz. This shows multiple peaks that represent different Li sites in the sample,
with line fit analysis performed in TopSpin 2.1 software, where the lineshapes have a
mixture of Gaussian and Lorentzian contributions. The experimental spectrum is shown
in black, while the simulated sites are shown in red and their sum is shown in blue.
Above, the 7Li MAS NMR of La0.94Li0,69F€0,202.o9, and LaLi0,75F€0,1402.o9 are shown
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using a WURST-echo pulse sequence.** Simulation was done using DMFit software.”
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Figure 3.15. La-1 and La-2 crystallographic environments. Green spheres represent Fe-2,
which may be replaced by Li or a vacancy; yellow spheres represent Li; the grey sphere
represents La-1 (Left); and the blue sphere represents La-2 (Right). Left: La-1, with a
distance of 3.206 A to Fe-2. Right: La-2. Images were created in XtalDraw.”® Distances
between La and Fe/Li have been included in each case within 5 A. ........c.ccoevvvevevennnnee. 114

Figure 3.16. (a) LaLipsFe20,09 unit cell showing possible positions of vacancies. The
positions of La-1 and La-2 are not shown here for clarity. Black squares represent
potential vacancies in the cell. Small red spheres represent Li. (b) Polyhedra representing
the La-1 and La-2 local environments in the crystal structure. (c) A through G represent
the potential distributions of Li, iron and a vacant site showing half of the body diagonal
of the unit cell in the Left of this figure. The legend presented can be applied to (a), (b)
and (c). The full unit cell of this material is shown in Figure 3.9, including the placement
of the La atoms in the unit Cell..........ccccooiiiiiiiiiniiic e 115

Figure 3.17. Electrochemical curve of Lali0.5Fe0.202.09. The curve shows a single
plateau at ~3.2 V. The red X represents the point at which the cell was stopped and the
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Figure 3.18. 'Li MAS NMR of pristine and cycled LaLi0.5F¢0.202.09. The cycled
sample does not show the collection of paramagnetic resonances that are present in the
pristine material, indicating that these resonances take part in the electrochemical cycling
process.

Figure 4.1. Left: Powder X-ray diffraction of a-RbAg4I5 acquired at 35 °C and at 180 °C.
The inset shows that the reflections shift to lower 2° positions at the higher temperature
implying an increase in the cell volume from 1406 to 1422 A3 from 35 to 180 °C,
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Figure 4.4. *'Rb NMR spectra of RbAgyls at (a) Room temperature, the black line shows
the experimental spectrum, and the red line is the simulated lineshape. Spectral
simulations resulted in J;, = 125 ppm, anisotropy = -97 ppm, asymmetry = 0, o = 0,
Co = 8.25 MHz. * represents a minor impurity (< 10% in *Rb NMR). The arrow shows
isotropic *'Rb chemical shift observed as the sample melts. (b) Variable temperature
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Figure 4.5. The trend of the high frequency discontinuity toward the center of the *’Rb
NMR spectrum of a-RbAguls with increasing temperature as a result of an increase in
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Figure 4.6. (a) Four possible Rb environments considering the occupation of (1) Ag-1
and Ag-2, (2) Ag-2 only, (3)Ag-1 only, and (4)Ag-1, Ag-2 and Ag-3 (b) Relative V7,
components of the EFG tensor orientations, 1- 4, obtained using CASTEP calculations for
four Rb environments ShOWN 1N (Q). .....oovieiiiiiiiiiiiieeieeie et e 139

Figure 4.7. EXPRESS simulations of *’Rb NMR spectra of RbAgyls up to 100 °C. Black,
solid lines represent the experimental spectra, while red, dashed lines represent
EXPRESS 1.0 simulations. (a) Shows the full spectral width, while (b) shows the high
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Figure 4.8. DSC data showing transitions occurring in o-RbAgsls between room
temperature and 300 °C. Melting occurs at 236 £ 1 °C.** The upper black line represents
the cooling of the sample, and has been offset for clarity, so that a direct comparison of
heating and cooling could be made. The inset presents the *’Rb NMR spectra showing
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Figure 4.9. Change in the position of low-frequency singularity in the *'Rb NMR spectra
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Figure 4.11. (a) ’La NMR spectrum of LaLi0.62F¢0.1702.09 collected at 21.1 T with
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Figure 5.1. (a) Illustrated crystal structure of LicBalLa,Ta,O;,. The blue polyhedra
represent La and Ba, which share a crystallographic site. The brown spheres represent Ta,
and the white spheres represent oxygen; while the yellow and red spheres represen Li-1
(tetrahedral) and Li-2 (octahedral), respectively. The image was created in XtalDraw
software. (b) ’Li MAS NMR spectrum of LigcBalLa,Ta,0;, with MAS 30 kHz. Recycle
delays were > 2700 s and therefore the tetrahedral site at 0 ppm is thought to be fully
TEIAKEA. 1ttt ettt et et sh et et nas 177

Figure 5.2. °Li{’Li}-REDOR of ®’LigBalLa,Ta,0,, at 247 K and 285 K. The stability in
the slope of the REDOR curve indicates that the lithium ions are immobile with respect to
the sensitivity of the REDOR experiment. The only influence on this curve is therefore

the stationary crystallographic positions of the lithium ions in the material. .................. 181
Figure 5.3. Analysis of the °Li{’Li}-REDOR curve of LisBaLa,Ta,O;, using a
simulation of °Li{’Li}-REDOR in SPINEVOLUTION. .........ccccoevvmiirmeirrresrsreresenes 182

Figure 5.4. °Li{’Li}-REDOR curves of LisBaLa,M,0, (M = Ta, Nb). In each case the
slope represents a point at which dynamics is no longer a contributing factor, and the
lithium ions are immobile with respect to the °Li-'Li dipolar coupling. ..............ove....... 183

Figure 5.5. (a) M; calculations for the Ta and Nb electrolyte phases using Equation 4 for
cases in which only Li-2 is occupied, and cases in which Li-1 and Li-2 are occupied in the
model structure. (b) "Li NMR spectra of LicBalLa,Ta,O;, with MAS 5 kHz (bottom) and
] 1 Tol (0] o) JR TSP PR UPROUTSRPRRIP 185

Figure 5.6. Variable temperature °Li{'Li}-REDOR curves of 50 % °Li enriched
LigBalLa,Ta,0,;. Increasing temperature causes a decrease in the slope of the REDOR

Figure 5.7. Initial slopes, P, of the 6Li{7Li}-REDOR curves of LigBalLa,Ta,O;, as a
function of temperature. Solid circles represent the experimentally obtained REDOR
curves, as in Figure 5.6; while the solid lines represent the lines of best fit. Over the

temperature range of 285 K, where the dynamics processes are static, to 350 K P ranges
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Figure 5.8. (a) °Li{’Li}-REDOR curves of LigBaLa,Nb,O, over the temperature range
of 247 K, where the sample is immobile, to 350 K. (b) Lines of best fit for each
temperature have slopes P, which range from 140 + 10 s, for the immobile sample, to

Figure 5.9. Pseudo-Arrhenius analysis of P for LisBaLa,M,0, (M = Ta, Nb). The red
circles represent the Ta phase, while the black triangles represent the Nb phase. The
slopes are -1.2 + 0.2 K and -2.7 £ 0.1 K, respectively, for the Ta and Nb phases........... 192
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Figure 6.1. Hahn-echo pulse sequence used to measure T2. A series of Hahn-echo
experiments are performed with variation in the echo delay, and refocusing time (tl and
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Figure 6.2. REDOR and SEDOR NMR experiments. The REDOR experiment is
performed under MAS and is rotor synchronized, while the SEDOR experiment is
performed with no MAS. In each experiment the signal of the / spin is collected using a
Hahn-echo, while the S spin is not observed. .........ccccooceeviriiniiiiiiiieeceee, 208

Figure 6.3. °Li and 'Li MAS NMR spectra of “’LiVO3. Two lithium resonances at 0.0
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Figure 6.5. (a) °Li MAS NMR of Li3V2(PO4)3 collected at 262 K with MAS 25 kHz. (b)
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NMR resonances A at 22 ppm, B at 64 ppm, and C at 124 ppm, correspond to the orange,
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spectrum. Grey polyhedra represent vanadium centers and yellow polyhedra represent
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Figure 6.6. SLi{’Li}-REDOR NMR of Li3V2(PO4)3 at site LiC2 between 262 K and 312
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Figure 6.10. "'Li T2 decay for the three crystallographic sites in Li3V2(PO4)3 at room
temperature. (a) Sample was 50% enriched with °Li; (b) sample was at natural isotope
abundance (92% 'Li). T2 values for each site are shown and the error was calculated from
the error in the slope of the best fit line. (c) 'Li MAS NMR spectra of 50% enriched and
naturally abundant samples. Sites LiA3, LiBl and LiC2 are shown along with the
spinning sidebands. One of the low-frequency sidebands for LiC2 is shown and will be
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Figure 6.11. Arrhenius analysis of lithium ion hopping using 'Li T2 relaxation in 50%
enriched Li3V2(PO4)3. Crystallographic sites LiC2, LiB1 and LiA3 show equivalent
values (within error) for the activation energies. These values are also in agreement with
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Figure A5.2. (a) °Li{’Li}-REDOR curve of Li6BaLa2Nb2012 as a function of
temperature with slopes ranging from 140 + 10 s™, for the immobile sample, to 8.3 + 0.5
s™. (b) Pseudo-Arrhenius analysis of the REDOR curves of Li6BaLa2M2012 (M = Ta,
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Chapter 1: Introduction to Solid-State Electrolytes for Lithium Ion

Batteries

1.1. Thesis Layout

This thesis describes the use of solid-state nuclear magnetic resonance (NMR)
techniques to evaluate structure and dynamics of ion conductors. Particular attention is
paid to the use of alternative methods of studying ion dynamics in solid-state electrolyte
materials, such as the study of quadrupolar nuclei as well as the use of heteronuclear
dipolar coupling measurements, which are both sensitive to ion dynamics. Garnet-like
lithium-containing materials are the main focus of this collection of work and many of the
materials studies in this thesis fall into the category of electrolyte material for lithium ion
batteries and conduct lithium ions. Several model materials have been studied in order to

establish novel methods used in this thesis.

Chapter 1 describes the motivation for the work outlined throughout this thesis,
with an overview of lithium ion batteries and the current materials used. Properties of
electrolyte materials are described with a focus on their behaviour within a lithium ion
battery. Chapter 2 introduces the foundations of the NMR spectroscopic techniques used
throughout this thesis and also describes the pulse sequences used. This chapter focuses
largely on the details of studying quadrupolar nuclei and also the determination of
heteronuclear dipolar coupling. Chapter 3 marks the beginning of the experimental
section, and focuses on the structure of the complex family of garnet-like material

LaLipsFep20209 and its derivatives, which vary in La, Li and Fe content. "Li and "La
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NMR spectroscopy were used to identify the structural disorder present in this family of
materials. Some of the challenges of using these techniques are outlined in this chapter.
Model materials La,O3;, La(OH);, LaNbOy4, LaAlOs, LisLa3Zr,01,, and LazNbO; were
studied in order to become familiar with the challenges associated with performing and
understanding ¥La NMR spectroscopy. In addition, the solid-state electrolyte
LisxLap.3TiO3 was studied in order to assess the contribution of disorder in this material
to the featureless '*’La NMR spectrum. Chapter 4 presents the solid-state Ag™ ion
electrolyte and describes the use of *’Rb NMR spectroscopy to measure the activation
energy of Ag" ion hopping. This chapter also outlines some of the limitations of studying
the mobile species in solid-state electrolyte materials, and suggests an alternative method
to assess ion dynamics. As a framework element, Rb is in a unique environment, in which
it does not take part in ion dynamics, but is sensitive to the motion of Ag™ ions in close
proximity. By taking advantage of this sensitivity, measurements of the *’Rb NMR
spectral line shape as a function of temperature were used to calculate the activation
energy for lithium ion hoping. Chapter 5 introduces LisBaLa,M,0,, (M = Ta, Nb), solid-
state lithium ion electrolyte materials. Rotational echo double resonance (REDOR) NMR
spectroscopic experiments are used to qualitatively compare lithium ion dynamics in
these two materials. This method offers yet another method to study dynamics in
materials that pose a challenge when the mobile ion is studied directly using NMR
spectroscopy. Chapter 6 presets the study of SLi and "Li T, relaxation in LizV(POy)s. T
relaxation can be used to measure the activation energy of lithium ion hopping provided

that the inverse of the T, (in Hz) is on the same order of magnitude as the lithium ion
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hopping rate. This technique becomes useful for systems in which ion motion occurs
within a single crystallographic site. Although REDOR studies have been useful in
similar situation, their use is limited to situations in which the rate of ion hopping is on
the same order of magnitude as the °Li-’Li dipolar coupling. In instances where this
method fails, temperature dependent T, analysis provides another sensitive method to
study ion dynamics. Chapter 7 provides a summary of the projects discussed in this thesis,

as well as a future outlook for this work.
1.2. Motivation for Studying Lithium Ion Batteries

Development of alternative energy sources and energy storage is essential to
reducing the amount of greenhouse gases (GHGs) currently in the atmosphere. One of the
methods of achieving this is to reduce the amount of hydrocarbon-based fuel consumed
by the automotive industry. The transportation sector is responsible for ~13.1 % of
greenhouse gas (GHG) emissions worldwide. This amounts to 5 billion tonnes of CO, per
year throughout the world.! In addition, automobiles contribution to particulate air
pollution, which contributes to many respiratory conditions, especially in densely
populated regions. Moreover, with political instability in many oil-rich regions, the

dependence on oil for transportation is a challenging issue.’

Lithium ion batteries (LIBs) are used as light-weight, portable energy storage
devices. Currently, many small electronic devices, such as cellular phones and laptops
make use of this technology to minimize the total weight of the device. Figure 1.1 shows

a comparison of different battery systems with respect to their gravimetric and volumetric
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energy densities.” The success of LIBs in the electronics industry has lead to the
extension of this technology into the automotive industry by providing energy storage
devices for hybrid and electric vehicles (HEVs and EVs, respectively). The use of lithium
ion batteries in automotive vehicles would reduce GHGs due to the burning of gasoline,
by allowing clean forms of energy, such as solar or wind, to provide fuel for the

automotive industry.
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Figure 1.1. Comparison of gravimetric and volumetric densities of different battery
types.” This figure was published in (Tarascon, J. M.; Armand, M., Issues and challenges
facing rechargeable lithium batteries. Nature 2001, 414, (6861), 359-367) and was
reproduced with permission from the Nature Publishing Group.

Some of the targets set by researchers in order to develop LIBs that can be used
commercially in the automotive industry include: the need for fast charging batteries;
reversibility in battery cycling; high energy density; stability against electrolyte

combustion. Research has focused extensively on the material components of the battery,
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with each component made individually. The development of these components allows

the tailoring of materials properties to suit specific criteria.’
1.3. Design of a Lithium Ion Battery

A standard LIB is composed of a cathode, an anode and an electrolyte. During
electrochemical cycling lithium ions move from one electrode to another through the
electrolyte, while electrons are passed through the circuit. Lithium ions are inserted into
or extracted from the electrodes (intercalated or deintercalated, respectively). It is
essential that the electrodes have good lithium ion conductivity as well as good electrical
conductivity. Conversely, the electrolyte must be ionically conductive but electrically
resistive. Figure 1.2 shows a schematic figure of a discharging battery, where lithium is
being extracted from the LiCoO, cathode and inserted into the graphite anode, moving
through the electrolyte. Simultaneously, electrons travel from the cathode to the anode via

the circuit to power a device.

The current cathode material in many lithium ion batteries is lithium cobalt oxide,
LiCoO,, while the anode is porous graphite. The electrolyte is usually an ionic salt,
typically lithium hexafluorophosphate, LiPF¢, dissolved in an organic solvent such as
ethylene carbonate-dimethyl carbonate, EC-DMC.' There has been a significant effort in
recent years to create a battery with optimal cycling properties and a higher energy
density than the previous commercial standard.’ This has resulted in the design of

materials with more reversible insertion and extraction of lithium for the cathode and
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anode, as well as the development of electrolytes that are capable of withstanding high

voltage windows, thus enabling higher power output.
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Figure 1.2. A standard lithium ion battery performing a discharge. Lithium ions are
extracted from the positive electrode, LiCoO,, and inserted into the graphite negative
electrode through the electrolyte; while at the same time electrons move from the positive
electrode to the negative electrode through the circuit. If the battery were in the charging
phase, the electrons and lithium ions would move in the opposite direction shown in the
figure.

Ultimately, fast and reversible ionic mobility is required. Thus, efforts to design
better materials have also resulted in creative methods to study ionic motion in these
materials. Solid-state nuclear magnetic resonance (NMR) has played an important role,
with the unique ability to study the mobile lithium ions directly.*’ This technique has
been used to study cathode, anode and solid-state electrolyte materials. The end result of
these studies is generally the determination of an ionic hopping rate or activation energy
for lithium ion hopping, which can be used to determine the viability of a particular

material before it is put into a cell.
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1.4. Electrolyte Stability

The safety of lithium ion batteries hinges on the stability of the battery components
under electrochemical cycling. Some of the most common degradation processes occur
within the electrolyte and also as a result of the reactions that can occur between the

electrolyte and the electrode materials.
1.4.1. Safety Concerns

Lithium ion batteries used for automotive application store a large amount of energy
and are expected to run reversibly under a wide temperature range, sometimes with fast
charge and discharge. Under these taxing conditions it is essential for a user to rely on the
stability of these batteries. Within the battery, both the oxidizer (cathode) and fuel
(anode) are contained in close proximity, which is a strategy not used widely in energy
storage devices.® It is thus the responsibility of the electrolyte and separator to prevent
reactions between the electrode species, which can be violent. The electrolyte must be
able to withstand the extreme oxidation and reduction potentials at the anode and cathode,

respectively.

Dendrite formation is perhaps the most common safety concern in a lithium ion
battery. This occurs when lithium is plated onto the surface of an anode or cathode
instead of being inserted into a material, such as graphite. This layer can form if the rate
of charge/discharge is too fast to allow the lithium insertion process.”'' If lithium

deposition is significant, the formation of long spikes of lithium metal can create a short
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circuit in the battery when the cathode and anode come into electrical contact. If there is a

flammable organic liquid electrolyte, this can pose a hazard, as it may ignite.

Lithium metal is known to be reactive to air and moisture. The reaction between
lithium metal and water produces hydrogen in an exothermic reaction, and can cause a
fire. Any puncture of a lithium ion battery that contains lithium metal, as an electrode or
as a side product of electrochemical cycling, can potentially cause a fire. Several
instances of battery related fires have been reported: in 2006 there was a recall on Dell
laptops due to safety issues with batteries, and in 2013 there was an incident involving the
ignition of a lithium ion battery on a Boeing airplane. These safety issues are a source of
concern in the battery community and as a result there has been great effort to create
electrolyte materials that are more stable and unreactive to attack by the cathode and

anode."?
1.4.2. Current Liquid Electrolytes

Several classes of electrolyte species have been considered for use in lithium ion
batteries. The most common are liquid organic electrolytes, in which an ionic salt is
dissolved. Alternatively, several ionic liquid electrolytes have been sampled, which also
make use of a lithium-containing ionic salt, such as the salt LiBF, in the ionic liquid EMI-
BF,. Many liquid electrolytes are flammable, with the exception of the pure ionic liquid

electrolytes, and all of them react chemically with the electrodes to form a SEL> 3

The most commonly used electrolyte material is LiPF¢ in EC-DMC. This mixture

is stable up to 4.5 V, and decomposes at higher voltages.'* The decomposition voltage of
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this material limits its use in batteries in which high voltages are accessed and therefore
cannot be used in high power batteries.” In addition, the SEI that is formed from this
material is not permeable to lithium ions and hinders lithium ion intercalation and
deintercalation for the cathode and anode, although the presence of EC makes this effect
less significant.”” The formation of unfavourable SEI layers is common when liquid

electrolytes are used.
1.4.3. The Solid Electrolyte Interface

The SEI is a layer that forms on the cathode and/or anode as a result of the
reaction of a liquid electrolyte with the electrode surface.'® The SEI is formed on initial
charge/discharge of the battery and is the limiting step for lithium ion transport in the
battery. Once formed, it stays in place and cannot be removed, and its characterization
can be problematic. The SEI is thought to protect the electrodes from further reaction
with the electrolyte, even though its presence is sometimes detrimental to the battery

1
performance. 3

The SEI is composed of products from the electrolyte and the electrodes and the
composition is thought to be similar to that of the electrolyte. For example, ether-based
electrolytes form Li,O in the SEL'" Some lithium is contained within the layer, and
ultimately this reaction decreases the capacity of the battery, since this lithium in no
longer available to take place in the electrochemical process. For SEI layers that are
penetrable to lithium, the diffusion of lithium through this layer becomes the rate

determining step for the intercalation process at the respective electrode. In some cases
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the SEI layer is favourable if the lithium ion conduction through the layer is fast."> The

ideal SEI has the following characteristics:'’

(1) No electrical conductivity.

(2) High ionic conductivity.

(3) Uniform morphology and chemical composition.

(4) Sufficient adhesion to electrode surface.

(5) Mechanical strength and flexibility to withstand the expansion of the electrode
on electrochemical cycling.

(6) Low solubility in electrolyte.

1.4.4. Selection of Electrolytes

Control and prediction of the reactions that may occur between the electrolyte and
the electrodes can be done in some cases. One method of controlling unwanted reactions
is by consideration of the HOMO/LUMO gap of the electrolyte (the electrolyte window,
E,) as compared to the electrochemical potentials of the cathode and anode. The goal is
for the electrolyte not to become reduced at the anode or oxidized at the cathode. This is
usually done by controlling the cathode and anode electrochemical potentials, z4 and uc,
respectively, such that they fall within the electrolyte window. This requires knowledge
of the redox potentials of the transition metal redox pairs in the cathode, with respect to

lithium metal (Li"/Li%).>°

10
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Figure 1.3. Relative energies of the electrolyte window, E,, and the electrochemical
potentials u4 and ¢ for a liquid electrolyte with solid electrodes. The HOMO and LUMO
of the electrolyte are lower and higher in energy than the x4 and wuc for a liquid
electrolyte, respectively.

Figure 1.3 shows the relative energies of the electrolyte window, E,, and the
electrochemical potentials uy and uc for a liquid electrolyte with solid electrodes when
there is no reaction between the electrolyte and electrodes. If u, is above the lowest
unoccupied molecular orbital (LUMO) of the electrolyte, this will result in the reduction
of the electrolyte unless the reaction between the anode and the electrolyte becomes
blocked by the formation of a SEI. Subsequently, oxidation of the electrolyte will occur at
the cathode if the uc is below the highest occupied molecular orbital (HOMO) of the
electrolyte, unless a SEI is formed. In the case of a solid-state electrolyte, the LUMO and
HOMO are replaced by the conduction band (CB) and the valence band (VB),

respectively, in Figure 1.3.>% '8

11
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1.5. Solid-State Electrolytes

Solid-state electrolytes are chosen as they may overcome many of the safety
challenges associated with lithium ion batteries. In addition to being non-flammable,
many solid-state electrolytes are unreactive with the cathode and anode materials, and
therefore prevent SEI and dendrite formation.'> ' Solid-state electrolytes can be divided

into three categories:'®

1) Crystalline electrolytes
2) Glass electrolytes

3) Polymer electrolytes

This thesis focuses primarily on crystalline electrolytes, specifically the measurement of
ion conduction within these materials. In particular, there is significant interest in those

with a garnet-like structure, which will be discussed in further detail.
1.5.1. Crystalline Electrolytes

Some crystalline solids are capable of ionic conduction. While most require high
temperatures, some can conduct ions even at room temperature, and are known as fast ion
conductors. Examples of Ag”, Cu’, TI", Li", Na", K, H", 0%, and F have been shown in
the literature. Many contain a mobile ion as well as an immobile sublattice, or framework.
There are several mechanisms of ion hopping in these materials, each of which requires a

partial occupancy of energetically equivalent sites:'®

12
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The wvacancy migration mechanism describes materials that have partial
occupancies, or vacancies, due to some defect in the structure, such as a Schottky defect.
These sites would usually be occupied in the ideal crystal structure however, with these
defects an ion adjacent to a vacant site can jump into the empty site, leaving an empty
space. This forms the foundation of ion conduction in these materials. Alternatively,
interstitial migration occurs when a mobile ion hops into a site that would usually be
empty in an ideal crystal structure, forming a Frenkel defect. In each of these cases ion
hops occur randomly and this behaviour forms the basis of the random walk theory. Each
hop is said to be isolated and hopping behaviour can be encouraged through doping.
Aliovalent doping is a technique used to introduce interstitials or vacancies, which
involves the partial replacement of ions of one type with ions of a different formal

18
charge.

Alternatively, the knock-on mechanism is another mode of ion conduction in
which an ion cannot move unless one of the surrounding ions moves first to make space.
This is a continuous process that can occur in three dimensions and is an example of

cooperative ion migration, which is common in solid-state electrolytes.'®
Some examples of crystalline solid electrolytes include:

1) Garnet-like structures such as LigBaLa;M;01, (M = Ta, Nb).19
2) NASICON [Na super ion conductor with structure Na1+XZr2(P1_xSixO4)3].20
3) LISICON [lithium analogues of NASICON: Liyi2Zn;xGeOs and Lisx(Pi.

«Six)04].2

13
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4) Layered structures such as spinels and p-aluminas.'®

1.5.2. Glass Electrolytes

Ton conducting glasses, such as the Li’ conducting Li,S-SiS,, have been known
for some time, with the presence of Na” ion mobility reported in 1884.* Thus far, Li" and
Ag" ion conducting glasses have proven to be the most ionically conductive and some are
stable within the voltage window of 0 to 5 V. Typical liquid electrolytes are stable
between 0.9 and 5.3 V, with organic liquids having a narrower stability window than
ionic liquids. Structurally, glasses are similar to the parent liquids from which they are
formed, possessing overall significant disorder, with small regions of ordered

microstructures. Hopping mechanisms are used to describe ion motion in glass solids.'®**

1.5.3. Polymer Electrolytes

Ion conduction in polymers is achieved either when a conducting salt is added to a
flexible polymer host, or when covalently attached charged groups are connected to the
polymer, leaving the counter-ion mobile. Conducting polymers form a robust class of
material, with flexibility that can withstand the volume changes that occur during
electrochemical cycling. These materials are stable within a voltage window of 0 and 5 V
at room temperature, and are sometimes used in combination with other electrolytes, such
as ionic liquids.” The combination of ionic salts in a polymer host was discovered in the
1960’s and sparked the development of polymer electrolyte materials.”> Conduction
processes in these materials depend on the dynamics of the polymer host, with a different

mechanism from that observed in crystalline and glass electrolytes.'®

14
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1.6. Assessment of Solid-State Electrolyte Materials

Assessment of potential electrolyte materials requires knowledge of the structure as
well as the rate and mechanism of ion mobility. Even though many techniques are
available for such analysis, the solid nature of these materials poses a challenge in many
of them. In addition, many of the crystalline materials proposed as solid-state electrolytes
are synthesized as powdered solids, with very little able to form single crystals. For solid-
state electrolytes ions can move in one, two or three dimensions, with 3D ionic motion
being the most favourable. The following sections discuss methods used to determine the

properties of ion motion in solid-state lithium ion electrolytes.
1.6.1. Structural Determination

Characterization of the structure of powdered solids is typically done using powder X-
ray diffraction.”” Since lithium is a relatively light element, X-ray diffraction is not
effective at locating it in the crystal structure, since the small number of electrons results
in a small scattering factor for X-rays. Therefore powder X-ray diffraction is generally
used to determine the framework structure of solid-state electrolyte materials, which
usually consists of heavier elements. In many cases this is enough information to
determine if the structure conductions ions in one, two or three dimension by locating
channels throughout the framework with sufficient size to allow easy passage of lithium.
Identifying the location of the lithium ions can be challenging. In some cases powder
neutron diffraction can be used because neutrons have a larger scattering factor for

lithium that X-rays, and therefore are more sensitive to the position of lithium atoms in

15
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the crystal structure.”® However, this technique requires a large amount of material, and is

not a routine method of analysis.
1.6.2. Impedance Analysis

Electrical properties of solid-state electrolytes are routinely measured using
impedance analysis. This technique measures the ion conductivity through a material in
bulk form. The powder is typically pressed into a pellet after which the pellet is sintered
and the surfaces are sputtered with an inert material, such as platinum or gold metal. Ionic
conductivity is measured by placing the pellet between two electrodes. A voltage is
applied and the current that passes through the pellet is measured, as well as the
resistance. Ionic conductivity, in S/cm, can be measured as a function of temperature to
obtain the activation energy for lithium ion transport through an Arrhenius analysis. This
method is widely used to determine the electrical properties of solid-state electrolytes.'®
Drawbacks to this technique include the presence of grain boundary resistance. This can
affect impedance measurements and lead to inconsistent results, as the degree of grain
boundary resistance is dependent on the preparation technique of the material (grain size,

. . 19,2
sintering temperature, etc.).'” %’

1.6.3. Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy has the unique ability to observe lithium ions within a material
without simultaneously observing other nuclei in the structure. Unlike PXRD, NMR
spectroscopy can distinguish between lithium nuclei that are in different chemical

environments.” This is a distinct advantage and is vital to understand the lithium ion

16
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transport mechanisms in battery materials. In addition, NMR spectroscopy observes
lithium within a grain of material and is therefore not susceptible to grain boundary
resistance. Using variable temperature techniques, which will be discussed in this thesis,
NMR spectroscopy can measure the activation energy for lithium ion hopping for lithium
within a grain, and therefore can get an absolute value for the activation energy for

lithium ion hopping.> *

In combination with the ability to distinguish between lithium
environments, this technique can map out the transport mechanism by determining which

lithium crystallographic sites undergo chemical exchange, and identifying the rate of

chemical exchange for specific sites.*

Although NMR spectroscopy is a powerful technique, there are drawbacks
associated with the observation of mobile ion species in solid-state electrolyte materials,
which will be discussed in further detail in the experimental sections. For diamagnetic
materials, the small chemical shift range limits the resolution of *’Li NMR spectra and
the long T relaxation time of ®'Li causes experimental times to be very long. Even more
challenging is the fact that in many solid-state electrolyte materials, ionic conduction
occurs in a single crystallographic site. This thesis describes the development of NMR
spectroscopic methods that aim to circumvent some of the inherent challenges involved in
observing Li" ion dynamics within solid-state lithium ion electrolytes. The observation of
nuclei that compose the framework of the electrolyte materials offers a method to study
dynamics in electrolytes. These secondary nuclei are often quadrupolar in nature, and
their large electric field gradients make them sensitive to their surrounding environment,

with the ability to detect ion hopping nearby. Alternatively, the dipolar coupling between

17
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°Li and "Li is also sensitive to the motion of lithium ions, and therefore can be used to
probe changes in dynamics in solid-state electrolytes. This thesis discusses unique
approaches to studying lithium ion motion in solid-state electrolytes, taking advantage of
the NMR techniques discussed above. These techniques offer an alternative approach to
the analysis of solid-state electrolyte materials for lithium ion batteries, and this thesis
shows that these methods can be used effectively to study ion dynamics in solid-state

lithium electrolytes.

18
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Chapter 2: Introduction to Solid-State NMR Spectroscopy

2.1. Introduction

Solid-State nuclear magnetic resonance (NMR) spectroscopy is a robust tool that
can be used to study structure and dynamics in solid-state electrolytes. Throughout this
thesis, solid-state NMR spectroscopy has been employed to study a variety of battery
materials and ion conductors with the goal of understanding ion dynamics. This chapter
presents the basic theoretical background of the interactions of nuclear spins in a
magnetic field, as well as the behaviour of spins following an applied radio frequency
pulse. The majority of the nuclei presents in this thesis are of quadrupolar nature, I < %,
therefore a description of quadrupolar nuclei will also be presented in this chapter.
Heteronuclear dipolar coupling interactions and relaxation phenomena play a significant

role in this thesis and will also be described in this chapter.

2.2. Behaviour of Nuclear Spins in a Magnetic Field

2.2.1. Nuclear Spins in an Applied Magnetic Field

A nucleus that possesses both spin and charge has a magnetic moment, py, which

is expressed by the following equation, Equation 2.1:'

uy = ynhl = gypByl 2.1

Where yyis called the gyromagnetic ratio of the nucleus and has units of rad-sec” - gauss
'and 1% is the spin angular momentum vector. Additionally, the magnetic moment can be

expressed in terms of gy, the nuclear g factor, and Sy, the nuclear magneton. A nucleus is
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distinguished from another by the values of gy and /1. Together, gy/ is defined as the scalar
magnetic moment, .

The nuclear spin quantum number, m; can only have discreet quantized values of
+1...-1. Protons of the hydrogen atom are the most common nuclei studied by NMR
spectroscopy. These nuclei have the value /= Y2 and may have m; = -1/2 or +1/2. Under
an applied external magnetic field, By, the magnetic moment, uy, of a proton interacts
with the magnetic field and the following Hamiltonian in Equation 2.2 can be used to
describe the interaction:

H =—uy-By 22
Since nuclei have a spin angular momentum, they are known to precess around an
externally applied magnetic field, By. The frequency of this precession is called the
Larmor frequency, @y, which is a product of the gyromagnetic ratio, y, of the nucleus and
the applied field:

wy =vYBy 2.3

2.2.2. Zeeman Splitting in an External Magnetic Field

With an external magnetic field in the z-direction the interaction between the
magnetic moment and the external field can be represented by the following Hamiltonian:

H = —yhByl, = —gnLnBol, 24

I 1s the allowed component of the nuclear spin in the z-direction and has the value + 1/2
or — 1/2. This separation in energy levels is called the Zeeman splitting. For a large

number of spins there is a distribution of spins between the +1/2 and -1/2 states, |o» and
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|B>, respectively. The +1/2 state is considered the low energy state, since the values of Sy
and gy are both positive. The nuclear moment of the spins in this state are aligned with
the direction of the external magnetic field, By, which by convention are aligned along the
z-axis. In the -1/2 state Sy and gy are antiparallel. The energy difference (4E) between
these states is given by Equation 2.5:
AE = gyBnBo = —yhBo(mg —my) 25

Where m, and mp represent the high energy and low energy states, respectively. The
distribution of spins throughout these states is given by the Boltzmann law where the ratio
of spins between the low and high energy states is given by e Where k is the
Boltzmann constant and T is the temperature of the system in Kelvin.' A schematic

diagram of this distribution is shown in Figure 2.1."*

.. B> mg=-1/2

A

i AE = -yhBy(mg-m,)=hw

lay  m,=+1/2

Figure 2.1. Zeeman splitting of nuclear spins in an applied external magnetic field. The
energy difference, AE, leads to a population difference in the energy levels, |o» and |B>,
which is governed by the Boltzmann distribution. @ is the Larmor frequency of the nuclei
in this system.

2.2.3. Radiofrequency Pulses

NMR spectroscopic experiments are performed by applying a radiofrequency, RF,
pulse to nuclear spins in materials, which places them in an excited state. Relaxation by
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the free induction decay (FID) of the spins produces the NMR signal that is detected in an
experiment.” The RF pulse is an oscillating magnetic field, B;, which is close in
frequency to the Larmor frequency of the nucleus of interest. It is applied in the plane
perpendicular to the external field, By, which is conventionally the xy-plane. For a pulse
applied along the x-axis with a pulse oscillating at wgr the following Hamiltonian for a

single spin is:’
H = wol; + 2w coswgpt 1, 2.6

The term wyl; represents the interaction of the spin with the external static
magnetic field, and the term 2w;coswgrtl, represents the interaction with the B
oscillating field. The frequency of the oscillating B; field is given by w;. In general when
pulses are described, the rotating frame is used. The rotating frame is taken at the point of
reference of the oscillating spin as it rotates around the z-axis (direction of Bjy). The
rotation occurs at a frequency, wgr. This causes the Larmor precession to be at (wg-wgr),
which is known as the offset, Q. The translation to the rotating frame removes the time

dependence of the applied pulse, and the Hamiltonian becomes time-independent:
j'[ = ((UO - (I.)RF)IZ + (l)llx - QIZ + (l)llx 27

For excitation pulses the offset can be ignored when the B; field strength is much
greater than the offset. Therefore we can write the pulse Hamiltonian for an x- and y-

pulse as follows:’

Hy, = wql, Hy, = w1, 2.8
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Many NMR experiments aim to align spins along the xy-plane, after which
relaxation occurs within this plane and also towards alignment with the z-axis. This will
be discussed in more detail later. The goal is to have the final position of the spins in the
xy-plane since when the spins are in this plane they are observable by the receiver coil,

which detects magnetization in the x and y directions.
2.2.4. Magic Angle Spinning

Magic angle spinning (MAS) is a technique used in many solid-state NMR
spectroscopic experiments to remove line broadening of spectral resonances. In solution
NMR spectra, rapid tumbling of molecules averages the molecular orientation
dependence which, in solids, causes the broadening associated with chemical shift
anisotropy, dipolar coupling, quadrupolar coupling and other orientation dependent
effects. In solid-state NMR spectra, these effects are still present and affect the observed
line shapes. Many of the features that contribute to line broadening have the term (3cos’6-

1) in their respective Hamiltonians, such as that for heteronuclear dipolar coupling:*°

Hp = — L2102 (3¢05%6 — 1) 2.9
ij

When 6 = 54.74°, the term (3cos’6-1) is equal to 0. In NMR spectroscopy, for a
powdered sample, crystallites can be averaged to 54.74° by physically spinning a solid
sample in a rotor at 54.74° with respect to the external magnetic field, By. 54.74° is the

Magic Angle. Faster spinning results in more effective averaging. At this point the fastest

achieved spinning speed is 110 kHz, but speeds around 30 kHz are more widely used. In
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general, to obtain faster spinning, smaller rotors, and thus less material, must be used.’ It

should be noted that with smaller coils, the sensitivity per mass of sample increases.’

When the spinning of the sample is less (in Hz) than the spectral width of the
observed spectrum, the signal is divided into frequency bins, which are separated by the
spinning speed. This results in spinning sidebands, which appear as peaks in the NMR
spectrum. Figure 2.2 shows an example of the ’Br spectrum under static and under MAS
conditions. The broad "Br signal at the bottom is narrowed by MAS to reveal a sharp
peak (single most intense peak in the spectrum). In addition to the isotropic resonance, in
the MAS spectrum there are also a series of spinning sidebands which extend much
further than the expected width of the central transition seen in the static sample. These
spinning sidebands are in fact signal from the satellite transitions that arise as a result of
the ’Br quadrupolar transitions, as it has spin 3/2. These are not visible in the static
spectrum as they are very broad and lie along the baseline. A discussion of quadrupolar

nuclei will be given in section 2.3.
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o |
J‘ | Static
o I
— T Tt [ T T T [ T T T [ T T T
200 0 -200
[7°Br, ppm]

Figure 2.2. Bottom: Static; and Top: MAS (4.7 kHz) spectra of ”’Br in KBr. The signal
from the central transition can be seen in the static spectrum as a single broad resonance.
In the MAS spectrum it is the most intense peak in the center of the spectrum. In addition
to the central transition, the MAS spectrum also shows signal form the satellite
transitions, which are not visible in the static spectrum, as they are very broad and lie
along the baseline. * Indicates an artifact.

2.2.5. Nuclear Spin Relaxation

Nuclear spins in a magnetic field naturally align with the axis of the external field,
By. As a result, when a Bj pulse is applied for a time the spins naturally tend to relax to
their equilibrium position, aligned with the external field. Generally spin relaxation
following an applied pulse occurs in two modes: Spin-lattice relaxation, also known as
longitudinal, or T, relaxation; and spin-spin relaxation, also known as transverse, or T»,
relaxation. Relaxation occurs as a result of fluctuations in the local magnetic field at the
nucleus. The main contributions in solids are shielding anisotropy, dipolar coupling and

the quadrupolar interaction, where applicable.*

29



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

2.2.5.1.  Spin-Lattice Relaxation

The spin-lattice relaxation time constant, T;, is the time associated with the
relaxation of spins from the xy-plane to the z-axis after an applied B; pulse. This is an
exponential relaxation where the magnetization along the z-axis, M,, returns from 0 to the

original value at equilibrium, Mz and is governed by the following equation:*

t
My = MZ(1 — e7T1) 2.10

T, is governed by the local environment around the nucleus of interest. Structural
as well as dynamic properties within a material can have a significant effect on T;. Some
of the most common contributions to the total relaxation (T'IIT) in solids are dipolar

coupling (T™|p), chemical shift anisotropy (T icsa) and quadrupolar coupling (T 10)!
Tt =Tip + Ticsa+ Tig 2.11

T, is a limiting factor in experimental time where integration is concerned. In order to
obtain spectral resonances that represent the true relative quantity of nuclei in different
environments, an experiment must be performed after a wait period of five times T;. For
many materials this is not an extended period, however, lithium ion electrolytes tend to
have a very long T, relaxation time. Immobile lithium sites can have T, on the order of 10
minutes. Factors that contribute to this are the lack of relaxation mechanisms due to high
symmetry, which remove contributions from quadrupolar and chemical shift anisotropy.
In this thesis, nuclei within the same material have exhibited vastly different T, relaxation

times due in part to differences in local environment, but also due to differences in ion
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mobility. Furthermore, the great difference in T, for different crystallographic
environments is evidence that there is no chemical exchange between sites. This will be
discussed in more detail in upcoming chapters. Figure 2.3 illustrates the T, relaxation

after a pulse.

Figure 2.3. Spin-lattice relaxation after a pulse is applied, placing the magnetization in
the xy-plane.

2.2.5.2. Spin-Spin Relaxation

The spin-spin relaxation time constant, T,, is the time associated with the
relaxation of spins in the xy-plane. After a B; pulse directs nuclear spins into the xy-
plane, the spins spread into the plane under various influences, such as chemical shift
anisotropy, dipolar coupling and quadrupolar coupling. After a time, T, the vector
average of all of the spins becomes 0. This is treated as an exponential decay, where the
magnetization in the xy-plane (Mxy) returns to 0 from its maximum value (M) after a

pulse onto the xy-plane:*
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Myy (1) = Mo[exp (- Ti)] 2.12

As in the case of spin-lattice relaxation, spin-spin relaxation also has many
contributing factors. In many cases, the relaxation cannot be represented by a single
exponential decay. Figure 2.4 illustrates the T, relaxation in the xy-plane after a pulse is
applied. The length of T, relaxation is usually shorter than the T, relaxation and can be as
short as tens of microseconds, but in the case of mobile solutions the rapid exchange
present causes T; = T..> The free induction decay (FID) measured by NMR is a
manifestation of T,, known as T,*. T>* is the time taken for the NMR signal to decay to
1/e of its original value and it is generally shorter than T, because the presence magnetic
field inhomogeneities increases the relaxation rate. The line width of the NMR spectral
resonance is governed by T,* and can be given by 1/aT,* (for the lineshape of a sample

in solution), where a shorter value of T,* results in a broader line width.>*

Two different methods can be used to measure T, relaxation: the Carr-Purcell-
Meiboom-Gill (CPMG)® pulse sequence; and a series of Hahn-echo’ experiments with
different delay times. The CPMG experiment is the most commonly used method to
determine the T, of a nucleus, and it consists of an excitation pulse followed by a delay
time and then a series of echoes which refocus the spin vectors.® Signal is acquired after
each refocusing pulse and therefore the collection of data occurs rapidly, since many
acquisitions occur within a single experiment. The pulse sequence is shown in Figure 2.5
along with a typical CPMG FID, where the signal is separated into several echoes. T, is

measured by plotting the intensity of the peak of the echoes as a function of time and

32



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

819 1t should be noted that when collecting

using Equation 2.12 to extract the T, constant.
a spectrum using the CPMG pulse sequence, the signal is separated into spikelets, which

are separated by the inverse of m-pulse separation. The collection of multiple echoes also

causes an increase in the signal-to-noise ratio (SNR).*

Figure 2.4. Spin-spin relaxation after a pulse is applied, which places the magnetization
in the xy-plane.

The Hahn-echo experiment is collected as a series of separate experiments in
which the echo delay and refocusing time are systematically increased (z; and 7,
respectively in Figure 2.5 (c)). The intensity of the spectral peak in each experiment is
measured and plotted as a function of the total echo time (total time between the "/,
excitation pulse and the beginning of data collection) to obtain the T, using Equation

2.12°
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Figure 2.5. NMR experiments used to measure T, relaxation. (a) The CPMG pulse
sequence; (b) a typical FID resulting from a CPMG experiment; (¢) the Hahn-echo pulse
sequence, where 7; and 7, are changed systematically in a series of experiments in order to
observe the signal decay as a function of the total echo time.

2.3. Solid-State NMR of Quadrupolar Nuclei

Nuclei with a spin number greater that 1/2, quadrupolar nuclei, are subject to a
nuclear electric quadrupole moment, eQ. The value of Q can be positive or negative, and
is measured in m?, with the magnitude determined by the charge distribution in the
nucleus, which is non-spherical. This is a nuclear property and does not depend on
environment. The corresponding values of Q are listed later in Table 2.1. The quadrupole
moment couples with the electric field gradient, EFG (eq), which is a product of the

surrounding electron environment. The quadrupolar interaction is large, and in many
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cases dominates the NMR spectrum. In general this relationship makes the NMR
lineshape of quadrupolar nuclei very interesting, and sensitive to surrounding
environments.* In this thesis quadrupolar nuclei have played a significant role in the

determination of structural and dynamic properties of lithium ion conductors.
2.3.1. Energy Level Splitting in a Magnetic Field

Nuclei with a spin greater than 1/2 have different energy transitions than their
spin-1/2 counterparts. In addition to the Zeeman splitting shown in Figure 2.1,
quadrupolar nuclei can also have first-order and second-order contributions from the
quadrupolar interaction. This is illustrated for a spin-3/2 nucleus in Figure 2.6."' For this
system, there are two satellite transitions present: (-3/2 <> -1/2) and (+3/2 < +1/2). Only
the satellite transitions are affected by the first-order quadrupolar interaction, while the
central transition (-1/2 - +1/2 transition) remains unaffected. However, if the
quadrupolar interaction is large enough, i.e. significant when compared to the Zeeman
interaction, all transitions are affected by the second-order quadrupolar interaction. This
includes the central transition, which exhibits an orientation dependence in the
quadrupolar shift and EFG for single crystals, and is therefore known to display very

interesting lineshapes for powder samples, which will be discussed in section 2.3.3.*
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Figure 2.6. Energy-levels for a spin-3/2 nucleus in an external magnetic field. The
Zeeman, as well as first- and second-order quadrupolar interactions is shown. wy

represents the Larmor frequency of the spin, while wg represents the quadrupolar splitting
parameter. t
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Figure 2.7. Energy level diagram for a spin-1 nucleus under Zeeman splitting.

The situation for a spin-1 nucleus is slightly different. Figure 2.7 shows the
energy transitions for a spin-1 nucleus under Zeeman splitting. Unlike the half-integer
spins, this nucleus has no central transition, but has two satellites. This gives rise to
interesting spectra and can be very useful, in particular, the satellite transitions are known

to be sensitive to chemical properties, such as mobility.’

36



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

2.3.2. Quadrupolar Parameters

There are two parameters that are usually used to characterize the quadrupolar
interaction. These are used to characterise the magnitude of the traceless tensor, ¢, which
is a component of the EFG. The quadrupolar coupling constant, Cy (also known as y), is
proportional to the EFG anisotropy and is expressed in Hz (Equation 2.13); while the
dimensionless asymmetry parameter, 7, is defined according to the magnitude of the three
components of the tensor, ¢, where gzz> qyy> qzz(Equation 2.14). Both the shape of the
central transition and the separation of the satellite transitions are affected by these
parameters. The specific effects on the quadrupolar line shapes will be discussed in the

following section.*

2
Co =%z Q4zz 2.13
h
T’ — Qyy—qdxx 214
azz

In addition to the quadrupolar interaction there can be a contribution from shielding
asymmetry and anisotropy. If this interaction is on the same order as the quadrupolar
interaction there are several other terms that must be considered. The presence of
shielding can influence the shape of the central transition depending on the span, Q2 (in
ppm); skew, x (dimensionless); and isotropic shift, J;, (in ppm) (Herzfeld-Berger
convention). In addition, the orientation of the CSA tensor with respect to the EFG tensor
also affects the shape of the NMR resonance. Three Euler angles, a, 5, and y are used to

describe this orientation.” Chapters 3 and 4 of this thesis will describe the use of these
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parameters to answer questions about structure and dynamics in various ion-conducting

materials.

Overall there are eight parameters that can be used to describe the shape of the
central transition of a quadrupolar nucleus that is affected by a second-order quadrupolar
interaction: Cy, 7, £, k, dis, @, B, y. This makes simulating a quadrupolar line shape quite
challenging, and often ab initio calculations are performed to aid in the determination of
these parameters. In addition, some knowledge of the structure and how it might
influence the line shape is very important. In the following section the relationship

between structure and quadrupolar line shapes will be discussed.

2.3.3. Quadrupolar Line Shapes

For powdered samples, the shape of the central transition powder pattern can be very
useful for structural determination. In addition, elements with larger EFGs are more
sensitive to the surrounding environment. This sensitivity allows for the detection of
dynamic processes. If shielding is not considered, the main contribution to the quadrupole
line shape for the central transition of a powdered sample is the magnitude of its
anisotropy and its asymmetry parameter (deviation from cylindrical symmetry), which

can be described by the parameters Cyp and 7.

The quadrupole coupling constant, Cy, affects the width of the NMR spectrum. The
larger the value of Cp, which can range from Hz to MHz, the broader the powder pattern
for the central transition. The satellite transitions can be very broad and are not usually

observed for nuclei with large values of Cp, since in many cases they appear along the
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baseline, as in the "’Br spectra in Figure 2.2. Figure 2.8 shows the changes in a simulated
spectrum for a nuclei with spin-7/2, while # = 0, i.e. axially symmetric. The value of Cp is
increased by lower symmetry of directly bonded atoms. Larger values of Cp result in a
broader spectrum. For spins in a more spherical environment, Cp is smaller and the

spectral width is narrower."?

200 10 0 -10  [kHZ]

Figure 2.8. Simulated central transition for a spin-7/2 system under axial symmetry. Cop
ranges from 2 MHz to 10 MHz. A larger Cp is observed for systems with non-spherical
directly bonded atoms, while a small Cy is observed for a more spherical geometry.

While the value of Cp (in Hz) stays constant with the external magnetic field, the
effect on the spectral width varies inversely to the strength of the external field (in ppm).
When the interaction of CSA is considered, measuring spectra at different fields is
extremely helpful, since this interaction scales proportionally to the field. This allows the
simulation of two line shapes at different fields to obtain the same spectral parameters and

ultimately results in a more accurate measurement of the quadrupolar parameters.
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The asymmetry parameter, 7, ranges from 0 to 1 and affects the line shape of the
central transition in a quadrupolar powder pattern. Figure 2.9 shows the line shape
dependence for quadrupolar nuclei with spin-7/2. When # = 0 the line shape is said to be
axial. The outer features, called singularities, are at the ends of the spectral shape. A value
of # = 0 results from long range order in a crystal system, in particular, when there is a
symmetry axis of 3-fold rotation or some higher symmetry element that runs directly
thought the nucleus of interest. This is very useful for structural analysis in solids, where
crystal symmetry is a key consideration. For lower symmetry cases, # has some value

between 0 and 1. The positions of the singularities vary considerably as # increases.

Magic angle spinning is used in many cases in solid-state NMR to obtain highly
resolved spectra which are averaged to the isotropic shift. For quadrupolar line shapes this
is not as easily done. The resonance frequency for an axially symmetric system (7 = 0)
can be represented by Equation 2.15, where wy is the Larmor frequency, f(I) is the spin-
dependent factor, given in Equation 2.16, 0 is the angle of a crystallite with respect to By,

and P; and P, are the Legendre polynomials shown in Equations 2.17 (a) and (b).*
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20 10 0 -10 [kHZ] 1Cy

Figure 2.9. Variation of # from 0 to 1 in a simulated spectrum for a spin-7/2 system. The
inset shows a crystallographic position with a C4 symmetry axis passing through the
nucleus of interest, creating a value of = 0.

C2
V= —w—(if(l)[lio+§P2(COSH)—%P4(COSH)] 2.15
21+3
D= e 2.16
P,(cos) =~ (3cos?0 — 1) 2.17(a)
P,(cos0) = = (35c0s*0 — 300526 + 3) 2.17(b)

MAS removes contributions to the line shape that are described by (3cos’0-1) terms,
such as P,. However, Equation 2.15 contains two angle-dependent terms, only one of
which is affected by the averaging of (3cos’0-1) to 0 by MAS. This means that when

quadrupolar nuclei are spun at the magic angle some residual line shape remains. When
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the quadrupolar interaction is large enough, spinning sidebands from the second order
quadrupolar interaction can be observed. In such cases, static spectra are easier to use.
Figure 2.10 illustrates the effect of MAS on a spin-7/2 system with Cp = 10 MHz and
n =0 in a pair of simulated spectra. In order for this change in line shape under MAS the
sample spinning speed must be 3 to 4 times the width of the static line shape. This is
challenging in many cases, since spectra that result from large quadrupolar couplings are

much broader than the current MAS rates.

MAS

Static
I[I|IIII|TIII|III||Ill]]llll|lll

10 50 0 -5 -10 [kHZ]

Figure 2.10. Simulations of static and MAS spectra for a spin-7/2 system with Cp = 10
MHz and = 0.

Equations 2.15 and 2.16 bring to light some interesting properties of quadrupolar
lineshapes: The center of gravity of the powder line shape for the central transition is
calculated from the first term in Equation 2.15: (-3CQ2f(])/] Ovp). Also, if the term f{(1) is
considered, the larger the spin term (I = 3/2, 5/2, ...), the smaller the value of f{1). This

means that for systems with similar coupling constants the second-order quadrupolar
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effects, such as line broadening, are less significant for spins with a larger nuclear spin

number.*
2.3.4. Dynamics and Quadrupolar Nuclei

Quadrupolar nuclei with large EFGs are sensitive to their surrounding chemical
environments. This makes these nuclei sensitive to dynamic processes that occur on a
timescale that is on the same order of magnitude as the width of the NMR spectral
resonance. Specific types of exchange processes affect the quadrupolar line shape of the
central transition differently. Work by Schurko et al. has pointed out that for different
types of motion, the rate of exchange has predictable influences on the shape of the
central transition powder patter. Figure 2.11 shows simulations which shows the changes
in quadrupolar line shape, as well as first-order shielding anisotropy, as a function of

hopping rate for several different types of molecular-reorientation-motion. "

Other authors have reported changes in quadrupolar line shape to explain the ionic
transport motion in materials. van Wiillen ef al. have used '"O NMR to study motion in
the lithium ion conductor LiCF3;SOs. In each of these cases the motion reported was
rotational, as seen in Figure 2.11. In the case of LiCF;SOj there is rotation of CF; and
SO; groups in addition to lithium ion motion.'* Prof. R. L. Vold et al. have developed
software to calculate such motion: EXPRESS is a program written to model quadrupolar
line shapes as a function of motion. This will be discussed in more detail in Chapter 4 of

this thesis.
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Figure 2.11. Dependence of second-order quadrupolar line shape and first-order shielding
anisotropy on dynamic processes. This figure was reproduced from work done by Shurko
et al.” Reprinted with permission from (Schurko, R. W.; Wi, S.; Frydman, L. Journal of
Physical Chemistry A, 2002, 106, (1), 51-62.) Copyright 2002 American Chemical Society.

2.3.5. Measurement of Quadrupolar Line Shapes

Quadrupolar nuclei behave differently from their spin-1/2 counterparts under
excitation with a B; pulse. While the flip angle (orientation of the nuclear vector after B;
excitation pulse with respect to By) of a spin-1/2 nucleus has a sinusoidal dependence on
pulse length, quadrupolar nuclei have several different conditions for flip angle

dependence, which depend on the size of the quadrupolar coupling in relation to the RF
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excitation frequency (RF).'” Note that the RF nutation frequency is derived from the

nutation curve obtained from the liquid reference. The conditions are as follows:

1) When Cp << RF the nutation frequency is the same as the RF frequency. This is
the same as the spin-1/2 case and the relationship is sinusoidal.

2) When Cp >> RF the nutation frequency scales by a constant (I + }2), known as the
Rabi factor, and is still sinusoidal.* This means a pulse calibrated on a solution
sample, where Cp = 0 is not appropriate to be used for a solid sample with Cp >>
0, and instead the calibrated pulse length must be divided by (I + %) for solids.

3) When Cp ~ RF the nutation behaves in a non-sinusoidal fashion.'> '> '

In many cases when observing a quadrupolar nucleus with a single pulsed experiment,
a very short pulse length is used, commonly < 45° (for the solid quadrupolar central
transition). This is to ensure that if there are several resonances with different Cq’s all are
excited equally. Figure 2.12 illustrates the dependence of the intensity of the central
transition on pulse length for a variety of situations in which the ratio of wg/w.s (Co/RF) is
changed for a spin-5/2 system. It can be seen that for small pulse lengths, where (sin6 ~ 0)
(x-axis) that the excitation of all systems is that same. This interesting dependence has

. . . . . . . . 15-1
inspired several intensive studies involving nutation spectroscopy.'>'*
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Figure 2.12. Dependence of intensity of central transition on pulse length for several
cases where the ratio of the quadrupolar coupling to the RF frequency is varied [mq/o. s
(Co/RF)]. This figure was produced by A. P. M. Kentgens.'? Reprinted from publication
title (Kentgens, A. P. M., A practical guide to solid-state NMR of half-integer quadrupolar nuclei
with some applications to disordered systems. Geoderma 1997, 80, (3-4), 271-306) with
permission from Elsevier.

2.3.5.1.  Solid-Echo and WURST-Echo, and WURST-QCPMG Pulse

Sequences

Several different NMR spectroscopy pulse sequences are used to collect ultra-
wideline NMR spectra (hundreds of kHz MHz in spectral width). There are a number of
considerations, in particular, the signal intensity is spread through such a wide range that
the signal to noise ratio is very low. For quadrupolar nuclei with resonances that are too
broad for MAS to be effective the solid-echo, WURST-echo, and WURST-QCPMG
(Quadrupolar Carr-Purcell Meiboom-Gill) pulse sequences are perhaps the most widely

used for the observation of powder pattern of the quadrupolar central transition.'” % The
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WURST techniques can excite a broad bandwidth, and QCPMG techniques allow the
collection of NMR spectra in a small amount of time. Figure 2.13 shows these pulse
sequences.'’ Each pulse sequence is a type of “echo”, meaning that there is an initial
excitation pulse followed by a delay and then another pulse, which re-focuses the spin
vectors (“refocusing pulse”).” The traditional Hahn-echo uses a "/, excitation pulse

followed by a refocusing m-pulse.

Solid-Echo
A /,
D1 T T

=l
VV\/UVVUVV”

WURST-Echo

'E’l e |'T_l’| " |'T_2’AM\I\MAMM
VVVVU UVVV

WURST-QCPMG

Figure 2.13. Solid-echo, WURST-echo and WURST-QCPMG pulse sequences.'® "2

The solid-echo pulse sequence uses two "/»-pulses with high power and a relatively
small bandwidth (when compared to the WURST pulse) that can excite the full central
transition of nuclei with small Cp, such as *"Al or ¥'Rb. For larger Co this pulse sequence

can be used, but several spectra must be recorded in which the excitation frequency
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(transmitter frequency) is moved systematically for each experiment such that when the
experiments are combined the full spectral width of the resonance had been excited. This
frequency stepping allows the collection of wide spectra in pieces, which must be added
or overlaid to find the shape of the full spectrum.”"”** Alternatively, the application of
frequency-swept non-adiabatic WURST (Wideband Uniform-Rate Smooth Truncation)
pulses allow a wide sweep width to be sampled in the same experiment allowing the

collection of very broad spectra (sometimes reaching 2 MHz) in a single experiment.' >

-2 Frequency-swept non-adiabatic pulses are low power pulses in which the transmitter

frequency is swept over a large bandwidth exciting a wide sweep width, larger than that

of a typical hard pulse.”*

WURST pulses can be applied in the solid-echo pulse sequence, to make the
WURST-echo pulse sequence, or used to modify the QCPMG pulse sequence. The
WURST pulse is applied by sweeping the transmitter through a range of frequencies at
low power, while simultaneously modifying the phase of the pulse.”’ The original CMPG
pulse sequence begins by exciting the spins in a system using a 90° pulse (Figure 2.5 (a)).
This is then followed by a series of refocusing 180° pulses which are combined with
signal acquisition after each pulse. As mentioned above, this allows rapid signal
collection and is very efficient.” The WURST-QCPMG experiment is shown in Figure
2.13, where the original CPMG pulse sequence has been modified to include WURST
pulses instead of hard pulses. When the WURST-QCPMG pulse sequence is applied the
resulting spectrum is made up of spikelets, as in the CPMG experiment discussed above.

Figure 2.14 shows a comparison of these three pulse sequences when applied to '**La in
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LaNbOy at 21.1 T. The experimental time for the WURST-QCPMG is much shorter than
that of the other echo techniques, since multiple acquisitions are recorded in a single
experiment and the resulting signal is concentrated in spikelets. In Figure 2.14 the solid-
echo and WURST-echo experiments took ~ 34 minutes to collect, while the WURST-

QCPMG was collected in 4 minutes.

Simulation

Solid-Echo

WURST-Echo

4 min WURST-QCPMG
100 0 2100 (kHz)

Figure 2.14. Solid-echo, WURST-echo and WURST-QCPMG spectra of '*La in
LaNbO, at 21.1 T.?® * represents a small impurity. Here Co =36 £2 MHz, n = 0.44 +
0.05, 0iso =295 + 25 ppm, Q =255+ 10 ppm, x = 0.40 £ 0.04, a =90 £ 5°, =50 £ 5°, y
=270 £ 10°. A simulation performed using WSolids software is shown at the top.

2.3.5.2. Line Shape Simulations and Ab Initio Calculations

In addition to the collection of wide-line spectra, the simulation of line shapes is an
important aspect of studying quadrupolar nuclei. As mentioned earlier, there are

potentially eight parameters that contribute to the line shape observed for quadrupolar
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nuclei when shielding is considered. This means that it is essential to simulate these
spectra (acquired at multiple fields, if possible) in order to extract the parameters. Several
programs have been developed for spectral simulation including: WSolids*” and DMFit™®
software. These programs allow a user to input the parameters for a lineshape and refine
these parameters against an experimentally obtained spectrum. Refinement may be done
by hand or iteratively through the software. Figure 2.14 (top) shows the simulation of the
9L a NMR spectrum of LaNbO, performed in WSolids software. The positions of the
singularities are the most significant fitting feature. This includes the sharp central

features as well as the steps, seen at low frequency in Figure 2.14.

Ab initio calculations play an important role in the determination of the parameters
that contribute to the NMR line shape. Density functional theory (DFT) calculations can
provide information about these parameters and software such as CASTEP have been
used widely to perform such calculations.”” To perform CASTEP calculation a
crystallographic information file (.cif) is input into the software and the program
calculates the EFG and shielding parameters, which can be used to determine the NMR
line shape parameters. Often, this is used in combination with simulation programs in
which the parameters are entered and a comparison is made between the calculated
parameters and the experimentally obtained parameters. For cases in which it is very
difficult to simulate a line shape, such as instances in which there are several NMR line
shapes, ab initio calculations can provide initial information about the line shapes and

simulations can be performed.”® CASTEP software has limitations on the information that
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can be entered. Systems with unpaired electrons, such as paramagnetic or metallic

systems, pose a problem. Also, partial occupancies can be problematic.

In some instances it is necessary to determine the Euler angles (a, B, v), which relate
the orientation of the CSA tensor with respect to the EFG tensor. The Euler angles can
provide important information used to describe the crystal structure. In particular, systems
with complex dynamics can be understood by evaluating the Euler angles.>"* In spectral
simulations using WSolids of DMFit software, several Euler angles may result in the
same line shape. NMR parameters of a nucleus are heavily dependent on the crystal
structure of the system and DFT calculation can provide information about the tensor

orientations such that the true Euler angles can be calculated.

This thesis focuses heavily on the use of quadrupolar nuclei to study structure and
dynamics in ion conductors. In some cases, such as the 57Li NMR spectra, the
quadrupolar parameters are small and do not contribute to the spectral interpretation;
while in other cases, such as the '*’La spectra, the quadrupolar contribution plays a
significant role. Quadrupolar nuclei are sensitive probes of structure and dynamics in
solids. Although collection and interpretation of NMR spectra is not trivial, in many cases
it is the only way to answer specific questions about a system. Modifications of
traditional pulse sequences, such as CPMG, have improved the sensitivity towards
quadrupolar nuclei, as in the WURST-QCMPG pulse sequence. In addition, high field
NMR magnets and the development of ab initio calculation software has made the

interpretation of NMR spectra less challenging.
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2.4. Dipolar Coupling in NMR Spectroscopy

Dipolar coupling is a phenomenon that occurs between a pair of spins and is due to
the dipole moments of the two spins, #; and gy This 1s a “through space” interaction, the
magnitude of which depends on the distance between the spins. Dipolar coupling
manifests itself in solid-state NMR spectra as homogeneously broadened line shapes,
which can usually be narrowed using MAS, since the interaction is dependent on the
term, (3cos’ 0-1). Researchers have used the distance dependence of heteronuclear dipolar

coupling to determine structural characteristics of materials.

The Hamiltonian for the heteronuclear dipolar coupling between a spin pair is given
above in Equation 2.9, from which the dipolar coupling constant (in frequency units, Hz)

can be extracted:*

D = vpve (5) (52) 218

where r is the distance between a single pair of nuclei. The gyromagnetic ratios of 'Li
and °Li are 103.96 x 10° rad/sT [16.55 MHz/T] and 39.37 x 10° rad/sT [6.27 MHz/T],
respectively. Therefore, for a pair of heteronuclear lithium nuclei that are separated by 3
A, the dipolar coupling constant is 1598 Hz. In this thesis (Chapter 5) the dipolar
coupling between °Li and "Li is extensively studied in solid state electrolytes. The dipolar
coupling constant can range from 100 to 10000 Hz for a single heteronuclear pair of
lithium nuclei, depending on the distance between them. However, the translation of the

dipolar coupling value for a single pair of nuclei to that of several pairs is not
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straightforward. In addition, the dipolar coupling interaction is anisotropic, and depends

on the angle between the external magnetic field and the vector connecting a spin pair.
2.4.1. Measurement of Dipolar Coupling

Several experiments can be used to measure dipolar coupling in solids. Rotational
Echo Double Resonance (REDOR) and Spin Echo Double Resonance (SEDOR) are two
pulse sequences which can be used to measure heteronuclear dipolar coupling.™**** Each
of these experiments uses a Hahn-echo to observe a nucleus, while the other dipolar

coupled nucleus is perturbed systematically.
2.4.1.1. REDOR NMR Spectroscopy

The REDOR NMR experiment uses a rotor-synchronized pulse sequence, which can
measure the heteronuclear dipolar coupling between a pair of spins. In the experiment a
Hahn-echo is applied to the observed spin (/), while the other spin () is perturbed by a
series of m-pulses. Figure 2.15 shows the REDOR pulse sequence with the observed spin,
I and perturbed spin, S (S is not observed). For a single resonance, the resulting
experiment compares the intensity of the / spin with and without pulses applied to the S
channel. By convention, the intensity of the / channel is called S (not in italic), and the
initial intensity of the Hahn-echo (on the / channel) with no pulses applied to the S
channel is called Sy, and is compared to the intensity of the resonance when pulses are

applied to the S channel in the following relation:

(So — S)/Se 2.19
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Figure 2.15. The REDOR NMR experiment. Spin / is observed using a Hahn-echo
experiment, while spin S is perturbed using a series of rotor-synchronized n-pulses.

The ratio in Equation 2.19 is plotted as a function of echo time, which can be
calculated from the number of rotor periods used in given experiment. This results in a
curve with a slope that depends on the magnitude of the heteronuclear dipolar coupling of
spins / and S.”° Extracting the dipolar coupling from the resulting curve is done using
numerical simulations in software packages, such as SPINEVOLUTION.*® The

application of this method will be discussed in detail in Chapter 5 of this thesis.

A typical REDOR experiments for an isolated /-S system are illustrated in Figure 2.16 (a).
The intensity on / channel decreases with the increase in number of pulses applied on the S
channel as a result of /-S dipolar coupling. Two sets of data can be extracted for this experiment.
If only the Sy intensity is plotted there is an exponential decay with time, which is a result of T,
relaxation. If S is plotted as a function of time the slope of the resulting curve is due to the dipolar

coupling in combination with T, decay and oscillates around 0, as in Figure 2.16 (b). The
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separation of S and S, allows the measurement of T, decay form the REDOR experiment. The

REDOR curve is calculated as (S¢-S)/Sy and is shown in Figure 2.17.

(@) (b)
So S 1.0 H
(Spin I only) (Spin | with S dephasing)

N _/\L
AN OIO{

Figure 2.16. (a) lllustration of the peak intensities for a single resonance during the REDOR
experiment, separated into S and S, peaks. (b) Plot of S and S, intensities as a function of time.
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Figure 2.17. Typical REDOR curve for an isolated 2-spin system.
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For a multiple spin system, the Sy curve does not result in an oscillation around 0. Instead
there is a smooth exponential decay which plateaus at 0 for both S and Sy curves, as shown in

Figure 2.18. This results in the °Li{’Li}-REDOR curves shown for LiCl in Figure 2.20.

1.05+
1.00—-
0.95-
0.90- So
0.85—-

0.804

Relative Intensity of | Spin

0.754

0.704

0.65 . T i T i T ) T i
0 1 2 3 4 5 6
Time, Arbitrary Units

2.18. S and Sy curves for a multi-spin system, with more than one pair of I and S spins.

If T, decay plays a significant role and the rate of T, relaxation is greater than the dipolar
coupling, then this dominates the REDOR experiment. In this case, the curves corresponding to
the S and S, signals are approximately equal, as shown in Figure 2.19. When this occurs, the
calculated REDOR curve (S,-S)/Sy appears as noise, since the values of (Sy-S) are approximately
0 for the entire range. This will been shown for the case of Li;V,(POy,); in Chapter 6 of this thesis

where no °Li{’Li}-REDOR curve is observed.
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Figure 2.19. S and S curves for a system in which T, relaxation dominates, and dipolar coupling
does not contribute significantly to the shapes of the curves.

2.4.1.2. The Application of REDOR NMR Spectroscopy

Initial REDOR studies focused on materials which contained a single pair of
heteronuclear spins.** A prime example of this is in organic materials which can be
labeled with isotopes to include a single pair of N and *C. The REDOR experiment
results in a curve with a slope that depends on the distance between the ’N-"C spin pair

and thus the experiment can be used to determine the distance between this pair of nuclei.

When solid-state materials are considered, the isotope labeling of a single pair is not
possible because of the nature of the infinitely repeating lattice. Therefore a REDOR
experiment of such a material results in a curve that is dependent on the relative
orientations of all spins involved. To illustrate the dependence of the REDOR curve on

the distribution and orientation of spin pairs Figure 2.20 (a) shows an example of the
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Li{’Li}-REDOR curves that were experimentally observed for LiCl along with the

SPINEVOLUTION simulation of the °Li{’Li}-REDOR curve for a single °Li-'Li pair.

LiCl is a highly ordered material with no partial occupancies existing on the Li
crystallographic sites. The simulation was based on data presented by Levin’sh et al.,
which have a Li-Li internuclear distance of 3.627 A. A representation of the crystal
structure is shown in Figure 2.20 (b). A comparison of the experimental and simulated
REDOR curves show that the predicted curve for the single Li-Li pair is has a more
shallow slope than any of the experimental curves. This is because on observing °Li, only
a single 'Li contributes to the dipolar coupling. As a result, the internuclear Li-Li distance
can be directly correlated to the °Li-"Li dipolar coupling and therefore to the slope of the
REDOR curve. When the experimentally observed curves are considered, there are
multiple 'Li spins in the system that all contribute to the dipolar coupling experienced by
the observed °Li spin. Thus, there is a trend in this data, which shows that the more Li
present, as in the red curve (7% °Li and 92% 'Li), the steeper the slope of the resulting
SLi{’Li}-REDOR curve. Conversely, the less 'Li present, as in the green curve (90% °Li

and 10% "Li), the more shallow the resulting slope is.
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Figure 2.20.(a) Experimentally observed °Li{'Li}-REDOR curves of LiCl with 90%,
50% and 7% °Li content in red, blue and green, respectively. For comparison the black
line shows the SPINEVOLTUION simulation of a °Li{’Li}-REDOR curve for a single
SLi-"Li pair with a distance of 3.627 A, as reported be Levinsh et al. (b) Representation of
LiCl showing a Li-Li internuclear distance of 3.627 A.*” Li is shown as red sphere, while
the Cl is shown as green spheres.

This example illustrated some of the considerations that must be acknowledged when
interpreting experimental REDOR data for solid-state systems. Therefore, for solid-state
materials in which there is a distribution of spin pairs, the extraction of a single dipolar
coupling value from a REDOR curve is not trivial, since multiple spin pairs contribute to
the observed dipolar coupling. In this case the dipolar second moment, M,, as shown in

3538 The use of M, analysis

Equation 2.20, can be used to describe the REDOR curve.
will be discussed further in Chapter 5 of this thesis. The value of M, can be calculated, if
the crystal structure of the material of interest is known, by summing all spin pairs

involved in the heteronuclear dipolar coupling. The calculated value can be used to

predict the REDOR curve for the heteronuclear system. If the crystal structure is now
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known, simulating the REDOR curve using M, as a variable allows the determination of

M,, which can give information about the magnitude of heteronuclear dipolar coupling in

a system, particularly when compared to that of similar systems.*>**
mpetero = 2 (B) 2y 226(s 4+ 1) Byt 220
2 s\ag) Vi'Vs sTs .

Where S is the spin number for the non-observe spin, 75 is the internuclear distance

between / and S and all other variables are defined above.

Measurement of heteronuclear dipolar coupling extends past structural
considerations, as it can give information about dynamics in a material. Rapid ion motion
reduces the heteronuclear dipolar coupling between mobile species. Therefore, the slope
of the REDOR curve can be used to indicate the presence of dynamics.”® In this thesis
changes in the slope of the REDOR curve as a function of temperature have been used for
the first time to assess ion hopping in lithium ion battery materials. This method provides
an excellent tool to study materials in which dynamics occurs in a single crystallographic
site. Chapter 5 of this thesis will discuss how REDOR NMR can be used to study °Li-'Li
dipolar coupling as a function of temperature to probe dynamics in solid-state lithium ion

electrolyte materials.
2.5. Choice of Nuclei Studied in This Thesis

This thesis focuses on the study of solid-state electrolyte materials for lithium ion
batteries. Mobile species °Li and 'Li can be studied directly by NMR spectroscopy in

many cases, but the assessment of dynamics has been challenging due to the poor site
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resolution and small spectral width inherent in diamagnetic lithium materials.” Instead,
nuclei found in the framework of these materials can be studied. These include

. 139
quadrupolar nuclei such as

La, which can be sensitive to the mobility of lithium ions.
The nuclei studied in this thesis are summarized in Table 2.1 along with their
respective Larmor frequencies at 11.7 T and 21.1 T, since these are the most common
magnetic field used in this thesis. Also included in 7Table 2.1 are the values of the
quadrupole moment and nuclear spin for the relevant nuclei. For comparison, information

is also included for 'H.

Table 2.1: Table of nuclei considered in this thesis

Nucleus Larmor Larmor Quadrupole Nuclear Natural
Frequency at Frequency at ~ Moment, Q Spin Abundance
11.7T 211T (fm?)
(MHz) (MHz)
Li 194.370 349.825 -4.01 32 92.58
°Li 73.600 132.464 -0.0808 1 7.42
L 70.647 127.149 20.0 72 99.91
¥Rb 163.645 294.527 13.35 32 27.85
'HT 500.130 900.130 0 12 99.98

" TH was not studied in this thesis, but has been included for comparison.

The combination of nuclei studied throughout this thesis has contributed to a variety
of methods used to examine the structural and dynamic properties of battery materials. In
most endeavors the goal has been to determine lithium ion hopping rates or the activation
energy for lithium ion hopping. However, structural complexity has played a role in
several studies, and the use of multinuclear NMR studies has proven to be very insightful

in these cases. Together, these nuclei have provided a range of options to answer specific
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questions regarding the structural and dynamic properties of each system discussed in this
thesis.

2.6. Summary

This chapter outlines some of the fundamental concepts and experiments that will be
called upon throughout this thesis. Solid-state NMR spectroscopic techniques have been
used extensively throughout this work, with quadrupolar nuclei measured almost
exclusively. The use of quadrupolar properties of some nuclei has been vital in the study
of the materials discussed in Chapters 3, 4, and 5. In these cases the large electric field
gradients have provided sensitive probes of the surrounding environment, and created a
method to study structural and dynamic properties. Additionally, dipolar coupling has
played a significant role in the analysis of lithium ion mobility in several solid-state
electrolytes. Chapter 5 discusses the use of REDOR NMR experiments to study dipolar
coupling in lithium ion electrolytes. Finally, T, relaxation phenomena have provided an

alternative method to study ion dynamics, which will be discussed in Chapter 6.

A variety of methods have been employed in this thesis to study several battery
materials. The methods discussed were used in order to circumvent some of the
challenges related to the use of more traditional methods of studying dynamics in battery
materials. Two of the main challenges are the poor site resolution of ®’Li in diamagnetic
materials; and ion conduction occurring in a single crystallographic site. Multinuclear
NMR studies have taken advantage of the large electric field gradient of quadrupolar
nuclei or the heteronuclear dipolar coupling experienced by mobile species. These

experiments have allowed the successful determination of structural and dynamic
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properties of the lithium ion electrolyte materials studies in this thesis. By approaching
the study of ion dynamics in novel ways these techniques provide tools to answer
questions about structure and dynamics in a wide variety of materials, in particular, those

that are difficult to study using traditional NMR methods.
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Chapter 3: Structural Analysis of Garnet-Type LaLijsFe(,0,.4 and
Related Materials Using 'Li and *’La Solid-State NMR Spectroscopy

3.1. Introduction

This chapter discusses the work done toward understand the structure of the cathode
material LaligsFeo 20709 and related materials. This study has used a combination of Li

139
and

La NMR spectroscopic techniques to investigate the nature of the disorder found in
LaLigsFep20200 and its structural derivatives. In addition, PXRD and transmission
electron microscopy (TEM) have been used to support the structural analysis. The study
began with the consideration of model La-containing oxide materials using '*’La NMR
spectroscopy, which highlights some of the benefits and challenges of using '*’La NMR
techniques. In model materials a correlation was made between the observed NMR
powder patterns and the crystal structure. The nature of any disorder in the second
coordination sphere of lanthanum in these model materials has also been studied and
linked to features in the **La NMR spectra. This has been further extended to the

analysis of battery materials and used to unveil structural information about the

lanthanum-containing battery materials.

Components of this work were published in the Canadian Journal of Chemistry and
Chemistry of Materials. Initial manuscripts were prepared by the current author, Leigh

Spencer, The content was reproduced with the permission of:
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(1) The Canadian Journal of Chemistry (89, 1105-1117, 2001) with co-authors E.
Coomes, E. Ye, V. Terskikh, A. Ramzy, V. Thangadurai, and G. R. Goward.
©2008 Canadian Science Publishing.

(2) Chemistry of Materials (23, 3105-3113, 2011) with co-authors A. Ramzy, V.

Thangadurai and G. R. Goward. Copyright 2011 American Chemical Society.

%¥La NMR Spectroscopic data at 21.1 T and 11.7 T were collected at the National
Ultra-high Field Facility for Solids at the National Research Council in Ottawa under the
supervision of Dr. Victor Terskikh and Dr. Eric Ye. The reminder of the work was
collected at McMaster University. All spectral processing was done at McMaster

University under the supervision of Prof. Gillian Goward.

57Li magic angle spinning solid-state NMR is a useful non-destructive tool to study
the structures of battery materials, as well as their lithium ion dynamics; however in the
absence of any paramagnetic interactions, both °Li and 'Li suffer from poor chemical
shift resolution and long T, relaxation times. Of the two, ®Li is somewhat preferable, as it
has smaller line widths in NMR spectral peaks. This is due to the reduction of the
homonuclear dipolar coupling of this lower gamma nucleus." * In addition to electrolytes,
cathode materials, aimed at replacing the currently used LiCoO,, are highly sought after.”
> They often contain paramagnetic centers that provide unpaired electrons, which allow
the lithium centers in the materials to have short T, relaxation times, and an expanded
chemical shift range.” ® *’Li MAS NMR, along with powder X-ray diffraction, provides
a powerful tool to study the structure, as well as the nature of lithium ion dynamics in

lithium ion battery materials.
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Many of the garnet structures proposed thus far for these applications contain
significant amounts of lanthanum, an NMR active nucleus with spin 7/2. Thus, ¥ a
NMR may be a valuable tool in the structural analysis of these, and other related

139

materials.”>  ® In particular, '*La NMR is capable of detecting atomic-level disorder in

materials that contain atomic substitution within different crystallographic sites.” '°

In this study we report the synthesis, structure, electrical transport properties of Fe-
based  garnet-related  structures LaLigsFey 20209, Lag 9419 60F€0202.09, and
LaLig7sFe.1402.09 together with "Li and "*°La solid-state NMR spectral characterization.
The parent garnet-like LaLigsFep20,.09 was first prepared by Mazza in 1985.'"13 1t has
been shown to conduct lithium ions as well as electrons, and has a redox couple between
Fe*" and Fe*'. It is therefore a potential material for use as a cathode in Li ion batteries. "
Although this material has not been cycled electrochemically, it can be expected that
there will be a high voltage plateau, such as that found for the Fe’"/Fe*" couple in
Li[Fe,Mn,,,]O4 at ~5 V.14 As such, it would be viable in the context of all-solid-state Li
ion cells, with the possibility of incorporating a complementary garnet structured solid-

state electrolyte.'’

The theoretical fully occupied parent compound for this series of structures is
La, ;LigsFeq310,5."* It has been determined that this compound does not exist in this fully
occupied state, but rather has a series of partial occupancies present. These are distributed
over the compound and are found in varying amounts on each atomic position, except that
of Li.'? In particular, the vacancies reported on the Fe sites at (0, 0, 0) and (0.25, 0.25,

0.25) are significant, as will be discussed further in this work. This structure opens the
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possibility of Li ion dynamics, via vacancy-mediated conductivity. Moreover, our studies
provide evidence, for the first time, of Li-Fe substitution in these garnet structures.
Precedent for this is seen in the LiFePO4 phase, where such anti-site defects have been
shown to create channel-blocking iron centers in this one dimensional (ID) Li ion

conductor.'
3.2. Challenges of 39L.a NMR Spectroscopy

Although 13 a is an NMR active nucleus with high natural abundance, 99.91%, and
many materials significant to the development of materials science contain large amounts
of lanthanum, *’La NMR is not performed routinely.'”"” This is mainly due to the many
difficulties associated with the collection and interpretation of the NMR spectra, as
outlined in Chapter 2 of this thesis. The EFG-dominated spectra of '*’La are very broad,
which makes low-field NMR measurements quite difficult. Nevertheless, it has been
shown that '*’La NMR spectroscopy is sensitive to the symmetry elements of lanthanum
containing structures. Resulting spectral line shapes are heavily dependent on the
asymmetry parameter 7 (defined in Equation 2.13) and the quadrupolar coupling constant
Co (defined in Equation 2.14), which are known to vary according to the elements of
symmetry present at the nucleus of interest.”

La,0Os, Li(OH);, LaNbO4 , LaAlOs, LisLa,Zr,0;, and LazNbO; serve as model
materials for the study of lanthanum-containing lithium battery materials. The collection
and interpretation of *’La NMR spectra will be discussed in detail in the Results and
Discussion section. Crystalline LaNbQOy4, Li(OH);, LaAlO3 and La,Os are highly ordered

21,22

compounds, which show no sign of disorder in their crystal structures. In all of these
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materials, lanthanum is surrounded only by oxygen in the first coordination sphere. In

9La spectrum is a clear representation of a single '*’La crystallographic

each case, the
site. In addition to these four model materials, several other model materials have been
examined. Lis;La3;Zr;0;, and LasNbO; are also highly ordered lanthanum-containing
oxides. In contrast to the materials mentioned above, these two materials each contain
two distinct crystallographic sites, making the interpretation of *’La NMR spectra
challenging. These materials have been studied to determine the quadrupolar parameters,
Co and 5 in order to compare the experimentally determined parameters to those
calculates by ab initio quantum chemical calculations. This collection data sets for of
model materials provides a variety of different lanthanum environments which share the
fact that lanthanum is surrounded by oxygen in its first coordination sphere. In contrast to
the well ordered model materials, the electrochemical materials LaLigsFeq20500 and
LisyLap3)«Ti03 (x < 0.03 < 0.063) are known to show disorder in the form of atomic
distribution on particular crystallographic sites, which occurs as a result of vacancies
present in the materials.'> >

The garnet-like structure LaLigsFep202.09 is a potential cathode material for lithium
ion batteries. The structure contains iron centers, which provide unpaired electrons that
reduce the T, relaxation times of lithium that is in close proximity to the iron centers.'?
LaLigsFe 20209 was first prepared by Mazza et al., and it was thought that the lithium in

this compound occupied a single crystallographically unique site, while the lanthanum is

distributed between two crystallographic sites, each with the lanthanum surrounded by
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oxygen in the first coordination sphere.'” The source of disorder in this compound will be
discussed later in this work.

LisyLap3)«Ti03 (x < 0.03 < 0.063) is a potential electrolyte material for lithium ion
batteries and does not contain paramagnetic centers.” The disorder in this compound is
attributed to the distribution of Li, La, and a vacancy, which can randomly occupy the
same crystallographic site.” In all of the materials mentioned, lanthanum is surrounded

only by oxygen in the first coordination sphere. Thus, the '*°

La NMR spectra can be
compared directly to relate the lineshape of the spectra to the environment of the
lanthanum in the respective crystal structures.

Crystallographic information for each of the model compounds is shown in Table 3.1,
which presents the space groups, La—O bond distances, and elements in the second
coordination sphere. In addition, the lanthanum environments for La,Os;, La(OH)s,
LaNbOs, LiscLa3)xT103, and LaLigsFeq20,09 are illustrated in ZTable 3.2. For each
structure, lanthanum is shown in its oxygen environment as well as in its second
coordination sphere environment. Together, a suite of reference structures were studied

using '*’La NMR spectroscopy, for comparison to the electrochemical materials of

interest.
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Table 3.1: Crystallographic data for the materials studied in Chapter 3.

Space O- La-O Bond Ref.
Material Group La Coordination Range(A) 2" CS*
LaNbOy4 12/c La-1 8 25-2.6 La, Nb 21
Lay05 P-3ml La-1 7 24-28 La 22
La(OH); P63m La-1 9 26-2.8 La 24
Li3XLa(2/3)_xTiO3 Pmmm La-1 12 2.7-2.8 La, Ti 23
La-2 12 2.7-2.8 La, Ti
Im3m This
LaLi0,5FCO.202,09 La-1 10 25-2.7 La, Fe Work
La-2 9 This
23-2.7 La, Fe Work
LaAlO; R-3¢ La-1 12 2.5-2.8 La, Al 25
Li7La32r2012 I 41 /ac La-1 6 26
d 1.6-2.6 Li, Zr
Li7La32r2012 1 41 /ac La-2 - 26
d - Li, Zr
LazNbO, Cmcm La-1 10 1.9-2.8 La, Nb 27
Las;NbO, Cmcm La-2 6 1.9-2.9 La, Nb 27

The space group, La coordination number for each La site, La-O bond distance range, and the second coordination environment are

shown. 2nd CS* = second coordination sphere.
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Table 3.2: The lanthanum environments in materials studied in Chapter 3.

Oxygen Second
Environment Coordination Sphere

Material

LaNbO,

La,0, a/"—b
)) c
e
a

La(OH), Lb < E

LizxLa3TiOs i
al_ b
La-1
LisxLa.3TiO; i
al_ b
La-2

La L|0 SFeo 202 09

LaLiysFep,05.00 ; !

Legend

®,0 La
© O ‘ Fe-2 (LaLiO.SFeO.ZoZ.og)
© Nb @ La-1(LalipsFes,0,00)
® Ti(Lizlap.TiOs)
© Fe-1 (LaLigsFey,0500) ) B 122 (LaliosFeq 0509
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Lanthanum is represented by
a dark blue (La-2) or red

(La-1)  sphere. In the

LaliysFep:0509  Structure,
lanthanum is also
represented by

corresponding polyhedra, for
clarity, as lanthanum lies in
a complex environment. In
addition, oxygen is
represented by light blue
spheres; niobium, by orange
spheres; titanium by green
spheres; in LaLigsFey 039
a distinction is made between
iron that participates in a
distribution (green spheres)
with lithium, and iron that
does not (brown spheres).
The details of the distribution
are discussed in the text. All
crystallographic figures were
prepared  in  XtalDraw
software.”®
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3.3. Experimental

3.3.1. Sample Preparation

La,0; and LaAlOs were purchased from Sigma-Aldrich. La,O; was exposed to air
in ambient conditions to produce La(OH);. To produce La,Os void of La(OH); impurity,
the purchased sample was heated at 900 °C for 24 h.?’ LaNbOys and LasNbO; were
obtained from the National Ultra-High Facility for Solids and was prepared elsewhere by
a co-precipitation from NbCls and La(NO3); by NHj3 with subsequent calcination at 800
°C.** To prepare LisxLap3)xT103 (0.03 < x < 0.063), stoichiometric amounts of La,0s3,
Li,COs, and TiO, were mixed. The mixture was ball milled and heated at 500 °C. This
process was repeated with temperatures of 800 and 1150 °C. A pellet was then pressed
and annealed at 1350 °C to create the final product.’’ By comparing the experimental
powder X-ray diffraction data to that reported by Ibarra et al., it has been determined that
the content of lithium in the structure is consistent with the desired stoichiometry.”

LaLigsFeo202.09, LagoslipeoFe0202.09, and LaLig7sFeg 140209 were synthesized by
members of the Thangadurai group according to the procedure found in (Chem. Mater.
23, 3105-3113, 2011). Powder X-ray diffraction (Cu KR, 40 kV, 40 mA)) was employed
for phase confirmation. Li;La3;Zr,0, was synthesized according to the procedure found
in (Journal of Solid State Chemistry, 182, 2046-2052, 2009).

3.3.2. Solid-State NMR Spectroscopy Measurements

3.3.2.1. 'Li NMR Spectroscopy Measurements
"Li MAS NMR was collected at 11.7 T (Larmor frequency, 194.4 MHz) on a

Bruker Avance I 500 NMR spectrometer with an external reference of 1 M LiCl solution,
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at 0 ppm, having a 90° pulse length of 4 ps at 1.25 dB with a nutation frequency of 62.5
kHz. A 2.5mm probe was used, with a rotor spinning speed of 20 kHz, and solid-state 'Li
MAS spectra were collected using a 1 us (n/8) pulse, with a relaxation delay of 20 s. This
short pulse was used to accommodate the very long T; of the diamagnetic resonance at 0
ppm. T, relaxation measurements were performed at 21.1 T for 'Li in
Lag94lip 60F€020209. An inversion recovery pulse sequence was used, with a variable
delay list of 16 values. A recycle delay of 30 s was used in the first experiment; and a
recycle delay of 450 s was used in the second experiment. The experiment was performed
twice to account for the great differences in T; relaxation properties of the lithium sites in
the material.
3.3.2.2.  La NMR Spectroscopy Measurements

Experiments at 21.1 T (Larmor frequency, 127.1 MHz), were carried out using a
Bruker Avance II 900 NMR spectrometer and were performed with stationary samples
using a home-built single-channel probe with a 5 mm i.d. solenoid coil. An external
reference of a 1 M solution of LaCl; (0 ppm) was used, for which a 180° pulse had a pulse
length of 16.0 ps at 3.30 dB, with a nutation frequency of 31.25 kHz. Depending on the
sample, one of two pulse sequences was used: WURST-echo or WURST-QCPMG.
Typically in the WURST-QCPMG experiments, 50 ms WURST pulses were applied and
swept across a range of 1 MHz at a rate of 20 MHz/ms, with an RF power of 10 kHz. The
spikelet-separation was set to be 2.5 kHz at 21.1 T and 5.0 kHz at 11.7 T. The number of

echoes in a QCPMG train ranged from 32 to 64. Recycle delays of 0.2 — 0.5 s were found
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sufficient for complete relaxation in most samples. From 1 000 to 40 000 transients were
accumulated, depending on the sample.

9La NMR spectra were also acquired at 11.7 T (Larmor frequency, 70.6 MHz)
on a Bruker Avance III 500 NMR spectrometer using a 5 mm solenoid Bruker H/X probe.
WURST pulse conditions were similar to those at 21.1 T. A number of spectra were
obtained using a n/2—m/2 quadrupolar-echo pulse sequence, employing a 2 ms central-
transition selective m/2 pulse, with RF power of 30 kHz. From 2 000 to 4 000 transients
were accumulated. NMR spectral simulation was performed using WSolids in most
cases.”” DMFit* or QuadFit** programs were used for disordered systems. Uncertainties
were determined statistically by performing several simulations of each spectrum.

3.3.3. Computational Methods

Quantum chemical calculations of the La EFG and chemical shielding, CS,
tensors were performed with available crystallographic data for La,Os,* La(OH)s,* and
LaNbO4.21 Calculations of LaAlOs, LisLasZr,O;, and LasNbO; focused on the EFG alone
and were used to determine the values of Cyp and 7. The original structure for La(OH); did
not contain hydrogen atoms. Before calculations, hydrogen atoms were placed in the
expected positions, and the crystal structure was fully geometrically optimized. The
CASTEP NMR program® ** in the Accelrys Materials Studio 4.4 environment was

utilized to carry out ab initio plane-wave density functional theory (DFT) calculations.””

41
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3.4. Result and Discussion
3.4.1. ""LaNMR Spectroscopy of Model La-Containing Materials
LaNbOy : In the first model compound, LaNbO,, lanthanum contains only oxygen in its
first coordination sphere. It has a monoclinic structure in space group /2/c. There is only
one crystallographically unique lanthanum site in this compound, and one niobium site.
Lanthanum is coordinated to eight oxygen atoms within 2.6 A, with a La-O bond distance
range of 2.5 — 2.6 A. The shortest La-O contact is 2.5 A, and the highest element of
symmetry for La is a 2-fold rotational axis.”' The minimum distance between La and Nb
is 3.7 A, and the minimum distance between La and another La atom is 3.9 A.?' Static
solid-state NMR measurements were taken at 11.7 T, and compared to those taken at 21.1
T to illustrate many of the challenges of *’La solid-state NMR. Static spectra collected
for LaNbO, using three different pulse sequences, quadrupolar-echo, WURST-QCPMG,

and WURST-echo, are compared in Figure 3.1.
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Figure.3.1. "La WURST-QCPMG, WURST-echo, and Quadrupole-echo NMR spectra
of LaNbOy, taken at (a) 21.1 T and (b) 11.7 T. * indicates a minor impurity in the sample.
Simulations were performed using WSolids software.

This simple example already fully illustrates some of the difficulties in obtaining
high-quality *’La NMR spectra for solid state samples. Even at 11.7 T the static line-
width for this sample is in excess of 300 kHz. When the more traditional quadrupolar-
echo pulse sequence is applied, the resulting spectrum shows a line shape with attenuated
intensity for outer discontinuities, compared with the simulated spectrum. This distortion
is due to the limited excitation bandwidth of the rectangular n/2 pulse (2 ps). Near to the
edge of the excitation bandwidth the intensity of the excitation profile decreases
significantly, resulting in the spectrum with attenuated intensity on its outer edges. To
obtain a more accurate line shape using the quadrupolar-echo pulse sequence it is often
necessary to record several spectra with different central frequency offsets and then to

42, 43

add them together. The WURST-echo approach affords much broader excitation

bandwidth, so that the same spectrum can be correctly recorded using only a single
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central frequency offset in the same amount of time (Figure 3.0 In systems with
sufficiently long T, relaxation times, the WURST-QCPMG approach45 delivers all the
advantages of WURST in providing broadband excitation now combined with
significantly improved signal-to-noise. Due to spikelet spacing in QCPMG the finer
details of the line shape are sometime lost. Furthermore, we found that for disordered
battery materials studied in this work the T, relaxation times are rather short, which does
not favour the use of the QCPMG method. Thus, the technique of choice in this work was

the WURST-echo pulse sequence.

Simulations of the NMR spectra of LaNbO, collected at 11.7 T and 21.1 T reveal
a Cp of 34 MHz + 2 MHz, and 5 of 0.51 + 0.05. It should be noted here that only first-and
second-order quadrupolar interactions are considered. Collecting the '*’La spectrum at
two different magnetic fields allowed for the identification of a small impurity, marked
with (*) in Figure 3.1. Contributions from quadrupolar interaction as well as CSA were
considered, and the span, skew and Euler angles, defined throughout this work as the
angles that relate the CSA axis system to the EFG axis system, were determined to be
420ppm =10 ppm, 033+0.05, a=90°£10° pf=27°+3° yp=270°+£10°,
respectively, and are in agreement with values predicted by CASTEP calculations.™
LaNbO, provides a good example of a system with complex NMR parameters that were
difficult to simulate, and illustrates the advantage of using calculation software for NMR
interpretation. CASTEP calculations proved to be extremely beneficial in the simulation

of the LaNbOy, spectra obtained at 11.7 T and 21.1 T, providing a starting point for the
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simulation of values of Cp, #, the span, skew, and Euler angles. The values produced by

CASTEP for this compound and others are shown in Table 3.3.

The second coordination sphere of La in LaNbOy4 contains both La and Nb, as
shown in Table 3.2. The value of » obtained by simulation of the experimental spectra is
0.51 = 0.05. Since the highest rotational symmetry element present is a 2-fold rotational
axis, which lies along the b-axis of the crystal, the experimental simulation is not
sufficient to predict the respective orientation of ¥z, the principle component of the EFG
tensor. However, this information can be achieved by first principle calculations which
have been performed using CASTEP. The theoretically predicted orientation of the EFG
tensor for LaNbQ,, with respect to the crystal axes, is shown in Figure 3.2 (a), along with

those of La,Os (b) and La(OH); (c¢).

(b) Legend

® La
¢ 0
© Nb

Figure 3.2. EFG tensor orientations for (a) LaNbQOy, (b) La,0s;, and (¢) La(OH);. In each
case V; is directed out of the page, while V. and V), lie in the a-b plane of the crystal
axes. Tensor orientations are shown by green arrows. Calculations of the EFG tensor
orientations were performed in CASTEP. La is represented by dark blue spheres, O is
represented by light blue spheres, and Nb is represented by orange spheres.

%La NMR powder patterns are known to be very sensitive to the environment

surrounding La, often displaying high values of Cp, as large as 105 MHz,* for cases in
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which La has a non-spherical environment. In the case of LaNbQOs, the crystallographic
parameters do not show disorder or partial occupancies in either the niobium or
lanthanum positions, suggesting that the structure itself is ordered. This is consistent with
the observed '*’La NMR spectrum which clearly shows a typical powder pattern for
highly ordered samples with high crystalline symmetry. (The sensitivity of quadrupolar
nuclei, such as lanthanum, is to the symmetry of the oxygen environment, as well as the

complexity of the second coordination sphere).*®*’

La;0; : The second model compound, La,0s, is known to form a trigonal lattice structure
with space group P-3ml, in which the lanthanum atoms are surrounded by seven oxygen
atoms within 2.8 A with the La-O bond distance in the range of 2.4 — 2.8 A. This structure
is shown in Table 3.2, and the corresponding *’La NMR spectra, collected at 11.7 T and
21.1 T are shown in Figure 3.3 (a) and (b). The spectra are dominated by the quadrupolar
interactions, and at 11.7 T the full spectral width is about 600 kHz. Yet even at this field
it was possible to acquire this spectrum with only a single central frequency offset using
the WURST-echo pulse. Since the second-order central transition quadrupolar line width
scales inversely with the field, the same spectrum recorded at 21.1 T is only about 300
kHz broad. Not only is it easier to obtain the correct line at the higher magnetic field, but
the signal-to-noise is also significantly improved which will become important when
studying battery samples with lower lanthanum content. Another advantage of recording
¥La NMR spectra at 21.1 T is the fact that the chemical shielding interactions are
proportional to the external magnetic field and the quadrupolar interactions are inversely

proportional to the external magnetic field, which facilitates the extraction of information
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about the chemical shielding interaction at higher magnetic fields.* In the La,O3 example
(Figure 3.3 (a) and (b)), note how the singularity in the middle of the powder pattern
moves to higher frequency in the high-field spectrum. The position of this singularity is
directly related to the magnitude of CSA interactions, and the shift becomes more
pronounced at higher magnetic field, allowing accurate quantification of CSA

interactions.

The crystallographic lanthanum environment in La,O3 is simple, in that the major
influence on lanthanum is its surrounding oxygen environment, with there being no
lanthanum within 4.00 A. Lanthanum sits in a pseudo-octahedral environment with six of
the oxygen atoms, while the seventh oxygen is directly above this octahedral system. The
distance between lanthanum and the seventh oxygen is 2.555 A. This non-spherical
environment contributes to a lanthanum NMR spectrum with a large quadrupolar
coupling constant, Cp, of 59.0 MHz + 0.5 MHz. Simulations of 9L a NMR measurement,
shown in Figure 3.3, also reveal an asymmetry parameter, #, of 0.00 + 0.05. This agrees
with the work of Bastow, in which the 392 NMR of La,O3 was recorded at 9.4 T,
although no CSA contribution to the *’La NMR spectrum was reported.'® Nevertheless,
in our "*La NMR spectrum, in addition to EFG contributions, there is a contribution from
the CSA, and the simulated spectrum produces a span of 500 ppm + 10 and a skew of -1 +
0.1 with a =150°+30°,=90°+10 ° and y = 180 ° £ 10 °. These values were
obtained by the simulation of NMR spectra collected at 21.1 T and 11.7 T. The
asymmetry parameter, # = 0, arises from the axially symmetrical EFG tensor, which is the

result of the 3-fold rotational axis of the La,Os crystal structure, which lies along the c-
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axis.”” The values obtained for Cp and y by simulating the 139

La NMR spectrum are
supported by the values obtained through theoretical calculations using CASTEP: Cp =
56 MHz and » = 0. In addition CASTEP calculated a span of 260 ppm, a skew of -0.44,
and Euler angles a = 150 °, # = 88 °, and y = 180 °. These are shown in Table 3.3. The
corresponding EFG tensors, as predicted by CASTEP, are shown with relation to the
crystal axis in Figure 3.2 (b).” It is clear that the major EFG tensor component, Vs, is
oriented along the c-axis of the crystal, which has 3-fold rotational axis that passes

through the center of the La atom. This supports experimental finding of » being

0.00 + 0.05, with the axial line shape evident in the *’La NMR spectra.

For comparison, the '*’La NMR spectra of La(OH); in La,Oj; that was produced
by exposing La,Os to air in ambient conditions were measured at 21.1 T, Figure 3.3 (c).”
The La(OH); impurity is clearly visible in the *’La NMR of the exposed sample.” (To
obtain the pure La,O3; sample, the exposed sample was heated in air at 900 °C for 24
hours.) At first the identity of the central La(OH); line shape was not known. Simulation
of the NMR spectrum obtained at 21.1 T shows that the peak representing the La-
impurity was found to have a Cp of 22.0 MHz + 0.5 MHz, and an » of 0.00 = 0.05, with a
span of 80 = 7 ppm, skew of 0, and a =90°+30° f=10°£10° y=0°% 10 °. These
values are also supported by measurements taken at 11.7 T. By measuring the '**La NMR
spectrum of La(OH); at 9.4 T, Herreros et al.”’’ reported that the Co and » for this
compound are 20.5 £ 0.5 MHz and 0.05 + 0.05, respectively. From the similarity in the
spectra obtained, it was concluded that the second phase present in this compound

consisted primarily of La(OH)s.
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Figure 3.3. *La NMR spectra of La,Os, heated at 900 °C to remove La(OH); impurity:
(a) taken at 21.1 T and (b) 11.7 T. (c) "*’La WURST-echo NMR spectra at 21.1 T of
La,0s3, exposed to air in ambient conditions. Simulations were performed using WSolids
Software.

Further support is given by theoretical predictions, performed in CASTEP. The

theoretically predicted values are shown in Table 3.3, along with the experimentally
obtained results. La(OH); CASTEP predictions result in a Cp and 5 of -23.5 MHz and
0.00 respectively, which support the axial shape of the observed spectra. The value of »
suggests that the EFG tensor component, V7, lies along the c-axis of the La(OH); crystal
structure. This is consistent with the crystallographic information, which places La(OH);
in the space group P63/m, and shows that the lanthanum atom lies at the center of a 3-fold
rotational axis as well as a 6-fold screw axis, which are both directed along the c-axis of

the crystal.”* Figure 3.2 (c) shows the orientation of the theoretically calculated EFG
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tensor of La(OH); with respect to the crystal axis. In addition CASTEP produced values
of 200 ppm and 0.01 for the span and skew, respectively, with Euler angles of a =92 °,
=0 ° and y = 0 °. Although the theoretically predicted span is larger than that observed,
the predicted Euler angles are in good agreement with the observed values. Theoretically

predicted and experimentally obtained values are shown in Table 3.3.

LaAlO;, LisLa3Zr;0;1; and LasNbO7: Additional information about the line shapes and
ranges of NMR parameters that are typically observed for lanthanum-containing oxides
was determined from the study of model materials LaAlOs, LisLa3Zr,0;, and LazNbO-.
In these model lanthanum-containing materials the *’La Cp ranges from 7.1 + 0.4 for
LaAlOs; to 97 £ 2 in LasNbO; (La-1). A comparison was also made between the
experimentally observed and calculated values of Cp and #. These values were plotted
together on two graphs, shown in Figure 3.4. A linear trend was observed for these
parameters with slopes of 1.01 + 0.02 and 0.95 + 0.04 observed for the Cyp and 7,
respectively. This trend shows that the CASTEP prediction of these parameters is

accurate for these materials.

Like members of the LalipsFe)20,09 family, Li;La;Zr,O;, and LasNbO; each
have two unique crystallographic sites, making the spectral simulation cumbersome.
Collection of the **La NMR spectra at two magnetic fields, 11.7 T and 21.1 T, allows for
the more accurate determination of the spectral parameters, as discussed above. In
addition, when attempting to distinguish between multiple resonances, which each have
several singularities, simulation at two fields allows these singularities to occur in

different position relative to each other making them more distinct. This is a result of the
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field dependence of Cy. Figure 3.5 (a) shows the ¥La NMR spectrum of LisLa,Zr,0y; at

21.1 T along with the spectral simulation in which each site can be resolved clearly. (b)

Compares the *’La NMR spectra of this material collected at 11.7 T and at 21.1 T.
p p

Although the signal to noise ratio is smaller for the 11.7 T data, the singularities in the

spectrum are separated due to differences in quadrupolar contributions, making them

more distinct. The parameters Cyp and y are strong indicators of the structure and local

symmetry in lanthanum compounds, and thus

.. 2
lanthanum containing compounds.”
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Figure 3.4. Comparison of experimentally observed and calculated values for (a) Cp and
(b) 5. A linear trend is observed for both of these parameters, as shown by the slopes of

1.01 £ 0.02 for Cp and 0.95 £ 0.04 for 7.
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139

Table 3.3: Experimental and calculated ~"La NMR parameters in model compounds.

Material Method Cp y Jiso Q K a® O vy
(MHz) (ppm) (ppm) )
LaNbO, Expt. 36+2 044 295+ 255+ 040 90+ 50+ 270
+ 25 10 + 5 5 +
0.05 0.04 10
Calc. 33.8 0.38 220* 490 0.11 90 27 270
LaO3 Expt. 590+ 0.00 640+ 500+ -1.0 150+ 90+ 180
0.4 + 10 10 +0.1 30 10 +
0.05 10
Calc. 56 0.0 378 * 260 0.44 150 88 180
La(OH); Expt. 220+ 005 260+ 80+7 O 80+ 10+ 0=+
0.5 + 20 +0.1 7 10 10
0.02
Calc. 23.5 0.0 301 * 200 0.01 92 0 0
LaAlO; Expt. 7.1+ 0.0+ 3745 119+ -1 05 90+ 0=+
0.4 0.05 +05 2 5 5

Calc. 9.05 0

Li7La3Zr2012 EXpt. 26 £1 0.7+ 395+
-1 0.05 5
Calc. 31.94 0.74

Li;LazZr;01; Expt. 33+£1 0.196 530+

2 + 5
0.05
Calc. 30.88  0.15
La;NbO7-1 Expt. 97+2 092 400+
+ 10
0.05
Calc. 99.95 0.953
La3;NbO7-2 Expt. 862 09+ 700+
0.05 10

Calc. 86.36  0.746

Co = quadrupole coupling constant; § = asymmetry parameter, 0;s, = isotropic chemical
shift; Q = span; k = skew, a, f, and y are the Euler angles. *: the chemical shifts were
calculated using i, (sample)- Oy, (ref)= 0iso (ref)- oiso (Sample), where O, (ref) and o,
(ref) are experimental chemical shift (0.0 ppm) and calculated chemical shielding (5022
ppm) of aqueous 1.0 M LaCls, respectively.”’
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Figure 3.5. B9 a spectra of LisLa3Zr,O;,. (a) Spectrum at 21.1 T (WURST-echo
experiment) with spectral simulation, performed in WSolids software. The black line is
the observed spectrum; the blue line represents La-1; and the red line represents La-2. (b)
Comparison of the *’La NMR spectrum at 21.1 T and 11.7 T. At 11.7 T the spectrum
was collected using the WURST-QCPMG pulse sequence.

139

3.4.2. Structural Analysis of Liz, a3 ,TiO3; Using ~"La NMR Spectroscopy

In contrast to the highly ordered model materials discussed above, the fast lithium
ion electrolyte material, LizLa/3)4Ti0s3, is known to have considerable disorder, which
results from the ability of lithium and lanthanum to occupy the same crystallographic
site. 2> 3! LisxLa/3)«TiO3 has an orthorhombic, perovskite type structure in space group
Pmm and consists of corner-shared TiOg octahedra, while the lanthanum/lithium is
situated between the TiOg octahedra.” The crystal structure predicts two lanthanum
environments, as shown in Table 3.2. Each environment is oxygen rich and in each case
La is coordinated to 12 oxygen atoms. La atoms are differentiated by their positions in the

unit cell, with La-1 positioned on the corners of the unit cell and La-2 at the center of the
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c-axis. In addition, each La site has different La-O bond distances; although all La-O
bonds lie in the range of 2.7 - 2.8 A. Interestingly, the '*’La NMR spectrum recorded at
two magnetic fields (Figure 3.6) shows only one La line shape. This asymmetric line
shape, which lacks the usual sharp discontinuities typically observed in quadrupole
powder patterns, is skewed to one side and is indicative of substantial quadrupolar
interaction. This is due to the disorder in the second coordination sphere of lanthanum
which usually results in distribution of the quadrupolar parameters Cp and ».” This
distribution also makes Cp and » for the two sites irresolvable at both magnetic fields
(21.1 T and 11.7 T), since there are many sites with different quadrupolar parameters in
this sample. Nevertheless, using appropriate simulation tools, many details of this

distribution can still be extracted.

Simulation
211 T

Simulation
11.7T

100 0 -100 (kHz)

Figure 3.6. 139 ,a WURST-echo NMR spectra of LizLa(3)xTiOs3 collected at 21.1 T (top)
and 11.7 T (bottom). Simulations were performed in QuadFit and are shown above each
spectrum.

To effectively simulate the spectra in order to extract quadrupolar information,

one needs to analyze the contribution of chemical shielding interaction and quadrupolar
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coupling interaction in the spectrum. In Figure 3.6, the full width at half height (FWHH)
for the spectrum at 11.7 T is 53.5 kHz, while at 21.1 T the FWHH is reduced significantly
to 34.0 kHz. This suggests that the spectra are dominated by second order quadrupolar
interaction and can be simulated neglecting the potential chemical shielding anisotropy of
lanthanum. Using QuadFit,** which has the capability of including a distribution in the
parameters # and Cp, the spectra at two fields were simulated accurately by considering
the distribution of quadrupolar parameters, with the resulting simulations shown in
Figure 3.6. Shown in Table 3.4, the quadrupolar coupling constant of La in LisLaws3).
<1103 is ~ 22.5 MHz with a broad distribution of 14.5 MHz, although the asymmetry
parameter is 0.75 with a narrow distribution of 0.15. It should be mentioned that almost
no line broadening is needed in both simulations, which is expected for this sample, as it
is highly crystalline. The extraction of quadrupolar information was also attempted by
using the quadrupolar induced shift (QIS) that is inversely proportional to the external

magnetic field.*” Equation 3.1 is valid for a nucleus with /=7/2.

2
Sp — 815y = —2551.02 (C—Q) (1+2) G.1)

g

Where ocg is the center of gravity of the peak, i, is the isotropic chemical shift,
@y is the Larmor frequency, Cp is the quadrupolar coupling constant and # is the
asymmetry. 2551.02 is a constant, which varies with the spin, /, of the nucleus of interest.
The measured centers of gravities of peaks at 11.7 T and 21.1 T are 67 ppm and 217 ppm,
respectively. Using the Equation 3.1, one can obtain the J;, = 284 + 8 ppm, as shown in

Table 3.4. However, Cp and y cannot be determined unambiguously using this method.
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Since # has the range of 0 to 1, the minimum and the maximum values of Cy can still be
determined, which are 17.8 MHz and 20.5 MHz, respectively. Although as can be seen in
Table 3.4, the QuadFit and the QIS calculation give very similar isotropic chemical shifts
and quadrupolar coupling constants, one should notice that the QIS calculation does not
allow the determination of the distribution of Cp and 7, owing to the fact that the QIS
calculation considers only the position of centre of gravity, not the overall line shape. The
minimum and the maximum values of Cyp are not the actual distributions of Cp, but the
values corresponding to the minimum and the maximum values of the asymmetry
parameter. Both spectra can be simulated with a single site without considering the
distribution of Cp and » as well, although a very large line broadening value was
necessary. The results are also presented in Table 3.4 for comparison. It can be seen that
the simple simulation without distributions of Cp and » gives results close to the previous
methods. This may be due, coincidently, to the high asymmetry parameter of this
particular sample. It has been shown previously that a featureless line shape such as the
spectra shown in Figure 3.6 could result from a very low asymmetry but with broad

distribution of quadrupolar parameters.™

The distribution of quadrupolar parameters obtained above can be explained by
analyzing the second coordination sphere of La in the crystal structure, which contains
lanthanum, lithium, and a vacant site in a disordered distribution.”* ' Lanthanum is in a
highly symmetric environment according to the surrounding oxygen atoms, which form a
cube-like arrangement around the La atoms. The highest symmetry element present is a 2-

fold rotational axis, which passes through both La-1 and La-2, which agrees with y # 0. It
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should be noted here that there are several possible structure of lithium lanthanum titanate

materials.’! >

Powder X-ray diffraction was used to determine that the present structure
was in fact LizLap3)<TiO3 (0.03 < x < 0.063).23 39,2 NMR also proved to be a very
useful technique to support the XRD data. This technique was able to differentiate the
present structure from other possible structures based on the differences in symmetry
elements present for the La sites. Other lithium lanthanum titanate structures are of higher
symmetry and most contain rotational exes, either 3- or 4-fold, that run through La. The
non-zero 7 obtained for the present structure by simulating the NMR spectrum obtained
for this material confirmed that it was the correct structure, which has only 2-fold
rotational symmetry passing through each La site. Although disorder certainly plays a

role in the observed '*°

La NMR spectrum, the spectral simulations still suggest a non-zero
value of 7. For situations in which the spectral width is small there is the possibility of
using multiple-quantum magic angle spinning (MQMAS) NMR experiments to separate

the contributions from chemical shielding and quadrupolar coupling. However, the line

width here is too broad to apply this method.

The lithium atoms, as well as vacant sites, in this structure are known to substitute
lanthanum in its crystallographic sites, displacing a stoichiometric amount of the
lanthanum from the crystal structure.” *' This means that for each lanthanum atom in its
original place in the crystal structure, the surrounding environment is disordered by the
substitution of lanthanum for lithium, or a vacant site, in the second coordination sphere.
This disordered lanthanum environment is present in the same context for both lanthanum

sites, which leads to the featureless 139L,a NMR spectra of LizLa/3)xT103 at both fields.
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The CASTEP NMR calculations were performed for this compound and the
results are presented in Table 3.4. The LiszLan;3)TiO; sample represents a certain
challenge for CASTEP NMR calculations due to significant disorder in cationic positions,
as disorder or partial site occupancies are not implemented in the CASTEP code.
Nevertheless, calculations for three models structures which best represent the true
LisxLa(/3)«TiO5 structure have been attempted. The results are summarized in the Table
3.4. In the first model structure, both sites, La-1 and La-2, were fully occupied, while
there was no Li present. Even though there is significant charge imbalance, the CASTEP
results allow the discrimination of two La sites, and obtained Cp and 7 values are
reasonably close to those found experimentally. In the second model structure, the La-1
site was fully occupied with La, and the La-2 site was fully occupied with Li. The third
structure has the site occupations inversed, the La-1 site was fully occupied with Li, and
the La-2 site was fully occupied with La. As can be seen in Table 3.4, for these three
model structures, the CASTEP calculated Cq values are in the same general range as

found in experiments.

3.4.3. Structural Analysis of LaLiysFe20,.9 and Related Materials
3.43.1. Powder X-Ray Diffraction and Transmission Electron
Microscopy
The garnet-like structure, LaLigsFeo20,.09, considered as a potential cathode
material for lithium ion batteries, has a cubic structure in space group Im3m."? Related
materials were prepared by varying the amount of Li, La and Fe in the structures. The

PXRD pattern shows the formation of single-phase garnet-like structure for
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LaLi0‘5Feo,202,097 La0‘94Li0.69Feo,202‘09, and LaLi0,75F60‘1402,09 and the observed line match

with parent compound LaLig sFe 205,09, as reported by Mazza in 1985.""1> A TEM image

of LaLigsFe( 203,09 indicates a highly crystalline structure, with d-spacing of 0.40 nm, and

is shown in Figure 3.7. Similar TEM analysis was performed for the other investigated

materials.

Table 3.4: Experimental and calculated '**La NMR parameters in battery materials.

Material Method La Oiso (Ppm) Co (MH2z) (]
Lis,La@s),TiO;  Calc.' La-1 - 25.4 0.5
La-2 - 18.3 0.43
Calc.? La-2 - 34.7 0.70
Calc.’ La-1 - 17.9 0.49
Expt.* - 284+ 5 192+1.3
Expt.’ - 260+£20  225+0.5  0.75+0.1
Expt.° - 270+ 10  17.0+20  0.9+0.1
LaLigsFeo20.00  Expt. La-1 510£40  56.0+£1.0 0.05+0.05
La-2 290+30  29.0+2.0  0.6+0.1

1. CASTEP, structure with two La sites, La-1 and La-2
2. CASTEP, structure with one La site (La-2). The La-1 site has been replaced with Li

(Li-1).

3. CASTEP, structure with one La site (La-1). The La-2 site has been replaced with Li

(Li-2).
4. Calculated using QIS (see text).

5. Spectra were fitted using QuadF'ti with distributions for both Cy (14.5 MHz) and n

0.15).

6. Spectra were fitted using DMFit with a single site.
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Rietveld refinement on the powder X-ray diffraction pattern using GSAS was also
performed, shown in Figure 3.8 for LaLig sFep20500.> There is a small peak in the
PXRD at 30°, which is due to a small Li,O impurity.* Table 3.5 lists the Rietveld
refinement structure parameters of LaLiysFe 205,09 for comparison and is consistent with

literature. !>

Powder X-ray diffraction is known to be insensitive to Li, therefore, it can
be expected that 'Li NMR would give a more accurate measurement of the Li
environments in this sample.

It should be noted that the crystal structure for LaLigsFep20.00 (also written as
Laj;Lii6Fes 40¢7), reported by Mazza et al.,12 contains partial occupancy on each site,
including the oxygen sites. The occupancies for the oxygen sites vary from 40 to 89 %.
This is different from the stoichiometry obtained experimentally in this work through
powder X-ray diffraction, which is La; 125LigsFe 3003 (also written as LassLijsFeg40qs).
This is slightly different from the stoichiometry reported in the literature and contains full
occupancy for all elements, except for Fe, as shown in Table 3.5. For the purpose of
consistency the literature stoichiometry is used in this work. In each case the reported
stoichiometry is based on the lanthanum content of the parent material (Las,Li16Fes40¢7),

i.e. the total stoichiometric portion of each element is divided by 32. This is also in

keeping with the method used in the literature for LaLij sFe 20, 09 and related materials.
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Figure 3.7. Typical TEM image of LaLiysFe(200. The image was taken on an FEI
Titan 80-300 equipped with image aberration corrector operated at 300kV. TEM analysis
showed a single phase, with a high degree of crystallinity.

Table 3.5: Rietveld refinement structural parameters for LaLigsFe 202 go.

Atom X Y Z Multiplicity Occupancy
La-1 0.00000 0.30431(8)  0.30431(8) 24 1.0000
La-2 0.34548(8) 0.00000 0.00000 12 1.0000
Fe-1 0.00000 0.00000 0.00000 2 1.0000
Fe-2 0.25000 0.25000 0.25000 8 0.9305
0-1 0.36471(1) 0.36471(1)  0.20633(5) 48 1.0000
0-2 0.25000 0.50000 0.00000 12 1.0000
0-3 0.13908(1) 0.50000 0.00000 24 1.0000
0-4 0.00000 0.13059(1)  0.00000 12 1.0000
Li 0.15894(4) 0.15894(4) 0.15894(4) 16 1.0000

Note: For the LaLiysFe),0;.99in space group Im 3 m, a = b =c = 12.2032 + 0.0002 A;
a==y=90°%y =25
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Figure 3.8. GSAS Rietveld refinement output for LaLiysFe20209. Parameters used for
the refinement were taken from the literature.'? x> was found to be 2.5.

Different combinations of the positions of Li and Fe were attempted in the
Rietveld refinement of the resulting PXRD data and it was found that there is a potential
for Li to partially occupy the Fe site at (0.25, 0.25, 0.25). Occupancy of the (0, 0, 0) Fe
site by Li was not found as a solution by the software, suggesting that there is only Li
substitution on the (0.25, 0.25, 0.25) Fe site. Figure 3.9 shows an image of the unit cell of
LaLiysFep205.09 for a situation in which there is a total substitution of Fe for Li on the

(0.25, 0.25, 0.25) site. This is the extreme case, and it is more likely that a partial
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replacement of Fe by Li occurs on this site. This rearrangement accounts for one

additional Li site in the crystal structure.

& o .. .

Iron Lithium Lanthanum Lithiumin
Polyhedra Iron Site

Figure 3.9. Right: Xtal Draw image of LaLiO,sFeo,zOz,og.28 This is a cubic structure in
space group Im-3m, with cell length 12.231 A. Left: Xtal Draw image of structure in
which all of the Fe (0.25, 0.25, 0.25) sites have been replaced by Li, shown as the green
spheres.

The LaLipsFey20,9 structure is known to have partial occupancies, some of
which exist on the iron (0.25, 0.25, 0.25) site (green spheres in Figure 3.9)." A vacancy
may also exist on the Li site, since it is possible for the Li to move onto a vacant Fe site,
and thus be replaced by the vacancy. This introduces the possibility of a distribution of Li
sites, in which different Li environments are created by having different proximities to

Fe, and therefore the unpaired electrons that are found on Fe in this system.
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3.4.3.2. 'LiNMR Spectral Analysis

Initial studies performed using 'Li MAS NMR at 11.7 T indicated that the
material may contain structural disorder. Previous studies determined that the compound
had one crystallographically unique lithium site, two lanthanum sites and two iron sites.
This number of lithium sites, however, is not supported by "Li MAS NMR performed at
11.7 T, shown in Figure 3.10. The lithium peaks represent a set of paramagnetic peaks
between ~ 4 ppm and ~ 25 ppm, and a set of diamagnetic peaks at ~ 0 ppm. Here, the
lithium peak that has a higher chemical shift is known to have the most paramagnetic
character. This is supported by T; measurements which show that these peaks have T;
relaxation values of ~ 11 ms, while the diamagnetic peaks have T; relaxation times
greater than 100 s. The lithium atoms represented by the paramagnetic peaks are likely to
be closest to one or more iron sites, while the peak at the lowest chemical shift has the
least paramagnetic character due to its greater distance from iron, and thus unpaired

electrons in the structure.> ¢

The different lithium environments arise from the ability of lithium to occupy
vacant sites found on the Fe-2 site at (0.25,0.25, 0.25), which is supported by PXRD
analysis.'® This Li/Fe substitution is a significant source of disorder in this structure, with
the existence of vacant sites on the original Li sites as well as the Fe-2 sites, in which Li
substitution occurs. This means that the compound contains a “variable” site, which may
be occupied by Li, Fe, or a vacancy.'? The variability of this site produces a distribution

of lithium sites, which is responsible for the unique 'Li MAS NMR spectrum.
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Figure 3.10. 'Li MAS NMR of LaLigsFe203 g9, collected at 11.7 T, with MAS 20 kHz.

A comparison of the Li MAS NMR spectra of the LalipsFey 20,09 family shows
that there is some similarity in the lithium environments in these materials. In particular,
each spectrum consists of paramagnetic and diamagnetic regions which are each made up
of several different resonances, as shown in Figure 3.11. However, the relative

contribution from these regions is different for each material.
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Figure 3.11. "Li MAS NMR of LaLipsFep202.09 (top) collected at 11.7 T, with a spinning
speed of 20 kHz. This shows multiple peaks that represent different Li sites in the sample,
with line fit analysis performed in TopSpin 2.1 software, where the lineshapes have a
mixture of Gaussian and Lorentzian contributions. The experimental spectrum is shown
in black, while the simulated sites are shown in red and their sum is shown in blue.
Above, the Li MAS NMR of Lag.g4lig.60Fe0 20209, and LaLig75Feq 140209 are shown
when measure under the same conditions as LalipsFep20,09. Line fit analysis was
performed with the same number of peaks contributing to the spectrum. The full peak
analysis is shown in Table 3.6.
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Table 3.6: Line width analysis of 'Li MAS NMR of LaLiysFe202.0,
Lag.04L10.60F€0.202.09, and LaLig 75Feg.1402.09.

LaLigsFey202.09

Peak Shift (in ppm

+0.5ppm) 20.7 179 14.5 11 7.5 3.7 1.8 0.1 -19
Line Width (in Hz
+20 Hz) 420 570 750 650 610 370 590 450 690
% Contribution
(*1%) 25 14 15 5 4 1 17 12 6
Lag.94Lio.60F€9.202.00

Peak Shift (in ppm
+0.5ppm) 206 176 143 11.1 73 27 1.5 01 -1.7

Line Width (Hz) 440 520 570 540 190 430 370 470 710

% Contribution

*1%) 11 7 9 1 2 1 32 34 4

LaLiy.75Fe.1402.00

Peak Shift (in ppm
+0.5ppm) 18.2 16 142 114 7.1 37 15 01 -18

Line Width (Hz)
420 Hz 290 510 450 570 1070 630 550 520 800

% Contribution

*1%) 0.8 1.0 0.4 3 0.1 4 24 50 17
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From the 'Li MAS NMR taken at 11.7 T, the distribution of sites, ranging in
chemical shift from ~ 20 ppm to ~ -1 ppm, is shown in Table 3.6. The possibility of this
array of Li sites being caused by the effect of Li coupling to La was ruled out when the Li
spectrum of this material was studied at a higher magnetic field, 21.1 T. The spacing of
the peaks is equal in units of ppm at both fields, while the spacing in Hz is different. This
is consistent with NMR peaks that are separated due to chemical shift alone,> thereby
indicating the presence of several unique local environments of lithium ions. In addition
to a complex NMR spectrum, this compound shows interesting 'Li T; relaxation. The 'Li
NMR spectral peaks represent two groups of Li environments with different magnetic
properties: paramagnetic and diamagnetic, as indicated by the large difference in values
of T,, for different peaks that were observed in NMR spectra. T; measurements
Lag 94lip 60Fe0202.09 were analyzed separately in two regions. The site at 14.5 ppm has a
short Ty, 11.45 = 0.06 ms, suggesting that it is paramagnetic in nature. This may be due to
its proximity to an Fe atom in the compound, since Fe contains unpaired electrons and
will contribute to the paramagnetic nature of nearby Li sites.” The Li site at ~ 0 ppm has a
very long Ty, > 10.9 x 10" ms, suggesting that it is diamagnetic, and comparatively far

from Fe atoms, and unpaired electrons.
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Figure 3.12. Curie Weiss behaviour of peaks in 'Li NMR spectrum of
Lag94lig.60F€0202,09. Peaks are numbers form highest frequency to lowest frequency.
Peak 6 represents the center of gravity of the diamagnetic peaks at ~0 ppm.

Figure 3.11 (b) shows the "Li MAS NMR of LaLigsFey203 09,
Lag.o4lig6oFe0 205,09, and LaligsFeq1405.00. It 1s evident that the Li spectrum of each
compound includes an array of paramagnetic peaks. Line fit analysis was performed for
each of these spectra, and is shown in Table 3.6. It appears that a distribution of
paramagnetic peaks exists in each sample, with ratio of diamagnetic to paramagnetic
peaks varying throughout the samples as the stoichiometry is varied. In particular, as the
Li content is increased stoichiometrically, the contribution of the diamagnetic region
increases with respect to the paramagnetic region. Lalijp7sFeg 140200 has the smallest

contribution from the paramagnetic region, while the parent material has the largest.
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Figure 3.12 shows the chemical shift trends for each of the lithium peaks in the
Li MAS NMR spectrum of LaggslipeoFe020209, as a function of temperature. The
steeper slope of the data with higher chemical shifts is consistent with the expected Curie
Weiss behaviour of the peaks experiencing paramagnetic interactions, arising from the
temperature dependence of the magnetic susceptibility.”® This supports the differences
observed in the T, values obtained by NMR for 'Li, with the smallest T; observed for
peaks that show the most significant temperature dependence. The unexpected number of
"Li NMR resonances observed brought to light the possibility of substitution of Li onto
the Fe lattice sites, which can be used to justify the range of chemical shifts observed.
Where the PXRD analysis accounted for a total of two Li sites, the 'Li NMR spectra
reveals many more Li environments, potentially resulting from a higher level of disorder
in the environment surrounding the Li ions. Separation of the spectral resonances based
on paramagnetic character allows some insight into the differentiation of the Li

environments.

Atomic distributions are known to occur in a variety of compounds, with well
known crystal structures.”’ Studies performed on compounds containing atomic-level
distribution usually focus on an element, which is sensitive to the components of its first
coordination sphere. Modification of the first coordination sphere of the observed element
through different chemical syntheses can change the NMR spectra obtained for the
element of interest, and thus the distribution of the elements in the first coordination
sphere is mapped through the NMR analysis of different compounds of similar chemical

structure.”’ The garnet-like structure LalipsFep,0,09 exhibits a distribution of Li
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environments that is seen in the 'Li MAS NMR. This system is unusual because the
distribution of Li environments is seen in the 'Li environments themselves, as opposed to

a secondary nucleus in the first coordination sphere.
3.43.3. 'La NMR Spectral Analysis

To better understand the nature of the lithium distribution in the LaLigsFey 20209
family of material, *’La NMR was used to assign the La sites and to study their
environments. There are two crystallographically unique La sites in this material: La-1 is
coordinated to ten O atoms, while having La-O bond distances in the range of 2.5 - 2.7 A;
La-2 is coordinated to nine O atoms with La-O bond distances in the range of 2.3 — 2.7 A.
13%La NMR collected at 21.1 T, shown in Figure 3.13, supports the crystallographic data,

and shows evidence of two lanthanum environments.

Simulations of the NMR data, show that La-2 has a Cp of 56 MHz + 1 MHz, and
» 0f 0.05 + 0.05. This large Cp suggests that La-2 is in a more non-spherical environment
with respect to the surrounding oxygen as compared to La-1. In addition, La-2 contains
little disorder in the second coordination sphere. Crystallographic information shows that
the La-2 site lies on an axis of 4-fold rotation, and 4-fold roto-inversion, which is aligned
with the c-axis of the crystal.'” This high level or rotational symmetry is responsible for

the experimentally obtained value of #, 0.05 + 0.05.
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Figure 3.13. 1391 a static NMR of LaLigsFeo202.09. The spectrum was collected at 21.1 T
using a WURST-echo pulse sequence.* Simulation was done using DMFit software.”
The simulation shows the '**La spectrum consisting of two peaks. The wider peak, La-2,

has a Cp of 56 £ 1 MHz, and 5 of 0.05 + 0.05. The peak in the center of the spectrum, La-
1, represents a distribution of lanthanum sites. Details are discussed in the main text.

By comparison, simulations of NMR spectra in Figure 3.13 show that La-1 has a
Co of 29 MHz + 2 MHz and a 5 of 0.6 + 0.1, suggesting that La-1 is in a more spherical
oxygen environment, and yet in a position of lower symmetry than La-2, since the highest
symmetry element present for La-1 is a 2-fold rotational axis. The low symmetry of this
site is responsible for the large observed values of #, 0.6 £ 0.1, which is considerably
different from that of La-2. A considerable amount of line broadening was necessary to
simulate this peak, which may be an indication that the NMR parameters of the La-1 site
cannot be described by a single set of values of Cp or #, or rather that there is a

distribution of Cp and/or # for this particular site, similar to that seen in LiscLa/3)xT10s.

39 a static NMR was also used to probe the distribution in the LaLigsFe202.09
family of materials further. Measurements were taken using the WURST-QCPMG pulse

sequence in which two resonances were observed for each material. The resonances each
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had very different quadrupole parameters, as shown in Figure 3.13, which is consistent
with the *’La NMR study of the parent material. The '*’La static solid-state NMR spectra
of LaLi0,5FCO.202.09, Lao,94Li0.69Feo,202.09, and LaLi0.75F60.1402,09 are shown in Figure 3.14

(a), (b) and (c), respectively.*’

The optimization of EFG and CSA parameters was sufficient to obtain reasonable
fits of the experimental '*’La spectra. The application of line broadening was necessary,
and the values used were different for the two La sites. More line broadening was used in
the simulation of La-1, which is closer to the variable Li/Fe/vacant site than La-2. We
attribute the necessary line broadening to be primarily the result of the distribution of
quadrupole parameters, which results from the distribution of Li, Fe and a vacant site. In
addition, there is likely some broadening that is a result of a paramagnetic influence of Fe
on the La line shape in this material. This is expected to be more significant for La-1 than

La-2, and is consistent with the experimental spectra.
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Figure 3.14. 139La static solid-state NMR of (a) LaLigsFey202.09, (b) Lag.o4lig.60F€0202.09,

and (c) LaLig7sFeo.1402.09. Spectra were acquired at 21.1 T using the WURST-QCPMG

pulse sequence.*’ Simulations were performed using DMFit software.>”

When the spectra obtained for LaLigsFeo:0209 in Figure 3.9 and 3.12 are
compared, there is a noticeable difference in the peak in the center of the spectrum. This
is due to the sensitivity of the WURST-QCPMG pulse sequence to differences in the T,
relaxation of the different sites. The center peak (Cq = 29 MHz + 2 MHz), with a longer
T, value than the broader peak (Cq = 56 MHz + 1 MHz), is attenuated, with the
possibility of some of the features of the quadrupole powder pattern being suppressed.
This is not the case when this spectrum is observed with the WURST-echo pulse
sequence, where the central line shape is clearly visible. Using this pulse sequence, the

intensities of the two peaks are more indicative of the relative stoichiometric amounts of
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each La site in the sample and therefore the WURST-echo pulse, Figure 3.9, sequence is
preferred for this sample. However, due to the much longer acquisition time it was not
feasible to obtain a WURST-echo measurement for each material, and thus the WURST-

QCPMG sequence was used instead.

These spectra in Figure 3.14 are consistent with that of the parent material in
Figure 3.13 and outline two La sites in each material, as shown in the simulations. One of
these sites is common to all of these materials, and is responsible for a broad, axial site
with a Cp of 56 =1 MHz and asymmetry parameter, # of 0.05 + 0.05, while the other
peak, which is superimposed on the first, changes throughout the samples and appears to
represent a La site that changes, depending on the composition of the sample.”® On
examination of the crystal structure of the material, Figure 3.15, it is evident that one of
the La sites (La-2) is far from the variable site at (0.25, 0.25, 0.25) which is occupied by
Li, iron or a vacancy (4.485 A), while the other (La-1) is close to the variable site at
(0.25, 0.25, 0.25) (3.206 A). This means that variation in the La NMR between samples is
likely due to this variable site at (0.25, 0.25, 0.25). The differing occupancy of this site
creates different La environments through the changing of the electric field gradient of
the La atom, which is very sensitive to its environment.*® The broad NMR line shape that
is indicative of axial symmetry represents La-2 and is consistent with a single La site that
is in a non-spherical oxygen environment, which lies on the axis of a 4-fold rotation and a
4-fold rotoinversion.”® The narrower line shape of La-1 is due to the lack of symmetry,
specifically, less than 3-fold rotational symmetry. Simulation of the NMR spectra

revealed that La- has a Cp of 29 MHz + 2 MHz and an asymmetry parameter, # of 0.6 +
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0.1.> The simulation of this site in the parent material involved a considerable amount of
Gaussian line broadening, which is an indication that this is not a single site, but a

distribution of lanthanum sites with a variation in the values of Cp and .

[
: Q.
o Q\‘?? //
La1 2 ,;;\’
» R,
5,0\‘:”’1 '
LA D Laz O

Figure 3.15. La-1 and La-2 crystallographic environments. Green spheres represent Fe-2,
which may be replaced by Li or a vacancy; yellow spheres represent Li; the grey sphere
represents La-1 (Left); and the blue sphere represents La-2 (Right). Left: La-1, with a
distance of 3.206 A to Fe-2. Right: La-2. Images were created in XtalDraw.”® Distances
between La and Fe/Li have been included in each case within 5 A.

3.43.4. Structural Analysis Based on NMR Spectral Results

This complex family of materials can be further examined by considering the different
possible lithium environments present. Using the measured '**La and "Li NMR spectra,
along with crystallographic data, the Li sites found in the "Li spectra can be tentatively

assigned with the following assumptions:

1. Li peaks will be more resolved and have a higher chemical shift if the respective
Li site is close to iron.
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2. Li peaks will have a chemical shift close to 0 ppm, if the respective Li is far from

iron.
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Figure 3.16. (a) LaLiysFe,0,.09 unit cell showing possible positions of vacancies. The
positions of La-1 and La-2 are not shown here for clarity. Black squares represent
potential vacancies in the cell. Small red spheres represent Li. (b) Polyhedra representing
the La-1 and La-2 local environments in the crystal structure. (c) A through G represent
the potential distributions of Li, iron and a vacant site showing half of the body diagonal
of the unit cell in the Left of this figure. The legend presented can be applied to (a), (b)
and (c). The full unit cell of this material is shown in Figure 3.9, including the placement
of the La atoms in the unit cell.

By considering the configurations in Figure 3.16 it can be deduced that some
configurations (B and G) contribute more than one Li environment and thus multiple
peaks in the 'Li NMR spectrum. By comparison, in configuration A, with no Li
substituting Fe-2, the two Li atoms are chemically and magnetically equivalent and likely
to have a strong paramagnetic character since the Li ions are surrounded by two Fe ions

on each side. However in configuration B there are two ‘types’ of Li present: the Li atoms
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close to the Fe-1 site (yellow spheres) will have a more paramagnetic nature due to their
proximity to the iron, whereas the Li in the center of the configuration is farther from
iron, and will have a more diamagnetic nature. Thus configuration B will contribute two
peaks to the 'Li NMR spectrum. With this consideration, the combination of all of these
configurations in any compound will contribute nine peaks in the 'Li NMR spectrum.
This is consistent with what is seen in the 'Li MAS NMR spectra, shown in Figure 3.10
and Figure 3.11, which show multiple lithium sites for each of the materials.When the
'Li MAS NMR of these materials is considered, it is not immediately obvious that the
distribution of the Li, iron and vacancy is changing throughout the materials. However,
when the 'Li MAS NMR spectra are combined with the '*’La NMR spectra, the change in
the materials as their stoichiometric composition varies becomes evident. As the Li/Fe
ratio increases in the samples, the diamagnetic peak in the 'Li MAS NMR increases, this
is possibly due to the filling of vacant sites in the (0.25, 0.25, 0.25) position. This site-
filling has a dramatic effect on the EFG of La-1, and this is seen as a change in the '*La
NMR spectral line shape, where the central peak changes in appearance.

It should be noted here that the 'Li MAS NMR spectral peak assignment is a
complicated endeavor, and it is possible that there are more permutations of the atomic
distribution than indicated here. The aim here is not to specifically assign the peaks in the
NMR spectra, but to illustrate the complexity of this material, and understand how this

atomic distribution relates to the ionic and electronic conductivity of the materials.
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3.4.4. Electrochemical Cycling of LaLijsFe 202,09
In order to determine the nature of the electrochemically active lithium in this
material a coin cell was made with LaligsFeyp>0,09 as the cathode material.
Electrochemical cycling was performed at a cycling rate of C/100. Figure 3.17 shows the
electrochemical curve, which began in the discharge phase and has a single plateau at ~
3.2 V. Only ~ 30% of the lithium was extracted before the charging cycle began, leaving
70 % remaining. The red X in Figure 3.17 shows where the cycling was stopped and the

cathode was extracted.
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Figure 3.17. Electrochemical curve of LaLiysFep20;.09. The curve shows a single plateau
at ~3.2 V. The red X represents the point at which the cell was stopped and the cathode
extracted.

"Li MAS NMR spectra were obtained before electrochemical cycling, and then after
the cycling process. The sample was washed with propylene carbonate to remove any
excess electrolyte. Figure 3.18 shows the resulting 'Li MAS NMR. The pristine material
clearly shows a combination of diamagnetic and paramagnetic resonances, while the

cycled sample only contains a diamagnetic region. This indicates that the electrochemical
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cycling has removed the paramagnetic lithium centres, suggesting that the paramagnetic
lithium ions take part in the electrochemical process, while the diamagnetic lithium ions

do not.

LaLip.5Fe0.202.09

Pristine

Cycled with
Plateau at ~3.2 V

40 30 20 10 O -10 [ppm]

Figure 3.18. "Li MAS NMR of pristine and cycled LaLigpsFey20,09. The cycled sample
does not show the collection of paramagnetic resonances that are present in the pristine
material, indicating that these resonances take part in the electrochemical cycling process.

The fact that only 30% of the lithium in this material takes part in the
electrochemical process indicates that this material is not an efficient battery material,
since majority of the lithium is not active. In addition, the high content of heavy
lanthanum means that the material has a low gravimetric energy density. Moreover, the
theoretical capacity (calculated from the number of active redox centres) of this material
was found to be a mere 16 mAh/g, while a more competitive material, LiFePO4 has a

theoretical capacity of 170 mAh/g.
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Although this material displays intricate structural behaviour that is heavily
dependent on stoichiometry, further work to assess its use as a battery material was not
pursued due to the poor theoretical capacity and cycling capabilities.

3.5. Conclusion

This work has compared the '*La static solid-state NMR spectra of the model
materials La,O3;, La(OH)3;, LaNbOs, LaAlOs, LisLa3Zr,01,, and La;sNbO7 to the spectra of
potential lithium ion battery materials LizLa/3)«TiO3 and LaLigsFep2009. The model

materials have provided a collection of typical '**

La NMR line shapes as well as a range
of quadrupolar parameters in order to understand what is generally expected of the '*’La
NMR of lanthanum-containing oxides.

The LaLigsFe 20,09 family of compounds has been studied using "Li MAS and *’La
static solid-state NMR. The model materials represent structures in which the *’La
environments are well-defined and are not in close proximity to atomic-level disorder. In
contrast, LisJ[an;3)«TiO3 and LaLigsFeo20209 each show instances of atomic-level

disorder, which can be detected by '*°

La NMR. Theoretical calculations performed in
CASTEP were supportive of results obtained through experiments simulations. This
information can be used to indicate the presence of disorder in the second coordination
sphere around a specific lanthanum site, which manifests itself as a distribution of
experimental values of Cp and # for a lanthanum site in close proximity to a source of
disorder.

’Li MAS NMR is very sensitive to Li environments, and can be used to distinguish

between very different Li environments, and the combination of 'Li MAS NMR and '*La
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NMR is a powerful tool for evaluating such complex structures. It has been shown that
the combination of these two very different NMR techniques is useful for the structural
evaluation of complex materials such as the LaligsFe(20209 family of materials. These
materials consist of a collection of Li sites, which form as a result of Li and Fe switching
positions within the crystal structure. The "Li NMR spectral analysis is the first indication
of this behaviour, and it supported by '**La NMR spectroscopy and PXRD. Knowing the
structure of these compounds is the first step to uncovering the mechanism of Li ion
dynamics in these materials and understanding the process of Li migration through
vacancy-mediated conductivity.

Electrochemical cycling has shown that the paramagnetic lithium ions take part in the
electrochemical process, while the diamagnetic lithium ions remain unchanged. Although
there is potential to use this material as a cathode for lithium ion batteries, poor

theoretical capacity prevents this material from being competitive in the field.
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Chapter 4: Dynamics of Ag” Ions in RbAg,I; Probed Indirectly Via * Rb
Solid-State NMR Spectroscopy

4.1. Introduction

This chapter discusses the use of solid-state NMR spectroscopy to measure ionic
hopping rates and activation energy in a-RbAguls, a material known to have very high
Ag' ion conductivity, 0.21 + 0.06 S/cm." ? Materials such as a-Agl and a-RbAgyls
exhibit high ionic conductivity in part due to extensive disorder that exists within these
structures due to partial Ag" ion occupancy. Both of these materials contain Ag™ ions
which are distributed over a large number of crystallographic sites. lodine and rubidium
ions create a stable lattice while low activation energy for Ag" ion hopping allows the

ions to hop between sites easily.'

This work was adapted with permission from T. L. Spencer, L. A. O’Dell, 1.
Moudrakovski, and G. R. Goward, The Journal of Physical Chemistry C. Copyright 2013
American Chemical Society. All materials were synthesized at McMaster. ©’Rb NMR
spectra were collected that the National Ultra-high Field Facility for Solids at the
National Research Council in Ottawa and experiments were performed by Dr. Luke
O’Dell. '”Ag NMR was also collected at this facility under the supervision of Dr. Igor
Moudrakovski. All NMR spectra were processed at McMaster University under the
supervision of Prof. Gillian Goward. Initial drafts of the manuscripts were written by the

current author, T. L. Spencer.
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Understanding the modes of ion motion in fast ion conductors is essential in
optimizing the structure and conductivity of solid-state electrolyte materials.” Solid-state
NMR spectroscopy can be used to observe mobile ions (directly or indirectly), allowing
the determination of migration pathways and activation energies of ion hopping between
crystallographic sites.*® Diamagnetic electrolyte materials pose a unique set of
challenges.” Long T relaxation rates and poor site resolution of the mobile species in this
class of materials are common factors, and make the observation of the conducting sites
challenging, and creative methods must be used to tackle the mechanism of dynamics at

the atomic level.>°

Here, we discuss the use of stationary quadrupolar nuclei with large quadrupolar
moments. These are found in the frameworks of solid-state electrolyte structures, and are
used to investigate the mobility of conducting ions. Since many of the relevant electrolyte
materials contain quadrupolar nuclei in the framework of their crystal structures, we will
use the study of Ag” ion motion in model material a-RbAguls to demonstrate that this is
an effective way to study the challenging mobile species in solid-state electrolyte
systems. This study takes advantage of the NMR powder pattern of large quadrupolar
nuclei and their sensitivity to changes in their surrounding environments.'™ ' Here, *’Rb
NMR spectral lineshape changes induced by mobile Ag" ions in close proximity to the Rb
environments have been used to determine rates of ion hopping as a function of
temperature providing an activation energy of Ag' ion hopping. In addition to NMR
studies, differential scanning calorimetry (DSC) and powder X-ray diffraction (PXRD)

have been used to assess the structural stability over the temperature range of NMR
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experiments. These techniques have also provided supporting evidence for motional

processes observed using NMR methods.
4.1.1. Model Material: a-RbAg4ls

0-RbAgls is an Ag' conducting electrolyte. The a-phase is cubic with space
group P4;32. Tt contains three Ag crystallographic sites, two I sites and one Rb site.”
Ionic motion in this phase is complex due to the level of partial occupancies which exist
on every Ag site. This partial occupancy allows for ionic transport to take place by the
defect mechanism. This material, like many other electrolyte materials, has a stationary

framework of elements, which allows mobile Ag" to move throughout the structure.

Previous NMR studies of RbAgsls were performed mainly on single crystals, and
showed that the material has a specific ionic conductivity of 0.21 £ 0.06 S/cm at room
temperature, with an activation energy for ionic hopping of 12.5 +0.2 kJ/mol (0.13 eV +
0.01 eV), within a temperature range of -65 to +57 °C.>'*'* These NMR studies included
the use of 'Ag and *'Rb solid-state NMR to study the ion mobility in single crystals of
RbAguls. The values obtained from T, relaxation studies of 8Rb and pulsed magnetic
field gradient NMR studies of '®*'"’Ag found the activation energy of Ag" ion hopping to

agree with those derived from other techniques used.'* '

Much of the previous work
done on this material has focused on phase changes which occur at lower temperatures, -

65 and -97 °C, at which the p- and y- phases form, respectively.'*

The study of the mobile Ag  species in RbAgls by solid-state NMR is

challenging due to the low sensitivity of '°"'’Ag, which comes from its small
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gyromagnetic ratio and long T, relaxation.'”” *’Rb is relatively facile to study by NMR in
comparison to '"’Ag. Despite its quadrupolar nature, the higher gyromagnetic ratio of
*Rb and greater sensitivity allows fast collection of NMR spectra. The present study
shows that the stationary *’Rb can be used to probe the ionic motion of Ag' in the
structure. The long-term goal of this research is to extend this method to study lithium ion

motion in solid-state lithium ion electrolytes.

Many solid-state electrolytes are synthesized, utilized, and studied as powders.
The use of quadrupolar powder patterns of stationary framework elements to study ion
dynamics promises to resolve some of the challenges faced in probing ion dynamics in
these materials. Primarily, quadrupolar nuclei tend to have short T; relaxation times,
making NMR experiments faster. In addition, this method allows the study of dynamics
in materials in which mobile species exhibit multiple unresolved NMR sites, or materials
in which ionic motion occurs through a single crystallographic site. The main goal of our
work here is to evaluate the solid-state *’"Rb NMR of the powdered polycrystalline solid
0-RbAgyls, to indirectly probe the ionic hopping rates of Ag' ions as a function of
temperature. This method takes advantage of the changes in the quadrupolar solid-state
NMR powder pattern of the *’Rb (I = 3/2) as a function of Ag” dynamics, and thus as a
function of temperature. The computational modeling of the *’Rb NMR powder lineshape
was used to determine the rate of Ag' ion hopping at a series of temperatures in the range

of 20 to 250 °C.
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4.1.2. Solid-State *’Rb NMR of a-RbAg,ls

*’Rb is a quadrupolar nucleus with spin, [=3/2. It has a natural abundance of
27.9% and an electric quadrupole moment of 133.5 mb (Imb = 10°' m?). Many
researchers have taken advantage of this nucleus for NMR pulse sequence optimization
and NMR technique development, particularly in simple rubidium materials, such as
RbCIO; and RbNOs.'*" The large quadrupole moment of *’Rb makes *’Rb NMR
sensitive to its surrounding environment. Thus, the effect that mobile Ag" ions may have

on the electric field gradient (EFG) will affect the powder pattern *’Rb NMR lineshape. '

The changes in the *Rb powder pattern were modeled using the EXPRESS I
(Exchange Program for Relaxing Spin Systems)®’ software, after the initial lineshape
fitting done in WSolids.? EXPRESS uses the stochastic Liouville equation for spin
density to calculate the lineshapes of quadrupolar nuclei under an EFG tensor that is
modulated due to local dynamics. This software has been used to simulate dynamics as
Markovian jumps, primarily in rotational systems. These include systems such as the *H
NMR of a rotating methyl group, double axis rotation in a urea inclusion compound, as
well as ’Nb undergoing jumps between three sites.”” The EXPRESS software can
simulate a variety of different NMR spectra, including static quadrupolar powder
patterns. Other uses in the literature include the simulation of "N NMR spectra of
motional imidazole groups.'' Here, the EXPRESS software has been used to simulate the

*’Rb NMR lineshape for a situation in which Ag" ions are moving in close proximity to a
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central Rb nucleus. This can be thought of as the Rb moving between different

environments, determined by the position of the surrounding Ag" ions.

4.2. Experimental

4.2.1. Synthesis of a-RbAgls

a-RbAgsls powdered polycrystalline samples are synthesized by ball milling
stoichiometric quantities of RbI (Strem Chemicals, 99 %) and Agl (Strem Chemicals,
99.9%-Ag) for more than 24 hours.”> PXRD was used for phase confirmation, and
Rietveld refinements were performed in GSAS.” PXRD was performed on a Bruker D8
powder X-ray diffractometer (Cu Kg;, 40 kV, 40 mA). Variable temperature PXRD was
also employed to monitor phase stability at higher temperatures. For these measurements,
a small amount of K, radiation was collected in addition to the primary K,; radiation.
Both K, and K, radiation were considered in Rietveld refinements for variable

temperature analysis.
4.2.2. ¥Rb and 109Ag NMR Spectroscopy

%’Rb NMR experiments were performed on a Bruker Avance II 9.7 T wide-bore
NMR spectrometer. A Bruker 5 mm static two-channel variable temperature probe was
used to collect static powder patterns of *’Rb (130.999 MHz at 9.4 T) in RbAg,l;s over the
temperature range of 20 to 250 °C. Single pulse excitation was used with a central-
transition selective lus pulse applied at an RF power of 100 kHz. The power was
calibrated on a 1 M RbCI aqueous solution at 0.0 ppm, and for each temperature 2000

transients were collected, with a recycle delay of 1 s.
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'“Ag NMR experiments were performed on a Bruker Avance I 11.7 T NMR
spectrometer using a 4 mm MAS Chemagnetics probe. Static '“Ag (23.274 MHz at
11.7 T) NMR spectra were collected over a temperature range of 18 to 170 °C. Magic
angle spinning (MAS) spectra with a spinning frequency of 8.05 kHz, were also collected
within this temperature range, and additionally at -60 °C. '’Ag has a nuclear spin, I=1/2
and is notorious for having poor sensitivity due to its low Larmor frequency. '“Ag is
48.2% naturally abundant, and is known to have a highly sensitive chemical shift. 1 M
AgNOs; was used as a shift reference at -11.2 ppm, with a small amount of relaxation
agent, 0.24 M Fe(NOs)s."” For each MAS experiment, 8 transients were collected with a

recycle delay of 500 s. For static experiments 48 transients were collected.
4.2.3. Computational Methods

Density functional theory (DFT) quantum chemical calculations of *'Rb in a-
RbAguls were performed using CASTEP software.”**® The available crystallographic
data from Hull ef al. was used as a starting point for the calculations.” CASTEP carries
out ab initio plane-wave density functional theory, DFT, calculations in the Accelrys
Materials Studio 4.4 environment. Several unit cells were considered with varying Ag
occupancy. Modifications were made to the unit cell in order to fulfill the requirements of
CASTEP. These include the creation of a primitive super cell, in which there was no
partial occupancy or net charge. The construction of these will be discussed in more detail
in the discussion. The EFGShield software’” was used to determine the Euler angles,

using the EFG and CSA tensors for *'Rb derived in the CASTEP calculations.
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4.3. Results and Discussion

4.3.1. Structural Analysis

Powder X-ray diffraction was used to confirm that a single phase of a-RbAguls
was synthesized. Table 4.1 contains the structural parameters obtained from the Rietveld
refinement at room temperature for the a-RbAgsls powder phase, as well as the site
occupancy at 180 °C for comparison. There was a minor impurity present, which can be
seen at ~40 ° in the PXRD (Figure 4.1). Variable temperature PXRD was also performed
and confirmed that there was no phase change over the temperature range of 35 — 180 °C.
Only a moderate unit cell expansion from 1406 A (35 °C) to 1422 A® (180 °C) was
observed, which was determined through Rietveld refinement with the GSAS software.”
There were also negligible changes in the Ag site occupancy for all three crystallographic
sites. Figure 4.1 (Left) shows the initial X-ray data taken at 35 °C and 180 °C. The insert
in Figure 4.1 shows an expansion of a portion of the PXRD patterns from 22 to 28 ° to
illustrate the changes in the position of reflections as a result of cell expansion in this
temperature range. PXRD patterns were collected for the temperatures 35, 100, 130, 140,
150, 160, and 170 °C and it was found that there was a linear change in the positions of
the reflections (Figure 4.1), indicating that the cell expansion was uniform as well as very
small over the observed temperature range and was not the result of a step-wise structural

change affecting the cell size.
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Table 4.1: Rietveld refinement of structural parameters for a-RbAgsls at ambient

conditions.
Atom X y b4 Multiplicity = Occupancy Occupancy
35°C 180 °C
Rb 0.375 0.375 0.375 4 1 1
I-1 0.0292(5) 0.0292(5) 0.0292(5) 8 1 1
-2 0.125 0.180(5) 0.430(5) 12 1 1
Ag-1  0.530(3) 0.242(2) 0.813(9) 24 0.336(2) 0.330(5)
Ag-2  0.992(2) 0.850(6) 0.204(3) 24 0.250(2) 0.227(5)
Ag-3  0.288(9) 0.288(9) 0.288(9) 8 0.161(2) 0.150(5)
Space group: P4,32;a=b=c=11202(4) A;a==y=90°
| | 2625
- E 26.20-
| B B g o6t
J\A: l I rE - .
1 ! N
i l:, lllmu 180 °C S— 26.104 .
] r — A = 1 ]
E | 8 26.051 L
-L‘I‘L | . 26.004
I ll‘ l.l Lll.nll L \35|uC ] .
— . v 25.95 T ; r r r
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2 Theta (°) Temperature (°C)

Figure 4.1. Left: Powder X-ray diffraction of a-RbAg4ls acquired at 35 °C and at 180 °C.
The inset shows that the reflections shift to lower 2° positions at the higher temperature
implying an increase in the cell volume from 1406 to 1422 A® from 35 to 180 °C,
respectively. Right: Position of diffraction peak at ~ 26 ° as a function of temperature.
The peak position shows a linear dependence with temperature.

This work, along with previous studies, has used Rietveld refinement to confirm

that disordered partial occupancies exist on each of the Ag sites, as shown in Table 4.1.

The dilute nature of the Ag' ions in this material means that only 16 of 56 potential sites
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are occupied within a single unit cell. Ag-3 is particularly sparse, with this work showing
16 % occupancy in this study. Previous work, which included synthesis of a single crystal
of a-RbAguls, showed as little as 5 % occupancy of Ag-3. This low occupancy (16 %)
results in only one of sixteen Ag sites being occupied as Ag-3 site in a single unit cell.
Figure 4.2 shows the unit cell of RbAgyls, taking into consideration the disordered partial
occupancies in the material. Ag is primarily distributed between the Ag-1 and Ag-2 sites,

with each having less than 40% occupancy.

e O

Figure 4.2. Unit cell of RbAgyls, including partial occupancy on Ag-1 and Ag-2 sites,
and excluding Ag-3, due to its low occupancy. Space group: P4,32; a = b = ¢ =
112024 A;a==y=90°

4.3.2. 109Ag NMR Spectroscopy

Solid-state ' Ag NMR of RbAg,ls was performed at 11.7 T. A single resonance
was observed, which had a chemical shift consistent with that found in the literature,
789 + 2 ppm at room temperature.” '’ Ag was found to have a long T relaxation, ~100 s,
and therefore experiments were acquired for over 6 hours to average 48 transients. It

should be noted that the long T; observed from this material is not indicative of poor ionic
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mobility, but is likely due to a large difference between the correlation time of ion
hopping at the T; relaxation time, such that the T, is not sensitive to changes in ion
hopping rate.”’ In addition, many Ag’ ion conductors have exhibited the CSA mechanism
as the primary mode of relaxation for the mobile Ag" species.'” Variable temperature
'“Ag NMR showed that even at -60 °C, the three Ag crystallographic sites are not
resolvable. This is likely due to peak coalescence as a result of the high ionic conductivity

even at this low temperature.

Figure 4.3 (a) shows the '”Ag MAS NMR spectra of RbAgsls at 18 °C and -
60 °C, with an MAS rate of 8.05 kHz. There is little difference in line width or chemical
shift between these two spectra. Alternatively, Figure 4.3 (b) shows the static NMR
spectra collected between 130 and 170 °C, which show no line narrowing, but changes in
the chemical shift at a rate of approximately -0.1 ppm/°C. This is a less dramatic change
than was observed by Looser et al. for a-RbAgyl at temperatures below 100 °C (-0.5
ppm/°C).”® The chemical shift changes here cannot be correlated to Ag™ mobility with
temperature, as the changes observed are likely due to variations in magnetic
susceptibility and shielding, which may be in part due to the thermal expansion of the unit
cell.?® ** Since the 'Ag chemical shift changes observed are not indicative of ionic
motion in RbAgyls, ' Ag NMR does not offer a straight forward method to assess Ag”

mobility in this material."
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Figure 4.3. Variable temperature '’ Ag NMR spectra collected at 11.7 T with (a) MAS
8.05 kHz and (b) Static. Overall, the temperatures range from — 60 °C to 170 °C. Static

measurements were not performed at low temperature.
4.3.3. ¥Rb NMR Spectroscopy

*7Rb is a high sensitivity isotope, commonly studied via solid-state NMR, which
has been broadly considered as a “standard” isotope in the development of quadrupolar
nuclei solid-state NMR strategies. Here, the properties that make ®Rb an excellent
isotope in NMR developments are shown to also make it a viable framework ion, whose
solid-state NMR powder lineshape appears to be highly sensitive to changes in the local
environment induced by passing Ag” ions. Previous studies of a-RbAgyls have included

the analysis of changes in the T, of *’Rb in single crystals as a function of temperature,'*
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' whereas here we have chosen to focus on the changes in the sensitive *’Rb quadrupolar

lineshape of the powdered material.

@ (b) \l, Temp. (°C)
_,___J\\E_‘ 250
_____/—J\J\‘____,/\ A 240

50
! 30
RT

50 0  -50 [KHZ] 50 0 -50 [kHz]

Figure 4.4. ¥'Rb NMR spectra of RbAgyls at (a) Room temperature, the black line shows
the experimental spectrum, and the red line is the simulated lineshape. Spectral
simulations resulted in J;, = 125 ppm, anisotropy = -97 ppm, asymmetry = 0, o = 0,
Co = 8.25 MHz. * represents a minor impurity (< 10% in *’Rb NMR). The arrow shows

isotropic *'Rb chemical shift observed as the sample melts. (b) Variable temperature
NMR.

The use of *'Rb as a framework nucleus to probe dynamics is a viable option
because of the high content of framework Rb in the structure. Here, variable temperature
%Rb NMR was performed from room temperature (20 °C) until the sample had melted
completely, at 250 °C. Figure 4.4 (a) shows the room temperature *'Rb NMR spectrum
with the spectral simulation performed in WSolids.?' The lineshape was described by the

following parameters using the Haeberlen convention®": di, = 125 ppm, anisotropy (A8) =
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-97 ppm, asymmetry (ns) = 0, Cp = 8.25 MHz, 5o = 0. Figure 4.4 (b) shows the variable

temperature ' Rb NMR spectra from room temperature through the melt transition.

Temp. (°C)
M
100

50

30

50 40 30 [kHz]

Figure 4.5. The trend of the high frequency discontinuity toward the center of the *'Rb
NMR spectrum of a-RbAgyls with increasing temperature as a result of an increase in
dynamics of Ag" ions at elevated temperatures.

The variable temperature *’Rb NMR shows that the melting begins to occur close
to 200 °C, and the sample is fully molten at 250 °C. This is consistent with previous
observations.”> A closer look reveals that the *’Rb NMR lineshape is changing with
temperature. More specifically, as the temperature increases, the outer singularities begin
to broaden, and decrease in intensity with respect to the center of the spectrum. In
addition, there is a trend of the outer singularities to move towards the center of the
spectrum. Figure 4.5 shows an expanded portion of the spectrum focusing on the high
frequency singularity. These effects do not result from decreasing of the quadrupolar
coupling, but rather, they are attributed to an averaging that occurs because of the

. . . + .
increasing motion of the Ag ions.
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4.3.4. Spectral Simulations in EXPRESS

The changing “Rb NMR lineshape can be simulated using the
EXPRESSsoftware.”’ For accurate determination of Ag™ ionic hopping rates, it is
necessary to define all variables except the ionic hopping rate, such that only Ag"
mobility is causing changes in the spectral simulation. Many of the necessary variables
outlining the powder pattern were obtained from WSolids simulations, as seen in Figure
4.4. However, the Euler angles, which define the relative orientations of the CSA and
EFG tensors, can be very difficult to unambiguously establish using only spectral
simulations. In addition, EXPRESS requires several sites, or frames, that define the
motion in the system. In the case of RbAguls four Rb sites were defined using different
Euler angles, representing the four possible Rb environments with different

configurations of Ag".

Table 4.2: CSA and EFG site angles used in EXPRESS simulations.

Site  Site Angles for CSA Site Angles for EFG

al®) 8(°) v(°) al®) 8(°) V()
1 3.098 10.004 71.743 0 0 0
2 168.998 10.613 124.308 214.552 74.565 177.025
3 141.777 2.555 236.378 205.092 76.856 171.293
4 231.36 11.21 62.39 314.13 80.80 180.56

Site 1: Mixture of Ag-1 and Ag-2; Site 2: Ag-2 only; Site 3: Ag-1 only; Site 4: Ag-1, Ag-2 and
Ag-3.

RbAgsls contains three Ag sites, shown in 7Table 4.1. Ag-1 and Ag-2 have
relatively high occupancy, while Ag-3 is sparsely populated, with only 16% occupancy.
Four Rb environments were simulated using a unit cell, which approximated the single

Rb crystallographic site under four conditions: (1) when a combination of Ag-1 and Ag-2
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were occupied; (2) Ag-2 was occupied alone; (3) when Ag-1 was occupied alone; (4)
when Ag-1, Ag-2, and Ag-3 were occupied together. Each such combination has the same
total amount of Ag present in the cell. DFT calculations performed in CASTEP* software
were used in combination with EFGShield to calculate the Euler angles which relate EFG
and CSA for an individual Rb environment in each Ag configuration associated with the
four Rb environments. It should be noted that many combinations of Euler angles may
create the same, or very similar, lineshapes, thus theoretical, ab initio calculations are
necessary to make this important distinction. Knowing the Euler angles was necessary to

uniquely describe each Rb environment.

Line shape simulations were performed in EXPRESS with zcw powder averaging
using 20000 orientations. To specify the Euler angles relating EFG and CSA, the CSA
site angles were set to those calculated in CASTEP and EFGShield; while the EFG site
angles were adjusted to relate the principal axis system, PAS, of each of the Rb
environments. These angles were calculated by relating the EFG tensor orientations
between Rb environments, and allow the Euler angles calculated directly in CASTEP to
belong to the same PAS. The relevant angles are summarized in Table 4.2. Here we note
that this system is quite different from those typically modeled in EXPRESS. One Rb
environment is not mapped onto another by a simple rotation; rather there is an
interchanging of the environments due to the jumping movement of Ag in the
surroundings, making these four environments inequivalent and not spatial functions of
each other. The Euler angles are used to distinguish between the different Rb

environments created by the varying distribution of Ag in the system. All other spectral
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parameters were held constant during simulations. Figure 4.6 (a) shows an illustration of
the four Rb environments with the different Ag populations, while (b) shows the tensor
orientations used in the EXPRESS model. The model allows exchange between all four
environments outlined in Figure 4.6, including exchange from one environment to itself,

i.e. there is exchange between Ag-1 and Ag-2, Ag-1 and Ag-1, as well as Ag-2 and Ag-2.

Several assumptions were made in order to simplify the EXPRESS simulations.
Firstly, it was assumed that the values of Cp and 5 did not change as a function of
temperature. There have been some reported cases in the literature where Cp has changed
with temperature,®® however it is unlikely that this is the case in this system between
room temperature and 100 °C. Secondly, it was assumed within the EXPRESS
simulations that the values of Cyp and # did not vary between the different unit cell models
which described the Rb environments based on the Ag occupancy. CASTEP calculations
did, however, reveal small differences in Cp and 5 through the different Rb environments.
It was found that Cp ranged from 8.2 to 8.7 MHz, while  ranged from 0.1 to 0.2. For the
EXPRESS simulations the quadrupolar parameters that were found through the room
temperature simulations in WSolids (o = 0, Cp = 8.25 MHz) were used to represent all

of the exchanging sites in the material.
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Figure 4.6. (a) Four possible Rb environments considering the occupation of (1) Ag-1
and Ag-2, (2) Ag-2 only, (3) Ag-1 only, and (4) Ag-1, Ag-2 and Ag-3 (b) Relative V,
components of the EFG tensor orientations, 1- 4, obtained using CASTEP calculations for
four Rb environments shown in (a).

Simulations in EXPRESS reveal an ionic hopping rate in the range of 7.0 £ 0.5
kHz to 30 £ 2 kHz from 20 to 150 °C, as shown in Figure 4.7. We note that the
sensitivity of the *’Rb NMR lineshape to the ion dynamics is governed by the width of the
spectrum, ~ 70 kHz. The measured rate of ionic hopping in a-RbAguls is well within the
range of hopping rates observed for other ionic conductors. In the solid-state lithium
electrolyte LisLasZr,O1,, Li™ hopping rates are observed in the range of 1.9 x 10*- 49 x
10° kHz within the temperature window of 52 - 257 °C.* Cathode material Li,VOPO,4 was
found to have Li" hopping rates in the range of 0.055 - 1.100 kHz in the temperature

window 31 to 54 °C.

146



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

During the spectral simulation in EXPRESS, we effectively simulated the
changing lineshapes up to 100 °C. The narrowing of the overall lineshape was taken to be
the most significant fitting parameter when comparing to experimental NMR spectra.
However, above 100 °C, the lineshapes could no longer be simulated using the current
model. The changes in the experimental *’Rb NMR lineshape increased dramatically
above ~ 150 °C, showing a more significant decrease in the intensities of the outer
singularities. This change is substantially different than the trends observed up to 100 °C.
This means that careful consideration is necessary to determine at which temperatures the
spectra can be effectively described by the Ag” ion motion alone. Although the powder
X-ray diffraction does not indicate a phase change at this temperature, there is a
possibility that the proximity to the melting point may bring the onset of mobility in the
framework elements as they gain kinetic energy, as a result of heating. To confirm that
there may be some change that occurs at 150 °C, DSC, was performed over a temperature

range of room temperature to 300 °C.

Figure 4.8 shows DCS data taken for RbAguls. The sample exhibits significant
transitions at 150 + 1 °C, 198 = 1 °C and 236 = 1 °C on heating. Melting occurs at 236 + 1
°C, which is close to the temperature, 228 °C, observed in previous studies.>* The other
two transitions seen in the DCS data are not accounted for in detail in previous studies.
From the ¥Rb NMR spectra, Figure 4.8, it appears that the onset of melting occurs
before the final melting transition at 236 + 1 °C. A narrow peak in the *’Rb NMR
spectrum begins to appear at 98 ppm (13 kHz), which indicates the presence of the melted

sample, and melting is complete by 250 °C. The onset of this melting occurs before the
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final melt, and may account for the thermal transition seen in the DSC at 198 °C.
Although the sample shows a sharp energy change at ~ 150 °C on cooling, Figure 4.8, the
same profile was observed in the DSC when the measurement was repeated on the same

sample, using the identical procedure.

(@)

Temp (°C)

Rate (kHz)
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8.0 +/- 0.5
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Figure 4.7. EXPRESS simulations of *’Rb NMR spectra of RbAgulsup to 100 °C. Black,
solid lines represent the experimental spectra, while red, dashed lines represent
EXPRESS 1.0 simulations. (a) Shows the full spectral width, while (b) shows the high
frequency singularity.
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Figure 4.8. DSC data showing transitions occurring in o-RbAgsls between room
temperature and 300 °C. Melting occurs at 236 + 1 °C.* The upper black line represents
the cooling of the sample, and has been offset for clarity, so that a direct comparison of
heating and cooling could be made. The inset presents the *'Rb NMR spectra showing
onset of melting. The red arrow indicates the peak arising from the melted sample.

The transition seen in the DSC results, Figure 4.8, at 150 + 1 °C has been
observed previously, but no physical description was made.** Interestingly, the *’Rb
NMR spectra also begin to exhibit more significant lineshape changes at and above 150
°C, as shown in Figure 4.4. This observation, combined with the inability to simulate the
lineshape using the model that describes Ag" ion hopping alone, indicates that additional
dynamic processes are occurring above this temperature. Such effects may include the
onset of thermal vibration of lattice elements, Rb and I. The onset of additional dynamics
appears to have a sharp initiation, particularly when the shifts of the outer singularities in

the *’Rb NMR spectra are considered. Figure 4.9 shows the temperature-dependent
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change in position of the low frequency singularity in the *’Rb NMR. Here, a sharp
transition can be seen around 150 °C which highlights the dramatic change in the
lineshape of the ®Rb NMR spectra, most likely due to averaging of the electric field
gradient (EFQG), occurring at this temperature. This sharp transition allows a clear
distinction to be made between the temperature range under which the Ag"” ionic hopping
governs the lineshape, and the temperature at which additional dynamic processes such as
the vibrational motion of the lattice elements, Rb and I, contribute to the observed

lineshape changes.

Both the DSC data and the *’Rb NMR data point to a transition at 150 °C, after
which a combination of Ag" ion hopping and lattice vibration contribute to dynamics in
the a-RbAgsls. This transition was undetected by powder X-ray diffraction data,
indicating that there is no phase change occurring at 150 °C. Nevertheless, these different
dynamic contributions cannot be separated when they occur together. Thus, in order to
assess the Ag' ion motion in the material, only measurements from room temperature to
100 °C are considered. In this range, Ag' ionic motion is the dominant source of the

changes in the *’Rb spectra of a-RbAgyls.
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Figure 4.9. Change in the position of low-frequency singularity in the *'Rb NMR spectra
of a-RbAguls as a function of temperature. An abrupt change in the trend can be seen

around 150 °C.
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Figure 4.10. Arrhenius analysis of the ionic hopping rate of Ag  in polycrystalline

powdered a-RbAgals. The slope of the line of best fit results in an activation energy of
17 + 3 kJ/mol (0.18 £ 0.03 eV) for Ag" ion hopping.

Figure 4.10 shows an Arrhenius plot of In(Rate [Hz]) vs. 1000/T, where the rate

is derived from EXPRESS analysis of *’Rb NMR spectra (Figure 4.7). From this plot the

activation energy for Ag" ion hopping was found to be 17 + 3 kJ/mol (0.18 £ 0.03 eV) for
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hopping rates in the range of 7.0 = 0.5 kHz to 30 + 2 kHz, over a temperature window
from room temperature to 100 °C. When compared to previously reported data for single
crystals of o-RbAgyls, the activation energy for Ag' ion hopping found here is slightly
higher,: 17 £+ 3 kJ/mol for the sample synthesized as a powder in this work vs. 12.5 £ 0.2
kJ/mol for the sample synthesized as a single crystal in previous studies.” '* '* This
difference may be attributed to the slight difference in occupation of the Ag sites for
materials obtained by different synthesis methods as indicated by PXRD anlaysis.” For
comparison, a similar simulation was performed considering only sites Ag-1, and Ag-2
(sites 1, 2 and 3 in Figure 4.6). This revealed an activation energy of 15 + 3 kJ/mol,
indicating that even though the content of Ag-3 in the system is small, its presence

nevertheless contributes to the overall activation energy of Ag” motion.

The ability to extract activation energies as well as rates of ion hopping using the
method described above implies the possibility of its extension to a broader range of
systems for which single crystals are not available and the mobile species are otherwise
challenging to study directly. These systems include solid-state electrolytes for lithium
ion batteries. The mobile species in the lattice are Li" ions, which have notoriously long
T, relaxation times.® Framework atoms in these systems include heavy nuclei, often with
large quadrupole moments, such as *’La, for which it is typical to observe broad
quadrupolar NMR powder pattern. For electrochemically relevant oxides, the quadrupolar

coupling (Cy, 91 a) ranges from 20 — 60 MHz.***
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4.3.5. Variable Temperature *’La NMR of LaLiy¢Fey1702.00

LaLig¢Feo 170209 1s a potential cathode material for lithium ion batteries, as
described in Chapter 3 of this thesis. The study of lithium ion dynamics in this material
has been challenging due to the significant overlap of "Li spectral resonances. Therefore
variable temperature '>°La NMR was performed at 21.1 T in order to assess the lithium
ion mobility. Figure 4.11 shows the '*’La NMR spectra between 20 and 200 °C. The
figure shows two distinct '*’La sites, which both shows temperature dependence. La-2 has
a larger Cq and a 7 of 0 and shows singularities at the high and low frequency ends of the
lineshape, while La-1 has a smaller Cp and a 7 of 0.6 (See Chapter 3 for a full

discussion).

Figure 4.11 (a) (left) shows the full spectral line shape, and the right shows the
low frequency portion of the La-2 resonance. It is clear that between 20 and 200 °C the
position of the singularity moves toward the center of the spectrum. Figure 4.11 (b)
shows the lineshape of La-1 alone, which also exhibits an overall narrowing with

increasing temperature in combination with a broadening of the singularities.

The changes in the '

La NMR line shapes with temperature indicate that the
lanthanum in sensitive to the increase in lithium ion hopping rate with temperature. In
order to assess the lithium ion hopping rate using the method described above (for
RbAguls) CASTEP calculations must be used in combination with EFGShield to

determine the relative Euler angles that relate the different lanthanum environments that

accompany different lithium distributions that occur as a result of dynamics. This

153



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

complex structural modeling is not possible for this structure, since the unit cell is greater

than 1825 A, and too large for CASTEP calculations. In addition, the number of lithium

environments makes creating a model very challenging. For this reason, simulating ion

dynamics in EXPRESS software was not performed.
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Figure 4.11. (a) 139La NMR spectrum of LaLiggFeo 170200 collected at 21.1 T with the
La-1 and La-2 line shapes shown. The left shows that full spectrum, while the right shows
the low-frequency singularity as a function of temperature. (b) The central line shape of
La-1 as a function of temperature between 20 and 200 °C.
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The complexity of the LaLig¢Fep 170209 system brings to light the limitations of
using this method to study ion dynamics in many of the intricate lithium ion battery
materials. A small unit cell with well defined occupancy is needed. In addition, the NMR

spectrum of the quadrupolar nucleus of interest must also be well defined.
4.4. Conclusion

We have demonstrated that solid-state NMR powder patterns obtained from
stationary quadrupolar nuclei can be analyzed to provide an indirect experimental probe
of the rates and mechanisms of ion transport. Specifically, we have shown that the rate of
Ag" ion motion in a-RbAg,ls can be determined effectively from the analysis of the ’Rb
NMR powder lineshape. This method allows the indirect determination of ionic hopping
rates and activations energies for samples that are challenging to study when observing
the mobile species directly. The EXPRESS software was utilized in order to include the
effects of dynamics in lineshape simulations, resulting in a rate of Ag’ ion hopping for
each *'Rb lineshape considered. With all other variables held constant, the changes in Ag”
ion hopping rate over a temperature range of room temperature to 100 °C, and
corresponding hopping rates from 7.0 + 0.5 kHz to 30 + 2 kHz, were used to calculate the
activation energy of Ag' ion hopping, which was found to be 17 + 3 kJ/mol. Although
NMR experiments were performed for temperatures up to 250 °C, the Arrhenius analysis
was only considered for a limited temperature range reaching 100 °C. Above this point
there is a sharp onset of thermal vibration of lattice elements, Rb and I, which was
identified through the significant change in the slope of the temperature dependant

position of the high frequency singularity in the *’Rb NMR powder spectra, as well as by
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an accompanying thermal transition observed in the DSC data. In this high temperature
range the lattice motion cannot be separated from the effects of Ag” ion motion in the

*’Rb NMR analysis.
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Chapter 5: The Use of 6Li{7Li}-REDOR NMR Spectroscopy to Compare the Ionic

Conductivities of Solid-State Lithium Ion Electrolytes
5.1. Introduction

This chapter compares the temperature dependent Li" ion hopping rate in
LigBaLa;M,0;, (M = Ta, Nb) using solid-state °Li{’Li}-REDOR NMR spectroscopy.
The slope of the °Li{’Li}-REDOR curve is highly temperature dependent in these two
phases, and a comparison of the changes of the REDOR slopes as a function of
temperature has been used to evaluate the Li" ion dynamics. Our results indicate that the
Nb phase has a higher overall ionic conductivity in the range of 247 K to 350 K, as well
as a higher activation energy for lithium ion hopping than the Ta counterpart. For
appropriate relative timescales of the dipolar couplings and ion transport processes, this is

shown to be a facile method to compare ion dynamics among similar structures.

This work was prepared for submission on September 27", 2013 to the journal
Royal Society of Chemistry Advances with authors T. L. Spencer, N. W. Plagos, D. H.
Brouwer, and G. R. Goward. All *’Li NMR spectra were collected and processed at
McMaster University under the supervision of Prof. Gillian Goward. Initial drafts of the

manuscript were written by the current author, T. L. Spencer.

Solid-state ceramic lithium ion electrolytes withstand a higher voltage window
than traditional liquid or polymer electrolytes, which decompose below 5 V and pose a
significant fire-risk in traditional lithium ion battery (LIB) cells." Moreover, solid-state

ceramic electrolytes show little reactivity with cathode and anode materials where
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traditional electrolyte materials are known to form a solid electrolyte interface (SEI),
which may be unstable, and consume Li", shortening the lifetime of the battery.'™ For
these reasons, solid-state lithium ion electrolytes provide a method of attaining the
stability necessary for batteries to be used in the automotive industry. Within this class of
materials, garnet-like ceramic electrolytes exhibit excellent lithium ion conductivity.* **

The garnet-like materials LisBaLa;M,0,, (M = Ta, Nb) display among the highest ionic

conductivities with the Ta phase having a conductivity of 4 x 10” S/cm.”

Structurally, garnet-like ceramic electrolytes resemble traditional garnets,
consisting of an array of large tetrahedrally- and octahedrally-coordinated transition metal
cations sharing oxygen corners.” '° Lithium ions also occupy octahedral and tetrahedral
sites and there has been disagreement in the literature concerning the number of unique
crystallographic lithium sites in this class of materials. Some authors claim that Li is
distributed between a single octahedral site and a single tetrahedral site, while others
report that there are two octahedral and one tetrahedral sites.* ' ' Moreover, the exact
occupancy of these sites is difficult to quantify, and may substantially impact the
conductivity observed. This occupancy issue may be responsible for the differing

conductivities observed by groups studying these phases.

Previous studies have made use a combination of powder X-ray diffraction and

2-4,9, 12-15
7 Results

electron density distribution methods to investigate garnet-like materials.
from some authors have shown that for the Ta phase the tetrahedral site, Li-1, is 30 %

occupied, while the octahedral site, Li-2, is 42 % occupied. Note that the multiplicities for

the Li-1 and Li-2 sites are 24 and 96, respectively, making the contribution from the Li-1
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and Li-2 sites 15 % and 85 %, respectively indicating that there is substantially more
lithium in the Li-2 site.'*. At this point similar studies have not yet been performed for the
Nb phase, and thus there is no report in the literature of the lithium ion occupancy for this
phase. However, efforts have been made to understand the effect of overall lithium
content on the ionic conductivity in garnet-like electrolyte materials and several studies
have found that an increase in lithium content in the octahedral site can increase the ionic

conductivity. > '°

Solid-state nuclear magnetic resonance (ssSNMR) has been used in an attempt to
assign the relative tetrahedral and octahedral sites.">"” In this work we use the assignment
proposed by previous authors, in which the garnet-like material LisLa;Nb,O,, was studied
using °Li and 'Li MAS NMR spectroscopy. In this study a combination of °Li{’Li}-Cross
Polarization Magic Angle Spinning (°Li{’Li}-CPMAS) NMR and °Li{’Li}-Cross
Polarization MAS-Rotational Double Echo Resonance (°Li-{’Li}-CPMAS-REDOR)
NMR was used to determine that of the two observed 'Li spectral resonances the
octahedral site was found at +0.7 ppm (°Li NMR spectra), while the tetrahedral site was

found at -0.2 ppm.'°

In addition to the structural assignment of the 'Li NMR spectral sites, it is
important to determine which crystallographic site is responsible for ionic motion in this
class of materials. Here, we use the assignment determined by previous studies of the
garnet structure LizNds3Te,SbxO1,, in which solid-state "Li MAS NMR was used to
determine that the tetrahedral lithium ions are held tightly in place, while the octahedral

lithium ions are held more loosely and are therefore primarily responsible for the ionic
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motion in these systems. These results are based on the trend observed when the
occupancy of the octahedral site was increased synthetically, which resulted in an
increase in ionic conductivity of the material, measured using bulk impedance analysis.
High temperature ssNMR studies were performed, which showed no coalescence between
the two observed 'Li resonances and therefore the authors concluded that there was no
chemical exchange between the two lithium environments and that the octahedral site is
responsible for ion motion. The authors noted a significant difference in the T, relaxation
rates of the two "Li resonances. The tetrahedral site had a T; relaxation which consisted of
two components, 15 s and 5 min; while the octahedral site had a T, with a single

15
component of § ms.

Koller and Kalwei have used the REDOR NMR spectroscopy experiments and
second moment, M,, analysis to consider rotational ion motion in tetrahydroxyborate
sodalite. In their work several REDOR experiments were performed: ''B{'H}-REDOR,
*’A1{"'B}-REDOR and **Na{''B}-REDOR. The study aimed to determine the nature of
ion motion in a sodalite material using REDOR methods to probe re-orientation of anions
and sodium motion. This work emphasized the limitation of 1D variable temperature line-
narrowing studies for this system and instead made use of the temperature dependence of
the observed REDOR curves in combination with M, calculations to evaluate the motion
in the sodium system. In addition, the authors tackled the contribution of the quadrupole
coupling, which is present for several nuclei in the system and can affect the REDOR

experiment.'®
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The present work describes a similar method, which uses solid-state °Li{’Li}-
REDOR NMR spectroscopy to qualitatively characterize and compare the lithium ion
mobility in the garnet-like structures LigBaLa;Ta,O1, and LigBaLa;Nb,Oypp.* ' ' This
method can be used to study materials in which chemical exchange occurs between
neighbouring lithium ions, which occupy the same site in the crystal structure. In such
cases, the use of 2D exchange NMR is not straight-forward, particularly for nuclei which
do not possess substantial chemical shielding anisotropy, such as lithium. It is expected
that this method can be extended into systems that have previously not been studied using
2D EXSY NMR. The type of motion in this system is different from that studied by
Koller et al.'® in that Li ions in LicBaLa;M,0;, (M=Ta, Nb) move via discreet jump
between neighbouring sites, and there is no corresponding anion rotation. The complexity

of this motion makes modelling the dynamics in this system challenging.

Bulk conductivity measurements of garnet-like materials have included the effect
of grain boundary resistance and in some cases, different conductivity values for the
same materials have been reported.* > '*2* There has also been some disagreement in the
literature regarding the activation energy of lithium ion hopping in LicBaLa,M;0;, (M =
Ta, Nb). Authors have reported ionic conductivities and activation energies for the each

of these phases, shown in Table 5.1. While the more recent studies (‘**°

) have referred to
the previous studies, there is little discussion of the disagreement observed. Differences in
the reported values of activation energy for lithium ion hopping likely result from

differences in preparation techniques. Typically for bulk conductivity measurements

materials are pressed into a pellet and then sintered. Conductivity measurements are taken
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using inert electrodes. Differences in sintering, pelletizing or general setup could
potentially lead to slightly different results. Here, we aim to circumvent some of these
issues by using solid-state NMR spectroscopic techniques to consider ionic conductivity
in these two phases, as this method can be used to probe local ion dynamics without

interference from grain boundary resistance.

Table 5.1: Comparing the Li ion conductivity and activation energy of Li ion hopping in
LicBaLa;M,0;, (M = Nb and Ta) as obtained from bulk conductivity measurements.

Material Conductivity, Activation  Temperature, Reference
S/cm Energy, eV °C
LisBaLa,Nb,O1, 6.0x 10° 0.44 22 4
LisBaLa;Nb,O1, 4.4x 10" 0.35 25 20
LicBalLa;Tay0, 13x 107 0.44 25 14
LicBalLa;Ta,0, 4.0x 107 0.40 22 9

5.2. Solid-State ®’Li NMR of Lithium Ion Electrolytes

6711 solid-state NMR is a selective and diagnostic tool to probe ionic motion in

2122 Differences in the gyromagnetic ratios (y[°Li] : y['Li] =1 :

lithium ion conductors.
2.64) and natural isotope abundance (°Li= 7.42%, 'Li = 92.58%) allow for a range of
different techniques to be used to study structure and dynamics in lithium battery
materials. Many cathode materials for lithium ion batteries have been extensively studied

using a combination of °Li and "Li solid-state NMR spectroscopy, with paramagnetic

contributions creating well resolved lithium sites in a wide chemical shift range (> 1000
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ppm).>** Conversely, diamagnetic electrolytes for lithium ion batteries have a small
chemical shift range of -5 to +5 ppm, which results in poorly resolved ®’Li NMR spectral
peaks.”® In addition, it has been shown that garnet-like electrolyte materials conduct
lithium ions within a single crystallographic site, and as a result many of the techniques
used to study dynamics, such as selective inversion experiments, cannot be applied

15, 16, 27, 28

here. Instead, the change in heteronuclear °Li-"Li dipolar coupling as a function

of temperature is used to probe ionic motion in these materials.
5.3. Rotational Echo Double Resonance Measurements

REDOR NMR spectroscopy is a technique that measures the dipolar coupling
between a pair of heteronuclei.”” ** This rotor synchronized, double-resonance
experiment is traditionally used to determine internuclear distances, making use of the

fact that dipolar coupling is related to internuclear distance (), shown in Equation 1."*'

1
D;j = () v (D

41T rl]

Figure 2.15 in Chapter 2 shows the [{S}-REDOR NMR pulse sequence. Spin [ is
observed, while spin S is perturbed as a function of the rotor period. The dipolar coupling
between the spin pair allows 7 to be affected by the perturbation of the S spin. This is
examined through the creation of a REDOR curve, which shows the extent of the
perturbation as a function of time as the number of pulses on the S spins is increased. The
REDOR curve is plotted as (AS/Sy) vs. the dephasing time. In this case Sy is the intensity

of a reference Hahn-echo experiment measuring the observed / spectrum, and AS is
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difference between the intensity observed in Sy and that of the corresponding experiment
in which there is a dephasing pulse on the S channel. The term S uses the traditional
convention representing the non-observed spin and is not directly related to the term
[AS/Sp]. The dephasing time is the time allowed for the application of the dephasing

pulses on the S channel.

The geometry of the spin pairs in a system is an important factor, which affects
the outcome of the REDOR experiment. Many REDOR studies of biological materials
take advantage of isotopic labeling to ensure that an isolated pair of nuclei creates a single
strong dipolar coupling that can be directly measured in a highly selective, readily
quantifiable fashion.**>> However, the relationship between °Li and 'Li in solid-state
electrolyte materials is more complex, as the control over the enrichment and isolation of
single spin pairs in the structure is not possible. Rather, in these materials there are many
SLi and "Li spin pairs of varying proximity. This is due in part to the fact that in these
materials partial occupancy of lithium crystallographic sites is a key factor in ion
mobility. Here, the multiple-spin effect must be carefully considered.’**® In a system in
which there are several spin pairs, a single dipolar coupling between an isolated pair of
nuclei is insufficient to describe the system. In this case, each contributing spin pair must
be considered if a full quantitative model of the spin system is to be evaluated. For the
combination of partial occupancies, and a very large unit cell, this is intractable, and we
have focused here on other methods of comparing the dipolar coupling strength in the
electrolytes as a function of temperature. These include the use of dipolar second

moment, M,, calculations, and relative scaling of the dipolar curves.
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The dipolar second moment is a parameter derived from the summation of all
relevant dipolar coupled spin pairs (Equation 3) and can be used instead of discrete
dipolar couplings to fit Spin-Echo Double Resonance (SEDOR) and REDOR curves
(Equation 2).°° Previous studies have effectively used the analysis of the M5 to describe
the results of stationary °Li{’Li}-SEDOR experiments aimed to study the spatial
distribution of lithium ions in the solid electrolyte glasses (Li,O)«(Si0,);x and
(Li,0)x(B203) 1. 4% 4! For prediction of the SEDOR curves each of the heteronuclear
spin pairs were included in the calculation of M, (Equation 3) and the experiments
performed were able to differentiate between the distributions of cations in these two
systems. This type of analysis is also valid for REDOR experiments, which make use of
magic angle spinning (MAS) to re-focus the heteronuclear dipolar coupling. This method

neglects the effect of homonuclear dipolar coupling, as it is usually removed by MAS.*’

For systems in which there is a distribution in spin geometries, the following
equation can be used to simulate the REDOR curve in the short-term limit, where the

REDOR curve is geometry-independent:*’

AS 4
50 = 37 (NT)*M, )
MhetETO — i(ﬂ)z 2 2h25(5+ 1)2 -6 3
2 =Te\as) Yi'Vs sTis 3)

(AS/Sy), defined earlier, is the intensity of the REDOR curve, N is the number of rotor
periods, T; is the length of a single rotor period, and M; is the second moment. In

Equation 3 the term S is the spin number for the non-observe spin. If M; is treated as a
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variable in Equation 2 the experimental curve can be simulated with a parabola as a
function of M, with no prior knowledge of the spin geometry. In this case, M, can be
determined after simulation of the REDOR curve. This method is useful for situations in
which there is disorder resulting in local distributions of spins. General limitations to this
method include situations in which there is a significant contribution from homonuclear
dipolar coupling in which the I-I chemical shifts are different; this may affect the slope or
shape of the REDOR curve. Quadrupolar coupling may also contribute to the shape of the
REDOR curve. This is particularly relevant in cases in which satellite transitions are
present in the non-observed spin, /, and there is concern regarding their contribution to
REDOR experiment. 'Li is a prime example as it tends to have a small quadrupolar

coupling that can impact the results of the REDOR experiment.*

In the previous work performed by Koller et al. (discussed earlier) there was a
significant contribution from the quadrupolar nature of ''B, *Na and *’Al. The authors

proposed two different equations for the REDOR curve simulated using M, analysis:'®

AS 1
So  m2S(S+1)

(N:T:)?M, 4

AS 5

So  m2S(S+1)

(NcTr)zMZ (5)

Equation 4 describes the REDOR curve for a spin-1/2 system, and is equivalent to
Equation 2, when S ='4. Equation 5 describes the REDOR curve for a system in which
the non-observe spin, S, has a spin of 3 />, and there is excitation of the satellite transitions.

The contribution of the quadrupolar interaction to the REDOR curve has been identified
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previously, however it is usually not quantitatively considered in the interpretation of

REDOR data.'®?’

The REDOR curve is dependent not only on the internuclear distance of a single
pair of heteronuclei, but also to the dilution of the °Li and 'Li in the sample. Li-containing
materials can be synthesized using differing amounts of °Li and 'Li precursors, to
optimize the heteronuclear dipolar coupling felt by the observed nucleus as well as the
signal to noise ratio. The primary focus of our work is the effect of dynamics on °Li-'Li
dipolar coupling and thus on the REDOR curve, since dynamic processes between a pair
of nuclei affect the dipolar coupling between them.’® ** ¥ Here, we have studied the
change in the slopes of the °Li{’Li}-REDOR curve of the electrolyte materials,
LigBalLa,;Ta;0;, and LigBalLa;Nb,O;, as a function of temperature to determine the
difference in ion mobility between the two samples over the temperature range of 247 K
to 350 K. After a series of trials with different isotopic enrichments, the materials were
found to be ideal with an isotopic ratio of ~ 50% °Li, which gave the optimal results with
respect to the sensitivity of the initial slope of the REDOR curve to changes in

experimental conditions.
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5.4. Experimental
5.4.1. Synthesis of Lithium Ion Electrolyte Materials: LisgBaLa;M,0;, (M =

Ta, Nb)

High temperature solid-state synthesis methods were wused to prepare
LigBala;Ta,0;; and LigBaLa,Nb,Oj,. In each case powder X-ray diffraction was used for

phase confirmation, and is shown in Appendix A2, Figure A2.1.

LicBala,;Ta,0, : Stoichiometric quantities of La,Os (Aldrich, 99.9 %), Ba(NO3), (Aesar,
99+ %), Ta,0s (Aldrich, 99 %), °LiOH-H,O (synthesized from °Li metal), and LiOH-H,0
(Anachemia, 98 %) were ground by hand and placed in tube furnace (in air) for 12 hours
at 700 °C, with heating and cooling ramps of 6 hours each. The mixture was removed,
ground again and pelletized. The pellet was sintered in a tube furnace at 900 °C for 24

hours, with a heating and cooling ramp of 12 hours each.

LicBaLa;Nb,O, : The synthesis outlined above was followed, using Nb,Os (Aldrich,

99.99 %) in place of Ta,0:s.
5.4.2. *’Li Solid-State NMR Spectroscopy

NMR studies were performed on a Bruker Avance I 500 NMR spectrometer. A
Bruker 2.5 mm solid-state triple-resonance probe was used with a MAS rate of 30 kHz.
Pulse calibration was performed on a 1 M solution of *"LiCl (~ 50% °Li enriched). For
%Li a nutation frequency of 54 kHz was applied, while for 'Li, a nutation frequency of

88 kHz was applied.
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SLi{’Li}-REDOR experiments were performed with a sweep width of 50 ppm,
with between 32 and 54 transients collected in the indirect dimension. In the direct
dimension, between 32 and 64 transients were co-added, depending on the sample
sensitivity. The 180° dephasing pulses on 'Li were equivalent to those calibrated on the 1
M solution of LiCl. Temperatures were calibrated using an external chemical

thermometer, SmZSn207.44

1D SLi spectra were collected with MAS of 30 kHz. For each spectrum the sample
was allowed to relax for > 2700 s before one single-pulse experiment was performed.
Only a single transient was collected in each case to ensure that the correct integration

was observed for each lithium site.

1D "Li spectra were collected with no MAS and also with MAS of 5 kHz. 64

transients were collected with a recycle delay of 60 s.
5.4.3. Numerical Simulations of *Li{’Li}-REDOR Curves

SPINEVOLUTION 3.4.4 software was used to model the °Li{’Li}-REDOR curve
of LigBala;Ta0,; at a low temperature (285 K), where lithium dynamics were found not
to contribute to the shapes of the REDOR curves (vide infra). Here, we call this the
immobile system, since the motion of the lithium ions are slowed to the point at which
their motion no longer contributes to the dipolar coupling between pairs of lithium ions.*
Within the SPINEVOLUTION manual the REDOR experiment is outlined.* This was
adjusted to include the specific details of the experiment, such as MAS rate, pulse

program and the nuclei of interest and is shown in the Appendix A1. Simulations included
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a single value for the dipolar coupling. Here we call this the effective dipolar coupling,

D.z, and it encompasses all effects contributing to the REDOR curve.

Table 5.2: LicBaLa,M,0, cell parameters and calculated values of Mo.

LicBalLa,Ta,0;; *  LisBaLa,Nb,O;,*

Space group la-3d lTa-3d
Cell constant (A) 13.001 12.868
Cell volume (A% 2197.51 2130.75
Li-1, Li-2 Wyckoff positions 24d, 96h 24d, 96h
°Li NMR peak area ratio Li-1:41£5% Li-1:25+5%
Li-2: 58 £5 % Li-2:75+5%
Li-1, Li-2 site occupancies 0.830, 0.293 0.494, 0.377

°Li{’Li} Second moment (rad” s™)
"Li in Li-1 and Li-2 sites 2.7 x107 1.2 %107

"Li in Li-2 sites only 6.3 x10° 7.8 x10°

SLi{’Li} heteronuclear second moments were estimated for the Ta and Nb phases
according to the following procedure. The 1D °Li NMR spectra (Figure 5.1 (b)) were
deconvoluted to give the relative peaks areas for the Li-1 and Li-2 sites. The Li-1 and Li-
2 site occupancies were then determined from these ratios and the assumption that the
number of Li in the chemical formulae was 6 (to maintain charge neutrality), along with
the Wyckoff position multiplicity for each site. A disordered structural model was then

constructed consisting of a central unit cell and its 26 adjacent unit cells where the Li-1
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and Li-2 sites were occupied in a probabilistic manner consistent with their calculated site
occupancies. An examination of the crystal structure'* reveals that the octahedral Li-2
sites occur in symmetry-related pairs separated by only 0.7 A. Therefore, the structure
models did not allow both Li-2 sites in such pairs to be occupied as this would be
physically unreasonable. Also, an examination of the crystal structure reveals that each
Li-2 site has two Li-1 sites at distances of 1.74 and 2.31 A. Since the Li-Li distance of
1.74 A is quite short, when a Li atom was being placed in one of the Li-2 sites within a
pair of close symmetry-related sites, the position furthest away from an occupied Li-1 site
would be chosen if possible. Once a disordered structural model was constructed, the
various Li atoms would be assigned to be °Li or 'Li in a probabilistic manner consistent
with the level of °Li enrichment (51.45% °Li). Each °Li nuclei located in a Li-2 site of the
central unit cell was then identified and the distances to 'Li nuclei within 12 A were
calculated (either "Li nuclei in all Li-1 and Li-2 sites or 'Li nuclei in only Li-2 sites). The
second moments were then calculated according to Equation 3 and averaged. This
procedure was repeated for 10,000 different disordered structural models and the
calculated second moments were averaged again. This procedure was implemented as a

Mathematica notebook.
5.5. Results and Discussion

Solid-state electrolytes LisBalLa,Ta,O;, and LigBalLa,Nb,O;, are known to exhibit
stability against attack by commonly used electrode materials, as well as lithium metal.
This property makes these materials promising for use in lithium ion batteries. In order to

assess these materials before placing them into the battery it is important to understand

176



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

the mechanism of lithium ion conductivity and the effect of temperature on these
materials. Here, solid-state °Li{'Li}-REDOR NMR has been used to compare these two
materials by observing the effect of changing temperature on the distance-dependent °Li-

"Li dipolar coupling.

(b)

' Ba, La
LiGBaL32T32012
e Ta
e O
© Li-1 LisBaLa,Nb,O15
e Li-2 —————
4 2 0 -2 -4
6Li[ppm]

Figure 5.1. (a) Illustrated crystal structure of LicBalLa,Ta,O;;. The blue polyhedra
represent La and Ba, which share a crystallographic site. The brown spheres represent Ta,
and the white spheres represent oxygen; while the yellow and red spheres represen Li-1
(tetrahedral) and Li-2 (octahedral), respectively.'* The image was created in XtalDraw
software.* (b) SLi MAS NMR spectrum of LigBala,Ta,0;, with MAS 30 kHz. Recycle
delays were > 2700 s and therefore the tetrahedral site at 0 ppm is thought to be fully
relaxed.

67 isBaLa,Ta,01, and the corresponding niobium phase were synthesized using
high temperature solid-state synthesis methods.* The X-ray diffraction patterns of the
products showed single-phase, high-purity products, and are in agreement with those
reported in the literature.” Figure 5.1(a) shows the unit cell of LisBaLa,;Ta,O5. These
materials are known to have two crystallographic lithium sites, with each having a partial
occupancy. The high quality, high resolution °Li MAS NMR spectra shown in Figure 5.1

(b) easily confirm that there are two sites: Li-land Li-2, which have chemical shifts of 0
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and 1 ppm, respectively. Deconvolution in TopSpin 2.1 software reveal the Li
contribution of Li-1 and Li-2 to be 41 =5 % and 58 + 5 %, respectively for the Ta phase;
while for the Nb phase the contribution of the Li-1 and Li-2 sites are 25+ 5 % and 75 £ 5
%. This is significantly different from the contribution of the Li-1 and Li-2 sites predicted

for the Ta phase in previous studies, 15 % and 85 %, respectively, as shown previously.

T, relaxation analysis of these two sites in each phase has shown that the T; for
the site at 1 ppm is ~ 12 s, which is at least two orders of magnitude less than the T, of
the site at O ppm. This large difference in T, relaxation rate indicates that there is no
exchange between the two sites; and also suggests that the site at 1 ppm, with the shorter
T,, is responsible for ion motion.*’ Tonic conductivity in these materials occurs through
vacancy-mediated hopping of Li" ions, but it is not known to what extent the presence of
vacancies affects the rate of ion hopping. Table 5.2 shows a comparison of the cell
constants of the Ta and Nb phases. In this work, as in others, Li-1 has been assigned as
the tetrahedral site at 0 ppm, while Li-2 is the octahedral site at 1 ppm and is responsible

for lithium ion motion.

The relationship between nuclear distance separation and dipolar coupling is well
established.'” Furthermore, the relationship between several heteronuclear spins and their
respective separations has been thoroughly described using the dipolar second moment,
which is used to analyze experimentally determined REDOR curves.”” * % For the
electrolyte materials LicBaLa,M»0;, (M = Ta, Nb) there are four effects which influence

the shape of the °Li{’Li}-REDOR curves obtained:*®
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1) Distances between °Li and "Li spins.>!
p

(2) Distribution: site occupancy and resulting dilution of °Li and "Li isotopes (affects

Li-Li distances); °Li/’Li isotope ratio’’; geometry of lithium pairs.

(3) Dynamics: the hopping rate between crystallographic lithium sites.*

(4) Quadrupolar coupling constant of the non-observe / spins, in this case Lt

While the distances between crystallographic lithium sites can be determined using X-
ray diffraction techniques, the lithium °Li/’Li isotope dilution and any existing partial
occupancies make the construction of a model difficult. Garnet-like lithium ion
electrolytes have a considerable amount of partial occupancies on each of two
crystallographic lithium sites. The materials studied in this work have less than 50%

occupancy of each lithium site.'

The changes in the slopes of the °Li{’Li}-REDOR curves of 50% °Li enriched
LicBaLa;M,0;, (M = Ta, Nb) have been studied in order to qualitatively compare lithium
ion hopping rates between these two samples over the same temperature range. This was
achieved by comparing the slopes of the experimentally observed REDOR curves of the
octahedral site, Li-2 at 1 ppm, at different temperatures. The site resolution in the °Li
spectrum, Figure 5.1 (b), allows the separation of the REDOR effect for the two sites.
The examination of the REDOR curve of samples where the lithium is immobile with

respect to the dipolar coupling is an essential piece of the analysis, since it allows the

179



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

determination of the range of temperatures where the slope is sensitive to changes in

temperature.
5.5.1. Simulation of the Immobile °Li{’Li}-REDOR Curve

Second moment calculations as well as numerical simulations for an isolated
SLi/’Li spin pair were used to fit the REDOR curve for the immobile material. This
immobile state is achieved by cooling the sample to the point at which only structural
characteristics, i.e. distances and distribution of the lithium ions, contribute to the slope of
the REDOR curve, and is determined experimentally by decreasing the sample
temperature and observing the temperature at which there is no more visible change in the
REDOR curve. This point marks the point at which the time-scale of dynamics is much
slower than the dipolar coupling between the observed °Li and the surrounding 'Li. In
order to observe a change in the slope of the REDOR curve as a function of temperature
the time-scale of the ionic hopping rate must correspond to the dipolar coupling in this

system.
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Figure 5.2. °Li{’Li}-REDOR of ®’LisBaLa,;Ta,0, at 247 K and 285 K. The stability in
the slope of the REDOR curve indicates that the lithium ions are immobile with respect to
the sensitivity of the REDOR experiment. The only influence on this curve is therefore
the stationary crystallographic positions of the lithium ions in the material.

This immobile state was used as a starting point for comparing the REDOR curves
at higher temperatures, since at this point the shape of the curve was determined by the
positions of the lithium ions alone, with no contribution from dynamics. Figure 5.2
shows the °Li{’Li}-REDOR curve of LigBalLa,;Ta,0;, at 247 K and 285 K. The
unchanging slope indicates that at these low temperatures, changes in the hopping rate are

no longer detectable by this method and the lithium ions are said to be immobile.
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Figure 5.3. Analysis of the °Li{’Li}-REDOR curve of LisBaLa,Ta,O;, using a
simulation of °Li{’Li}-REDOR in SPINEVOLUTION.

Figure 5.3 shows efforts to use SPINEVOLUTION software to assess the
observed °Li{’Li}-REDOR curves for the immobile Ta phase using a single °Li-’Li spin
pair.*®* Although this is reasonable fit, this is not an accurate representation of the spin
system, which consists of many spin pairs. An attempt to re-construct this system in
SPINEVOLUTION software was not successful, since the number of spin pairs is too
large for standard computational methods. The resulting dipolar coupling is called the
effective dipolar coupling, D.s, and is a single value that encompasses the dipolar
coupling felt by the °Li nuclei for all relevant spin pairs. This value can be compared to
the isotropic dipolar coupling of a single pair of "Li and °Li nuclei. For comparison, at a
distance of 3 A the dipolar coupling has a value of ~ 1.6 kHz, which gives a simulated
REDOR curve that is much steeper than the one observed in Figure 5.2. This is a
testament of the effect of the partial occupancy in this system on the experimentally

observed REDOR curve.
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5.5.2. Use of Second Moment Calculations to Evaluate Structure of Ta and

Nb Phases

The second moment, M,, curve was compared to the shape of the °Li{’Li}-
REDOR curves obtained experimentally for the Ta and Nb electrolyte phases. The
immobile REDOR curves for these materials are shown in Figure 5.4. The general slopes
of these curves are very similar, suggesting that the small differences in the unit cells is
insufficient to affect the °Li-'Li dipolar coupling significantly at these low temperatures.
However, when the shape of the curve is considered more closely, the initial slopes seem

to differ slightly, with the Nb phase having a slightly steeper initial slope..
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Figure 5.4. °Li{’Li}-REDOR curves of LigBaLa,;M,0;, (M = Ta, Nb). In each case the
slope represents a point at which dynamics is no longer a contributing factor, and the
lithium ions are immobile with respect to the °Li-"Li dipolar coupling.

Second moment calculations for these systems were performed in order to assess

the possibility of simulating these curves as a function of temperature. Two models were
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used to calculate the M, values for each material, resulting in a total of four curves shown

in Figure 5.5 (a), along with the experimentally observed curves:

1) Second moments were calculated with 'Li nuclei in both Li-1 and Li-2 sites,
assuming that all "Li nuclei contribute to dephasing °Li nuclei in Li-2 sites in the

REDOR experiment.

2) Second moments were calculated with 'Li nuclei in only Li-2 sites, assuming that
the "Li nuclei in the Li-1 sites do not participate in dephasing of °Li nuclei in Li-2
sites due to their extremely long T, relaxation times. Note: this has become a point
of concern in this model, since it is not clear what the relation is between T,

relaxation and dipolar coupling in the REDOR experiment.

As previously mentioned by Koller et al., there are two equations that could be used,
along with the appropriate value of M, to simulate the shape the REDOR curve.
Equation 4, shown earlier, describes a case in which the satellite transitions of the non-
observed nucleus, in this case 'Li, are not excited by the NMR experiment. Equation 5

describes a case in which the satellite transitions are excited in the NMR experiment.

From the static NMR spectrum of LigBalLa,Ta,0,, two satellite transitions from the
(+1/2 = +3/2) and (-3/2 to —>1/2) transitions can be seen in addition to the central
transition (-1/2 = +1/2). These appear as shoulders at approximately + 150 ppm and —
150 ppm in Figure 5.5 (b). It is not obvious at the outset whether these satellites
contribute to the shape of the observed REDOR curves. However, when M, analysis was

performed, it was found that the curves that resulted from Equation 4 created a better fit
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than those of Equation 5, which would suggest that the satellite transition of "Li did not

have a significant effect on the REDOR experiment.

(@ (b)
A [ ]
A °
[
o
%]
* .
o
2
Static
____\MWLULUU MAS 5 kHz
N T N T ' LA DL R N B I B DR R NN N LI AL R
0.000 0.001 0.002 400 200 0 -200 -400
Time (s) “Li [ppm]
a LigBaLasNbsOqs e LigBalasTazOq2
— My;=7.8x106 — My,=6.3x106
(Li-2 only) (Li-2 only)
------ Mo =1.21x107 ceeee- My =27 x 107
(Li-1 and Li-2) (Li-1 and Li-2)

Figure 5.5. (a) M, calculations for the Ta and Nb electrolyte phases using Equation 4 for
cases in which only Li-2 is occupied, and cases in which Li-1 and Li-2 are occupied in the
model structure. (b) 'Li NMR spectra of LigBaLa,Ta,01, with MAS 5 kHz (bottom) and
static (top).

An interesting observation from the M, calculations was the difference in the
simulated curves for the case in which Li-2 was occupied alone and the case in which
both Li-1 and Li-2 were occupied. Experimentally, the °Li{’Li}-REDOR curves look
similar, except that the shape is slightly different for the initial lower values of ([So-S]/S¢)
on the curve. In this range it would seem that the REDOR curve of the Ta phase has a
more shallow slope than that of the Nb phase. On performing the M, analysis, the

opposite trend was observed for the model in which both Li-1 and Li-2 sites were
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occupied, dashed lines in Figure 5.5 (a). The M, calculations in this case suggest that the
slope of the Ta REDOR curve is larger than that of the Nb phase. Conversely, when the
M, analysis is performed and only Li-2 is occupied the order is reversed, the calculations
reveal that the slope of the Nb REDOR curve is larger than that of the Ta curve. This
latter trend is in agreement with the experimental data. This is shown by the solid lines in

Figure 5.5 (a).

Overall, the M, simulations exhibit a modest representation of the experimentally
observed REDOR curves, however, the curves to appear to be in the expected range.
Differences between calculated M, curves and experimental REDOR curves can be
attributed to the contribution from the quadrupole coupling of both °Li and ’Li,
homonuclear dipolar coupling, as well as any disorder in the structure. There could also
be residual “rattling” motions within the cages of the octahedral site, where lithium ions
vibrate within the octahedral environment. This effect is not temperature dependent, but
could contribute to the dipolar coupling between Li pairs, and has been observed

previously in Li{*'P}-REDOR studies of Li;V(POy)3.*

5.5.3. Examining Dynamics Using the Initial Slope of the SLi{’Li}-REDOR

Curve of 6’7Li6BaLazTaZOu

Here, we have made use of the slope of the initial °Li{’Li}-REDOR curve of
LicBalLa,Ta,O;, for a 50% ®Li enriched sample to describe changes as a function of
temperature to indicate the temperature dependence of the lithium ion hopping rate. The

initial slope of the REDOR curve has been shown to be independent of sample geometry,
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1.e. the relative orientation of lithium ions. Studies of LigBal.a,Ta>O;, show that the
REDOR slope is sensitive to changes in temperature and this temperature dependence can
be correlated to changes in dynamics in the system. Figure 5.6 shows the effect of
temperature on the REDOR curve of LigBala;Ta;0,,. Increasing the temperature from
285 K, where the sample is immobile, to 350 K shows a steady decrease in the slope of
the REDOR curve, which is indicative of an increase in ionic motion within this

temperature range, and causes an apparent decrease in the dipolar coupling.
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Figure 5.6. Variable temperature °Li{’Li}-REDOR curves of 50 % °Li enriched
LicBala,;Ta,0,. Increasing temperature causes a decrease in the slope of the REDOR
curve.
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Figure 5.7. Initial slopes, P, of the °Li{’Li}-REDOR curves of LisBaLa,Ta,0;, as a
function of temperature. Solid circles represent the experimentally obtained REDOR
curves, as in Figure 5.6; while the solid lines represent the lines of best fit. Over the

temperature range of 285 K, where the dynamics processes are static, to 350 K P ranges
from 123+2s" to 66+ 157

Figure 5.7 shows the temperature dependent REDOR curves along with the
respective slopes, P, which begin at a value of 123 + 2 s for the immobile REDOR curve
and decreases as the temperature increases. The temperature dependent slopes are
summarized in Table 5.3. Here, P changes from 123+2s-' to 66 + 1 s over a
temperature range of 285 K to 350 K. Values of P can also be used to compare ionic
mobility in similar samples where the Li-Li separation is the same, where the only factor
affecting the change in the slope of the REDOR curve is a change in ion hopping rate.

Here, the slope of the immobile curve is unchanging below 285 K.
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Table 5.3: Temperature dependent slopes of °Li{’Li}-REDOR curves of LisBaLa,Ta,0,
and Li6BaLa2Nb2012.

Temperature P (s Temperature P(s™)
(K) Li¢BaLa,Ta;0, ) LisBaLa;Nb,O1,
285 123 +£2 247 140+ 10
307 112+2 273 76 £3
325 98 +2 294 33+£2
341 84 +2 312 26+2
350 66 + 1 325 19+1
332 12+1
341 10.2+£0.5
350 83=+0.5

5.5.4. °Li{’Li}-REDOR Spectroscopy of *'LigBaLa;Nb,O1,

Ton mobility in different materials can be directly compared using °Li{’Li}-
REDOR provided the materials are similar in structure (lithium content, framework
structure and Li-Li internuclear distances). A prime use of this method is the comparison
of two crystalline materials, which differ only in framework atoms, such as
LigBalLa;Ta;0;, and LigBalLa;Nb,O,,, where Ta and Nb occupy the same
crystallographic sites within in their respective materials.  Thus, changes in the slopes

of the REDOR curves are attributed to differences in temperature dependent lithium ion
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dynamics alone. Minor differences in the shapes of the REDOR curves, shown in
Figure 5.4, for these two samples can be attributed to differences in the distribution of
lithium ions in these structures. In Figure 5.1 the °Li MAS NMR spectra show that
although the absolute lithium ion content is the same, there is some variation in the
lithium ion occupancy between the two sites in the Nb and Ta phases. It seems that the

Nb phase has a higher content of Li ions in the octahedral environments, Li-2.
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Figure 5.8. (a) 6Li{7Li}—REDOR curves of LigBalLa;Nb,O,, over the temperature range
of 247 K, where the sample is immobile, to 350 K. (b) Lines of best fit for each
temperature have slopes P, which range from 140 + 10 s, for the immobile sample, to
8.3+0.5s".

To directly compare the lithium dynamics in this system, the variable temperature
6Li{7Li}—REDOR curves of LigBaLa,M;0;, (M = Ta, Nb) have been considered.
Figure 5.8 shows the °Li{’Li}-REDOR curves for the Nb material obtained over the
temperature range of 247 K to 350 K. With increasing temperature the slopes of the
REDOR curves change dramatically, particularly at higher temperatures. The temperature
dependent slopes are summarized in Table 5.3. On considering the behaviour of P, it is

evident that there is a much more significant contribution from dynamics in the Nb
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material than for the Ta material. The Nb phase exhibits a slope of 8.3 £ 0.5 5™ at 350 K,
while the Ta phase has a slope of only 66 + 1 s™ at the same temperature as shown in

Figure 5.7.

With such different variations in the slopes over the same temperature range it is
clear that the ionic motion in the Ta and Nb phases are quite different. While the literature
predicts that these materials have differences in ionic conductivity and activation energy,
it is unclear to what extent, since this is a point of disagreement. The most recent study of
LigBalLa;Nb,O;, reports an ionic conductivity of 4.4 x 10* S/cm with an activation
energy of 0.35 eV.” While the most recent study of the Ta phase reports an ionic
conductivity of 1.3 x 10 S/cm and an activation energy of 0.44 eV.'* Their result would
indicate that the Nb phase is an overall better material when considering ionic
conductivity and activation energy. The results obtained in this study indicate
qualitatively that the Nb phase has an overall higher ionic conductivity at room
temperature than the Ta phase due to the smaller value of the slope, P, at room

temperature.

NMR spectroscopy is capable of observing ionic motion within the particle, and
therefore grain boundary resistance does not play a role in the measurement of ion
hopping processes, whereas in bulk conductivity measurements, it is difficult to remove
the inherent bulk effects. Here, we observe firsthand the importance of using preparation
techniques that reduce grain boundary resistance. The NMR spectroscopic data collected
here shows that the Nb phase is clearly the better ionic conductor, while previous bulk

conductivity measurements have been inconclusive.
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Figure 5.9. Pseudo-Arrhenius analysis of P for LisBaLa,M,0, (M = Ta, Nb). The red
circles represent the Ta phase, while the black triangles represent the Nb phase. The
slopes are 1.2 + 0.2 K and 2.7 + 0.1 K, respectively, for the Ta and Nb phases.

A pseudo-Arrhenius analysis of the changes in P for LisBaLa,M,0;, (M = Ta,
Nb) was performed and is shown in Figure 5.9. This plot shows that the changes in the
slopes of the REDOR curves follow a consistent trend. The slopes of the pseudo-
Arrhenius plots show clearly different slopes for the Ta and Nb phases. The Ta phase has
a slope of 1.2 = 0.2 K, while the Nb phase has a steeper slope of 2.7 £ 0.1 K. This
indicates that there likely a difference in the activation energy of local lithium ion
hopping in these materials within this temperature range, and since the Nb phase shows a
more significant temperature dependence it is likely that this material has a higher
activation energy for lithium ion hopping. For this analysis, the data points that
correspond to the REDOR curves with the lowest temperatures are not considered. The
low temperature measurements were not taken to determine the specific temperature

(freezing point) at which the slope was no longer temperature dependent, and thus the

192



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

slopes corresponding to the lowest temperatures represent a point of convergence of the

slopes at low temperatures.

This study is capable of qualitatively determining which of these materials shows
a greater response to changes in temperature, and therefore indicates which phase is a
better ion conductor at a particular temperature. However, the results do not lead to
straight forward quantitative data since the relationship between the changes in P and
changes in ionic hopping rate are not precisely defined from this method. Note that there
is the possibility of using gradient NMR methods (such as pulsed-field gradient NMR) to
study diffusion in these materials and subsequently relate this to the values of P obtained
from the current method. LicBalLa,Nb,O;, appears to have higher ionic conductivity at
room temperature. Although the Ta and Nb structures appear to be very similar, it is
likely that the difference in the distribution of lithium ions within each structure

contributes to differences in ion mobility.

The °Li MAS NMR spectra in Figure 5.1 (b) show that there is a greater ratio of
lithium in the octahedral site in each of the Ta and Nb phases. This site, Li-2, is known to
be solely responsible for lithium ion motion in these phases. For the Nb phase, there is
significantly more Li in the Li-2 site, while the NMR results show that this phase exhibits
higher ionic conductivity at room temperature. These findings suggest that the higher
content of lithium in Li-2 in the Nb phase is potentially the cause of the observed higher
ionic conductivity in the Nb phase when compared to the Ta counterpart. Although it is

not clear from previous studies the extent to which the concentration of lithium in a single
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site contributes to the ion hopping rate, this study would suggest that for this material,

greater amounts of Li in the octahedral site leads to an increase in the rate of ion hopping.
5.6. Conclusion

Solid-state °Li{’Li}-REDOR NMR spectroscopy has been used to compare the
ionic conductivity in LigBaLa,M,01, (M = Ta, Nb). °Li{’Li}-REDOR NMR was used to
indirectly study changes in °Li-’Li dipolar coupling as a function of temperature, which
were related to the changes in ion mobility by examining the temperature dependence of
slope of the resulting REDOR curve. Higher temperatures increased the ionic mobility for
each of the phases, resulting in a shallower slope of the REDOR curve. This occurs as a
result of increased mobility at a hopping rate similar to the °Li-'Li dipolar coupling. The
curves were characterised according the slope, P. The Nb phase showed a greater change
in P with increasing temperature, and thus generated a steeper slope in the pseudo-
Arrhenius analysis. While this method does not quantitatively measure the ionic hopping
rate, it has clearly points out that the Nb material has higher ion hopping rate than the Ta
phase at room temperature and above. In addition it is indicated that the Nb phase has a

higher activation energy for lithium ion hopping when compared to the Ta counterpart.

The reason for the observed differences in ion conductivity between these two
phases is likely the difference in the lithium ion distribution among the two existing
crystallographic sites. °Li MAS NMR spectra have revealed that the Nb phase has a
higher content of lithium in the octahedral environment, which is responsible for lithium

10n motion.
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Chapter 6: Analysing Dynamics in Lithium Ion Conductors Using
Changes in *’'Li T, Relaxation Times Extracted from REDOR and

SEDOR Experiments

6.1. Introduction

NMR spectroscopy is a versatile tool that can be used to study different types of ion
dynamics in solid-state materials, which can vary substantially in the respective
timescales. A variety of NMR techniques are available, and the choice of method is often
governed by its sensitivity to the timescale of dynamic processes. In Chapter 5 of this
thesis the use of °Li{’Li}-REDOR NMR was discussed and it was found that the
sensitivity of the REDOR experiment to the ion hopping present in this system was
governed by the relative values of the °Li-’Li dipolar coupling and the rate of ion hopping
(each in Hz). In this case, since these values were close in magnitude, the REDOR
experiment was useful to observe changes in ion hopping rate as a function of

temperature.

In many cases, however, the dipolar coupling between an ion pair is not close in value
to the ion hopping rate, and is therefore insensitive to changes in ion hopping rate as a
function of temperature. Thus, different NMR techniques must be used in order to sample
a wider range of timescales. Another method of probing ion exchange is the use of
relaxation measurements as a function of temperature. T; and T, relaxation experiments
have been used widely to study dynamics in a variety of systems.' Like the REDOR

experiment, the sensitivity of relaxation measurements to dynamic processes is also
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limited by the timescales of ion hopping, also known as the correlation time (the inverse
of the ion hopping rate) in relation to the T, or T, relaxation times (in seconds).” When
these rates are close in value, relaxation measurements become sensitive to changes in ion
hopping rates. In some cases, such as the garnet-like materials discussed in Chapter 5 of

this thesis, T experiments are not ideal since T, relaxation times can be long ( > 100 s).

This chapter assesses the use of T, relaxation measurements as a function of
temperature to evaluate ion hopping in lithium ion conductors. This method of analysis
came as a result of the fact that T, relaxation measurements are inherent within the
REDOR and SEDOR experiments, and this relationship will be discussed later. Some of
the details of T, relaxation have been discussed in Chapter 2 of this thesis, including the
general definition and the NMR experiments typically used to measure T, relaxation
times. T, is sensitive to changes in ion hopping rate, but is also affected by homonuclear
and heteronuclear dipolar coupling, as well as many other factors, such as paramagnetic
effects.” It is not clear at this point if these factors influence the study of dynamic

processes using T, measurements.

Model materials Li3V,(POs); and LiVO; have been studied here with the goal of
determining the activation energy for lithium ion hopping using T, measurements, in
order to determine if this is a viable method to study dynamics in these systems. Much of
the work here is extracted from initial studies of these materials using REDOR and
SEDOR experiments. While previous studies have measured the rate of lithium ion
hopping between specific crystallographic sites, the measurement of the °Li or Li T, as a

function of temperature cannot give exchange information about exchange pairs. Instead
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the activation energy for lithium ion hopping can be calculated for processes that occur

between sites, without knowledge of which sites participate in the exchange process.

Li3V2(POy); is a paramagnetic cathode materials for lithium ion batteries with three
unique crystallographic sites and has previously been studied using 'Li 2D EXSY NMR
experiments and °Li 1D selective inversion NMR experiments.* > LiVO; is a diamagnetic
cathode material for lithium ion batteries and has two unique crystallographic sites.® This
material provides a good comparison to the paramagnetic Li3V,(POy)s as it contains a
number of lithium sites, but does not have a paramagnetic contribution to the T,. LiVOs is
known to have a Li* diffusion coefficient of 10 to 10® cmzs'z, whereas Li3V,(PO4); has
a Li" diffusion coefficient of 10" to 10® cm’s™” (as calculated from galvanostatic

intermittent titration, GITT, electrochemical experiments).’

This study arose from initial attempts to evaluate the lithium ion dynamics in
Li3V,(POy4); using the measurement of the 6Li{7Li}-REDOR curve as a function of
temperature, which did not producing the expected results. The REDOR curve did not
show a decrease in slope with increasing temperature as expected (Chapter 5). On
assumption that there was a contribution from relaxation, the T, relaxation was extracted
from the REDOR measurement and it was found that this changed dramatically with
temperature. It was concluded that the sensitivity of T, relaxation to dynamics was due to
the Li ion correlation times having values that were closer to the T, relaxation times than
the inverse of the °Li-'Li dipolar coupling. Therefore it was hypothesized that

measurements of T, as a function of temperature would result in an activation energy for
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lithium ion hopping that could be compared to previous results in order to determine if

this method is a viable tool to study ion dynamics in this system.

6.2. Experimental

6.2.1. Sample Preparation

Li3V,(POy); and LiVO; were prepared according to the methods outlined by Cahill et
al and Muller et al., respectively.® 50% °Li enrichment was achieved by using °Li
enriched Li,CO;. In each case powder X-ray diffraction (PXRD) was used for phase

confirmation as shown in Appendix A3.
6.2.2. *Li NMR Spectroscopy Experiments

REDOR and SEDOR experiments were performed for LiVO; observing 'Li and
dephasing °Li. For the REDOR experiments 64 slices were collected in the F1 dimension,
which resulted in 32 points for the Hahn-echo decay. For °Li a nutation frequency of 54
kHz was used and for 'Li nutation frequency of 91 kHz was used. For the SEDOR
experiments 16 transients were collected with a recycle delay of 30 s, and 32 points were
collected in the indirect dimension. The echo delay was set manually, and was optimized
to obtain the largest range of points in the resulting SEDOR curve while still defining the
features of the curve (this value determines the time between the points in the curve). An
echo delay of 6.67 us was found to be optimal for this sample. This delay was used for
both the echo delay and the refocusing time and when the time axis was calculated for

data processing all of the time between the initial "/, pulse and the signal collection were
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considered (echo delay + refocusing time + m-pulse length + dead time). T, decay curves

were extracted from REDOR and SEDOR data, which will be described later.

T, measurements were collected using a series of Hahn-echo experiments in which
the delays were varied. Figure 6.1 shows the Hahn-echo pulse sequence. 1, and 1, were
systematically optimized to obtain approximately 32 points which varied as a function of
the total echo time (the sum of the echo delay, the refocusing time and the m/2 pulse
length). Data was processed by comparing the relative intensity of each experiment to the
first. With increasing delay times the relative intensity of the peak of interest decreased

exponentially. Data will be shown in the Results and Discussion section.

Li MAS NMR spectra of LizV,(POy4); were collected using the Hahn-echo pulse
sequence with MAS of 25 kHz, in which all 180° pulses were rotor synchronized. The
pulse sequence is shown in Figure 6.1. 10240 transients were collected with a recycle
delay of 0.2 s. A nutation frequency of 91 kHz was used. The experiments were carried
out over the temperature range of 262 K to 335 K, and for each T, measurement 14

experiments were performed, which varied in echo delay and refocusing time.

’Li MAS NMR spectra of LizV,(PO4); were collected using a REDOR experiment
with MAS of 25 kHz. The relevant pulse sequence is shown in Figure 6.2. 3072
transients were collected with a recycle delay of 0.2 s. 64 slices were collected in the
indirect dimension, which resulted in 32 points for the Hahn-echo decay. For °Li a
nutation frequency of 54 kHz was used and for 'Li a nutation frequency of 91 kHz was

used. Details of the extraction of T, data from the REDOR experiment are given in the
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following section. This experiment was repeated as a function of temperature over the

range of 262 K to 335 K.
. T
Tl T
— —

‘h"nvn"nvhvhuh\ WJ]AM

Figure 6.1. Hahn-echo pulse sequence used to measure T,. A series of Hahn-echo
experiments are performed with variation in the echo delay, and refocusing time (t; and
5, respectively).

6.2.3. Extraction of T, from REDOR and SEDOR Experiments

REDOR and SEDOR experiments are used to measure dipolar coupling between
pairs of heteronuclear spins, as discussed in Chapters 2 and 5 in this thesis. Inherent in
each of these experiments is the Hahn-echo experiment, which is used to acquire the
signal of observed nucleus (/). REDOR and SEDOR experiments are performed as a
function of dephasing time. In the case of the REDOR experiment, MAS is used and an
increasing numbers of rotor periods are combined with pulses on the S channel (not
observed). In the SEDOR experiment delays are set in the experiment and there is only a

single pulse in the S channel. These pulse sequences are shown in Figure 6.2.

REDOR and SEDOR experiments result in curves which are calculated by taking the
intensity ratio of a resonance in the form of (S-Sy)/Sp, where S is the intensity of the

observed resonance, and plotting this as a function of the dephasing time. S, is the
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intensity of the Hahn-echo with no pulses applied on the S channel, and S is the intensity
when there are pulses applied on the S channel. S (italic) is the conventional term for the

non-observe spin, and is not related to (S-S¢)/So, which refers to the intensity of the 7 spin.

REDOR SEDOR

! _I |_| W\M\W ! —I I ]

VVV\[U“ V“V‘IU“
|

i

rotor L

0 1 2 3 4

Figure 6.2. REDOR and SEDOR NMR experiments. The REDOR experiment is
performed under MAS and is rotor synchronized, while the SEDOR experiment is
performed with no MAS. In each experiment the signal of the / spin is collected using a
Hahn-echo, while the S spin is not observed.

T, measurements can be extracted from the REDOR and SEDOR experiments by
using a different method of data processing. Instead of plotting (S-S¢)/Sy as a function of
dephasing time, S/S; is plotted as a function of dephasing time, where S; is the intensity
of the first experiment with the smallest dephasing time. Only the experiments with no

pulsing on the § spins are included (i.e. the Hahn-echo experiments).

T, relaxation is an exponential decay. Therefore the T, can be calculated by taking

the natural log (In) of the Hahn-echo signal decay (S/S;), as in Equation 6.1.

M = Myexp [;—:] 6.1 (a)
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In(M) = In(M,) — [Tl] 6.1 (b)

M represents the magnetization in the xy-plane, which is measured by the T,
experiment, and is represented by the relative intensity of a resonance to the initial
intensity (S/S;). My is a constant, and 7 is the total echo time. A plot of In(S/S;) vs. Time

(t) results in a line with a slope of (-1/T3), and therefore T, = -1/(slope).

6.3. Results and Discussion

6.3.1. T, Relaxation in LiVO;

Lithium vanadium oxide is a potential cathode material for lithium ion batteries, since
it conducts both lithium ions and electrons and has a redox active vanadium centre. It has
provided an interesting model material for learning the details of the REDOR and
SEDOR experiments, and has also proven to be enlightening in terms of the 'Li T,
analysis. Figure 6.3 shows the 'Li and °Li MAS NMR spectra of 50% °Li enriched
LiVOs. The two observed lithium resonances are consistent with the two crystallographic

cq . . 6
lithium environments.
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6Li

7Li

5 0 -5 -10 [ppm]

Figure 6.3. °Li and 'Li MAS NMR spectra of ®’LiVOs. Two lithium resonances at 0.0
ppm (Li-1) and -3.2 ppm (Li-2) are observed. (Labels Li-1 and Li-2 are based on NMR
assignment in this work).

REDOR (with MAS) and SEDOR (without MAS) experiments were performed in an
attempt to compare the respective curves for these experiments in order to assess any
differences that may be observed. Instead, it was found that while the REDOR
experiment provided the expected REDOR curve, the SEDOR experiment resulted in
scattered points with no visible trend. In order to understand the drastic difference in
these very similar experiments, the T, relaxation was extracted from each of the
respective experiments. Figure 6.4 shows the T, relaxation curves for each of the Li sites
in the REDOR experiment, and that of the SEDOR experiment (there is only a single

broad resonance because the two lithium resonances are not resolved without MAS).
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Figure 6.4. (a) T, decay of 'Li in LiVO;. This is the intensity of the signal relative to the
first spectrum collected. (b) The natural log of the relative intensity of the Hahn-echo
decay. The slopes of the best-fit lines are used to calculate the T, relaxation times.

The T, relaxation times measured for LiVO; using the REDOR and SEDOR
experiments are significantly different. The T, of 'Li from the SEDOR experiment is
0.157 = 0.004 ms, which is an order of magnitude smaller than those observed for the two
sites seen in the REDOR experiment, 3.0 £ 0.1 ms and 2.4 £ 0.1 ms, respectively for each
site. The most probable cause for this dramatic difference is the fact that in the REDOR
experiment the MAS averages the homonuclear and heteronuclear dipolar coupling,
which are each contributing factors to the T, relaxation. The REDOR experiment
refocuses only the heteronuclear dipolar coupling, and thus there is little, if any,
contribution of the homonuclear dipolar coupling to the T, relaxation. Conversely, in the
case of the T, extracted from the SEDOR experiment, there is no MAS, and therefore the
homonuclear and heteronuclear dipolar couplings contribute to the T, relaxation.” The
differences in the measured T, relaxation times points to the fact that there is a significant

amount of homonuclear dipolar coupling between 'Li neighbours in this system.
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In order for REDOR, SEDOR or T, experiments to be sensitive to ion motion the
timescale of the measurement must be close to (on the order of magnitude of) the time
scale of ion hopping. From T, measurements in LiVOs it can be seen that the processes
that will affect T, relaxation measurements are of different timescales than those that will
affect the REDOR and SEDOR experiments. When REDOR experiments were performed
on LiVOs;, there was no observable change in the REDOR curves, however, there was a

small change in the measured T, for both Li sites, which is summarized in Table 6.1.

Table 6.1: Temperature dependent Li T, of "Liin LiVOs.

Li-1 (0.0 ppm) Li-2 (-3.2 ppm)

Slope (s™) T, (ms) Slope (s™) T, (ms)
300 K -420 £ 10 24+0.1 =340+ 10 3.0+0.1
350K -310+£ 10 33+0.1 -280+£ 10 3.7+£0.1

6.3.2. T, Relaxation in Li;V,(POy);3

The goal of this project was to extend the work done in Chapter 5, which used
REDOR techniques to compare temperature dependent ion hopping rates LisBalLLa,M,01,
(M = Ta, Nb), to study a more complex system in which more than one crystallographic
site contributed to ion dynamics.® The material Li;V(PO,); provided a good test material
since the details of ion hopping have been well characterized.® The 1D °Li MAS NMR
spectrum of LisV(POy); is shown in Figure 6.5 along with an image of the crystal
structure. The combination of the NMR and crystallographic assignments results in the

following assignment: Li in NMR resonance C of crystallographic site 2 is known as Lic;.
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Therefore the three resonances seen in Figure 6.5 are Lic, (124 ppm), Lig; (64 ppm) and

Lia3 (22 ppm).

(a) (b)

‘.
S

200 100 0  [ppm]

Figure 6.5. (a) Li MAS NMR of LisV,(PO4)s collected at 262 K with MAS 25 kHz. (b)
Drawing of the crystal structure of LizV2(POs)s;. From the published crystal structure
NMR resonances A at 22 ppm, B at 64 ppm, and C at 124 ppm, correspond to the orange,
purple and green spheres, respectively (Li-3, Li-1 and Li-2 in the work of Yin et al.),
giving resonances Licy, Ligj, and Lias in order of high to low frequency in the NMR
spectrum.® ' Grey polyhedra represent vanadium centres and yellow polyhedra represent
phosphorus centres.

SLi{’Li}-REDOR NMR was performed within the temperature range of 262 K to
335 K. The resulting REDOR curves have very shallow slopes as well as significant
scatter in the points. As a result, obtaining an accurate measurement of each slope was not
possible. Figure 6.6 shows the temperature dependent REDOR curves for Lic,, along
with that of LiVO; for comparison. Previous studies have shown that an increase in
temperature increases the rate of dynamic processes, and in general causes a decrease in

the slope of the REDOR curve.'' It is clear that there is no significant change in the
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Li3V,(POy); data with temperature, and the shallow slope indicates that the presence of

dynamics with hopping rates faster than the °Li-’Li dipolar coupling in this sample.

0.8+ _ |
¢ LiVO3 - Li-1, 325 K .
Li3V2(PO4)3 - Licz : .
0s. | 312K .
7 | @304 K
® 262 K .
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Figure 6.6. °Li{’Li}-REDOR NMR of Li;V,(PO,); at site Lic, between 262 K and 312 K
compared to LiVO; Li-1 at 325 K. There Li3V,(PO4); REDOR curves are very shallow in
comparison to that of LiVO3, and there is little distinguishable change with temperature.

T, relaxation can be a limitation in the REDOR experiment. Significant changes in
the T, of the observed °Li dominate the experiment and do not allow the observation of
the changes in dipolar coupling. If spins in the observed / channel relax during the pulse
sequence then the sensitivity of the experiment to the small changes that are caused by the
SLi-"Li dipolar coupling are not observed. During the REDOR experiment the ratio
(So-S)/Sy defines the REDOR curve. However, the value of Sy comes from a Hahn-echo
experiment. Figure 6.7 shows Hahn-echo decay (the ratio S/S;, where S; is the spectral
intensity of the first Hahn-echo experiment and S represent subsequent Hahn-echo
experiments with no pulses on the Li channel) for %Li in Li3V,(PO4); in site Lic. It is
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evident that the T, is changing with temperature, since the curves produced over this
temperature range vary dramatically. There is little scatter or noise in the resulting curves,

unlike those of the REDOR experiments.
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Figure 6.7. Hahn-echo °Li T, decay of site Lic; in Li3V,(POys)s. Experiments performed
between 262 K and 335 K show a dramatic change in the rate of signal decay with
increasing temperature.

Figure 6.8 shows the T, decay for Lic, signal after the natural log was taken.
Using the slopes of the lines, the T, for each temperature was calculated. It is evident that
the T, relaxation has a strong temperature dependence, decreasing with temperature.
Here, T, relaxation times range from 36 + 3 ms to 0.090 £ 0.010 ms over a temperature

range of 262 K to 335 K.
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Figure 6.8. oLi T, relaxation of site Licy in LisV2(POs)s. Each respective value of T, is
calculated from the slope of the line: T, = -1/(slope).

The temperature dependent T, was calculated for each of the three resonances and
plotted together in an Arrhenius analysis: In(T;) vs. 1000/T. The goal was to calculate the
activation energy for lithium ion hopping within each site. The three sites produced very
similar activation energies, as shown in Figure 6.9. It should be noted that unlike the 1D
selective inversion experiment, in which ion hopping between each site can be tracked
separately, it is not possible to determine which sites are exchanging using T, studies

alone.

In order to assess the validity of the results from T, measurements, the activation
energies calculated in this experiment (42 + 3 to 48 + 3 kJ/mol, with an average of 45 +
3 kJ/mol) were compared to those obtained by another member of the Goward Group,
Danielle Smiley, which were measured using 1D selective inversion studies. It was found
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that the current values are almost equal within error and agree with those calculated using
1D selective inversion experiments, where the selective inversion results have smaller
uncertainties. Table 6.2 shows a summary of the activation energies for lithium ion

hopping measured using different approaches.

Table 6.2: Activation energies for lithium ion hopping in LizV,(POy)s.

T, Measurements (this work) (°Li) Selective Inversion (Danielle Smiley) (°Li)
Exchange Activation Energy Exchange Sites Activation Energy
Sites (kJ/mol) (kJ/mol)
Lias 42+3 Lias- Lig; 47+2
Lig; 44 + 3 Lias— Lico 43+ 2
Licy 48 +3 Lig;— Lic 48 + 1
4
—~ 2—
N
-’
£
Site Licg; Slope =5.8 +/- 0.3 K;
Ea =48 +/- 3 kd/mol
0- ® Site Lig1; Slope = 5.3+/- 0.3 K;
EA =44 +/- 3 kJ/mol
A Site Lia3z; Slope =5.0 +/- 0.4 K;
Ea =42 +/-3 kd/mol
3.0 ' 3.3 ' 3.6 ' 3.9

1000/T (1/K)

Figure 6.9. Arrhenius analysis of SLi sites Licy, Lig; and Lias in LizsVo(POs)s. The slopes
for each site are similar, leading to very close values of the activation energy (Ea) for
lithium hopping between sites.
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In order for this data to be meaningful, it is necessary to consider what contributes to
T, relaxation in this material. In this data set an enrichment of 50% °Li has been used,
resulting in an equal distribution of ®Li and "Li in the Li3V,(POy); crystal structure. These

data can be compared to the following:

a) The 'Li data with 50% enrichment to determine if there is an effect from the
isotope studied.

b) The case in which the °Li-'Li isotope ratio is at natural abundance (with 'Li at
92%) to determine if changes in the value °Li-’Li dipolar coupling affect the

calculated activation energy for lithium ion hopping.

Figure 6.10 shows the "Li T, relaxation data for LizV,(POy4); at 50% ®Li enrichment
and at natural abundance, while Table 6.3 shows the T, relaxation times for all three
crystallographic sites in LizV,(POg4); for samples with 50% 'Li, 92% 'Li (natural
abundance). These results show that the °Li T, relaxation time does not vary much
between the three lithium sites in this material, although the "Li T, times are two to three
times shorter than the °Li T, times. The most probable cause is the difference in the
gyromagnetic ratios of these nuclei. Dipolar coupling contributes significantly to the T,
relaxation and the differences in the °Li and 'Li gyromagnetic ratios (y['Li]/y[°Li] = 2.64)
result in different values of the respective dipolar couplings, with °Li having a smaller
(homonuclear) dipolar coupling than 'Li. The smaller dipolar coupling of °Li results in a
longer T, relaxation when compared to "Li. This is a result of the relaxation mechanism in
which fluctuations in the local magnetic field due to fluctuations in distance and

orientation, cause nuclear relaxation.
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Figure 6.10. 'Li T, decay for the three crystallographic sites in LisVo(POy); at room
temperature. (a) Sample was 50% enriched with °Li; (b) sample was at natural isotope
abundance (92% 'Li). T, values for each site are shown and the error was calculated from
the error in the slope of the best fit line. (¢) 'Li MAS NMR spectra of 50% enriched and
naturally abundant samples. Sites Lias, Lig; and Lic, are shown along with the spinning
sidebands. One of the low-frequency sidebands for Lic; is shown and will be discussed in

the text.
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Table 6.3: T, Relaxation times for °Li and 'Li in Li;V,(PO,); at 325 K with MAS
20 kHz.

Li-Site T, Relaxation Time (ms)
°Li (50% Enriched)  'Li (50% Enriched)  'Li (Natural Abundance)
Lic, 0.490 + 0.03 0.190 + 0.003 0.185 + 0.007
Lig) 0.390 + 0.03 0.147 + 0.002 0.160 + 0.010
Lias 0.410 + 0.03 0.151 £ 0.004 0.200 = 0.100
-0.8 -

-1.6 4

InT2

B Lic2, EA = 50 +/- 10 kJ/mol
24 e Lig1, EA =50 +/- 10 kd/mol

A Lia3, EA =60 +/- 10 kd/mol

Y | v |
3.1 3.2 3.3
1000/T (1/K)

Figure 6.11. Arrhenius analysis of lithium ion hopping using 'Li T, relaxation in 50%
enriched Li;V,(POy);. Crystallographic sites Licy, Lig; and Liaz show equivalent values
(within error) for the activation energies. These values are also in agreement with those
calculated using SLi T, measurements.

The T, measurements for the 50% enriched were collected as a function of
temperature and an Arrhenius analysis was performed. The resulting activation energies
for each site were within error, and/or very close to those observed for the corresponding
°Li study (Figure 6.9). Figure 6.11 shows the Arrhenius analysis along with the

calculated activation energies for lithium ion hopping. The activation energies for all
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three sites are equivalent within error. It should be noted that error in this study is
calculated from the error in the line of best fit. The larger error in this dataset, as

compared to the °Li data, is due to the smaller T, values for 'Li.

On considering the sample with natural isotope abundance, the 'Li T, relaxation of
sites Lic, and Lig; show little difference to the corresponding sites in the 50% SLi
enriched sample. In contrast, site Lias, appears to have a longer T, relaxation time. This
can be considered an inconclusive measurement due to the poor agreement of the line of
best fit. The T, relaxation of this site does not appear to have a single exponential decay,
and may have several contributing factors. In general there is more error in the values of

T, for this sample when compared to those of the 50% enriched material.

An increase in the amount of "Li in the naturally abundant sample causes an increase
in the homonuclear 'Li-"Li dipolar coupling. This leads to an increase in the line width of
the central transition for all three resonances, which in turn causes a significant overlap
between site Lias and one of the low-frequency spinning sidebands of Lic,. Figure 6.10
(c) illustrates the difference in line widths of these two spectra. In addition, Table 6.4
shows the line widths (full-width at half-maximum) for each of the central transition
resonances. This broadening and subsequent site overlap is the cause of the non-linear
behaviour observed for Liaj in Figure 6.10 (b). As a result of the large error incurred by
these results, an Arrhenius analysis of the sample at natural isotope abundance was not

performed.
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Table 6.4: Line width changes in "Li spectra of Li;Vao(POy)s.

Site FWHM (Hz) FWHM (Hz)
50% 'Li 92% 'Li
Lias 1430 + 10 1750 + 10
Lig; 1560 + 10 1890 + 10
Lic, 1430 + 10 1700 + 10

These results have shown that the °Li T, studies resulted in the calculation of the
activation energy for lithium ion hopping with more accuracy than those performed with
"Li. However, it was unclear whether the absolute value of the °Li-'Li dipolar coupling
affected the T, measurements in a way that contributed to the determination of the
activation energy of lithium ion hopping. Consequently, in order to use T, relaxation
studies to gain information about ion hopping there must be a more accurate method of
distinguishing between the factors that affect T, measurements to be certain that the
temperature-dependent T, measurements are being solely affected by ion dynamics. In
addition to dipolar coupling, there are other factors, such as paramagnetic effects, that

contribute to T, relaxation that must also be considered.
6.4. Summary and Future Directions

T, relaxation is a complex and important phenomenon that can be used to detect
changes in ion motion as a function of temperature in materials for lithium ion batteries.
In order to use T, measurements for this purpose, mechanisms that contribute to T,
relaxation must be understood, particularly those that contribute to the study of ion

dynamics. T, measurements performed on LiVO; under static and MAS conditions

222



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

showed that homonuclear and heteronuclear dipolar coupling both contribute to T,
relaxation and there is a prominent difference between these two contributing factors. In
order to determine if the overall dipolar coupling in the system contributes to the
measurement of activation energy, samples with different °Li/’Li isotope ratios were
studied. However, it was not determined if the resulting dipolar coupling had a significant
effect on the calculation of activation energy due to the high error incurred in 'Li T,

measurements.

The dynamics of Li3V,(POs); have been well characterized, and this study has shown
that the timescale of dynamics in this system is incompatible with the REDOR
experiment. The study of temperature dependent T, measurements offers another
potential tool to evaluate dynamics in this system, provided that the timescale of
dynamics matches the timescale of T, relaxation. This can be generalized to a wider
variety of experiments, including the use of quadrupolar nuclei and heteronuclear dipolar
coupling to study ion hopping, such that the timescale of the experiment must be close to

the timescale of the dynamic processes of interest.
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Chapter 7: Summary and Outlook

7.1. Summary

This thesis has described several novel solid-state NMR spectroscopy methods that
can be used to study the structural and dynamic properties of garnet-like solid-state
electrolytes for lithium ion batteries. These methods aim to overcome some of the
challenges inherent in studying solid-state lithium ion electrolytes. Unlike many cathode
materials for lithium ion batteries, which are paramagnetic due to the presence of
unpaired electrons, solid-state electrolytes are diamagnetic. The typical chemical shift
range for ®’Li in diamagnetic lithium materials is -5 to +5 ppm.' Therefore the ®'Li
resonances in solid-state electrolytes tend to be poorly resolved and overlap in many
cases. In addition, garnet-like electrolytes typically exhibit lithium ion motion in a single
crystallographic site and also have very long ®'Li T, relaxation times.” > These factors

combine to make the study of solid-state lithium electrolyte materials non-trivial.

Three methods are presented in this thesis which each aim to overcome some of the
challenges faced when probing the structural and dynamic properties of solid-state
lithium ion electrolytes. Quadrupolar nuclei have played an important role in this work,
due to the sensitivity of the electric field gradients to subtle structural details and ion
dynamics. Quadrupolar nuclei can be found in the framework of many solid-state
electrolyte materials. This thesis discusses the used of these framework quadrupolar
nuclei to detect ion dynamics from a secondary standpoint, as opposed to the direct

observation of the mobile species. EXPRESS software, created by Prof. R. Vold, was
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used to simulate the *'Rb quadrupolar line shape as a function of Ag” ion hopping rate in
the solid-state electrolyte RbAguls, resulting in the calculation of the activation energy

for Ag" ion hopping.

The heteronuclear dipolar coupling between °Li and 'Li has been used to study
dynamics in several materials.*® In this thesis °Li{'Li}-REDOR NMR studies were used
for the first time to measure the dependence of °Li-’Li dipolar coupling on sample
temperature in order to detect changes in ion hopping rates. Dipolar coupling between a
pair of nuclei is sensitive to the rate of ion hopping and therefore can be used as a probe
for changes in ion hopping when measured as a function of temperature. In addition, T,
relaxation measurements have been used to study lithium ion dynamics as a function of
temperature. T, relaxation times are sensitive to ion mobility and therefore can be used to

study the activation energy for lithium ion hopping.

An important factor that must be considered in the methods studies in this thesis is the
timescale of ion hopping as compared to that of the experiment. When quadrupolar nuclei
are used to study ion hopping, the hopping rate (in Hz) must be on the timescale of the
width of the quadrupolar NMR resonance (in Hz). Likewise, when heteronuclear dipolar
coupling is used to study ion dynamics, the coupling constant (in Hz) must be on the
same order of magnitude as the ion hoping rate (in Hz). This is also true for the rate of T,
relaxation, which must be close in magnitude to the rate of ion hopping in order for this
method to be a sensitive probe of ion dynamics. The following sections describe the work

done in Chapters 3 to 6 as well as proposed future work for each project.
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7.2. Intellectual Contribution and Impact of Chapters
7.2.1. Chapter 3: Structural Analysis of Garnet-Type LaLiysFe20209 and

Related Materials Using "Li and *’La Solid-State NMR Spectroscopy

Chapter 3 focuses on the structural analysis of LizLa3)«T103, LaLigsFe207.09
and related materials using a combination of 'Li and *’La NMR spectroscopy. Initial 'Li
NMR studies of LaLigsFeyp20509 indicated structural complexity that was not
characterized in previous studies using powder X-ray diffraction. This chapter describes
how 'Li and **La NMR have been combined for the first time to extract details of the
atomic level disorder that is present in LaLigsFep20,09. Traditionally, %7Li MAS NMR is
used in combination with powder X-ray diffraction to determine structural details of
lithium battery materials. However, we have demonstrated here that the use of
quadrupolar nuclei found in the framework of these materials can provide a significant

amount of detail about structure in this class of materials.

Initial 'Li MAS NMR spectroscopy studies of LaLiysFeq2020 and the family of
materials created by changing the stoichiometric content of La, Li and Fe revealed a
complex combination of spectral resonances. It was learned from T, studies and the
analysis of the Curie-Weiss behaviour of the individual "Li resonances that the peaks in
the NMR spectrum could be grouped into two categories: those arising from a series of
diamagnetic lithium environments, and those with paramagnetic character. Although it is
not uncommon for different resonances within a material to have different T; relaxation
times, the existence of distinct diamagnetic and paramagnetic regions is an unusual

.2
observation.
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Further analysis using '*’La NMR spectroscopy revealed atomic-level disorder arising
from the ability of lithium to move into the crystallographic site of iron. The complex
environment around each lithium site created a variety of unique environments, which
were seen in the 'Li NMR spectra. The '*La NMR spectra consisted of two distinct
lanthanum resonances, with one environment showing a significant amount of
broadening, which was attributed to its proximity to the structural disorder and pointed to
the existence of distinct paramagnetic and diamagnetic regions within the lattice of the

material.

Changes in the stoichiometric ratio of La, Li and Fe between related materials resulted
in significant changes in the "Li and *’La NMR spectra. The sensitivity of the lanthanum
NMR spectra to the extent of structural disorder was consistent with the 'Li MAS NMR,
which showed that the lithium occupancy in the paramagnetic and diamagnetic regions

was susceptible to the stoichiometric changes.

The results presented in Chapter 3 show that in addition to the study of the mobile
07 species in electrochemical materials, framework elements, such as 39 a, offer
valuable tools that can be used to determine structural details. The sensitive electric field
gradient of quadrupolar nuclei can be used to probe structure in these complex systems,

offering a robust tool to study many classes of materials.
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7.2.2. Chapter 4: Dynamics of Ag" Ions in RbAg4ls Probed Indirectly Via

%"Rb Solid-State NMR Spectroscopy

Many solid-state lithium ion electrolyte materials conduct lithium through a single
crystallographic site, making traditional 2D exchange studies inapplicable. Chapter 4
discusses the use of quadrupolar nuclei found in the framework of these materials to study
ion dynamics indirectly. RbAgyls was chosen as a model material since the details of Ag"

ion conductivity in this materials are well documented in the literature.”®

In Chapter 4 the details of Ag’ ion motion in the solid-state electrolyte RbAgls
were examined using *'Rb NMR spectroscopy.® *'Rb is abundant within the framework
of RbAguls and the large electric field gradient makes it a sensitive probe of dynamic
processes in the surrounding environment. For the first time changes in the ®'Rb
quadrupolar NMR line shape as a function of temperature, along with simulations in
EXPRESS software,” were used to determine the rate and activation energy of Ag™ ion
hopping. This method provides an effective means to study ion dynamics in solid-state
materials and is particularly useful for cases in which the mobile species is difficult to

study, such as diamagnetic electrolyte materials.

By demonstrating this method on the model material RbAguls, we have presented
a tool that can be extended to study a variety of lithium ion conductors. The major focus
will be materials that present difficulties when studying the mobile species directly. Prime

examples are solid-state lithium ion electrolytes such as LisLa;Zr,O;,, which has long
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7TLi T relaxation times, as well as significant overlap in the lithium NMR resonances

and contains the quadrupolar nucleus '*’La in the framework.'’

7.2.3. Chapter 5: The Use of °Li{'Li}-REDOR NMR Spectroscopy to
Compare the Ionic Conductivities of Solid-State Lithium Ion

Electrolytes

Garnet-like solid-state lithium ion electrolytes, LisBalLa,M,0,, (M = Ta, Nb) are
qualitatively compared in Chapter 5 using °Li{’Li}-REDOR NMR studies. These
materials are very similar in structure, differing only in one element, which is found in the
framework of the structure. They each have two crystallographic sites, of which only one
is responsible for ion conductivity, making 2D exchange studies inapplicable.” *
Therefore, we have made use of the sensitivity of the heteronuclear °Li-'Li dipolar

coupling to changes in dynamics in order to compare the ionic conductivities in these

materials.

SLi{’Li}-REDOR studies were performed as a function of temperature for each of
these materials. The initial slopes of the resulting REDOR curves were considered and it
was found that with increasing temperature the slopes of the REDOR curves for both
samples decreased. The Nb phase produced a more significant response and the resulting
REDOR curve had an overall shallower slope than that of the Ta phase. From this data it
was concluded that the Nb phase has a higher ionic conductivity than the Ta phase at
every temperature, as well as a higher activation energy for lithium ion hopping. This

conclusion resolved a discrepancy that came as a result of inconclusive results in the
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literature, whereby several authors reported different values for ionic conductivity and

activation energy for lithium ion hopping in LigBaLa,M,01, (M = Ta, Nb).'" '?

This novel method produced an effective comparison of the two materials studied,
and therefore future work aims to apply this method to a wider range of materials. Other
solid-state lithium electrolytes such as, LipsLagsTi1O3 and LisLa3Zr,0;; are also known to
conduct lithium ions in a single crystallographic site, can be studied using this method.
The ability to compare ion dynamics between materials is an essential tool, as it can

predict the behavior of a material when used in a battery.

7.2.4. Analysing Dynamics in Lithium Ion Conductors Using Changes in
S7Li T, Relaxation Times Extracted from REDOR and SEDOR

Experiments

Chapter 6 discusses the use of T, relaxation measurements to study ion hopping in
battery materials. T, measurements are inherent in REDOR and SEDOR experiments, and
thus temperature dependent REDOR and SEDOR studies also produce the corresponding
T, studies. The aim of this work is to target ion dynamics which corresponds to
correlation times that are on the order of the T, relaxation, meaning that T, will be
sensitive to these hopping mechanisms, while dipolar coupling, and the REDOR/SEDOR

experiment, is not likely to be.

The mechanism of T, relaxations plays an important role in this study. By
comparing the 'Li T, values that were extracted from REDOR and SEDOR experiments

of LiVO; it was found that there is a significant difference in the contribution of

232



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

homonuclear and heteronuclear dipolar coupling to T, relaxation. This interesting
observation suggests that the REDOR and SEDOR experiments are sensitive to dynamics
which occur on different timescales and thus, the inherent T, measurements will also

target different timescales of dynamics.

The subsequent extraction of T, measurements from REDOR data can be used as
an indicator of ion dynamics in ion conductors. The model material, Li;V,(PO4); has been
studied and the “'Li T, relaxation times were measured as a function of temperature. By
considering the changes in T, an Arrhenius analysis produced values for the activation
energy for lithium ion hopping for each site. These values agreed with those measured by

Danielle Smiley of the Goward Group, using 1D selective inversion experiments.

The temperature-dependence of T, relaxation in these materials is a potential
method to study ion dynamics in lithium ion conductors. At this point, it is clear that the
T, relaxation mechanism is sensitive to dynamics in this class of materials, but the direct
correlation to the rate or activation energy of lithium ion hopping need to be studied
further. There are several significant factors that affect T, relaxation, including
homonuclear and heteronuclear dipolar coupling. Therefore the next step in this project is

to determine a way to extract detailed rate information from these measurements.
7.3. Conclusion

Together, the methods discussed in this thesis outline several novel techniques
that can be used to study ion dynamics in solid-state electrolytes for lithium ion batteries.

These approaches aim to overcome some of the typical difficulties faced when studying
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the 'Li MAS NMR of diamagnetic materials, such as poor site resolution and long T}
relaxation times. In addition, these methods provide tools to study materials which
conduct lithium within a single crystallographic site, which otherwise pose a challenge.
The experiments discussed can be used to probe ion motion in a wide range of materials,

and are not limited to the electrolyte family.

The solid-state electrolyte materials studied in this thesis are among the most
competitive in the field. These materials are poised to replace the currently used liquid
electrolytes in order to reduce the present fire risks. The measurement of ion conduction
in these and other materials remains a challenge that is presently being pursued by many
people. NMR spectroscopy has provided an excellent tool to study ion dynamics in
lithium ion battery materials, and has been a prominent force in studying cathode and
anode materials. The extension of these studies to include electrolyte materials has been
non-trivial due to the challenges associated with the study of diamagnetic lithium
materials. However, the techniques presented in this thesis offer novel approaches that
aim to overcome some of the more common problems, allowing the study of structure and

dynamics in a wide variety of competitive materials.

234



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

7.4. References

1. Xu, Z.; Stebbins, J. F., Li-6 Nuclear-Magnetic-Resonance Chemical-Shifts,
Coordination-Number and Relaxation in Crystalline and Glassy Silicates. Solid State
Nuclear Magnetic Resonance 1995, 5, (1), 103-112.

2. O'Callaghan, M. P.; Powell, A. S.; Titman, J. J.; Chen, G. Z.; Cussen, E. J.,
Switching on fast lithium ion conductivity in garnets: The structure and transport
properties of LizNdsTe, xSbyO12. Chemistry of Materials 2008, 20, (6), 2360-2369.

3. van Wullen, L.; Echelmeyer, T.; Meyer, H. W.; Wilmer, D., The mechanism of
Li-ion transport in the garnet LisLasNbyO1,. Physical Chemistry Chemical Physics 2007,
9, (25), 3298-3303.

4, Spencer, L., Coomes, E., Ye, E., Terskikh, V., Ramzy, A., Thangadurai, V.,
Goward, G.R., Canadian Journal of Chemistry-Revue Canadienne De Chimie 2011, 89,
1105-1117.

5. Spencer, T. L.; Ramzy, A.; Thangadurai, V.; Goward, G. R., Structural
Complexity and Electrical Properties of the Garnet-Type Structure LaLigsFeo202.09
Studied by (7)Li and (139)La Solid State NMR Spectroscopy and Impedance
Spectroscopy. Chemistry of Materials 2011, 23, (12), 3105-3113.

6. Spencer, T. L.; O'Dell, L. A.; Moudrakovski, I.; Goward, G. R., Dynamics of Ag+
Ions in RbAgsls Probed Indirectly via Rb-87 Solid-State NMR. Journal of Physical

Chemistry C 2013, 117, (19), 9558-9565.

235



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

7. Looser, H.; Mali, M.; Roos, J.; Brinkmann, D., Ag Diffusion Constant in Rbag4i5
and KAgyls Determined by Pulsed Magnetic Gradient NMR. Solid State lonics 1983, 9-
10, (DEC), 1237-1240.

8. Looser, H.; Brinkmann, D.; Mali, M.; Roos, J., The Interdependence of Mobile
and Stationary lons in Rbag4i5 - an Nmr Investigation. Solid State Ionics 1981, 5, (OCT),
485-488.

9. Vold, R. L.; Hoatson, G. L., Effects of jump dynamics on solid state nuclear
magnetic resonance line shapes and spin relaxation times. Journal of Magnetic Resonance
2009, 198, (1), 57-72.

10. Awaka, J.; Kijima, N.; Hayakawa, H.; Akimoto, J., Synthesis and structure
analysis of tetragonal Li;La3;Zr,0,, with the garnet-related type structure. Journal of Solid
State Chemistry 2009, 182, (8), 2046-2052.

11. Thangadurai, V.; Weppner, W., LiscALa,Nb,O;, (A = Ca, Sr, Ba): A new class of
fast lithium ion conductors with garnet-like structure. Journal of the American Ceramic
Society 2005, 88, (2), 411-418.

12. Truong, L.; Thangadurai, V., Soft-Chemistry of Garnet-Type LisxBasLas <\Nb,O,,
(x=0, 0.5, 1): Reversible H" <-> Li" Ion-Exchange Reaction and Their X-ray, Li-7 MAS
NMR, IR, and AC Impedance Spectroscopy Characterization. Chemistry of Materials

2011, 23, (17), 3970-3977.

236



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

Appendix Al: SPINEVOLUTION File

SPINEVOLUTION File for °Li{’Li}-REDOR Curve Simulation
#kk The System 4%k skttt bk
spectrometer(MHz) 500

spinning_freq(kHz) 25

channels Li6(73.599 1) Li7

nuclei Li6 Li7

atomic_coords  *

cs_isotropic 00

csa_parameters *

j_coupling Jiso2

quadrupole *

dip_switchboard *

csa_switchboard *

exchange nuclei *

bond len nuclei *

bond ang nuclei *

tors_ang nuclei *

groups nuclei  *

skeosk skosk skokosk Pulse Sequence sk 3k s sk sk sk sk sk ok s ke s sk sk sk sk s sk sfe sk sk skeosk sk skoskesk skosk

CHN 1

timing(usec)  (40)128 38 2 40 (40)128
power(kHz) 0 0 250 0 0
phase(deg) 0 0 0 0 0

freq offs(kHz) 0 0 0 0 0

CHN 2

timing(usec)  (redor-9.pp) 18 2 20 redor-9.pp  (redor-9.pp)
power(kHz) * 0 250 0 * *
phase(deg) * 00 O * *
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freq offs(kHz) * 00 0 * *

ook ko skokock Variables >k 3k o sk sk s sk s sk s sk sk s sk s sk s sk sk s sk s sk s sk sk sk sk sk ko skok sk
wr=25

spinning_freq=wr

tr=1000/wr

ook skok skokock Options sk ok s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk sk skoskosk kok sk
rho0 I1x

observables I1p

EulerAngles zcw987

n_gamma 10

line broaden(Hz) *

zerofill *

FFT dimensions *

options -dw123 -re

sk sk s sk s ke sk sk sk s sk s sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk s sk sk s sk sk s sk sk sk sk sk skeosk ok skokeosk
See another version of thhis input file in the
examples-new/dim-sections directory, and the

analytic mode version in examples-new/analyt
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Appendix A2: Powder X-Ray Diffraction of Garnet-Like Electrolytes

LisBaLaaNb2O12

LigBaLasTaxO12

2 Theta (0)

Figure A2.1. Powder X-ray diffraction patterns of %71 isBaLa,Ta,0, and the
corresponding Nb phase. * represents an impurity phase.
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Appendix A3: Powder X-Ray Diffraction Patterns of Li;V,(PQ,); and
LiVO;

: , , , :
10 20 30 40 50 60
2 Theta (9)

Figure A3.1. Powder X-ray diffraction patterns of Li;V,(POy)s.
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Figure A3.2. Powder X-ray diffraction patterns of LiVOs;.
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Appendix A4: Dynamics in LigBaLa,Nb,O;, when Li" is Replaced by H"

A.4.1 Introduction

The lithium ion electrolyte material LigBaLa;Nb,O;, possess fast lithium ion
conductivity, as discussed in Chapter 5 of this thesis. Recent studies have shown that
there is a possibility that Li" can be replaced by H' in similar materials, with little
conclusive evidence to show the effect on the local lithium ion dynamics.'” It was found
that washing a garnet-structured material with water or weak acid could remove or
replace the lithium ions, replacing them with hydrogen ions. Previous studies have shows
that the replacement of Li" by H' in garnet like materials causes an expansion of the unit
cell of the crystalline material due to the replacement of the strong Li-O bond with

weaker O-H---O bond.’

Here, we have chosen to study the electrolyte material LisBalLa,Nb,O;, with the goal
of determining the effect of the replacement of Li" by H' on ionic conductivity using
solid-state REDOR NMR. Recent success in the comparison of lithium ion conductivity
in LicBaLa,M,0;, (M=Ta, Nb), as discussed in Chapter 5, suggests that REDOR NMR
methods can be used to determine the effect of the replacement of Li" with H on the

ionic conductivity in LigBaLa;Nb,Oj,.
A.4.2 Experimental

87 i¢BaLayNb,O;, was synthesized according to the method outlined in Chapter 5.

Washing was performed according to the following procedure:
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H,0 Wash: 0.2 g of 6’7Li6BaLa2Nb2012 was mixed with 1.33 mL H,O and left for 1 hour.
The mixture was filtered, washed with isopropanol, and allowed to dry at 60 °C for three

days. This formed Lis xHyBaLa;Nb,O15.

HCI1 Wash: The procedure used for the H,O wash was performed but instead 0.01 M HCI

was used. This formed Lis.,H,BaLa)Nb,O15.
A4.3 Results and Discussion
A.4.3.1 Powder X-Ray Diffraction

In order to confirm that there was no significant phase change as a result of
washing, powder X-ray diffraction (PXRD) was performed and is shown in Figure A4.1.
The washed sampled showed a shift in the peak positions highlighted in the inset. This is
consistent with previous studies, in which a change in the peak positions in the PXRD
data indicated an expansion of the unit cell.’ The PXRD data for both of the washed
materials is the same. This indicates that the washing methods likely have a similar effect

on the crystal structure.
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Figure A4.1. Powder X-ray diffraction of LisBalLa,Nb,O,, in black, and the water (red)
and HCIl (blue) washed derivatives, LigcHBalLa,Nb,Oj» and Lis HyBalLa,Nb,Oys,
respectively. The inset shows that there is a decrease in the values of 2 Theta for peaks
present in both of the washed samples, indicating an increase in unit cell size.

A.4.3.2 Solid-State °Li and '"H NMR

Li MAS NMR was performed for the pristine and washed samples according to
the method outlined in Chapter 5. For each spectrum, the mass of the sample in the rotor
was considered and the spectrum was scaled such that the intensities reflect the relative
amount of sample in each case. The NMR shows that the water and acid washing process
changed the ratio of the content of lithium in each of the two crystallographic sites.
Figure A4.2 shows the °Li MAS NMR of the pristine LisBaLa,Nb,O}, material as well as

that of the washed materials. Clearly, there is a difference in the relative tetrahedral
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(~0 ppm) and octahedral (~ 1 ppm) site occupancies. The pristine material has a larger
content of lithium in the octahedral site. This is also known to be the site that is
responsible for lithium ion motion in these materials. Therefore, it is consistent with the

easy removal of this lithium by washing.

T4 Relaxation
of 1 ppm peak
(s)

27 HCI Washed

27 HoO Washed
12 Pristine HCI Washed
T 4!' T T T é T T T 6 T T T |2 T T T T T 3|()K T |2|d T |1|Ol T l(|)l LI L](I)[Ipbl.lr]]
- m -
oL [ppm] "

Figure A4.2. Left: ’Li MAS NMR of pristine LigcBaLa;Nb,O;,, and its washed
derivatives. A MAS rate of 30 kHz was used, and a single transient was collected with a
relaxation delay of 2 hours. On the left, T; relaxation times of the each octahedral site at
1 ppm sample are shown. Right: 'H MAS NMR of HCI washed material. A MAS rate of
30 kHz was used in a Hahn-echo experiment with background suppression. Eight
transients were collected with a recycle delay of 300 s.

Determination of the amount of lithium removed per gram was a challenging due
to both the small amount of sample studied as well as the extremely long T, relaxation of
the tetrahedral site, 0 ppm. For each of the samples a relaxation delay of 2 hours was
waited before a single transient was collected to attempt to get full relaxation. However,
T, measurements show that the tetrahedral site has a T; > 100 s, so there is a possibility

that there was insufficient relaxation to perform quantitative comparison of the lithium

A9



Ph. D. Thesis — T. L. Spencer Noakes; McMaster University - Chemistry

content in these samples. Conversely, the octahedral site, due to its greater mobility, has a
measurable T, which changes as function of washing. Both the water and acid washed
samples showed an increase in Tj, 27 s, as compared to the pristine material, 12s. This
indicates firstly that the effect of washing with water and acid have similar affects on the
T, of the octahedral site; and secondly that the changing the nature of the lithium in this

site likely decreases the ionic hopping rate of lithium in this site.
A.4.3.3 Solid-State REDOR NMR

SLi{’Li}-REDOR NMR was performed to compare the lithium ion mobility in the
pristine and washed materials and is shown in Figure A4.3. Only the octahedral site is
considered, as in Chapter 5. For the pristine material, the REDOR curves for high and low
temperatures are shown by the triangular points in red and blue, respectively. There is a
significant difference in the slopes of the REDOR curves for this material at the two
measured temperatures. This is due to the difference in lithium ion hopping rate, which is

faster at 325 K than at 247 K, where the ions are immobile.

The REDOR curves of the washed materials have similar slopes at 325 K, which
are both steeper than that of the pristine materials at 325 K. This indicates that there is
likely a difference in structure and/or ion mobility between the washed and pristine
materials. Also, the REDOR curves of the washed materials show no significant
difference between them, indicating that the methods have similar effects on the resulting

Li distribution within the respective structures.
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Figure A4.3. °Li{’Li}-REDOR of pristine and washed materials. The triangular points
represent the pristine material at 325 K (red) and 247 K (blue). The square and circular
points represent the H,O and HC] washed materials.

On considering the changes in ion mobility with temperature, the °Li{’Li}-
REDOR curves of the pristine and H,O washed samples were compared at different
temperatures, as shown in Figure A4.4. While the REDOR curve of the pristine sample
changes dramatically with temperature, that of the H,O washed sample remained the
same with an increase in temperature, pointing to a lack of temperature dependent ion
mobility within this temperature range. This result would suggest that the H,O wash
caused a decrease in ion conductivity. At this point the mechanism for the reduction in

ion conductivity was not clear.
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Figure A4.4. °Li{’Li}-REDOR of pristine and H,O washed materials. The triangular
points represent the pristine material at 325 K (red) and 247 K (blue). The square points
represent the H,O washed material at 325 and 250 K.

Contributions to the REDOR curves of the H,O washed sample include the
distance and distribution of lithium ions within the sample, while dynamics does not play
a role. This is evident for the unchanging slope at different temperatures. When the
REDOR curves of the H,O washed sample and the immobile curve of the pristine sample
are compared, it is clear that there is a difference in the distance and distribution of
lithium in these materials as indicated by the shallower slope of the washed sample. The
increase in unit cell size, which resulted from the washing procedure, could contribute to
this effect. However, the removal of lithium form the material is more likely to result in a
decrease in the slope of the REDOR curve. Each of these effects would result in an
increase in the average Li-Li distance. It is unclear form the °Li MAS NMR if the overall

Li content of the material decreases, but the spectra in Figure A 4.2 point to a change in
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the location of lithium in the unit cell, which can also result in a change in the slope of the

REDOR curve if this created more Li pairs with greater internuclear distances.

Although Figure A4.4 suggests a significant reduction in the Li" conductivity,
there is still the possibility of H ion conductivity. Therefore the "H{’Li}-REDOR of the
H,O washed material was performed at 325 K and 350 K, shown in Figure A4.5. There
was no change in the resulting REDOR curves within this temperature range. These
results suggests that although this is a small temperature range, it is unlikely that there is

significant H" ion conductivity, as this would result in a shallow REDOR curve.
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Figure A4.5. 'H{"Li}-REDOR of H,O washed material at 325 K (blue) and 350 K (red).

From the combination of °Li{’Li}-REDOR and 'H{'Li}-REDOR NMR
performed here, it would seem that washing LigBalLa;,Nb,O,, effectively decreases the

lithium ion mobility in the material to a point that canot be measures using these
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techniques. In addition, the presence of H' ions in the sample does not appear to produce

any H' ion conductivity.
A.4.4 Summary and Outlook

The possibility of enhancing ion conductivity in lithium ion electrolyte
LicBaLa;Nb,O;, by washing with HCl and H,O was explored using a combination of
SLi{’Li}-REDOR and 'H{’Li}-REDOR NMR. It was found that there was little
difference in the effect of HCl or H,O washing, and in each case some of the Li" was
replaced by H'. The H,O washed sample was studies using REDOR methods and it was
found that although there was an expansion in the unit cell volume (as measured using
PXRD), this did not result in a change in ion mobility. Rather, there was an overall

decrease in the Li" mobility, and no H" was introduced.
These puzzling results offer some clear next steps to this project:

1. High resolution '"H NMR to determine the number of 'H sites introduces to the
material after washing. This may indicate where the 'H is located and also which
lithium sites are most affected by the washing.

2. 'H and "Li cross polarization (CP) experiment may offer some insight into the rate
of ion exchange in the washed materials. The measurement of dynamics in the
REDOR experiment is limited to dynamics with a timescale that is on the same
order as the dipolar coupling between mobile species. Conversely, the CP
experiments allow the use to set the timescale of sensitivity within the experiment,

allowing greater sensitivity.
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Future work should aim to determine the extent of Li-H exchange that occurs as a
result of washing with H,O and/or HCIl. In addition, the effect on the Li" and H"

dynamics should be determined.
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Appendix AS: Arrhenius Analysis of Ion Conduction

The Arrhenius analysis is typically used as a method to extract the activation
energy for ion hopping from measurements of ion hopping rate, or conductivity as a
function of temperature.* This technique is common in electrochemistry where the slope
of the Arrhenius plot is used to calculate the activation energy. Figure A5.1 shows an
Arrhenius plot of /n k vs. 1/T, where the y-intercept is /n 4 and the slope is (-E4/RT). The

Arrhenius relationship is shown in Equation A5.1:

Ep
k = Ae Rt (A4.1)

Where £ is the ion hopping rate (or ionic conductivity), 4 is the pre-exponential factor, £4

is the activation energy, R is the gas constant and 7' is the temperature.

The activation energy is determined from the slope, where a steeper slope
indicates a stronger dependence of ion hopping rate on temperature. The y-intercept can
be used to calculate the pre-exponential factor, also known as the frequency factor, A.
This parameter represents the ion hopping rate at infinite temperature with no energy

-Ea/RT

barrier.* The product of A and(e ) results in the rate of successful collisions.” For

glass electrolytes the pre-exponential factor varies between 10 and 10° S/cm.*
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slope = -EA/RT
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Figure A5.1. Arrhenius plot of In K vs. 1/T, where the intercept is /n A and the slope is
(-E4/RT).

The results in Chapter 5 of this thesis describe the difference in ion mobility in
LicBaLa;M,0;, (M=Ta, Nb). A pseudo-Arrhenius analysis was used (Figure A5.2) to
determine that the Nb phase had larger activation energy for lithium ion hopping than the
Ta phase, based on the steeper slope. The materials here are very similar in structure, and
yet display a difference in absolute ion hopping rate and activation energy for ion
hopping. From this it was determined that the reason for the difference in behaviour was
the difference in the relative occupancies of the two lithium sites present in each sample.
Overall it was concluded that more lithium ions in the site responsible for ion conduction

lead to a higher ion hopping rate and a greater activation energy.
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Figure A5.2. (a) 6Li{7Li}—REDOR curve of LigBaLa;Nb,O,; as a function of temperature
with slopes ranging from 140 + 10 s, for the immobile sample, to 8.3 + 0.5 s. (b)
Pseudo-Arrhenius analysis of the REDOR curves of LisBaLa,M,01, (M = Ta, Nb).

In addition to different activation energies, the pre-exponential factors of each
pseudo-Arrhenius plot were different. The pre-exponential factors for the Nb and Ta
phases are 0.005 and 2.14, respectively, with the Nb phase having a much smaller value.
Figure A5.2 shows the pseudo-Arrhenius analysis of the Nb and Ta phases. The pre-
exponential factors represent the y-intercepts for each of the lines, respectively. Since the
pseudo-Arrhenius analysis in this case is a measure of the change in the slope of the
REDOR (Figure A5.2 (a)) curve as a function of temperature, the pre-exponential factors
obtained from this method represent the slope of the REDOR curve at infinite
temperature, rather than an ion hopping rate. Here, we propose that this term could
provide another value which could be used to assess the maximum ion hopping rate of an

ion conductor, which may vary with the number of ions available for ion conduction.

In the case of the electrolytes LicBaLa,M,0;, (M=Ta, Nb) the pre-exponential

factors are different and it is possible that this is due to the difference in the occupancy of
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the lithium sites. The Nb phase has a smaller pre-exponential factor (i.e. a more shallow
REDOR curve when there is no energy barrier), which may be due to the presence of
more lithium ions within the octahedral conducting site, as is known from the °Li NMR
(in Chapter 5). This is a purely qualitative observation because here the y-axis of the
pseudo-Arrhenius plot represents properties of a REDOR experiment, which at this point
are only qualitatively related to the ion hopping properties of the electrolyte materials

being studied.

Future work could be done to assess the value of the pre-exponential factor in
relation to the ion conductivity or site occupancy for electrolyte materials. This is
particularly interesting when considering materials which have significant partial
occupancies that affect the ion mobility properties, such as the garnet-like electrolyte

materials described in Chapter 5 of this thesis.
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