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ABSTRACT

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) have become es-
sential techniques to interrogate Lithium-Ion Batteries (LIBs). They are non-destructive
and non-invasive techniques that can be employed to study internal processes in LIBs dur-
ing ex situ, in situ and in operando experiments. The ability to interrogate different chemi-
cal species inside the battery, has proven to be essential to study important processes such
as lithium intercalation, lithium plating and solid electrolyte interface formation. Improv-
ing MR hardware is vital for better investigation leading to performance optimization of

LIBs.

The presence of conductive materials in the LIB, such as electrodes, and the thickness
of these materials, poses challenges to the MR experiment. Signal attenuation during RF
excitation and reception is one of the critical issues. In this thesis, Parallel-Plate Resonator
(PPR) RF probes are presented and optimized for LIB studies. The PPR, with magnetic
field B, parallel to the plates avoids RF attenuation due to the presence of the conductive
electrodes. The B; homogeneity of the probe was improved with distributed capacitance in

the corners of the probe.

The PPR was first designed and optimized for thin-film imaging. With improved ho-
mogeneity and a nominal resolution of 10 um, the PPR proved to be ideal for the study of
flat cuboid samples. Bulk 7;-T), relaxation correlation measurements of LIBs were intro-
duced in this thesis. A PPR combined with a cartridge-like LIB cell was employed in the
measurement. The T;-T, relaxation correlation detected lithium intercalated into graphite

in addition to other Li species. The versatility of the PPR was also explored. The RF probe
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was tested over a wide range of frequencies from 8 MHz to 500 MHz. The PPR performed
well in all situations with no change in the quality factor after sample insertion. Finally, the
PPR was combined with a variable field superconducting magnet to perform multinuclear
studies on a LIB. This preliminary study showed good sensitivity to the three nuclei under
study. These results open the door to the development of new methods for detection and

quantification of MR data from LIBs.
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CHAPTER 1

Introduction

1.1 Research motivation and objectives

The ever increasing demand for Electric Vehicles (EV) [1] and the global surge in elec-
trochemical energy storage [2] are driving research into Lithium-Ion Battery (LIB) per-
formance optimization [3]. Performance optimization of LIBs relies on the improvement
of existing battery materials (anodes, cathodes, electrolytes) [4], a clear understanding of
their interaction [5] and a better assessment of the dynamic processes within the LIB [6].
Better characterization techniques, capable of detecting and quantifying these interactions
are essential.

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) have proven to
be excellent tools to gain insight into a range of important processes inside LIBs [7-9]
and other electrochemical devices [10]. The ability of MR/MRI for non-destructive testing
[11] and their ability to interrogate different nuclei of the sample under study [12, 13] has
widened their application to LIB studies.

However, there are still inherent features of LIBs that preclude the use of MR to its full
potential. The conductive electrodes present in the Li-ion cell limit RF excitation and MR
signal reception [ 14], making it difficult to design a RF probe with high sensitivity and good
homogeneity for LIB studies. Limited RF penetration also precludes the use of realistic LIB
geometries. The small separation between the electrodes reduces the sample volume and
thus experiment sensitivity, leading to studies at higher static magnetic fields. The design
of RF probes capable of accommodating larger realistic LIBs, with high magnetic field

homogeneity and high sensitivity while avoiding RF attenuation is essential for efficient

1



1.2. Thesis outline

interrogation of LIB structures.

This thesis focuses on the design and application of Parallel-Plate Resonator (PPR)
RF probes for LIB studies. Previous work at UNB showed that the PPR RF probe was a
good choice for MR studies of fuel cells [10]. With the B; magnetic field parallel to the
electrodes, avoiding RF attenuation, and with a geometry that can naturally accommodate a
flat sample, the PPR is an ideal choice for LIB studies. However, due to its inhomogeneous

B, magnetic field it has not previously been employed for LIB studies.
For this thesis we proposed four objectives.

First, to design and optimize a PPR at 100 MHz for 'H thin film imaging (Chapter
3). The RF probe was optimized to have maximum B; magnetic field and was tested for

sensitivity.

Second, based on the results presented in Chapter 3, a similar PPR was optimized for
"Li studies at 38 MHz (Chapter 4). Custom-built Li-Ion cells, both uncharged and charged

were tested. Lithium intercalated into graphite was expected to be observed.

Third, to test the range of applicability of the PPR (Chapter 5). Different sizes of PPR

was tested at different resonance frequencies from 8 to 500 MHz.

Fourth, to test the PPR for multinuclear MR/MRI studies of LIBs (Chapter 6).

1.2 Thesis outline

The thesis is organized as follows:
Chapter 1 provides an introduction as well as an outline of the thesis work.
Chapter 2 establishes the background information relevant to this thesis. The chapter

is divided into three sections. The first section presents a brief introduction to the LIB.

2



1.2. Thesis outline

The main components of LIBs are described and their influence on the MR resonance
experiment is outlined. The second section introduces relevant MR/MRI background to
better understand the content of this thesis. The emphasis of this section is placed on the
RF probe features and their importance for RF excitation and MR signal acquisition. The
last section is devoted to RF probes for LIB studies. The main types of RF probes for LIB
studies are described as well as the challenges presented in their design and construction.

Chapter 3 presents the Parallel-Plate Resonator RF probe for high resolution imaging
in the direction perpendicular to the electrodes. The PPR was optimized for strength and
uniformity of the B; magnetic field through simulation. The chapter is largely based on a
paper published in the journal Concepts in Magnetic Resonance Part A [15]. The author of
the thesis performed the simulations, experiments, and data analysis of the corresponding
chapter. The experiments were designed with the assistance of Prof. Bruce J. Balcom and
Dr. Bryce MacMillan. The manuscript was written by the author of the thesis with the
assistance of Prof. Bruce J. Balcom, Dr. Bryce MacMillan and Prof. Gillian R. Goward.
Dr. Bryce MacMillan assisted with the experiments.

Chapter 4 introduces the Parallel-Plate Resonator RF probe for LIB studies. The probe
was employed along with a new removable cartridge-like electrochemical cell. For the
first time, 7T'-T, relaxation correlation experiments were performed in a Lithium-Ion cell.
This chapter is largely based on an article published in the Journal of Magnetic Resonance
[16]. The author of the thesis performed the experiments, data analysis and simulations
presented in this chapter. The experiments were designed with the assistance of Prof. Bruce
J. Balcom. The manuscript was written by the author of the thesis with the assistance
of Prof. Bruce J. Balcom, Prof. Gillian R. Goward, Prof. C. Adam Dyker, Dr. Bryce
MacMillan, Dr. Sergey Krachkovskiy and Dr. Kevin J. Sanders. Dr. Fahad Alkhayri,

assisted with the preparation and assembly of the Lithium-Ion cells



1.2. Thesis outline

Chapter 5 explores the use of the Parallel-Plate Resonator RF probe for the study of
thin cuboid samples over a wide range of frequencies, from tens to hundreds of MHz.
This chapter emphasizes the versatility of the PPR for MR experiments. Both horizontal
and vertical bore magnet systems were employed in these studies. The chapter is largely
based on a paper submitted for publication to the journal Magnetic Resonance Letters.
The manuscript was written by the author of the thesis with the assistance of Prof. Bruce J.
Balcom, Dr. Kevin J. Sanders and Prof. Gillian R. Goward. Prof. Bruce J. Balcom, assisted
with the experimental design. Dr. Kevin J. Sanders also assisted with the experiments and
data analysis.

Chapter 6 describes a multinuclear MR/MRI study of LIBs. This chapter is a prelim-
inary study which lays a path for further development. The author performed the data
analysis and wrote the first draft of the corresponding study. Prof. Bruce J. Balcom as-
sisted with the experimental design and with writing the reports which are the basis of the
chapter. Dr. Florin Marica assisted with operating the variable field magnet, setting the
optimal parameters, and analysing MR/MRI data. Dr. Kevin J. Sanders, Prof. C. Adam
Dyker and Prof. Gillian R. Goward also assisted in the experimental design. Md Al Raihan
assisted with the preparation and assembly of the Lithium-Ion cells.

Chapter 7 concludes and summarizes the main contributions of the thesis, and provides
recommendations for future work.

This thesis is written in the form of chapters as papers. The content has been struc-
tured so that successive topics build on each other and flow naturally between successive
chapters. The format of the references in all the chapters have been standardized. They all
follow Elsevier’s reference style format for the Journal of Magnetic Resonance. Note that
British spelling of English has been employed throughout the thesis. Consequently, all the

Chapters have had minor spell changes.
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CHAPTER 2
Magnetic Resonance and Magnetic Resonance Imaging in

Lithium-Ion Batteries Research

This thesis is devoted to the design, optimization, and application of the Parallel-Plate
Resonator (PPR) RF probe for MR/MRI studies of Lithium-Ion Batteries (LIBs). This
chapter is divided into three sections to provide relevant background information for a
better understanding of the work presented in the thesis.

The first section presents a brief overview of the LIB. The general working principle of
the LIB is established. Then, the main components of the LIB are discussed, emphasizing
the possible challenges they may introduce in the MR experiment. This is followed by
a brief description of important processes such as lithium intercalation, solid electrolyte
interface, and lithium plating, which can have a significant impact on LIB performance. A
more in depth description and analysis of LIBs can be found in many reference books [1, 2].

The second section introduces relevant MR and MRI background that is fundamental
for this thesis. Due to the presence of several metallic components in the LIBs, concepts
such as eddy currents and magnetic susceptibility are also described. Additionally, an
overview of RF probe design and characterization is presented. Basic MR theory and RF
probe design, which is well described in many reference books is not repeated here. For
general MR theory, several books can be consulted, for both quantum and classical descrip-
tions [3-5]. For general design of RF probes, several good reference books have also been
written [6, 7].

The final section discusses the main types of RF probes for MR and MRI studies of

LIBs. Their limitations and the challenges in their design and construction are discussed.



2.1. Lithium-Ion Batteries

The chapter finishes with a short conclusion where the challenges faced in MR studies
of LIBs are summarized. We also state the reasons why the development of an alternative
RF probe design is required for better interrogation of LIBs.

The references format follows Elsevier’s reference style format for the Journal of Mag-

netic Resonance.

2.1 Lithium-Ion Batteries

2.1.1 General Overview

A Lithium-Ion Battery (LIB) is a combination of one or multiple electrochemical cells,
that utilize lithium ions as the main component of their electrochemistry. The simplest LIB
consists of four main parts, cathode, anode, separator, and electrolyte, as shown in Fig.
2.1. Generally, the cathode is coated on an aluminium foil (aluminium current collector)
and the anode is coated on a copper foil (copper current collector). Both the anode and the
cathode can be coated either on one side or on both sides.

During the charging (green arrows) and discharging (red arrows) cycles of a LIB, Li
ions move back and forth between the cathode and the anode converting electrical energy
into chemical energy and vice versa. During charging cycles of a LIB, Li atoms in the
cathode are ionized and separated from their electrons. This is achieved by the application
of voltage across the current collectors attached to the electrodes. Then, the Li ions move
from the cathode and pass through the separator, soaked with electrolyte, until they reach
the anode where they are again united with the electrons. During discharging cycles, the
reverse process occurs. A negative voltage is applied to the current collectors. The basic
principle for reversible lithium intercalation was first established by Steele in 1973 [8].

The LIB can be cycled using two different schemes , constant current (CC) and constant
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Fig. 2.1. Schematic of a simple lithium-ion cell. Each lithium-ion cell consists of an anode
and a cathode, electrically separated by a porous separator. The separator is soaked in an
electrolyte containing dissociated lithium salts, which enables the transfer of lithium ions
between the two electrodes

voltage (CV). They can be used independently or they can be combined for a more efficient
cycling of the LIB. In the CV mode, the cycler (power supply) behaves as a voltage source,
it holds the voltage constant across the current collectors of the LIB while the current varies.
In the CC protocol, the cycler varies the voltage across the current collectors of the LIB
while it holds the current constant.

In the CV mode, the charging of the LIB is faster. However, the current may be ex-
cessive which can lead to excessive heating of the LIB. CC mode is more efficient and
generally employed on the first charging stage of the LIB. A two-stage charging protocol
CC-CV, is generally employed. The CC mode is employed until the cell reaches its preset
voltage. Then the cycler switches to CV mode until the current across the current collector
is 3 - 5 % of the initial charging current. In this thesis only the CC mode was employed for
Li-Ion cell charging

LIBs have become one of the most widely used types of batteries. With the advantages
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of high energy density, long life cycle, and low self-discharge rate, LIBs are the main
choice for electric vehicles [9] and energy storage for intermittent renewable energy [10].
However, despite their efficiency and reliability, there are still challenges to overcome to
improve and optimize the performance of the LIB.

Improving LIB performance requires new methods and techniques to detect and quan-
tify battery component interaction. MR and MRI have become essential techniques to
understand and quantify the interaction between different part of the battery [11, 12]. With
MR it is possible to perform nondestructive testing of LIBs during in-situ, ex-situ, and
in operando experiments [13—17]. MR is also capable of providing information on dif-
ferent nuclei in the cell, giving it a notable advantage over other methods to interrogate

LIBs [18, 19].

2.1.2 Cathodes

The cathode is the most important component of the LIB [16]. The capacity, energy
density and working voltage of the battery depend heavily on the cathode capacity. Cath-
odes are generally layered transition metal (TM) oxides, coated on aluminium foil (alu-
minium current collector) (see Fig. 2.1). They act as a reservoir for the Li ions in the
cell. During the charging process, Li ions move from the cathode and insert in the anode
(generally graphite). Selecting the appropriate cathode material depends on factors, such
as, capacity, cell voltage, power, life cycle, etc.

Several cathode materials have been proposed to achieve high energy density, reduce
the cost of the LIB and improve their safety. The layered oxide LiNi,Mn,Co;_,_,O, (0
<x,y<1,x+y<1) (NMC) has proven to be one of the best candidates [20]. LIBs
containing the layered oxide NMC are typically high energy cells due to the material high

specific capacity (>200 mAhg™"). Aiken et al. [20] have proven that LiNigsMng3Co,0,
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(NMC532) can be a superior alternative to other cathodes electrodes, such as, LiFePO,. In
this thesis, all cells assembled utilize NMC532 as the cathode [20-22].

MR has proven to be a great tool to understand the structure and function of LIB cath-
odes [16]. However, due to the paramagnetic nature of the cathode materials, the 7, relax-
ation lifetime is very short. This can be challenging for the MR experiment. RF probes with
short deadtimes, brief RF pulses, shorter echo times and larger magnetic field gradients are
necessary to successfully interrogate the cathode material. Also, the quadrupolar coupling
in these solid materials containing Li ions is not averaged out by rapid molecular tumbling,
as in liquids, thus causing large chemical shifts. This makes the MR experiments even
more difficult. For a more detailed description of MR of paramagnetic cathode materials
see [12, 16].

Due to the very short MR signal lifetime of the paramagnetic cathodes, no signal from
the cathodes is expected to be observed in any of the battery experiments performed in this

thesis.

2.1.3 Anodes

The anode in the LIB is a layered material, coated on copper foil (copper current col-
lector). The principal function of the anode is to host Li ions during cell charging. A good
anode should have good porosity and high conductivity for the insertion of the Li ions.
Moreover, it should have good durability, low cost and be light weight [23].

Graphite is by far the most widely use anode material in LIBs [23]. It has good porosity,
good electrical conductivity and can deliver a specific capacity of 375 mAhg™!, without sig-
nificant volume change [24]. Surface reactions of the graphite with the liquid electrolytes
is a key factor in the performance of the battery. During these reactions, a stable protec-

tive layer, conductive to Li ions but electronically insulating is formed. This protective
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layer, the solid electrolyte interface (SEI), is critical to ensure high coulombic efficiency
and safety for the battery [25, 26]. However, if the formation of the SEI is nonuniform,
it can result in nonuniform lithium deposition and formation of lithium dendrites [26, 27].
This can be detrimental to the performance of the battery, and it can be a safety hazard [27].

Pristine graphite is a diamagnetic material. However, when Li ions are intercalating
into graphite, a transition from diamagnetic to paramagnetic gradually takes place [28].
The magnetic properties of the graphite can make the detection and quantification of the
different phases in lithium-graphite intercalated compounds challenging. The magnetic
transition from diamagnetic to paramagnetic that gradually takes place in the graphite em-
phasizes the need for better and faster in operando techniques to capture and quantify these
transient processes [29].

Another important aspect of graphite is its conductivity. Graphite is considered a semi-
metal, it is a conductor in the direction parallel to the graphite layers and an insulator in
the direction perpendicular to the graphite layers [30, 31]. For MR experiments, selecting
the direction perpendicular to the layers is advantageous to maximize RF penetration (see
Section 2.2.6). Even if the RF excitation is perpendicular to the graphite layers, full RF pen-
etration into the graphite cannot be guaranteed. Excellent work evaluating the orientation-
dependence of RF penetration into metal sheets has been presented by Ilott ef al. [32] and
Vashaee et al. [33]. They proved that the maximum penetration of the RF excitation hap-
pens when the metal strip is parallel to the RF magnetic field orientation. In Appendix A,
an electromagnetic simulation is reported to better understand RF penetration into graphite.

The thickness of the graphite electrode plays an important role in maximizing the en-
ergy density and reducing the cost of the LIB. The anode is generally 60 - 65 um thick,
but thicker graphite anodes are desirable. However, thicker graphite anodes lead to under-

utilization of the capacity due to cell polarization [34]. Thicker graphite anodes are ad-
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vantageous for the MR experiment, as long as full RF penetration is achieved. The sample
volume will increase, thus increasing experiment sensitivity and reducing the experiment
time.

The graphite anode will be the most important battery component under study in this
thesis (see chapter 4). Detection and quantification of the Li intercalated into graphite is
an essential step for future experiments involving more complex processes such as the SEI

formation and lithium plating detection.

2.1.4 Non-aqueous Liquid Electrolytes

The electrolyte is an indispensable component of every LIB [35]. It serves as a trans-
port medium for the Li ions, as they transit between the electrodes. Selecting the ideal
electrolyte is key for battery performance. The vast majority of electrolytes for LIB are non-
aqueous electrolytes [35]. These electrolytes can be classified into three different groups:
liquid, solid, and polymer. In this thesis only non-aqueous liquid electrolytes are employed.

Electrolytes must meet some minimum requirements to be employed in LIBs. They
should be good ionic conductors to permit an easy flow of Li ions between the electrodes.
Higher ionic conductivity of the electrolyte reduces the rate of self-discharge of the cell
as well as increasing its life cycle. Good electrolytes also need to have a wide electro-
chemical stability window to avoid electrolyte degradation during cell operation. Lastly,
the electrolytes must show great stability against the electrode surfaces.

Non-aqueous liquid electrolytes consist of a lithium salt dissolved in a mixture of or-
ganic solvents. Choosing the right ratio between lithium salts and organic solvents is very
important. The ionic conductivity and the stability window of the electrolyte depend on
their concentration and the type of solvent. A compromise between viscosity and concen-

tration of the charge carriers is needed it to achieve the best conductivity and electrochem-
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ical properties of the electrolyte.

Most commercial LIBs employ lithium hexafluorophosphate (LiPFq) as the lithium
salt [36]. LiPF¢ shows high ionic conductivity, good electrochemical stability and protects
the aluminium current collector against corrosion when dissolved in organic solvents [37].
However, its thermal stability at high temperatures is poor [38]. Many other lithium
salts have been considered to improve LIB performance [37, 39]. They include lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), LiC,F¢NO4S,, [40] which is consider a safer
alternative to commonly used LiPFq [41]. LiTFSI is highly soluble in the commonly used
organic solvents but severely corrodes aluminium [42].

All lithium cells employed in this thesis either utilize LiPFg or LiTFSI salts for their
electrolytes. They are always mixed with two organic solvents in a 1:1 volume ratio. In all
cases 1M salt concentration electrolyte was employed.

Organic solvents also play an important role in the optimum performance of the LIB.
Ethylene carbonate (EC), (CH,0),CO, based liquid electrolytes are widely employed in
LIBs because the decomposition compounds of EC form a good protective layer on the
surface of the anode, in the early stages of the first reduction. This layer prevents excessive
Li ion consumption during the intercalation process. However, pure EC-based electrolytes
are not employed due to high viscosity. Mixtures of EC with low viscosity solvents such as
dimethyl carbonate (DMC), OC(OCHj3),, and diethyl carbonate (DEC), OC(OCH,CH3;),,
are commonly employed.

Liquid electrolytes are flammable, often toxic, and with relatively low ionic conductiv-
ity. Flammability of the liquid electrolyte is one of the major safety hazard of LIBs. To
avoid this safety hazard, researcher are looking for suitable solid electrolytes [43, 44]. The
relatively low conductivity of the liquid electrolyte causes the battery to have a high internal

resistance which is detrimental for the optimum performance of the battery. This problem
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is minimized by reducing the thickness of the electrolyte layer, so that the Li ions travel a
shorter distance between the electrodes [45]. A smaller separation between the electrodes
in the cell means a thinner separator, which will also play an important role in the battery
performance (see section 2.1.5).

Liquid electrolytes contain many MR active nuclei (See Table 2.1). Therefore, MR
techniques are a natural choice to interrogate liquid electrolytes [46, 47]. Electrolyte degra-
dation and SEI formation during electrochemical operation are two of the most active areas
of LIBs research [18, 47-49]. Liquid electrolytes are facile to interrogate. However, for a
relatively small amount of electrolyte, less than 500 uL, experiments such as, T;-T5 relax-
ation correlation, 2D images and high resolution 1D images, may be time consuming. This
is especially true for nuclei with low gyromagnetic ratios and/or low natural abundance
(see Table 2.1). Another shortcoming of non-aqueous liquid electrolytes is their relatively
long relaxation times 7' and 7,. Long relaxation times 7 lead to a longer repetition time
TR (TR = ~ 5T)), thus increasing the experiment time. On the other hand, long relaxation
time 7,, may lead to an increase in the number of echoes for echo-based MR experiments.
This may be an issue in MR experiments of LIBs where components with short and long
relaxation lifetimes coexist. The solution to this problem is the employment of variable
echo time sequences (see section 2.2.4).

Some MR active nuclei in the electrolyte solution are quadrupolar. However, due to
the fast isotropic tumbling of the molecules in the electrolyte solution, the impact of the

quadrupolar interaction is significantly reduced.

2.1.5 Separator

LIB separators are essential to the function and performance of batteries. The separator

is a thin, porous layer that electronically isolates the cathode from anode avoiding cell short
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circuit. The separator also allows the Li ions to move freely between electrodes.

Optimum separators for LIB have to meet a large list of requirements [50, 51]. Some
essential requirements of the separator are related to thickness, porosity, and pore size.
The thickness of the separator adversely affects the performance of the LIB [45]. A thick
separator leads to a large separation between the electrodes, thus increasing the path length
for Li ions transiting between the electrodes, increasing the resistance of the cell. This will
also limit the current during cell charging and increase the self-discharge rate of the cell
once it has been charged. Thicker separators will also lead to a reduction of the energy
density of the LIB. Most commercial separators for LIBs have a thickness less than 50 pum,
with a typical thickness of 25 um (e.g. Celgard 2325 separator). Thinner separators are
also employed for higher energy density batteries [50].

Porosity is another crucial property of separators because the absorption of the liquid
electrolyte depends on their porosity. Typical porosity values for separators have been re-
ported between 40%-60% [52, 53]. Besides having an optimal porosity for lithium ion
transport, separators need to have a small pore size and a homogeneous pore size distribu-
tion. The average pore size for separators is below 1 um [50, 53], to maintain electrical
insulation and ensure homogeneous cell charging.

All cells assembled for this thesis have one or more layers of Whatman® GF/F paper
filter as the separator. This glass fibre (GF) separator has a thickness of ~ 250 um. These
are much thicker than commercial separators and have not been adopted for commercial
applications because their thickness reduces the battery energy density. However, Whatman
separators have a faster wetting time than other commercial separators. This is a result of a
larger porosity [54].

In our cell, the Whatman separator will dictate the separation between the electrodes.

Also, we expect all the electrolyte to be absorbed by the paper filter. So, we do not expect a
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significant quantity of free electrolyte. Relaxation times 77 and 75, will depend on the pore
size distribution of the paper filter. Thus different Li population may be found in the paper

filter (see Chapters 4 and 6)

2.1.6 Lithium Intercalation

Lithium intercalation is the process of the Li ions intercalating into the anode host struc-
ture. This is a complex process that is essential for LIBs [55]. In the case of the graphite
anode, intercalation mechanisms have been well described [29, 55]. Four different stages
of the lithium intercalation have been detailed. As, explained in Section 2.1.3, these phase
changes produces a transition from diamagnetic to paramagnetic of the graphite electrode.

Lithium intercalation species have been widely studied by MR [24, 29, 56, 57]. How-
ever, a detailed mechanism of the lithiation and the transition between the stages remains
to be elucidated [55]. Understanding lithium intercalation is essential in order to employ

thicker anode materials.

2.1.7 Solid Electrolyte Interface

As discussed in Section 2.1.3, the interaction between the anode and the electrolyte is
vital for the LIB performance. During the first charging cycle, a protective layer called
the SEI is formed. The SEI is composed of multiple inorganic and organic products from
electrolyte decomposition [25, 26] .The stability and thickness of the SEI depends on the
type of anode and the electrolyte formulation. The thickness of the SEI in the graphite
electrode has been reported to be 20-50 nm [25]. The employment of the organic solvent
EC, as an electrolyte base, has proven to lead to the formation of a uniform SEI.

The relative minimal thickness of the SEI limits the quantification and characterization

of the different components of the SEI. This limits understanding the dynamics of the
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SEI [58].

Multinuclear MR has proven to be a valuable tool to study the composition of the SEI
[18, 19]. However, the complexity of the SEI makes difficult the quantification of the
different species in the SEI during in situ and in operando LIB studies. In this thesis, the

signal from the SEI was not detected.

2.1.8 Lithium Plating and Dendrite Formation

Lithium plating is detrimental for the performance of the battery. It can cause capacity
loss in the cell due to irreversible consumption of Li ions [59]. Lithium plating can also
trigger dendrite formation [27]. Dendrite formation poses safety hazards for the LIB. If
dendrites grow large enough, they may puncture the separator causing a cell short circuit.

Lithium plating is the formation and deposition of metallic lithium on the surface of
the graphite electrode. Research into lithium plating and dendrite formation is an active
field of study [60]. Understanding the behaviour of lithium plating is crucial for optimiz-
ing charging protocols. So far, two lithium plating criteria have been suggested, plating
potential and concentration saturation of Li ions [61].

MR has been a valuable tool for detection and quantification of lithium plating [14,
62, 63] and dendrite formation [27]. However, in this thesis neither lithium plating nor
dendrites were observed because all cells were cycled at low charging rates to avoid lithium

plating.
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2.2 Magnetic Resonance Background

Since 1946 [64, 65], MR techniques have been continually evolving and improving,
widening their range of applications. MR and MRI are commonly employed in clinical
imaging, material science (organic and inorganic), food science, as well as in the study of
electrochemical devices. The versatility of MR is based on the following advantages: 1)
ability to perform non-destructive testing, 2) capability of multinuclear studies, and 3) abil-
ity to provide spatially resolved information. In addition, the technological improvement of
the equipment employed in MR experiments has helped to widen even more the application

of MR.

2.2.1 Magnetic Susceptibility and Bulk Magnetization

The central idea of the MR phenomenon is; when a large number of magnetic moments
(the sample) are placed in a static magnetic field, By (in the +z direction), the magnetic
moments will tend to align with the applied B,. Some magnetic moments will align anti-
parallel to By and a slightly larger quantity will tend to align parallel to B,. This alignment
of the magnetic moments will produce a net macroscopic magnetization, M,. The magni-
tude of the magnetization will be proportional to the static magnetic field strength By and

the magnetic susceptibility y of the material,

M() :)(Bo (21)

The magnetic susceptibility is a physical quantity that measure the degree to which a

material can be magnetized in a external magnetic field and can be expressed as,

C NGPRRI + 1)

22
3kgTs 2.2)
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2.2. Magnetic Resonance Background

where [ is the spin quantum number, vy is the gyromagnetic ratio, Ny is the number of
spins at resonance per unit volume, kp is Boltzmann’s constant, 7 is the Planck’s constant
divided by 2, and T is the sample temperature.

All materials can be classified into three different groups depending on the value of
their magnetic susceptibility:

- diamagnetic materials: -1 < y <0,

- paramagnetic materials: 0 < y < 1,

- ferromagnetic materials: y > 1

The first two groups of materials are relevant in the development of this thesis. The
cathodes and anodes in the LIB assembly are paramagnetic and diamagnetic materials re-
spectively.

The final expression for the net magnetization is given by,

Nyy*n?I(I + 1)B,

Mo = 2.3
0 3K, T (2.3)

The net magnetization will be parallel to the direction of the static magnetic field and

will precess with a Larmor frequency which is given by,

Wy = —’)/B() (24)

The Larmor frequency will depend on static magnetic field B, and the gyromagnetic
ratio of the nuclei, see Table 2.1.

The aim of any MR experiment is to detect and quantify the net macroscopic magneti-
zation with different methods and/or under different conditions, to get relevant information
about the sample under study. However, under this established equilibrium the magnetiza-

tion cannot be detected. The magnetization has to be manipulated, rotated away from the
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Table 2.1: MR Properties of Selected Isotopes

Isotope I N.A (%) QM (fm®>) FER(%) y(MHzT")

'H 3 99.99 - 100.00 42.577
e o107 - 25.25 10.7084
F 100 - 94.09 40.078
Sp 1100 - 40.48 17.235
SLi 1 759 -0.081 1472 6.265

"Li 3 9241 -4.01 38.86 16.546
70 2004 -2.55 13.56 -5.772
A1 2100 14.66 26.06 11.103

I, spin quantum number; N.A, natural abundance; Q.M, quadrupole moment in units of fm? = 1073° m?; FR,
frequency relative to hydrogen; y, gyromagnetic ratio

equilibrium position on the z-axis.

2.2.2 MR signal detection

The basic underlying principles of the MR phenomenon can be explained using several
different approaches, such as, Matrix Density, Product Operator, Quantum Mechanics and
Classical Mechanics. All approaches are consistent, within their degree of approximation.
However, in this thesis the classical approach is preferred. It has been shown that the net
macroscopic magnetization can be treated according to simple laws of classical mechanics
[65].

As mentioned in the previous section, the sample magnetization must be displaced from

equilibrium in order to be detected. This is accomplished by employing a time-varying RF
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2.2. Magnetic Resonance Background

magnetic field B; (RF excitation), perpendicular to the main static magnetic field By. The
B, magnetic field, also oscillating at the Larmor frequency, will force the sample mag-
netization to rotate off the z-axis. The nutation or flip angle a of the magnetization, for

on-resonance RF excitation, is given by the following equation,

a= —f v Bi(2) dt (2.5)
0

The magnetization can be decomposed in longitudinal (M) and transverse (M,,) com-
ponents. However, only the transverse magnetization can be detected. At equilibrium,
where M, = M, and M., = 0, no MR signal can be detected. After the application of a flip
angle a, a non-zero transverse magnetization exists (M, = M,cos(a), M., = M, sin(a)
and can be detected after the action of the RF magnetic field B; is removed.

The time-varying magnetic field produced by the precession of the transverse magne-
tization will induce an electromotive force (emf), &, in the RF probe (see section 2.2.5).
The emf induced by the transient motion of the M,, can be obtained using the Reciprocity

Principle [66]. The MR signal induced in the RF probe will be,

0

£=- f B My) av, 2.6)

sample
If the sample magnetization M) is tilted an angle @ away from the equilibrium position
and B, is considered homogeneous in the whole sample volume, the induced voltage in the

RF probe is given by,

& = wo (B1)yy Mosin(a) Vy cos(wot) (2.7)

where (B)),, is the transversal component of the B; magnetic field, perpendicular to By.

The induced voltage in the RF probe is maximum when in the equation 2.7, the flip angle
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a = 90° where M, = 0 and M,, = M,.
Substituting equations 2.4 and 2.3 into 2.7, shows that the voltage induced in the RF
probe is proportional to By>. However, the final magnitude of the MR signal depends on

the quality factor of the RF probe (see section 2.2.5).

2.2.3 Relaxation mechanisms

After RF excitation, the magnetization will return to equilibrium. The longitudinal
magnetization M,, will recover until all the magnetization is parallel to By. On the other
hand, the transverse magnetization M,,, will decay to zero. The rate of regrowth of M, and
the rate of decay of M,,, depend on the properties of the sample. The return to equilibrium

of the magnetization components is described by the Bloch equations [65],

Moy(t) = Mysin(a@) exp (~i(wot + 6)) exp (—Tiz) 2.8)

M. (t) = My cos(a) exp (—L) + M, (l —exp (—L)) (2.9)
T, T,

The relaxation time 77, is the time required for the longitudinal magnetization to reach
63 % of its final value. 7 is known as the spin-lattice relaxation time. The relaxation
time 7 depends on the the molecular environment and its dynamics. The translational,

vibrational, and rotational motion of the nuclei will influence the relaxation time 77.
T, describes the rate at which the spins lose phase coherence and is known as the
spin—spin relaxation time. 75 is the time for the transverse magnetization irreversibly decay
to e~! of the initial value. The relaxation time T, will be affected by the random tumbling of

the molecules, perturbations of the magnetic field due to the magnetic dipoles, quadrupolar

interactions (I > 1/2), as well as local inhomogeneities in the magnetic field.
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When local inhomogeneities of the magnetic field are important, an effective transverse
relaxation time, 77, is often employed. The relation between 7, and 7 is given as,
1

1
— = — AB 2.10
T T2+7 0 (2.10)

T may be measured in a FID experiment, which is the simplest MR experiment possi-
ble.

Another important relaxation mechanism to consider is related to the quadrupolar inter-
action. In quadrupolar nuclei, multiple energy transitions are possible, therefore multiple
relaxation components can be present. We will focus only in the quadrupolar interaction of
the nuclei with spin 3/2. This is relevant because the most important nucleus interrogated
in this thesis is "Li, which has spin 3/2. In the particular case of nuclei with spin 3/2, the

relaxation times are characterized by a slow and a fast relaxation process [67]

T: _ (eZIqOQ)(l . ?)T(T({%ﬂ) o1

Tll,f - (621%Q)(1 + ?)T(ﬁwgﬂ) 2.12)
- (e;%Q)(l ’ %Z)T”(l n i)gfg " +41wgfg) 2.13)
Tzl,f - (e;%Q)(l +%2)TC(1 +ﬁw%) (2.14)

where 7. is the correlation time and 7 is given by,
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avxx _ aV.V.V

0N 0y?
T
07>

(2.15)

where V is the electric potential of the molecule complex, eQ is the quadrupolar moment
and eq is the field gradient.

For the "Li electrolyte experiment, the quadrupolar interaction is greatly diminished due
to the fast isotropic tumbling of the molecules. However, for the solid material containing
"Li the quadrupolar interaction has significant impact on the relaxation times 7} and 7».
There will be three possible energy transitions. The central transition, which is not affected

by the first order quadrupolar moment, is more likely to be observed.

2.2.4 Pulse Sequences

Two types of MR pulse sequences were employed in this thesis. Pulse sequences were
employed for bulk MR measurements of relaxation times 75, 7> and 7;, and pulse se-
quences for MRI (DHK SE SPI and Spiral SPRITE). Pulse sequences for bulk MR experi-
ments are all well described in most MR books. Thus, we will not describe these methods
here, except for the 7, measurement where modifications were introduced to optimize the
experiment.

Bulk 7, measurements are generally performed using a constant TE. However, when in
the sample, short and long 7, lifetimes are present, selecting a constant TE can be trouble-
some. If a short TE is selected, a very large number of echoes will be necessary to acquire
the entire 7, decay. This will increase the RF amplifier duty cycle. If a long TE is selected
it will be impossible to detect the short 75 lifetimes components.

In Chapter 4, to acquire both short and long 7, lifetimes components of Li populations
in LIBs, a CPMG sequence with a variable TE was employed [68]. The TE was changed

following a sigmoidal variation expressed by equation 2.16.
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TEmax - TEmin

TE,=TE,;, + -
I +exp(—R X (n — %))

(2.16)

where n is the echo number, n,,,, the maximum echo number, TE,, is the echo time,
TE,,;, the minimum echo time, TE,,,, the maximum echo time, and R is the rate of change
of the echoes. R was chosen to be small, so that the first 200 echoes are equal to TE,,;, and
the last 200 echoes are equal to TE,,,,, as shown in Fig. 2.2. The maximum echo number

Nmax, Was selected in order to acquire at least 5x75 of the CPMG decay.

15'. | | | ' -
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=
c
L

F 5t :

O. ) . _ . . . -

0 200 400 600 800 1000

n

Fig. 2.2. Sigmoidal echo time variation for detecting Li populations with short and long 7,
lifetime components in LIB

The TE,, curve was selected to be symmetric around the middle echo number (n,,,,,/2).

However, the symmetry can be changed by choosing a transition point that is different from

nmax/2~
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All MRI experiments were performed using pure phase encoding MRI pulse sequences.
The k-space is mapped by changing the magnetic field gradient value, G, and keeping
the encoding time, t, constant (see equation 2.18). Pure phase encoding techniques are
well known to be less affected by By inhomogeneities and susceptibility variations than
frequency encoding techniques. This leads to images with fewer artefacts.

Double half k-space (DHK) spin echo (SE) single point imaging (SPI) [69] for the 1D
T,-weighted image was employed in Chapter 3. In this pulse sequence the use of two
phase encoding gradients, of opposite polarity, permits a decreased encoding time, f,. The
reduction of the encoding time is of great importance because it reduces the TE by a factor
of 2, which permits us to image samples with shorter relaxation times 75, and also to
reduce the image acquisition time. Another advantage of the DHK SE SPI sequence, is the
possibility of acquiring multiple 7>-weighted images.

The signal at any point in k-space is given by

TE
S (ky) = f o(y) exp(—Tz) exp (—i2ntk, - y) dy (2.17)
ky = % Gyt, (2.18)

where G, is the magnetic field gradient and 7, the encoding time. After Fourier trans-
forming the acquired 7,-weighted signal, the image intensity, p(y), is given by
TE

P(Y) = po exp (—m) (2.19)

Because the signal amplitude of the image is dictated by the signal at k, = 0, the image
will not suffer from attenuation due to diffusion.

The other phase encoding technique employed in thesis is Spiral-SPRITE [70, 71]. This
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is a modification of the SPRITE pulse sequence that was introduced by Balcom et al. [72].
In Spiral-SPRITE the magnetic field gradients are sinusoidally changed through a set of
discrete gradient steps [71]. The observed image intensity at any k-space location is given

by

t
S = po exp(—T—’;) sin(a) (2.20)
2

where py is the local proton density, « is the flip angle and 7, the encoding time. This
pulse sequence has the advantage of reducing gradient duty cycle, reducing the image ac-

quisition time and increasing SNR.

2.2.5 REF probes

As outlined in Section 2.2.2, the RF probes play an important role in the MR experi-
ment. They have two functions: 1) the excitation of the MR active nuclei in the sample
and/or 2) the reception of the MR signal produced by the net spin magnetization after the
RF excitation has ceased. These two functions can be performed using a single RF probe,
working as transmitter and receiver or two separated RF probes, one for RF excitation and
the other for signal reception. The former is most common.

The design and optimization of an RF probe generally depends on the type of appli-
cation [6]. However, they are generally classified in different subgroups, such as, micro-
coils [73], surface coils [74], volume coils [75] and Transverse Electromagnetic (TEM)
Resonator Coils [76]. A good description of these types of RF probes can be found in

many reference books [6, 7]
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2.2.5.1 Tuning and Matching

For optimal excitation and reception, the RF probe must be tuned and matched at the
Larmor frequency. Tuning the RF probe is essential to be able to flip the magnetization to
the transverse plane and later to detect the voltage induced by the precessing magnetization
in the probe. The frequency at which the RF probe can be efficiently tuned will depend on

the inductance of the coil,

1
VL. Cr

L. is the inductance of the coil circuit and C7 is the capacitance of the coil circuit. An

(2.21)

Wy =

external capacitor is usually added to the coil create the resonant condition of Eq. 2.21.
This is illustrated in Fig. 2.3.

The best efficiency of the probe is obtained when all the power delivered by the trans-
mitter is entirely dissipated in the probe resistance. To achieve optimum energy trans-
fer between the probe and the transmitter, the RF probe impedance must match the 50 Q
impedance of the spectrometer.

Tuning and matching cannot be done independently. A resonant circuit is always em-
ployed to simultaneously tune and match the RF probe. Fig. 2.3 shows the two commonly
employed resonant circuits to tune and match the RF probe. The parallel tuned/series
matched circuit presented in Fig. 2.3a is generally preferred because only the losses of
the tuning capacitor, due to its resistance, Ry, are included in the resonant circuit. In Fig.
2.3b the losses due to the resistance of the tuning capacitor (C7) and matching capacitor
(Cu), Ry and Ry, respectively, are both included in the total losses of the RF probe, thus
reducing its efficiency.

Impedance matching is a fundamental aspect of RF probe design. If the RF is not
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Fig. 2.3. Parallel tuned/series matched (A) and series tuned/parallel matched (B) circuits

matched, signal reflections caused by the mismatched impedance can lead to serious prob-
lems, even damaging the power amplifier. The parameter used to express the quality of a
matching is called the reflection coeflicient, I'. This represents the ratio of the amplitude of
the reflected and the incident RF powers. The lower the reflection coefficient the better the

matching of the RF probe.
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2.2.5.2 RF probe characterization

The RF probe must be sensitive. The probe must produce the highest possible B; mag-
netic field, at a specific frequency, with a homogeneous B; in the sample volume. The

quality factor, Q, is the first parameter employed to evaluate the sensitivity of the probe,

L.
Q=2 s (2.22)

R the resistance of the RF probe circuit. Generally, the larger the Q of the probe the
shorter the 90° pulse duration and higher the signal-to-noise ratio (SNR) of the signal de-
tected. However, after the sample is inserted into the RF probe, the Q of the probe may
change. The change will depend on the properties of the sample. Conductive samples
generally result in a decrease of the Q of the RF probe.

One commonly employed metric to evaluated the sensitivity of the RF probe is the ratio
between the unloaded quality factor (no sample inserted), Q, and the loaded quality factor
(with the sample), Q;. However, this metric is often misleading when the B; magnetic field
has substantial magnitude in lossy samples beyond the homogeneous region of interest.
[77]. Also, this metric has limited value if the conservative electric field is not minimized.

A better figure of merit for the RF probe is a related to the SNR equation,

S Vi

oC
N T \/ﬁ

where 7y 1s the 90° degree pulse duration, over the whole sample volume V for a constant

(2.23)

power P. For the same sample, with the same applied RF power, the RF probe with the
shorter 90° degree pulse duration is the most sensitive probe.
Significant effort has been devoted to a theoretical description of the SNR [66, 78]. A

full description and all the parameters influencing the SNR are described in [66, 78].
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2.2.5.3 Losses

Several loss mechanisms contribute to the degradation of SNR. Losses are well de-
scribed elsewhere [6]. Here, a simplified description of those losses is presented.
Depending on the magnitude of the noise of the sample and the probe, the SNR of the
experiment can be classified into one of three noise regimes. If the losses of the sample are
larger than the losses of the RF probe, the SNR is in a sample-noise-dominated regime. In
this regime improving the Q of the RF probe will have little to no effect on the SNR [79].
On the other hand, if the losses are dominated by the RF probe, the SNR is in a coil-
noise-dominated regime. Improving the quality factor of the RF probe may lead to an
improvement of the SNR. If the losses of the probe and the sample are comparable then the
SNR is in a transition regime. Several approaches, may be taken to improve the SNR [78].
This classification is generally performed on the basis of the losses of the RF probe and
the losses of the sample. However, Doty et al. [77] suggested a better approach considering
the product fd, where d is the diameter of the RF probe and f is the working frequency.
Based on this classification, RF probes with a product fd <4 MHz-m are in the coil-noise-

dominant regime. This is important for the work presented in Chapter 5.

2.2.6 RF penetration into conductive materials

It is important to consider the conductivity of the sample when performing an MR
experiment. When a conductive material is inserted inside the RF probe, the RF excitation
is attenuated at the surface of the conductor. How deeply the RF excitation can penetrate
into the material, will depend on the frequency as well as the properties of the material.

The skin depth or extent of RF penetration is described by the following equation,
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1
T fuo

where 9 is the penetration depth (m), f is the frequency (Hz), u is the absolute magnetic

5=

(2.24)

permeability of the material (H/m), and o is the electrical conductivity of the material
(S/m). u has the same value, 1.26x10~° H/m, for both copper and aluminium. For copper,
with a conductivity o = 5.9 x107 S/m, the skin depth at room temperature, at frequencies
of 38 and 116 MHz is 10.6 um and 6.0 um, respectively. The typical thickness of a copper
current collector is 10 - 15 um. In the case of aluminium, with a conductivity o = 3.7 x10’
S/m, for the same two frequencies the RF penetration is 13.0 um and 7.6 um respectively.
The aluminium current collector thickness in LIB is typically 15 - 20 um.

RF penetration into the graphite electrode is important in MR studies of LIBs. Full
RF penetration into graphite will allow a better quantification of lithium intercalation into
graphite. Graphite conductivity is much lower than copper and depends on the orientation
[30, 31]. If the RF excitation is perpendicular to the basal plane, the conductivity in that
direction is o = 3.3 x10' S/m. On the other hand, if the RF excitation is parallel to the
basal plane, the conductivity in that direction is o = 2.0 x10°> S/m. RF penetration into
graphite, at 38 and 116 MHz, in the direction perpendicular to the basal plane is 4472 ym
and 2560 um respectively. RF penetration in the direction parallel to the basal plane, for
the same frequencies is 182 ym and 105 um respectively.

Considering that the typical thickness of a graphite electrode is 50-55 ym (excluding the
copper current collector), we may consider that full RF penetration is achieved. However,
the copper current collector will preclude full RF penetration of the cell. Another point to
consider is that RF excitation of the electrodes is generally parallel to the electrodes, and
the lateral size of the electrodes is much larger than the skin depth. For example, the typical

graphite electrode size is 3X3 cm. So, the question arises: do we have full RF excitation
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in the graphite electrode? We explore the answer to this question through simulation in

Appendix A.

2.2.7 Eddy Currents

Eddy currents are produced by fast switching of the magnetic field gradients or by the
rapidly oscillating magnetic field B, of the RF probe. These fast changes of magnetic field
induce currents in the surrounding conducting materials. The eddy currents oppose the
originating magnetic field. Eddy currents may affect the MR experiment in a negative way.
Images acquired in the presence of large eddy currents may suffer from artefacts. Eddy
currents may also lead to a faster decay of the MR signal.

Eddy currents can be treated in accordance with Faraday’s Law of Induction. In a
conductive material, the electromotive force & induced by the B; magnetic field of the
RF probe, is proportional to the time variation of the magnetic flux density, given by the
equation,

0Dp

0
-8 __Z | B . %)
£ p t[; 1 -ndS (2.25)

The induced eddy currents will be a maximum when the conductive surface is perpen-
dicular to the direction of the B; magnetic field. Therefore, placing the conductive surface
parallel to B, and reducing the area of the surface will significantly reduce or eliminate
eddy currents [33]. This is also true for the eddy currents produced by the fast switching
magnetic field gradient. Eddy currents produced by the magnetic field gradients may also
be reduced by decreasing the slew rate of the gradient switching.

In MR/MRI studies of LIBs, the electrodes, together with the current collectors, should
be parallel to both the B; magnetic field and the imaging gradients in order to minimize

eddy currents. In the particular case of MRI, employing phase encoding methods such as
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SPRITE [72] is also advantageous. SPRITE family sequences are largely immune to eddy

currents and By inhomogeneity effects.

2.2.8 Electromagnetic Simulations

3D electromagnetic software tools are critical for the design and optimization of RF
probes. Several electromagnetic simulation packages are available for RF probe simula-
tion, for example CST Microwave Studio, HFSS and XFDTD. Doty et al. [77] carried
out a detailed evaluation of these three software packages for RF probe simulation and
optimization problems. They concluded that Microwave Studio by Computer Simulation
Technology (CST) is better suited and more accurate for RF probe simulation.

CST Microwave Studio offers automatic optimization routines, where the models can
be parametrized with respect to their geometry or lumped elements. In the particular case
of RF probes, it permits one to find the optimum parameters to achieve a given B; homo-
geneity or B; magnetic field strength.

Time domain (TD) and Frequency domain (FD) solvers are commonly employed in
CST Microwave Studio for electromagnetic simulation. The TD solver is highly sensitive
to the discretization method. However, it is fast and produces good results in most cases.
On the other hand, FD solver also provides good results, but it takes longer and demands
more computational power. Thus the TD solver is generally preferred for electromagnetic
simulation of RF probes.

Several automatic optimization algorithms can be chosen in CST Microwave Studio,
both local and global algorithms. However, global optimization algorithms are preferred to
avoid the risk of converging to a local minimum, even when this could lead to an increase

in calculation time.
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2.3 Cell designs and RF Probes for MR studies of LIB

2.3.1 Cell design

Realistic commercial electrochemical cells are generally compact and encased in metal-
lic cases to avoid damage and deformation. This makes it impossible for the RF magnetic
field to penetrate inside the cell due to the skin effect (see section 2.2.6). This precludes the
MR studies of such commercial cells.

Several cell designs have been proposed for MR studies of LIBs. The main objective of
such cells is to allow RF penetration into the cell. However, these cells must satisfy other
requirements. One of such requirements is air tightness, to avoid electrolyte contamination
to ensure the proper functioning of the cell. Another requirement is to minimize the metal-
lic components to avoid eddy currents and avoid a reduction of the RF probe sensitivity.
Otherwise, the metallic components of the cell must be placed so the RF magnetic field is
not attenuated during excitation and reception.

The first cell designed for MR studies of LIBs was a coin-like cell [80]. The battery
components in this cell were contained in a Teflon housing. One feature of this cell was
that the electrode material is mounted directly on the central conductor of the MR detector
circuit for optimum signal sensitivity. However, this cell is relatively small and difficult to
seal. Also, it is not a common type of cell employed for large battery systems.

Bellcore cells have also been employed in MR studies of LIBs [81]. These cells are
flat, and the battery components are sealed inside a special plastic bag covered with a
thin aluminium layer to seal the cell. The cell is easy to build, and the size can be easily
adjusted. However, this type of cell suffers from poor contact between the separators and
the electrodes. Also, electrolyte impregnation is a problem in these cells due to the lack of

screws to tighten the cell. This type of cell is commonly employed in MR studies of LIBs
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due to the reduced amount of conductive material in the cell.

One of the most popular cell for batteries studies is the cylindrical cell [82]. These
cylindrical cells are larger than Bellcore cells, thus improving MR sensitivity because of
increased active material. They can store up to 4 times more active material than the Bell-
core cell. Cylindrical cells are easy to build and to assemble because the are equipped with
screw-like caps. Cylindrical cells also allow Magic Angle Spinning (MAS) MR experi-
ments. This can lead to better spectral resolution in MR experiments. Several versions of
cylindrical cells have been proposed [83]. Despite the larger volume of this cell, they look
like a pencil cell. The increase in volume is due to an increase in the separation between
the electrodes, and not due to an increase in the lateral area of the cell which would be
preferred. The larger separation between the cell electrodes reduces battery performance.
A wider cell with a small separation between the electrodes would be ideal.

An in depth description of these and other types of cell can be found in a recent book

from the Royal Society of Chemistry [12].

2.3.2 REF probes for LIB

In MR/MRI studies of LIBs choosing a suitable resonator and battery container avoid-
ing RF attenuation during excitation/reception, while providing high sensitivity, is critical.
Several different types of MR RF probe design have been employed in "Li ion battery
experiments [34, 82, 84-87].

The first in situ LIB studies performed using a toroid coil was presented by Rathke
et al. [85]. In this study, MR analysis of the electrode—electrolyte interface in lithium
polymer-electrolyte battery materials was performed. The toroid RF probe produces a B,
magnetic field that depends on the distance from the centre of the coil, producing a non-

linear RF excitation. The unusual geometry and inherently low signal to noise hindered
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widespread use [86].

Solenoidal RF probes and cylindrical cell designs [82] have also been employed for LIB
studies. These RF probes produce a homogeneous B; magnetic field, but the compatible
LIB cell geometries are limited with inherently low MR sensitivity. Solenoidal coils are
limited to cylindrical cells for better performance. But as discussed in the previous section,
cylindrical pencil-like cells are volume limited with unrealistic gaps between the electrodes,
leading to a reduced performance of the cell.

Saddle coils have been widely employed for LIB studies [34, 87]. This probe has also
been employed in combination with cylindrical battery containers for MR investigations
of batteries. The natural LIB cell geometry with such an RF probe is a pencil-like cell.
Quite naturally pencil-like cells resemble an MR tube. In the context of a LIB, this probe
is similar to the solenoidal coil. However, the solenoidal coil has a better B; magnetic field

homogeneity.

2.4 Conclusions

A wide variety of RF probes and battery cell containers, have been employed for MR
studies of LIB. The perfect combination of a cell container and RF probe, that maximizes
sample volume, with a homogeneous B; magnetic field and high sensitivity, is still a chal-
lenge. The ideal RF probe must also avoid RF attenuation and minimize eddy currents. As

shown in Chapter 3, the PPR RF probe is a natural choice for LIB studies.
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CHAPTER 3
Optimization of a Parallel-Plate RF Probe for High

Resolution Thin Film Imaging

This chapter introduces the Parallel-Plate Resonator RF probe for high spatial resolu-
tion MR studies of thin films. The B; magnetic field homogeneity and strength of the PPR
were evaluated and optimized through simulation. This was the first step to evaluate the
performance of PPR RF probe which will be employed for MR studies of LIB in the next
chapters.

This chapter is largely based on the paper “Optimization of a Parallel-Plate RF Probe for
High Resolution Thin Film Imaging” published in the journal Concepts in Magnetic Reso-
nance Part A, 47A, €21465—-e21470 (2018). The format of the references in this chapter has

been changed to Elsevier’s reference style format for the Journal of Magnetic Resonance.

Abstract

Choosing an MR probe with the correct dimensions and high sensitivity is critical for
magnetic resonance imaging, especially high resolution thin film imaging. In this work, a
Parallel-Plate Resonator has been optimized for strength and uniformity of the B; magnetic
field. The Parallel-Plate Resonator is designed for high resolution imaging in the direction
perpendicular to the plates. The optimization process was undertaken through simulation
with CST Microwave Studio, followed by experiment. A 400 um capillary tube, filled with
doped water, was used for testing the optimized probe in a 2.4 T magnet. It is shown that

increasing the width of the copper leads connected to the plates increases the homogeneity
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of the B; magnetic field by almost 90%. The best approach to increase the sensitivity and
the homogeneity of the probe was to maintain the dimensions of the plates and copper
leads but to add additional capacitors at the corners to distribute the current. This approach
produces a 40% stronger B; magnetic field and increases the homogeneity by almost 85%.
The experimental B; magnetic field of the parallel-plate prototype agrees within 20% of the
value found through simulation, for specified power. The experimental MRI results show
that it is possible to achieve a nominal resolution of 10 um between the plates for suitable
samples using the optimized probe. The optimized Parallel-Plate Resonator, combined
with a phase encode SE SPI method, may be used for high resolution studies of lithium-ion

transport in the electrolyte solution of lithium-ion batteries.

3.1 Introduction

High resolution thin film Magnetic Resonance Imaging (MRI) has been of interest for
more than a decade [1-6, 6, 7]. It has been a useful tool to study polymerization of sur-
face coatings [2], water evaporation [4], water content in operational fuel cells [8, 9], and
lithium-ion transport in Lithium-Ion Batteries (LIBs) [7, 10, 11]. MRI is a powerful tech-
nique to study electrochemical devices because it provides spatially resolved information
about species in solution. This permits more precise knowledge of the processes that are
occurring inside of the electrochemical devices during operation [10—-12]. However, there
are several limitations that hinder or limit the use of MRI for high resolution studies, es-
pecially in electrochemical devices. The most important is the inherent low sensitivity of
MRI, which is always an issue with high resolution studies. Another factor to consider

when studying electrochemical devices, is the presence of metal structures, which can re-

54



3.1. Introduction

duce image resolution and screen the RF excitation and signal. In the case of LIBs, the
low sensitivity of the nuclei under study is of concern. ’Li has a gyromagnetic ratio ap-
proximately three times smaller than 'H, resulting in a reduced signal-to-noise ratio (SNR).
These limitations for high resolution studies can be greatly reduced if the MRI method and
the RF probe are optimized for the sample and the process of interest.

Ouriadov et al. [4] have demonstrated that is advantageous to use a spin echo SE sin-
gle point imaging SPI phase encode method for high resolution thin film depth imaging.
This pure phase encoding technique has an inherently high SNR due to the narrow signal
bandwidth, and because the lack of gradient at the k-space origin reduces diffusive signal
attenuation. In addition, image distortions due to B, inhomogeneity, susceptibility varia-
tions, and chemical shift will be greatly reduced.

According to the “principle of reciprocity” [13, 14], the received MR signal from each
point in space is proportional to the local B; magnetic field strength per unit excitation
current. So, it is important to maximize the B; magnetic field strength in the sample area.
One approach to increase the B; magnetic field strength and increase sensitivity is to use a
surface coil placing the sample closer to the probe. The drawback of the surface coil is that
sensitivity rapidly decreases with distance and the geometry is not conducive to MRI of an
electrochemical cell because the B; magnetic field will be heavily attenuated by conductive
layers due to RF screening. A better choice, which we explore in this article, is to employ
a parallel-plate type resonator, with B; magnetic field that could be oriented parallel to the
current collectors of the electrochemical cells reducing the screening of RF excitation and
received signal.

The Parallel-Plate Resonator has been previously employed in MRI to study electro-

chemical cells [8], histological samples [15, 16], liquid crystal properties [6], high res-
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olution thin film imaging [3], and chemical shift resolved capillary flow [5]. Zhang et
al [3] developed a Parallel-Plate Resonator with perforated plates allowing mass transport
through the resonator to the sample for high resolution thin film imaging in a Nafion fuel
cell. The Meadowcroft et al. [15] design was based on a flat slotted-tube resonator with
a capacitor at each corner. They showed that the B; magnetic field for this Parallel-Plate
Resonator is very inhomogeneous. They reduced the inhomogeneity of the probe by re-
moving the capacitors and creating a U-shape Parallel-Plate Resonator with a continuous
copper strip folded above and below the sample. In addition, they extended the plates over
a region filled with dielectric material to form a distributed capacitance. Hoang et al. [16]
built on Meadowcroft’s work to accommodate different sample sizes and to evaluate the
gain in sensitivity for different probe sizes.

The Parallel-Plate Resonator presented by Zhang et al. [3] increases the sensitivity by
using the current collectors of the fuel cell as part of the MR probe, so that the sample is
very close to the RF probe. It also reduces the RF screening produced by the metal structure
which is a critical problem for a surface coil [3, 4]. However, the parallel-plate resonator
has a relatively poor B; homogeneity and low B; magnetic field strength at the corners
of the plates, which is a hindrance for high sensitivity high resolution thin film imaging.
None of the work presented above focused on optimization of the parallel-plate resonator,
to maximize B, magnetic field strength and homogeneity for high resolution MRI.

In this article, we optimize a Parallel-Plate Resonator to undertake high resolution thin
film imaging. We investigate strategies to increase the B; homogeneity and the B, field
strength of the probe. The optimization process is undertaken using CST Microwave Stu-
dio, a powerful 3D electromagnetic field simulation package. A prototype of the parallel-

plate resonator was built based on the results of the simulation. In this prototype, the plates
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are connected through a capacitor in each corner. A B; mapping experiment validated the
results of the simulation. Finally, a high resolution thin film imaging profile of doped water
in a capillary tube was acquired using a SE SPI method designed for high resolution thin
film depth imaging [17, 18].

The results of this work are intended to be used to build a similar parallel-plate resonator
that may be used as part of a working LIB. The future integrated device is intended to be
used to study lithium-ion transport in the electrolyte solution and lithium-ion intercalation
into graphite. Insufficient understanding of these complex electrochemical processes inside
LIB batteries hinders optimization of performance. Improved understanding would enable
researchers to mitigate degradation and materials failure, and allow extended lifetimes [19—

22].

3.2 Simulation

The Parallel-Plate Resonator was designed and optimized with CST MicroWave Studio
2017 (CST of America, Framingham, MA, USA) using a PC with a 2.50 GHz AMD A10-
5750M APU Processor and 16 GB of RAM installed. The high frequency domain module
was employed for numerical calculation of the magnetic field produced by the plates. The
transient solver with tetrahedral meshing was used for all the simulations. No symmetry
planes were used during the calculations. The initial probe consists of two parallel copper
plates and two copper leads attached to each plate. Each plate with the two leads was
simulated as an entire structure to avoid losses introduced by the solder joints. The two
plates were connected by one fixed ceramic capacitor as shown in Fig. 3.1a. The plates

were 5.00 cm long and 3.50 cm wide while the leads were 1.5 cm long and 1.0 cm wide.
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To significantly reduce simulation time, the plates and the leads were simulated as copper
sheets. The dimensions of the plates were chosen to maximize the sample area inside
a variety of magnetic field gradient sets to be employed for possible lithium-ion battery
MRI studies. The initial experimental sample, distilled water, was sandwiched between
the plates which were 0.35 cm apart in simulation. The probe, in simulation, was fed a
pulse of 0.5 W power through a discrete S-parameter port, with a sinusoidal signal at 100
MHz frequency. After calculation, the results were scaled for an input power of 26 W,
the same input power that was applied to the parallel-plate prototype in the experiment.
The leads shown on the left side of Fig. 3.1 are the feed points in the simulation. All
capacitors were assumed nonideal with an Equivalent Series Resistance ESR of 30 mQ
and an Equivalent Series Inductance ESL of 0.05 nH. These values were chosen from the
manufacturer-supplied data as representative typical values of ESR and ESL for the ATC-
800B capacitor series. Capacitors from this series were employed to build the parallel-plate
prototype. Resistances introduced by the solder joints, R;,;, were also considered in the
simulation with a typical value of 30 mQ [23].

The optimization process was undertaken with three different variables. In the first case,
the dimensions of the plates were held constant while the dimensions of the leads in Fig.
3.1b were optimized. In the second case, the dimensions of the leads were held constant
while the dimensions of the plates were optimized. In both cases, the value of the capacitor
C was constant with a value of 1000 pF. In the third case, all the dimensions were constant
for the plates and the leads and one capacitor was added to each of the four corners of the
plates, as shown in Fig. 3.1c. In this case, the values of the capacitors were optimized
through simulation. To reduce optimization time and reduce prototype complexity, only

five capacitors were used. It was assumed that the three capacitors on the right have equal
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value, Cg, and the two capacitors on the left also have equal value, C;, as illustrated in Fig.

3.1c.

Fig. 3.1. CST geometry model of the Parallel-Plate Resonator showing the position of the
capacitors connecting the copper plates. a), Only one capacitor C with fixed value of 1000
pF is connecting the plates. b), same as a) with wider leads. ¢), Five capacitors joining the
plates, two with value C; on the left and three with value Cg on the right side.

In all cases, the design goal is maximization of the homogeneity and strength of the B,
magnetic field in the central ZX plane. A B; magnetic field strength variation of <10%,
with respect to the B; magnetic field strength at the centre of the central ZX plane, was con-
sidered homogeneous. The main static magnetic field is directed in the positive Z direction,
so we are naturally interested in the X and Y components of the B; magnetic field produced
inside the plates. Calculation of the B, magnetic field takes approximately 3 hours while

the optimization process can take much longer depending on the initial conditions chosen.
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3.3 Experimental

A prototype of the Parallel-Plate Resonator was built based on of the optimization re-
sults of case 3. The optimized probe consisted of two plates, dimensions 5.0 X 3.5 cm, and
two leads, dimensions 1.5 X 1.0 cm. They were cut from a single-sided blank printed circuit
board (PCB). The thickness of the copper layer of the PCB was 35 um. The two leads on
the right were connected through a capacitor. The plates were also connected through one
capacitor in each of the four corners of the sandwich structure, as shown in Fig. 3.2. The
three capacitors C on the right are 228 pF (150 pF + 68 pF + 10 pF) while the two capaci-
tors C; on the left are 193 pF (150 pF + 43 pF). The capacitors also act as a support for the
probe as depicted in Fig. 3.2. All capacitors are high Q, low noise, Porcelain Multilayer
Capacitors with 5 % tolerance from the ATC-800B series (American Technical Ceramics,
Huntington Station, NY, USA). Capacitors used have a ESR that varies from 20 to 52 mQ
and a ESL from 0.04 to 0.10 nH. The RF probe was tuned and matched to 100 MHz using
a series capacitive matching network [24] with three variable capacitors. The quality factor
Q of the probe, loaded and unloaded, was measured with a RF network analyser model
8714B, (Hewlett Packard, Santa Clara, CA, United States) based on the reflection mode
method [24], O = ZALOf. fo 1s the resonance frequency and 6f is the bandwidth measured at
-3 dB level in the reflection curve. Two different samples were used to measure the Q of the
loaded probe, a black rubber sheet and a rectangular capillary tube filled with water doped
with CuSO,. The Q was always measured with the probe tuned at the resonance frequency
fo and matched at 50 m€ impedance.

All experiments were performed on a Nalorac (Martinez, CA) 2.4T 32 cm i.d. horizon-
tal bore superconducting magnet with a water cooled 7.5 cm Nalorac gradient set (maxi-

mum gradient strength 27.6 G/cm, and maximum slew rate 1000 T/m/s) driven by Techron
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Fig. 3.2. Photo of the Parallel-Plate Resonator RF probe. A capacitor was placed in each
corner of the Parallel-Plate Resonator with another connecting the two leads on the right.
The values of the capacitors were 193 pF (150 pF + 43 pF) for the capacitors C; on the left
and 228 pF (150 pF + 68 pF + 10 pF) for the capacitors Cg on the right. The plates, 0.35
cm apart, are 5 cm long and 3.5 cm wide. The leads are 1.5 cm long and 1.0 cm wide

(Elkhart, IN) 8710 amplifiers. The Parallel-Plate Resonator was driven by a 2 kW Tomco
RF amplifier (Tomco Technologies, Stepney, Australia). The 90° pulse duration was 17
us for a pulse power of 26 W. The console was a Tecmag (Houston, TX) Redstone. The
experiments were performed at the magnet bore temperature, approximately 10 °C. Pure
phase encode MRI methods were employed because they are largely immune to B, inho-
mogeneity, chemical shift, and susceptibility effects. Magnetic field gradient induced eddy
currents have minimal effect on image quality [17, 25, 26].

A 2D ZX spiral SPRITE [26] image was acquired for a uniform black rubber phantom,
made of Ultra-Soft Polyurethane (McMaster-Carr, Cleveland, OH), of dimensions 4.5 X
3.5 % 0.33 cm. The bulk relaxation times were 7, = 342 us, T, = 15 ms and 1.6 ms, and T
= 165 ms. The imaging sequence parameters were G4y« = 27.6 G/cm; Gy, . = 26.0 G/cm;

FOV = 6.0 x 6.0 cm; filter width 500 000 Hz, dwell time 1 us; 64 X 64 k-space matrix was

61



3.3. Experimental

acquired, each point with a phase-encoding time of 53 us and 256 signal averages for an
overall acquisition time of 28 min. The flip angle was 10.6° with an RF pulse duration of 2

us. The delay between acquisitions was 1.5 seconds.

3.3.1 B, mapping

A pure phase encode B; mapping method [27] was employed to evaluate the B; homo-
geneity of the Parallel-Plate Resonator. A set of seven images were acquired with the same
black rubber phantom with the same imaging parameters outlined above but with different
RF pulse duration (0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 us). The shortest and longest RF pulse
duration correspond to 4.2° and 10.6° flip angles. The phase cycle for both the RF pulses
and the receiver was XXYY. The acquisition time for each image was 28 min with 256
averages.

The B, value at each pixel was calculated as described by Vashaee et al [27]. Signal
intensity of each pixel was plotted vs pulse duration. A relative B;> was obtained from the
slope of this plot, spatially resolved. The absolute B; strength at any position in the RF
probe was calculated from the absolute B, value at the centre of the probe. This value was
measured at the centre of the probe using a small black rubber sample. For a 90° pulse

duration of 17 us, the B, value at the centre of the parallel-plate was 3.45 G.

3.3.2 High resolution thin film imaging

Double half k-space DHK spin echo SE single point imaging SPI [4, 9], was employed

to acquire high resolution profiles of a doped water sample in a rectangular capillary tube.
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The water was doped with CuSO, to shorten the relaxation times. The bulk relaxation times
of the doped water were 7, = 6.5 ms and 7, = 60 ms with a 7; = 91 ms. The capillary
tubes, purchased from VitroCom (Mountain Lakes, NJ, USA), were 400 ym thick, 8.0 mm
wide, and 5.0 cm long.

The magnetic field gradient G, was chosen to be the principal phase-encoding gradient
while gradients G, and G, were used to correct misalignment of the sample with respect to
the main phase encode gradient [4]. A composite refocusing 180°-pulse (90] — 1807 —907)
was employed to correct for imperfect 180°-pulses. The duration of the 90°-pulse was 15
us, 64 k-space data points were acquired, each with an encoding time 7, = 5.62 ms and
TE = 9.3 ms. Other sequence parameters were: FOV = 600 yum, TR = 500 ms, 16 signal
averages, acquisition time of 9.0 min, filter width of 2500 Hz and 16 time domain points
around the echo maximum were acquired at intervals of 200 us. The phase cycle for the

RF 90°-pulse and the receiver was XXYY and XY YX for the 180°-pulse.

3.4 Results and Discussion

3.4.1 Simulation results

Fig. 3.1a shows the initial design of the Parallel-Plate Resonator with the plates con-
nected through a capacitor C. Because the Parallel-Plate Resonator is intended to work as
part of a functioning lithium-ion cell, this capacitor plays an important role in the design.
During the charging/discharging of the battery, the capacitor will exhibit high impedance to
direct current, thereby limiting its flow, and allowing normal battery operation. During RF
excitation, the same capacitor will exhibit low impedance to high frequency components

allowing them either to pass or limit current flow in the circuit, depending on frequency and
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the value of the capacitor. Given that the conductivity of the electrolyte is much less than
the copper, RF current flow will pass through the capacitor and not through the electrolyte
keeping the battery safe during the RF excitation. The electrolyte will decompose if the
potential difference between electrodes is higher than 5 V. The value of the capacitor C was
chosen to be 1000 pF, so as not to limit the RF excitation current flow significantly.

Fig. 3.3 depicts the simulated B; magnetic field distribution in the central ZX plane
between the plates, for different configurations of the resonator. Fig. 3.3a illustrates the
B, field distribution for the initial configuration. The B; magnetic field distribution is very
inhomogeneous with the highest values of B, at the current feed point and at the connection
point where the capacitor is located. The B; magnetic field quickly decreases toward the
centre and toward the corners of the plates. This observation agrees with results presented
by Zhang et al. [28]. The asymmetry in the B; magnetic field distribution is caused by
the nonideal capacitor located on the right which has a ESR of 30 mQ2. The homogeneous
region for this configuration is approximately 51% of the area of the plates. It is well
known that severe B; inhomogeneity leads to signal loss and image distortions. Poor B,
homogeneity, and the low B, field strength of 3.0 G at the centre of the central ZX plane
between the plates render this configuration ill-suited for high resolution thin film imaging.

Fig. 3.3b shows the B, magnetic field distribution for case 1 where the dimensions
of the plates are fixed, and dimensions of the leads were changed. As expected, the best
result was obtained when the width of leads matched the plate width. The homogeneous
region in Fig. 3.3b is approximately 87% of the area of the plates. However, there was no
change in B, field strength at the centre of the central ZX plane between the plates when
compared with the initial configuration. The significant increase in homogeneity resulted

from the current being distributed through the wider area of the leads. This produced a
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B1 (Gauss)

Fig. 3.3. Simulation of magnetic field distribution produced by the Parallel-Plate Resonator
for three different configurations. The direction of the B; magnetic field is along the x axis.
The dimensions of the plates are the same in all cases, 5 cm long and 3.5 cm wide. a), the
dimensions of the leads, 1.5 cm long and 1.0 cm wide. b), the dimensions of the leads,
1.5 cm long and 3.5 cm wide. c¢), dimensions of the leads same as a), but with a capacitor
added to each corner of the plates. The dashed line delimits the area covered by the plates
and the leads.

more uniform distribution of the current along the width of the plates. Although there is a
significant increase in the B; homogeneity, and it is possible to do thin film imaging, this
configuration is essentially a longer plate in which the central region is chosen for imaging.
This result was previously presented by Meadowcroft et al. [15] who used a parallel-plate

style RF probe to image histological samples. The asymmetry in the B; magnetic field
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distribution is also present in case 1 because of the nonideal capacitor, as shown in Fig.
3.3b.

The results of the optimization for case 2 are similar to the results reported for case 1.
The homogeneity of the B; magnetic field is maximized when the width of the leads and
the plates are equal. Decreasing the width of the plates will reduce considerably the sample
area inside the gradient set, reducing the signal-to-noise ratio in the ultimate battery. This
result shows that the best way to increase probe sensitivity and B; field homogeneity is to
keep the dimensions of the plates constant and optimize the other parameters.

Fig. 3.3c shows the B; magnetic field distribution for case 3 where the two plates are
connected through a capacitor located at each corner of the plates with one connecting the
two leads on the right side of the Parallel-Plate Resonator. Five is the minimum number
of capacitors that will produce a relatively high homogeneous magnetic field without intro-
ducing significant challenges in the building process of the prototype. The optimum values
for the capacitors C; and Cg, found through simulation, were 185 pF and 210 pF, respec-
tively. As expected, Cg has a higher value than C;. The current is expected to flow along the
plates from left to right in the plates. This configuration produces a relatively homogeneous
B, magnetic field distribution, 84% of the sample area has a B, field variation of <10% ref-
erencedto the B, field at the centre of the central ZX plane between the plates. Although
the homogeneity in case 3 is slightly lower than case 1, the B, field intensity increased by
40%, from 3.0 G in case 1 to 4.3 G in case 3. The relatively high homogeneity and higher
intensity in the B; magnetic field is a result of the proper selection of the capacitors C;, and
Cr, as shown in the simulation Fig. 3.3c. The capacitors provide an alternative path for the
current. Some current is diverted through the capacitors producing a more even distribution

of the current in the plates of the Parallel-Plate Resonator. The configuration presented in
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case 3 produced a higher B; magnetic field per unit current and similar homogeneity to
case 1. The results obtained in case 3 suggest that building a Parallel-Plate Resonator with
optimized capacitors at the corners of the plates will have a higher sensitivity due to the
higher B; magnetic field [13]. Thereby, it will be the most suitable for high resolution thin

film imaging.

3.4.2 Experimental results

The Parallel-Plate Resonator is intended to ultimately function as part of a model
lithium-ion battery to provide spatial resolution through MRI of the electrolyte and elec-
trodes. It is important for the RF probe to have high sensitivity since high resolution is
required. The home-made Parallel-Plate Resonator was fabricated based on optimization
explored through simulation. The RF probe with capacitors in each corner was chosen
because of the higher B; magnetic field strength and relatively high homogeneity.

The values of the capacitors used for building the prototype were slightly different from
the values determined through simulation. The values of the capacitors C; and Cg found
through simulation were 185 pF and 210 pF, respectively while the experimental values
were 193 pF and 228 pF, respectively. There is a good agreement between the optimized
and the experimental values with a difference of <10%. This difference arises from several
different factors. First, tolerance and standard values of the capacitors. Commercial ca-
pacitors exist in a series of standard values and tolerances making it sometimes difficult to
match specific values. The tolerance for the ATC-800B series is 5%. Second, asymmetries
created during the building process and differences between the parallel-plate RF probe in

simulation and the physical prototype. The separation between the plates is, for example,
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difficult to match exactly to simulation because of the dimensions of the capacitors and the
solder joints. The capacitors were modelled as lumped elements in the simulation but, in
the physical prototype they are spatially distributed, they are 3 mm thick. Solder joints will
introduce significant losses in the circuit and therefore a decrease in the B, field strength.
It has been reported that solder joints can be responsible for up to 15% of the losses in the
RF probe circuit [29]. Finally, the plates were assumed to be infinitely thin in simulation,
but in the prototype, they are 35 um thick on the PC board. Despite these factors, the
experimental results are still in good agreement with the simulation.

Measurement of the quality factor of the probe loaded and unloaded, with the rub-
ber phantom and the doped water in the rectangular capillary tube as samples, produced
identical values of 165. Even though this probe should be classified as a mid-range probe
according to Doty et al. [29], where sample, probe, and capacitor losses are all important,
the results suggest that the ESR of the capacitors, the number of capacitors, and the solder
joints determine the RF probe losses. In simulation, eight capacitors, two capacitors C,
three capacitors Cg, and three capacitors in the matching network were considered. All
capacitors had an ESR of 30 m€ and the solder joint, attaching it to the plates, had a resis-
tance of Ry,; = 30 mQ. In the prototype, 15 capacitors were employed. Each capacitor Cg
is a combination of three smaller capacitors (150 pF, 68 pF, and 10 pF) and each capacitor
C. 1s a combination of two smaller capacitors (150 pF and 43 pF). It is important to note
that the ESR can be significantly higher for the capacitors with smaller values. In addition,
the increased number of capacitors increases considerably the number of solder joints. All
these factors will increase the losses in the probe and explain the difference between the
values of capacitors obtained through simulation and experiment.

The Parallel-Plate Resonator has a relatively low inductance of 26 nH. Approximately,
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30% of the inductance appears on the leads and the capacitors (leads, 5 nH and capacitors,
3.2 nH). The other 70% of the probe inductance is in the plate area which is a good indicator
of the efficiency of the probe. The inductance values were determined using a RF network

analyser (Hewlett Packard, Santa Clara, CA, USA) through the resonance frequency with
1

@rfrc

ductance was calculated. The capacitor leads were removed to reduce parasitic inductance.

the equation L = Knowing the resonance frequency and the capacitance, the in-
The solder joints were also minimized.

Fig. 3.4 shows a 2D ZX normalized proton density image of a black rubber sample
taken with the prototype Parallel-Plate Resonator. The image signal intensity is homoge-
neous in the central region of the probe. There are also high signal areas near the feed point
and near where the plates are connected through the capacitors. The slightly lower signal
between the capacitors on the left and the feed point is produced by the opposition of the
current diverted through the capacitors and the current on the feed point. Signal intensity
reduction occurs because of the current in this area is perpendicular to the Z direction, pro-
ducing a B; magnetic field parallel to the Z direction that is ineffective for MR/MRI. The
results agree closely with the simulation shown in Fig. 3.3c.

The image presented in Fig. 3.4 is not a direct map of the B; magnetic field distribution.
The image intensity is proportional to the square of the B, intensity, accentuating the dif-
ferences in the B; magnetic field distribution [27]. Fig. 3.5 shows a 2D ZX B; map for the
parallel-plate resonator at 2.4 T. The image shows that the B; magnetic field distribution
is homogeneous except in regions close to the capacitors and the feed points. The B, field
strength at the centre of the plates is 3.5 G. This value is 20% lower than the value of Fig.
3.3c. As explained above, this difference is mainly due to the difference in the number of

capacitors, the higher ESR of the smaller capacitors and the number of solder joints. The
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>7

Fig. 3.4. 2D ZX normalized proton density image of the black rubber sample 4.5 x 3.5 X
0.35 cm, acquired with 2D Spiral SPRITE with the Parallel-Plate Resonator at a ¢, = 53
us. The image was acquired with 256 scans with an acquisition time of 28 min. The FOV
was 6 X 6 cm with a nominal resolution of 0.9 mm in both directions laterally. The image
is averaged over the sample thickness.

lower B, strength in the corner is produced by the presence of the capacitors and the sol-
der joints producing an inhomogeneous B; magnetic field in that area. The relatively high
homogeneity of the B; magnetic field between the plates and the higher B, strength make
this RF probe suitable for high resolution thin film imaging.

The sensitivity of the parallel-plate RF probe was compared with that of a flat surface
coil [9]. The flat surface coil was chosen for comparison because it was previously used to
study water content in Nafion membranes [8]. In this previous study, a nominal resolution

of <10 um was obtained with the 2 cm diameter probe and a quality factor of 155. The
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B1 (Gauss)

>7

Fig. 3.5. Calibrated 2D ZX B, map for the Parallel-Plate Resonator at 2.4 T using the black
rubber sample, 4.5 X 3.5 X 0.35 cm. The FOV was 6 X 6 cm

90°-pulse duration was determined with an RF amplifier pulse power of 26 W. A black
rubber sample, centred 0.5 cm above the probe, was employed to measure the 90°-pulse
duration. The duration of the 90°-pulse for the parallel-plate RF resonator was 17 us and
for the surface coil it was 20 us. The 90°-pulse length for fixed power is a good indicator
of the probe sensitivity as advocated by Doty [30]. The Parallel-Plate Resonator was more
sensitive, than the surface coil.

Nonorthogonality of the sample and the main phase encode magnetic field gradient is
problematic for high resolution thin film imaging. Nonorthogonality can lead to significant

resolution loss. Fig. 3.6 shows a depth profile of the doped water sample in a thin film
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capillary tube of 400 um thickness after correcting the nonorthogonality of the sample with
the main magnetic field gradient G,. The two complementary magnetic field gradients G,
and G, were employed to correct the nonorthogonality as reported by Ouriadov et al. [4].
The capillary tube was nonorthogonal with respect to the Y axis by 0.8° in the X direction
and 1.5° in the Z direction. The nominal image resolution was 10 um. The voxel volume
was 2.8 mm? but note we are averaging over the sample size in X and Z to achieve a high
sensitivity depth profile. 64 k-space points were acquired with a field of view of 600 yum.

As shown in the Y profile of Fig. 3.6, there is a degradation in the edges of the image
profile corresponding to the top and bottom of the capillary tube. This could be because the
sample does not have a perfectly flat surface, or more likely because of residual nonorthog-
onality of the sample and phase-encoding gradient. The degradation of the image profile
will result in a degradation of the true image resolution. This resolution can be signifi-
cantly improved if a near perfect orthogonality between the sample and the main gradient
is achieved, as explained by Ouriadov et al. [4].

Although the results presented in this work were obtained at a frequency of 100 MHz
with 'H samples in a 2.4 T magnet, the final goal of this work was to use a similar design
of the Parallel-Plate Resonator, tuned to a frequency of 116 MHz for "Li samples in a 7
T magnet. The optimization process must be repeated when the components of the LIB
are placed inside the parallel-plate. This will change the values of the capacitors and the
strength of the B; magnetic field. However, we are confident that the basic premise of the
optimization process will still be valid. This confidence is based on previous work with
the Parallel-Plate Resonator to study water transport in a Nafion-based fuel cell [8]. We
believe that the optimized Parallel-Plate Resonator combined with the SE SPI method will

be very useful in the study of lithium-ion transport in the electrolyte solution and lithium-
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Fig. 3.6. Depth profile of the doped water sample in the rectangular capillary tube. The
profile was acquired in 16 scans with an acquisition time of 9 min and a 7, = 5.6 ms.

ion intercalation into graphite inside a LIB.

3.5 Conclusion

A Parallel-Plate Resonator design was optimized using distributed capacitance increas-
ing the B, homogeneity and increasing the B; magnetic field strength. A prototype parallel-
plate resonator was built based on the optimized design. 2D images and B; maps showed
that the experimental results agree with the simulation. It is possible to achieve high res-
olution thin film imaging with a resolution <10 ym. A similar prototype will be tested as
part of a functional lithium-ion battery. The parallel-plate RF probe design may be readily

adapted for "Li imaging in lithium ion battery studies.
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CHAPTER 4
Parallel-Plate RF Probe and Battery Cartridge for 'Li Ion

Battery Studies

The PPR RF probe, which was introduced in Chapter 3, proved to be an excellent choice
to interrogate flat planar samples. The RF probe can be optimized for both B; magnetic
field strength and B; magnetic field homogeneity, thus increasing the probe sensitivity.
In this Chapter, building on the results presented in the Chapter 3, we optimized a PPR
RF probe for MR studies of LIBs. We also introduced a battery cartridge that maximized
sample volume and avoided RF attenuation during RF excitation and MR signal reception.
Combining the PPR RF probe with the battery cartridge we reported the first 7;-7, relax-
ation correlation experiment on LIBs. We also, successfully detected and quantified lithium
intercalated into graphite.

This chapter is largely based on the paper “A parallel-plate RF probe and battery car-
tridge for "Li ion battery studies” published in the Journal of Magnetic Resonance, 325,
106943-106950 (2021). To avoid content repetition, the introduction of this chapter has
been reduced. The content removed was added to section 2.3.

In this chapter we follow the notation for variables and equations recommended by the

Journal of Magnetic Resonance.

Abstract

A new Parallel-Plate Resonator for ’Li ion cell studies is introduced along with a re-

movable cartridge-like electrochemical cell for lithium-ion battery studies. This geometry
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separates the RF probe from the electrochemical cell permitting charge/discharge of the
cell outside the magnet and introduces the possibility of multiplexing samples under test.
The new cell has a geometry that is similar to that of a real battery, unlike the majority
of cells employed for MR/MRI studies to this point. The cell, with electrodes parallel to
the B, magnetic field of the probe, avoids RF attenuation during excitation/reception. The
cell and RF probe dramatically increase the sample volume compared to traditional MR
compatible battery designs. Ex situ and in situ 1D "Li profiles of Li ions in the electrolyte
solution of a cartridge-like cell were acquired, with a nominal resolution of 35 mm at 38
MHz. The cell and RF probe may be employed for spectroscopy, imaging and relaxation
studies. We also report the results of a 7;-T, relaxation correlation experiment on both
a pristine and fully charged cell. This study represents the first 7-7, relaxation correla-
tion experiment performed in a Li ion cell. The 7}-T, correlation maps suggest lithium

intercalated into graphite is detected by this methodology in addition to other Li species.

4.1 Introduction

Magnetic Resonance (MR) has proven to be a valuable tool to investigate, in operando,
Lithium-Ion Batteries (LIBs), providing invaluable insight into battery structure and func-
tion. MR and Magnetic Resonance Imaging (MRI) studies have been undertaken to better
understand internal battery behaviour to aid improvements in battery performance [1-5].
Lithium intercalation into graphite [3, 5, 6] and lithium plating on the surface of the elec-
trodes [2, 7, 8] are of great scientific and practical interest for reasons of performance,
capacity loss and safety. However, the presence of highly conductive materials in the Li-

ion cell, screening the RF signal, and the lack of dedicated MR probes for these studies
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hinders the use of MR/MRI methods for realistic cell geometries. The ideal cell geometry
will be flat with parallel electrodes separated by electrolyte. This geometry is naturally
achieved with a parallel-plate RF probe.

To date, most 'Li MR studies of LIBs have employed spectroscopic methods with
pencil-like cells [9-11]. This type of cell design has been extremely successful because
it permits ex situ magic angle spinning (MAS) techniques to be employed, resulting in
high-resolution spectra [9, 10]. In situ "Li MAS studies in LIBs are challenging, mainly
due to the inability to perform sample spinning during an in situ MR experiment. How-
ever, in situ 'Li MAS of a full electrochemical LIB cell was recently reported [11]. In
the study, a novel jelly roll cell design was employed, permitting observation of metallic
lithium plating and formation of the solid-electrolyte interface SEI through the acquisition
of high resolution spectra. However, one common objection to cell designs employed for
"Li studies is that they do not represent the most favourable LIBs geometries, which are
often flat planar structures [12]. There is a natural merit in an MR approach to the study of
electrochemical cells where the RF probe is integrated into an operational cell. This was
achieved in full cell studies [13] with a parallel-plate structure where the plates functioned
as the electrodes and RF probe elements. Recently, Jerschow and coworkers [14] have em-
ployed copper pads, exterior to a pouch cell, to resonate the metal elements of the pouch
cell for magnetic resonance.

A natural RF probe choice for ’Li LIB studies is a parallel-plate type resonator [13].
This geometry naturally accommodates a parallel electrode cartridge-like LIB cell. With
the B; magnetic field oriented parallel to the plates, RF attenuation during excitation/reception
due to the electrodes is greatly reduced. The Parallel-Plate Resonator has been previously

employed in "H MR/MRI to study fuel cells [13]. In the current work we separate the
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electrochemical cell from the resonator to improve performance and permit multiplexing
samples. Recently an optimized Parallel-Plate Resonator was presented for 'H high resolu-
tion thin film imaging [15]. The optimized parallel-plate resonator increases B; magnetic
field strength, B; homogeneity and experiment sensitivity by attaching capacitors to the
corners of the plates. A parallel-plate RF probe, forming part of the LIB cell has recently
been employed to investigate metallic lithium plating, using spectroscopic methods [16].
In this work, a Parallel-Plate Resonator [15] with a cartridge-like cell for "Li LIB studies
was designed, built and tested. The new cell/ RF probe design provides a natural geometry
to ensure close contact between electrodes and electrolyte. The cell with electrodes parallel
to the B; magnetic field of the probe, reduced RF attenuation during excitation/reception.
The large sample volume of the cell improves experiment sensitivity compared to other
designs. Simulated and experimental values of the B; magnetic field agree to within 25%.
To demonstrate the utility of the Parallel-Plate Resonator combined with the cartridge LIB
cell, several MR/MRI experiments were undertaken. Ex sifu (cell disconnected from the
charge/discharge circuit) and in situ (cell connected to the charge/discharge circuit) 1D
Li profiles of Li ions in the electrolyte solution of a cartridge LIB cell were acquired,
with a nominal resolution of 35 um using a pure phase encoding SE technique [5]. A
T,-T, relaxation correlation experiment in both an uncharged pristine and fully charged
cell was also performed. To the best of our knowledge, this study represents the first 'Li
T,-T, relaxation correlation experiment performed in a LIB cell. The 7)-7, correlation
maps suggest it is possible to identify lithium intercalation into graphite with this approach.
The Parallel-Plate Resonator and battery cartridge were developed in this work for use
in lithium-ion battery studies, but they may be adapted for other battery types and other

battery studies. Similarly, the 7-7, measurement is well suited to probing behaviour of
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other nuclei in LIB studies and in studies of other battery types.

4.2 RF probe design and simulations

The "Li parallel-plate resonator was designed and optimized with CST Microwave Stu-
dio 2017 (CST of America, Framingham, MA) using a PC with a 2.1 GHz AMD RYZEN
5 Processor and 24 GB of installed RAM. The high frequency module was employed for
numerical calculation of the magnetic field produced by the probe. The transient solver
with tetrahedral meshing was used for the simulations. The Parallel-Plate Resonator de-
sign and simulation were based on the optimized 'H Parallel-Plate Resonator previously
reported [15]. The probe consisted of two copper plates, 7 mm apart, with lateral dimen-
sions of 50 mm X 35 mm. The plates were connected through five capacitors acting as
supports for the sandwich structure, as shown in Fig. 4.1. The plates were simulated as
sheets to reduce model complexity and calculation time. The capacitor values C; and Cg
were optimized to maximize B, magnetic field homogeneity and strength between the two
plates. To better account for the capacitors losses they were assumed nonideal with an
equivalent series resistance (ESR) of 30 m€2, with equivalent series inductance (ESL) of
0.05 nH. The separation between the plates was set to 7.0 mm in order to accommodate a
LIB cell with a maximum separation of 2.0 mm between the LIB electrodes. The probe,
in simulation, was fed with a Gaussian RF pulse which delivers 0.5 W power to the probe
when matched to 50 Q. The calculation results were scaled for an input power of 115 W,
the same input power applied to the parallel-plate prototype in MR experiments. The pulse
was applied through a discrete S-parameter port at a frequency of 38 MHz, which is the "Li

resonance frequency at 2.4 T. The probe was tuned and matched using a balanced series
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capacitive matching network [17] with three variable capacitors. During simulation, the
capacitances values C; and Cg were optimized to maximize the homogeneous B, area be-
tween the plates. Deviations in B; homogeneity not exceeding 10% of the B, field strength

value at the centre between the plates was considered homogeneous [15].

C. A

Fig. 4.1. CST Microwave Studio geometry model of the "Li parallel-plate resonator. The
capacitor values C; and Cg are optimized through simulation to maximize the B; magnetic
field strength and homogeneity between the plates. Capacitors are shown as light blue
chamfered disks while the excitation port is shown as a red chamfered disk.

4.3 Experimental

A Parallel-Plate Resonator was built based on the optimized design realized through
simulation. The optimized probe consisted of two plates, dimensions 50 mm X 35 mm,
and two leads, dimensions 15 mm X 10 mm. The plates were cut from a single sided blank
printed circuit board (PCB). The thickness of the copper layer of the PCB was 35 um. The

two leads on the right were connected through a capacitor. The plates were also connected
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through one capacitor in each of the four corners of the sandwich structure, as shown in
Fig. 4.2. The three capacitors Cg on the right are 201 pF (110 pF + 91 pF) while the two
capacitors Cy, on the left are 101 pF (68 pF + 33 pF). The capacitors also act as a support for
the probe as depicted in Fig. 4.2. All capacitors are high Q, low noise, Porcelain Multilayer
Capacitors with 5% tolerance from the ATC-800B series (American Technical Ceramics,
Huntington Station, NY). Capacitors used have an ESR that varies from 20 to 52 m€2 and an
ESL from 0.04 to 0.10 nH. The RF probe was tuned and matched to 38 MHz using a series
capacitive matching network [17] with three variable capacitors. The quality factor Q of
the probe, loaded and unloaded, was measured with a RF network analyser model 8714B,
(Hewlett Packard, Santa Clara, CA) based on the reflection mode method [17], O = 2Af—°f .
Jo 1s the resonance frequency and is the bandwidth measured at -3 dB level in the reflection
curve. The Q was always measured with the probe tuned at the resonance frequency f; and

matched at 50 QQ impedance.

|£ . 1cm

Fig. 4.2. Photo of the "Li Parallel-Plate Resonator RF probe. The plates, separated by 7.0
mm, are 50 mm long and 35 mm wide. The copper leads are 15 mm long and 10 mm
wide. A capacitor was placed in each corner of the Parallel-Plate Resonator with another
connecting the two copper leads at right. The B; magnetic field is aligned along x.
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4.3.1 Cell container and electrochemical measurement

The Parallel-Plate Resonator provides an ideal geometry for a removable, cartridge-like,
prismatic cell geometry. The cartridge-like cell container was built with two square pieces
with a side length of 45 mm. The bottom piece was a copper clad PC board. The top piece
was a garolite sheet (McMaster-Carr, Robbinsville, NJ) with an aluminium piece attached
to it. The top and bottom pieces were separated by a silicon rubber gasket (McMaster-Carr)
to seal the cell and avoid electrolyte spillage. Six brass screws were employed to seal and
fasten the cell, as shown in Fig. 4.3. A square area of 900 mm? was cut from the gasket for
insertion of the LIB cell.

The LIB cell was assembled with a graphite anode and a Lithium Nickel Manganese
Cobalt Oxide cathode, LiNiysMng3Co(,0, (NMC532), both electrodes with a capacity of
~ 2 mAh/cm? (NEI Corporation, Somerset, NJ). The NMC electrode, with active material
loading of 11.83 mg/cm? and a thickness of 70-75 um, is coated on an aluminium current
collector. The graphite electrode, with a porosity of 35% and a thickness of 60-65 um, is
coated on a copper current collector. Whatman glass microfibre filters, Grade GF/C, 250
pm thick (Sigma-Aldrich, Ontario, Canada), were used as separators. The separators were
soaked with 1 M LiTFSI in 1:1 (v/v) ethylene carbonate (EC) and diethyl carbonate (DEC)
electrolyte solution (Sigma-Aldrich). The electrodes and the separators were cut square
with an area 900 mm?, to fit in the centre of the rubber gasket in the cartridge container.

The electrodes, the separators, and the cartridge parts were dried prior to assembly.
They were dried at 80 °C for 36 h. All LIB cells were assembled inside an argon-filled
glove-box (7 ppm oxygen, less than 0.1 ppm water content) as follows: (1) The rubber
gasket was placed on top of the copper clad PC board; (2) The graphite electrode was placed

at the bottom of the cell, inside the gasket, with the copper current collector in direct contact
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Fig. 4.3. The removable cartridge-like Li-ion cell mimics the geometry of the most com-
mon Li-ion cells. The square cell can be easily inserted into the RF probe.

with the copper clad PC board; (3) the glass microfibre separator soaked with electrolyte
was inserted on top of the graphite electrode; (4) the NMC electrode is then placed on top
of the glass microfibre separators; (5) the garolite sheet with aluminium was placed on top
of the NMC electrode, in direct contact with the aluminium current collector; (6) the cell
was tightly sealed with non-magnetic screws using an adjustable torque screwdriver.

The second cell, with lithium metal as a cathode (MTI Corporation, Richmond, CA)
and a graphite anode was assembled as reference cell to test direct detection of lithium
metal. Two Li metal disks of 16 mm diameter and 0.6 mm thickness were employed. A
rubber gasket with thickness of 2 mm was employed. The electrodes were separated with
two Whatman paper filters.

For the 'Li MR T,-T, correlation experiment, a LIB cell with ~ 0.5 mm separation

between electrodes (one paper filter separator) and an electrolyte volume of 400 ul. was

87



4.3. Experimental

assembled. The rubber gasket with a thickness of 1 mm was employed to seal the cell. The
screws were tightened with a torque of 0.1 N-m. The same cell was later charged in constant
current mode only, with a 2400 Source Meter (Tektronix, Inc., Beaverton, OR) at a low rate
of C/35 (500 uA) up to 4.2 V. For the 1D ’Li profile measurements, a different cell, with a
separation of ~ 1 mm (four paper filter as separator) between electrodes, and an electrolyte
volume of 800 uLL was assembled. The rubber gasket thickness was 2 mm, and the screws
were tightened with a torque of 0.5 N-m. In all cases the screws were tightened until the
plates contacted the electrodes without displacing electrolyte. The parallel electrodes in the

cartridge-like LIB cell ensures close contact of the electrodes and electrolyte.

4.3.2 MR experiments

All experiments were performed on a Nalorac (Martinez, CA) 2.4 T 32 cm i.d. hor-
izontal bore superconducting magnet with a homogeneity of approximately 1 ppm. The
magnet is equipped with a water cooled 7.5 cm Nalorac gradient set (maximum gradient
strength 27.6 G/cm, and maximum slew rate 1000 T/m/s) driven by Techron (Elkhart, IN)
8710 amplifiers. The Parallel-Plate Resonator was driven by a 2 kW Tomco RF amplifier
(Tomco Technologies, Stepney, Australia). The 90° pulse duration for a ’Li sample was 30
us for a pulse power of 115 W. The "Li resonance frequency was 38 MHz. The console was
a Tecmag (Houston, TX) Redstone. MR/MRI experiments were performed at the magnet
bore temperature, approximately 10 °C. The bulk relaxation times of the free electrolyte
were 7, = 10 ms with 7, =T, = 1 s.

1D "Li depth profiles were acquired using a pure phase encoding SE sequence [18]. The

G, gradient was chosen to be the principal phase encoding gradient. 64 k-space data points
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were acquired, each with an encoding time tp = 3.4 ms and TE = 4.6 ms. 32 time domain
points were acquired on each echo with a dwell time of 20 us. To improve the signal-to-
noise ratio, 8 time domain points at the top of the echo were averaged. Other sequence
parameters were: FOV = 2 mm, TR = 1 s, 4 signal averages, acquisition time of 22 min,
filter width of 2500 Hz. The phase cycle for the RF 90°-pulse and the receiver was XXYY
and XYYX for the 180°-pulse. Ex situ and in situ 1D "Li depth profiles were acquired for a
pristine LIB cell. The in situ profile was acquired while the cell was connected to the 2400
Source Meter (Tektronix, Inc., Beaverton, OR) through two coaxial cables. A 2 MHz low
pass filter was employed to prevent noise pick up by the parallel-plate RF probe. The 2400
Source Meter was on during the measurement but was not delivering any current. For the
ex situ profile, the LIB cell was disconnected from the change/discharge circuit.

The "Li T,-T, relaxation correlation experiments were performed using a modified
inversion-recovery CPMG measurement [19, 20]. A variable echo time was employed
to reduce the RF duty cycle. A total of 1024 echoes were acquired with an echo time that
incremented non-linearly with the echo number. The echo time variation with echo number
was sigmoidal with the midpoint echo time occurring at the 512th echo. 128 echoes were
acquired with a minimum echo time of 200 us and 128 echoes were acquired with a max-
imum echo time of 15 ms. During the experiment, 20 inversion-recovery delays ¢,;, were
employed with a minimum value of 1 ms and a maximum value of 9 s. The delay times
incremented non-linearly. The acquisition time was approximately 6 h with a relaxation
delay of 5 s and 64 scans. Extensive signal averaging was employed to ensure a high qual-
ity T,-T, relaxation correlation experiment. A 2D Fast Laplace Inversion program (Laplace
Inversion Software, Schlumberger-Doll Research) written in MATLAB (MathWorks, Nat-

ick, MA) was used to construct the 2D MR relaxation correlation maps. The regularization
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parameter was set to 5 in all 7-T, data processing.

4.4 Results and discussion

4.4.1 RF probe simulations

Fig. 4.1 shows the model of the simulated Parallel-Plate Resonator. The lateral dimen-
sions, 50 mm x 35 mm and the separation of the plates, 7.0 mm, were fixed to accommodate
a flat LIB cell with a maximum separation between electrodes of 2.0 mm. The optimized
values of the capacitors C; and Cg were 75 pF and 150 pF respectively. Fig. 4.4 depicts
the simulated B, magnetic field distribution in the central slice between the plates, parallel
to the x-direction. As previously reported [15], the homogeneity is significantly improved
when the optimum capacitor values are chosen. Increasing homogeneity of the RF probe
is of great importance for high resolution ’Li MRI studies of LIB. For an input power of
115 W in simulation, the magnetic field strength at the centre between the plates was 5.8
G. The theoretical 90-degree pulse duration for the given input power is approximately 26

us for a "Li sample.

4.4.2 RF probe and battery cartridge

Fig. 4.2 shows a Parallel-Plate Resonator that was built based on the results of the
simulations. There is a slight difference between the capacitor values determined through
simulation and experiment. The values from simulation were 75 pF and 150 pF for C; and
Cr respectively. The experimental values were 101 pF and 201 pF respectively. The result

agrees within 25%, which is consistent with previous results [15]. Discrepancies between
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Fig. 4.4. Simulation of magnetic field distribution produced by the "Li parallel-plate res-
onator with optimized capacitor values C; and Cg. The dashed line delimits a 30 mm x 30
mm area where the LIB cell resides.

X

simulation and experiment occur for several reasons. The separation between the plates is
difficult to match to simulation because of asymmetries created during the building process.
Capacitors were assumed dimensionless in the simulation but in reality, that is not true [15].
In addition, the simulation does not account for the thickness of the copper sheet nor the
resistance of solder joints which increases losses in the RF probe circuit.

The sensitivity of the parallel-plate RF probe was compared with a quadrature high pass
birdcage coil tuned to the frequency of 38 MHz for ’Li. For both RF probes, a 2 mL free
electrolyte sample, placed in the centre of the probe was employed to determine the 90°-
pulse duration. Both RF probes were driven with an input power of 115 W. The birdcage
probe, with a diameter of 5 cm and length of 10 cm, and quality factor of 200, produced
a 90°-pulse duration of 51 us. However, the 90°-pulse duration for the Parallel-Plate Res-

onator was 30 us with a quality factor of 145. The shorter 90°-pulse of the Parallel-Plate
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Resonator is a good indicator of higher probe sensitivity, as advocated by Doty [21]. The
higher sensitivity of the parallel-plate RF probe is due to the favourable geometry of the
Parallel-Plate Resonator. The sample space is in close proximity to the plates of the probe,
producing a high B; magnetic field per unit current as understood by the principle of reci-
procity [22, 23]. The birdcage probe diameter of 50 mm was chosen to accommodate the
width of the cartridge-like cell.

The experimental sensitivity for LIB studies is very favourable given the cartridge-like
LIB cell shown in Fig. 4.3. The sample volume occupies the RF probe sensitive volume in
a near ideal fashion. The conductive electrodes and current collectors of the LIB cell are
parallel to the B; magnetic field generated by the Parallel-Plate Resonator limiting probe
loading and RF shielding. The skin depth of the graphite electrode at 38 MHz is between
180 um and 4500 um. Graphite has an orientation dependant conductivity giving the range
above [24]. The sample volume of the LIB cartridge-like cell is approximately an order of
magnitude greater than the sample volume of typical pencil-like cells employed in vertical
bore superconducting magnet studies of LIB cells [25, 26]

The new cell, with large sample volume, can be easily combined with the parallel-
plate RF probe, allowing multiplexing of different cells. Multiplexing of LIB cells in
conventional LIB MR/MRI studies is not possible if the LIB cell is integrated with the
RF probe and the entire electrochemical preparation and cycling occurs in the presence
of the RF probe. The new RF probe and cell allows more time efficient use of MR/MRI
equipment. Multiplexing LIB cells is a considerable advantage, considering that charg-
ing/discharging a LIB cell may take days depending on the nature of the experiment and
the charging/discharging current.

Separating the RF probe and LIB cell into discrete structures remove a high conduc-

92



4.4. Results and discussion

tivity connection across the RF probe. A similar low conductivity connection occurred in
previous full cell work [13]. Such a connection reduces the RF sensitivity.

The new RF probe combined with the cartridge-like cell was tested with a series of
MR/MRI experiments. Ex situ and in situ 'Li FIDs were acquired for the pristine un-
charged cell. No significant difference between the FIDs was found. An MR spectrum
was acquired in both cases, however, at 2.4 T the spectral dispersion and the relatively
low homogeneity of the magnet does not allow resolution of different Li species inside
the LIB cell. Spectroscopy results would be improved with a higher static magnetic field,
and a more homogeneous magnet, than that employed here. Our work is primarily MRI
and relaxation measurements as reported in this study, which does not require high static
magnetic field nor high homogeneity.

A 1D profile of the Li ion concentration in the electrolyte solution was performed on
the pristine uncharged LIB cell. Fig. 4.5 shows the 1D ex situ and in situ intensity profile
of the electrolyte solution between the electrodes in a cartridge-like cell. It is observed that
there is a minor difference between the intensity profiles. The small difference between
ex situ and in situ intensity profiles was expected. In the in situ experiment the RF probe
electrically couples with the charging circuit, slightly increasing the losses in the RF circuit.
With a nominal resolution of 35 ym and an imaging time of 22 min, this combination of RF
probe and LIB cell is suitable for high resolution studies of electrolyte polarization in LIB
cells. We emphasize that these measurements were undertaken at the relatively low field of
24T.

The SE SPI profiling experiment is amenable to detection solely of lithium ions in the
electrolyte due to the 7, restriction of a few milliseconds with SE SPI [25]. The parallel-

plate RF probe and cell cartridge are however well-suited to other imaging experiments,
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Fig. 4.5. 1D ’Li intensity profiles, in situ (dotted line) and ex situ (solid line), for the

electrolyte solution between the electrodes. The profiles were acquired using a pure phase

encode SE SPI experiment. 4 scans were acquired for an image time of 22 min. The
encoding time was ¢, = 3.4 ms and the field of view was 2.2 mm.

most notably SPRITE [5], for observation and spatial resolution of other Li species. The
paramagnetic NMC electrode has significant lithium content, but the signal lifetimes are
too short to be observed even with SPRITE MRI methods. The most advantageous use
of the new RF probe/cell for LIB studies beyond electrolyte studies is likely to be studies
of lithium dendrites formation, lithium plating and lithium intercalation into graphite. We
emphasize that the RF probe/cell combination is well suited for use with other battery

systems and other electrodes in LIB studies.

94



4.4. Results and discussion

4.4.3 T,-T, Relaxation correlation

Relaxation studies are a very advantageous way to discern molecular environments in
MR studies. Two-dimensional time correlation techniques are widely employed in MR
[19], but they have not been widely used in ’Li LIB cell studies [27]. The capability of the
parallel-plate RF probe combined with the cartridge-like LIB cell was also demonstrated
through T-T, relaxation correlation experiments.

A CPMG experiment with non-linearly spaced echo times in 7'-7, correlation experi-
ments was employed [28]. The echo spacing was varied in a sigmoidal way maintaining the
TE constant for the first 128 echoes of the sequence with a TE value of 200 us. This short
TE was necessary to capture the short lifetime 7, components on the sample. TE for the last
128 echoes was constant with TE value of 15 ms. Employing a CPMG with variable TE
greatly reduced the number of echoes acquired while accurately capturing short lifetime 7,
components. The modification was done to limit the RF duty cycle in the presence of both
long and short 7, components. To validate the feasibility of the modified CPMG experi-
ment a long 7, 700 uL free electrolyte sample was employed. Two different CPMG echo
trains were acquired, a regular CPMG with a linear echo time spacing and the modified
CPMG with a non-linear echo time spacing. The results showed no significant difference
between the relaxation times measured with the different methods. For short lifetime 7,
species the long echo time data is extraneous.

Fig. 4.6a. shows the T)-T, relaxation correlation map of the pristine uncharged cell.
The result shows three peaks. Peaks I and II with different 7, lifetimes, but similar T
lifetimes of ~ 700 ms are associated with lithium populations in the electrolyte solution in
the paper filter. Peak I, with a long lifetime 7, component of 190 ms is associated with

mobile electrolyte molecules in the paper and peak II, with shorter lifetime 7, component
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of 30 ms, is presumed to be associated with regions of space in the separator with restricted
mobility [29]. In a control experiment, a cell without electrodes, the 7,-7, correlation
experiment confirmed two different Li populations in electrolyte in the Whatman paper
filter. 7| and 7T, components for peaks I and II were expected to be shorter than 7'y and 75
components of the bulk electrolyte. Li ions in the porous paper filter have restricted motion
causing a more efficient relaxation than in the free electrolyte [30]. A minor low-amplitude
peak, III, with T and T; lifetimes of 680 ms and 5 ms respectively is observed in Fig. 4.6a.
This peak is likely to be associated with Li ions in the pore space of the graphite electrode.
Porosity of the electrodes plays an important role in the final capacity of the cell. Porosity
values for graphite electrodes have been reported from 15% to 55% [31-34]. The porosity
of the graphite employed is approximately 35%. Pores sizes are less than 100 nm in the
majority of graphite electrodes [33]. In another control experiment, a pristine uncharged
cell was assembled without the NMC electrode. The T;-75 relaxation experiment confirmed
that peak III is associated with lithium ions in the porous graphite. No other Li populations
are possible, beyond those in the electrolyte in the uncharged cell.

The Li content in the NMC electrode is 2.7 times higher than the Li content in the elec-
trolyte solution in the cell, allowing for respective volumes. As expected, no signal from
the paramagnetic NMC electrode was observed due to the extremely short 7, relaxation
time. Even with a TE of 200 us the signal of the NMC has completely decayed before it
can be observed.

Fig. 4.6b. shows the T)-T, relaxation correlation map for the charged cell. The cell
potential at the beginning of the 7-7T, measurement was 4.0 V. An overall increase in peak
integrals was expected upon charging because unobservable Li ions in the NMC electrode

enter the electrolyte while Li from the electrolyte will be intercalated into the graphite

96



