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ABSTRACT

In the modern age of ubiquitous mobile technology, demand for ever increasing
battery capacity and size reduction in such devices is a key driving factor for this
sector. Technology is currently striving to improve the power density of batteries
and the energy density of supercapacitors. To do so it is imperative to develop
new materials, chemistries and manufacturing strategies. However, before all these
proposed potential applications can be realised it is crucial to understand the fun-
damental processes taking place during materials synthesis, processing and device
functioning. In real technological applications, a material may in fact be exposed
to a variety of stimuli such as mechanical stress, and electric fields. The response
of the material to these stimuli often determines their functionality, behaviour and
performance in applications.

The aim of this work is to develop a detailed description of the materials under
scrutiny in their working states and develop an experimental approach which com-
bines advanced microscopy techniques and electrochemical testing using a spe-
cialised in-situ liquid-cell holder developed for electron microscopy. This was used
to observe and image electrode materials (specifically, Si-based conversion-alloying
anode materials) in their working state on the nano-scale. This experimental ap-
proach has effectively allowed for a TEM to be used as a “nano-laboratory” for
carrying out dynamic electrochemical experiments on a small spatial scale.
Furthermore, in addition to observing materials in their working state, in-situ tech-
niques can be used to also capture important intermediate transitional forms, that
may be missed by more conventional post-mortem methods. To date, we have suc-

cessfully printed an electrochemical cell consisting of silicon nanoparticles and
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LiFePOy4, and assemble it for in-situ observation; this technique is still in the early
stages of development, and the experimental issues arising from attempting to per-
form this type of in-situ Transmission Electron Microscopy analysis and solutions
are discussed in this work.

Transmission Electron Microscopy (TEM), and Scanning Transmission Electron Mi-
croscopy (STEM) have proven to be useful tools for such characterization, allowing
structure, composition, bonding and spectroscopic imaging to be followed at the

atomic level.
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MOTIVATION AND REPORT OVERVIEW

TEM is widely accepted as one of the most powerful analysis techniques for mate-
rials research. Observing materials in their working conditions may provide key in-
sight into the mechanisms by which a variety of materials store charge for emerging
energy storage technologies. Such studies into these mechanisms are usually per-
formed as post-mortem analysis," using material retrieved from cycled cells (which
can be damaged or chemically altered by the process of removing them from their
environment), or using a "stop motion" approach (in which material is removed
from a cell at regular intervals to analyse its changes). Such methods, while useful,
can be very time consuming. Nanoscale variations of individual particles must be
explored if a deep understanding of the structure—property relations and critical
stages of reactions (such as any short-lifetime intermediate states of these reac-
tions) are to be understood. Such reactions are difficult to capture with the former
approach.? Furthermore, such in-situ techniques can trace the structural and po-
tentially chemical changes of a single isolated part of the material over time,3™ in
contrast to the methods described before, where a different sample of material is
analysed each time."” Liquid cell TEM has only recently become a viable analysis
method due to advancements in specimen holder fabrication, and is still a fast-
growing are of research.®9 As a result, in-situ Liquid Cell TEM is quickly becoming
a vital tool for studying the dynamics of nanoscale samples in a liquid environ-
ment. It is the aim of this project to utilise this emerging technology to study the

electrochemical reactions of Li"-ion battery electrode materials in a way that has
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not been possible previously.?

In order to accomplish this, silicon was selected as a good candidate for in-situ
experiments due to its high volumetric expansion, which should be extremely ev-
ident in the microscope,’®** (and can even be observed with light microscopes
with sufficiently large particles’>) unlike some materials studied thus far via this
technique whose physical and chemical changes are more subtle (such as MoS;
nanosheets, FeOy,, and LiFePQ,)."°'® Furthermore, the limitations of spatial reso-
lution in liquid cell TEM act in favour of such a material, as the large average size
of the Si nanoparticles (=~ 10onm) would not require higher resolutions, and as this
material stores energy via a lithium-alloying (a more physical process), chemical

changes determined by EELS are less critical for analysis.

Furthermore, Ti3C; MXene was also selected as a candidate material for the in-
situ experiments presented due to its rising popularity among the energy storage
research community.'” Its promise as a competitor to graphite as an anode material
makes studying the dynamic lithiation reactions that may occur during the electro-

chemical cycling process a subject of great interest, and is also studied here.>***

Using such novel in-situ liquid cell TEM techniques, the aim is to study these sur-
face chemistry reactions in their operating conditions on the atomic scale, and iden-
tify the issues surrounding in-situ TEM analysis of materials. To date, this is some-
thing that has only been successfully achieved in single nanowire observations,****23
and not in practical lithium-ion battery technology materials. Electrochemical lig-
uid cell TEM as a technique is still in its infancy and work still needs to be done for
it to become mainstream, however it shows great promise for the future of energy

storage materials analysis.
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Finally, on a separate yet related note, experiments on a method to inhibit imag-
ing condition artefacts on vacuum-unstable samples were conducted. Sulphur, be-
ing a material that is both of great interest for lithium-sulphur battery applications
in the energy storage research community and one that undergoes sublimation un-
der high-vacuum conditions was chosen for this project.>#>7 A novel, facile method
of inhibiting the sublimation of sulphur to allow for TEM analysis of the material
is presented to enable the use of TEM and its robust analysis capabilities for this
material where many difficulties were present before. The technique uses a com-
mercial in-situ gas holder, which encapsulates the material in a high-pressure (1bar,
relative to the vacuum of the TEM) environment to prevent sublimation. This de-
veloped method presents new materials analysis opportunities for battery material

researchers.
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LITHIUM-ION BATTERIES: AN OVERVIEW

In the following chapter, lithium-ion battery energy storage mechanisms, elec-
trode materials, and electrochemical characterisation techniques are introduced.
Three materials are studied (silicon, MXenes, and sulphur), and their respective
lithium-ion storage mechanisms, capacity and cyclability benefits over the ubiqui-
tous graphite electrode are introduced here. The main electrochemcial characteri-
sation technique used in this work of cyclic voltammetry and the relevance of each
material to the state of the art, and commonly used electrode materials is intro-

duced.

2.1 AN INTRODUCTION TO BASIC BATTERY CHEMISTRY

One of the first examples of the modern concept of the battery was developed over
200 years ago in Italy. The Italian physicist and nobleman Alessandro Volta, build-
ing on the work of Luigi Galvani, developed the theory that electric current was
developed by the contact between two different metals (the anode and cathode).
From this, the first “electrochemical pile” was created; this consisted of a series
of interchanging zinc and silver (or copper) disks, separated by paper soaked in
an electrolyte solution (either sulfuric acid or a salt solution). The tendency of an
anode or cathode material to lose or accept electrons respectively is known as its
Standard Electrode Potential, and is a characteristic property of a material. The

voltage difference between the standard electrode potentials of the two materials
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determines the total voltage of the cell."™ It was realised soon afterward that this
potential could be used to do work." Thus, the battery was created.

The two types of batteries of this type in modern use are primary and secondary
batteries. Primary batteries are ubiquitous in modern technology due to their low
cost, but suffer from the major disadvantage of not being rechargeable."> In this
work, secondary (or rechargeable) batteries (specifically lithium ion batteries) are
studied. In recent years, lithium-ion batteries have been the workhorses of modern
consumer electronics, and the subject of much scrutiny for many years due to their

high energy density compared to other battery types.>™

2.2 LITHIUM-ION BATTERIES

A common mechanism by which lithium-ion batteries store energy is via a differ-
ent mechanism than basic oxidation-reduction reactions. This mechanism, known
as intercalation is the reversible migration of Li*-ions into interstitial lattice sites in
the Li*-ion accepting anode material.>®? In the charge process, the anode is elec-
trochemically reduced, which results in the uptake of Li*-ions into the electrode
(intercalation). Electrons move through the external circuit from the cathode to the
anode, and the Li*-ions travel through the electrolyte to compensate for the nega-
tive charge flowing through the external circuit, which results in oxidation of the
cathode, and the release of Li"-ions (deintercalation). When the cell is discharged,

the reverse processes occur (as shown in Figure 1).37659

This process is, unsurprisingly, diffusion-based. Under the Einstein-Smoluchowski
relation,'®™** which can be used to describe the mobility a particle in a medium un-

der Brownian motion:
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D = pkgT (1)

D = Einstein Diffusion constant, u = mobility of a particle, kg = Boltzmann’s constant, T
= absolute temperature (in K).

This equation can be expanded to apply to electrophoresis (the motion of a charged
particle in a fluid acting under an applied uniform electric field*'3). The mobility
(1) of a particle is defined as the velocity a particle can move through a medium

when an external force is applied:

vq = uF = pE (2)

w = mobility, vq = drift velocity, F = Force applied, E = Electric Field applied

In the case of a parallel plate electrochemical cell configuration, this applied force

is the electric field across the cell, and the Einstein—-Smoluchowski relation becomes:

D= %kBT
or:
D D dv
s —E = —
vd kBT kBT ds (3)

ds = incremental distance travelled by the charged particle to the electrode, dV = voltage

applied across the electrodes, as V = f\\;f E-ds

As we can see in Equation 3 the drift velocity of the charged particle (or Lit-ion
in this case) is directly related to the applied voltage across the electrochemical cell
(dV). Thus, the rate of diffusion, or Li*-ion intercalation is also directly related to
the applied voltage across the cell. One of the most common Li*-ion intercalation
materials is graphite. Due to its layered structure, graphite can accommodate large
amounts of Li-ions, or charge between its layers(Figure 1); this capacity for charge

storage, along with its low toxicity is what makes graphite a popular energy storage

11
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material for Li*-ion batteries. Despite its advantages, graphite is limited by its low

theoretical maximum capacity and much of the effort of the lithium ion battery

research community has been focused on exploring new materials with higher

capacities for energy storage.” Intercalation is not the only mechanism by which

Lit-ions can be stored by a material; other mechanisms are explored in the next

sections. Alloying (a similar process to intercalation but less reversible over time)

is demonstrated by silicon nanoparticles, intercalation is demonstrated by MXene

flakes, and redox storage reactions are demonstrated by sulphur.

Anode Cathode

Separator

Discharge

Anode Cathode

Separator

Figure 1: Schematic of Li*-ion intercalation in layered materials. Li*-ions are stored between the

lattice planes of these materials. Electrons move through an external circuit to balance the

charges. Lit-ion migration through the electrolyte is also shown.

2.3 SILICON AS A LITHIUM-ION BATTERY ANODE MATERIAL

As an anode material, silicon has been gathering increasing attention as an alterna-

tive material to graphite used in most modern Li*-ion energy storage devices and
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has been the subject of much research in our group.'# This is due to its much higher
theoretical capacity for charge storage (3579 mAhg~' for silicon'4'7 (Li,Si; high-
est capacity phase: Li;5514) compared to 372 mAhg~! for graphite'® (LiCg)*%). This
almost 10-fold increase in capacity over graphite makes it an extremely attractive al-
ternative in this age of ubiquitous, power-hungry, battery-powered electronics.****
Unfortunately, one of the drawbacks of Si as an anode material is its low mechani-
cal stability upon cycling. High cyclability is necessary for consumer electronics.
The mechanism by which Si stores Lit-ions is different from the traditional inter-
calation described earlier in Chapter 2, and in Figure 1. Li*-ion insertion in Si
proceeds via an amorphisation of the surface of the Si. As the Li'-ions diffuse into
the surface, the crystal structure of Si is broken down. The Si particles can increase
in volume by up to 300% during this process,'>'72%?2725 as shown in Figure 2; this
is what leads to the pulverisation of the Si surface, and thus it’s low mechanical
stability and cyclability.">*37> Materials that store charge carriers in this way are
known as conversion-alloying anode materials, and show great promise as high
capacity Li*-ion battery materials.20=28

Generally speaking, lithium conversion-alloying reactions can be divided into two
types; insertion reactions, and displacement reactions.'>?%? In insertion reactions,
the Li-ions combine with the host anode material to create the alloy. It is possible
for this reaction to take place with or without a phase/structural change to the
anode material (known as addition and solid-solution reactions respectively). In
displacement reactions, the Li*-ions take the place of a component (thus displac-
ing it) of the host anode material. Displacement alloying tends to be less reversible
than insertion alloying, and since Si is an addition insertion alloying material, dis-
placement reactions will not be discussed further.">2°29

As Si undergoes addition insertion alloying, the crystal structure is changed (in

this case amorphised) during charge and discharge cycles. As subsequent cycles

occur the reaction changes from an addition to a solid-solution reaction, as Si has

13
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Charge process

Figure 2: Showing the amorphisation of crystalline silicon (cSi) upon Li*-ion insertion. The
volumetric expansion of Si is also depicted from pristine cSi (left) to fully amorphised
(right); the cell expansion can be seen as the black boxes increase in volume from left to
right.”**5 (Image reprinted with permission from Reference [22]. Copyright 2012 Ameri-

can Chemical Society.)

become amorphised and no subsequent phase/crystallinity change occurs.'>*9 Si
cannot be re-used many times due to this destructive process of Lit-ion storage;
this pulervisation mechanism has been studied ex-situ, but the exact mechanism by

which the silicon is destroyed has yet to be exactly determined.**3°3*

2.4 T13 C2 MXENE AS A LITHIUM-ION BATTERY ANODE MATERIAL

Another material that has gained much attention over recent years for possible
energy storage applications is a family of layered materials known as MXenes. MX-
enes (layered, 2-dimensional metal carbides/nitrides) are obtained from a family of

layered materials knows as MAX phase. The MAX phases have a general formula
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of M1 1AX,, (n = 1-3), where M is a transition metal (M = Ti, Sr, V, Cr, Ta, Nb, Zr,
Mo, Hf), A is a main-group element (mostly group III or IV, A = Al, Ga, In, Tj, Si,
Ge, 5n, Pb), and X represents C or/and N.3*37 MXenes are obtained by selectively
removing the A component via etching, leaving a delaminated mono-layer material
of general formula My 1X,. Ti3C; MXene has been studied as an anode material
for lithium-ion batteries, and is used here. The Ti3C,; MXene used in this work is

obtained from Ti3AlC; MAX phase, with the aluminium etched away.
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Figure 3: Schematic showing the layered, hexagonal structure of Ti3C, MXene. Inter-layer spaces

provide large surface area, and potential for Li*-ion charge storage.

Being a two-dimensional layered material, MXenes can store charge via the inter-
calation method described above. Similar to graphitic carbon anodes, MXene can
accept Li*-ions into interstitial lattice sites between each layer.® With a theoreti-
cal capacity comparable to currently used graphite (320 mAhg~' compared to 372
mAhg~") MXenes seem like a promising anode material due to this comparable

capacity, but with a greater cyclic stability. Being a highly conductive material,

15
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anodes could also be constructed from MXenes without the need for conductive
additives, which can lower the total capacity of the completed anode compared to
a pure material. This could lead to less performance degradation over repeated
charge-discharge cycles compared to graphite, which is highly desirable in an age
where one of the major limiting factors of our mobile devices is the short service

life of the batteries that power them.

2.5 SULPHUR AS A LITHIUM-ION BATTERY ANODE MATERIAL

Sulphur has also been widely studied as a potential electrode material for Li*-ion
batteries. Its relatively high theoretical capacity of ~ 1650 mAhg~!, potential to pro-
vide greater energy storage density, and elemental abundance3® has attracted a lot
of attention within the Li*-ion battery research community.394° Certainly, sulphur
presents an attractive possible high capacity alternative to commercial graphite for
Lit-ion battery applications.

Sulphur, much like carbon, has a tendecy to undergo catenation (that is, the bind-
ing of an element to itself through covalent bonds to form chain or ring molecules)
and exists in different allotropes. While sulphur can exist in rings or chains of
amost any size,*' the most stable allotrope (and most common) is Sg, an octagonal
orthorhombic ring of sulphur.4> When these sulphur rings undergo reduction dur-
ing the discharging of a Li-S battery, the rings open and form long chain lithium
polysulfides. As the discharge process continues, the initial long chain lithium
polysulfides are continually broken down into smaller chains, until at the end of
the process, Li,S is formed. For the reverse process, Sg is reformed via intermedi-
ate lithium polysulfide chains, resulting in a theoretically reversible electrochemical

reaction.394°

As with all things, there are other reactions in the system to consider that hinder
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Figure 4: Schematic showing the mechanism of formation of lithium-polysulfide chains from octag-
onal orthorhombic Sg rings during Li-S battery discharge process.(Image reprinted with
permission from Reference [40] and Reference [43]. Copyright 2012 Nature Publishing
Group.)

the performance of such battery materials. The continual structural changes re-
quired to break and re-form the polysulfides and sulphur tend to break down the
electrode over time, resulting in a loss in performance. However, this in not the
primary cause of poor performance in Li-S batteries. A phenomenon known as the
"shuttle effect" causes the most capacity loss in the system. The so-called "higher
order" polysulfides (between 6 and 8 S-atoms in the chain) are highly soluble in the
organic electrolytes used in Li*-ion batteries. These initial intermediate polysul-
fides migrate toward the lithium anode and react with the lithium metal. They are
reduced to lower-order (fewer than 6 S-atoms per chain) polysulfides and migrate
back to the cathode, where they form higher-order polysulfides again. This cycle
repeats continuously.3? In severe cases, this can lead to a huge loss in lithium from
the anode, along with an infinite recharge loop. The shuttle effect also induces

deposition of solid Li,;S; and Li,;S on the lithium anode and loss of the sulphur
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active material from the cathode. This greatly reduces the Coulombic efficiency of
the cell and shortens cycle life, and leads to unstable cycling.#4

There have been many methods employed to attempt to circumvent this polysulfide
shuttling effect, with many of them employing some form of encapsulation of the
sulphur inside a carbon or conductive matrix, modification of the electroltye prop-
erties, or the addition of interlayers to prevent polysulfide migration away from the

sulphur electrode.394%44:45

2.6 THE SOLID ELECTROLYTE INTERPHASE (SEI)

Common to every battery electrode material, regardless of the mechanism of Li*-
ion storage is the formation of the Solid-Electrolyte Interphase (or SEI) layer during
electrochemical cycling. Apart from electrode material degradation as a result of
the phsical processes of Li*-ion storage mechanisms, one of the main common
mechanisms of capacity loss in the Li*-ion battery systems is the loss of Li*-ions
from the electrolyte to a reaction within the cell which forms a solid layer on the
surface of the anode. This layer is known as the Solid-Electrolyte Interphase (or
SEI) and is formed by reaction of intercalated Li and the electrolyte.4® It will be
present in concert with any observable swelling in the silicon system, and thus is
of interest to this work.

The SEI forms during the first charging stages of battery operation as most elec-

trolyte solutions are thermodynamically unstable at the operating voltages of recharge-

able batteries.#4% Upon the first charge of the cell, the electrolyte degrades and
deposits a variety of organic and inorganic electrolyte decomposition products on
the negative electrode,* forming the SEI. Typically, this layer is approximately 10-
10oonm in thickness,”® and in an ideal scenario, the SEI selectively allows Lit-ions
to pass through, while hindering electron transport.

The exact compounds formed as the SEI are thought to vary depending on a va-
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riety of factors, including operating conditions, electrolyte composition and an-
ode material 435" Tt is a complex surface layer, but it is believed that the inorganic
components arise from salt degradation products, while the organic components
arise from solvent degradation products (see Figure 5). While Figure 5 shows the
schematic SEI of a lithium surface, the SEI of a silicon surface should be somewhat
similar as the SEI is formed from the breakdown and deposition of the electroyte;
however some of the components will differ and contain Si-Li compounds also.
In previous studies of the commonly utilised electrolyte 1M LiPFg in EC/DMC 1:1,
components of the SEI have been found to contain LiF, LiOH, Li,COj3, polyethylene
oxides, lithium-oxide-polycarbonates, and a variety of other lithium-based organic
molecules.*7753 However, these studies were carried out on a graphitic anode, and
the Si-based system studied here will differ. Previous studies have also shown the
presence of SiOxFy and Li,510; species on Si surfaces indicate that the anode mate-
rial itself may play a role in the species formed as the SEI.5+5> This is still a widely
debated topic, as the exact composition of the SEI is still not fully understood.45:50

All of this generally results in an enormous capacity drop after the first recharge
due mostly to lithium loss to the SEI. Fortunately, the growth of the SEI is a self-
limiting process, as once the initial layer has formed, no further electrolyte can
reach the anode, and the SEI suppresses further SEI growth.5” The SEI, while elec-
tronically insulating and impermeable to electrolyte solution, is still permeable to
Li*-ions. This allows for many charge-discharge cycles without further lithium loss
to the SEL.48

However, if the SEI was not present, the generally corrosive electrolyte solution
would gradually erode the anode, thus making the battery useless after a short
time,>® and Li*-ions would be continually lost from the system to the SEIL Thus
while the SEI contributes to an initial capacity loss, it is an essential passive com-
ponent of the Li"-ion cell to maintain its capacity over time.

Due to the fact that the SEI is quite thin by comparison to the overall size of most
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Figure 5: Schematic depiction of the SEI at an anode interface, and ionic transport within the SEL
Figure gives an impression of the complex and still not fully understood composition of the
SEI formed by typical battery electrolyte decomposition. (Image adapted with permission
from Reference [50]. Copyright 2017 Elsevier.)

anode materials,”® a technique with high spatial resolution must be used if one
wished to analyse this layer in its working state; thus TEM is employed to enable
such studies due to its high spatial resolution and simultaneous imaging and spec-
troscopic capabilities.> Liquid cell TEM is particularly appropriate for this task, as
the SEI is sensitive to air, moisture and other contaminants, and so ex-situ and post

mortem studies cannot perform a proper analysis.®

2.7 CYCLIC VOLTAMMETRY AND ELECTROCHEMICAL CHARACTERISATION

In order to study the electrochemcial properties of each of the materials described

above, a suitable electrochemical characterisation technique must be used. The pri-
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mary electrochemical characterisation method used in this work is Cyclic Voltam-
metry (CV), which is a type of potentiodynamic voltammetry (voltage applied is
varied over time) used to study electron transfer reactions. This technique is similar
to a linear sweep voltammetry, whereby it applies a linear sweep potential between
the working and counter electrodes between a pre-defined voltage window and
measuring the current between them, but differs by reversing the sweep to return
to the initial potential. This is then repeated as many times as desired (in a cyclic
fashion).?5%1 This reversible cyclic linear sweep waveform can be visualised in Fig-
ure 6. The current response of the electrode is measured as the voltage is swept.
If reducible/oxidisable agents are present in the system, the current between the
working and counter electrodes will rapidly increase as the redox potential is ap-
proached, then rapidly decrease as the quantity of reducible/oxidisable agents are
depleted. This is typically visible in CV curves as peaks. If the reaction is re-
versible, a corresponding oxidation/reduction peak can be observed on the reverse
sweep (dependant on the initial sweep direction). If the reaction is irreversible, no
corresponding peak will be present.>0'3 Such peaks can be used to qualitatively
determine the reversibility of a redox reaction, or show the presence of any inter-
mediate compounds or secondary reactions in the system.

In the case of Li*-ion battery materials, this technique can be used to visualise Li*-
ion intercalation. As Li*-ion intercalation proceeds, Lit-ions from the electrolyte
are reduced to lithium atoms during the charge cycle in the anode, as shown in

Equation 4 below.

Lit+e” = Li (4)

During discharge, the lithium atoms are oxidised and taken up into the electrolyte
once again. This results in a pair of Li*-ion intercalation peaks in the CV of a Li*-
ion battery electrode material.5'9-2

Importantly for the setup used in this work, CV can be used in a two-electrode
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system, and does not require the presence of a reference electrode. A reference
electrode is not always necessary for such battery systems as this work is not an
isolated study of the characteristics of the working electrode independent of the

counter electrode, and a two electrode system will suffice for these experiments.?°

Cyclic Voltammetry Pulse Waveform

V2 1

Potential -v- Reference Electrode [V]

Time [s]

Figure 6: Sample sawtooth-type waveform of applied potential over time used in the Cyclic Voltam-
metry electrochemical characterisation technique. Voltage is ramped at a constant rate

within a defined potential window between the initial (V1) and final (V2) potentials.

This simple technique is used for the in-situ setup, as this work is not concerned
with the performance of the materials, but rather simply needs a voltage to be
applied to drive Li*-ion intercalation, and corresponding data measurement con-

tirming reversible electrochemical reactions.

2.7.1  Theoretical Capacity of Materials

The following materials are used in this work; silicon nanoparticles, Ti3;C; MXene,
and sulphur as an anode (as described earlier in this chapter), and lithium iron

phosphate (LFP) as the cathode and source of Li-ions in the full systems due to
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inherent fabrication limitations of using a pure lithium foil in TEM experiments
(which will be described later in Chapter 7). The following half-cell equations

describe the reversible redox reactions the materials undergo:64
cathode oxidation (charging anode):
LiFe"™PO4 = xLi" +xe™ 4 Li;_, Fe""'POy4

where 0 < x < 1

anode reduction (charging anode):
xC+Li" + e~ = LiCy
Si+xLit 4+ xe” = Li,Si
S+xLit +xe” = Li,S
Ti3Cy +xLi" +xe™ = Tiz3CyLiy (5)

It is important to state that these reactions are not spontaneous, and require an

external applied potential to drive the reactions.

The electrical capacity of a material is defined as the amount of charge the mate-
rial can store. Therefore, it has the unit of the Coulomb.

Via dimensional analysis:

nF=C (6)

Where 1 = number of moles of electrons (mol), F = Faraday constant (96485 C/mol), and C
= charge (Coulombs = C)

Applying a simple conversion factor to change the dimensions to standard:

1 5
1C = mAh = ﬁmAh (7)

The specific capacity is defined as electrical capacity per unit mass. Therefore, the
equation for the theoretical specific capacity of a given material becomes:*°
n

5
Specific Capacity (Cmax) = M (EF) =mAhg™' (8)
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Where M = molar mass of the material (in grammes).
To acquire the value for 1, one must analyse the chemical equation for the reaction
in the battery cell; 1 can be extracted directly from such equations,65 as outlined

below:

6C+Li" +e — LiCq.". Theoretical Cax ~ 372mAhg_]
4Si+ 15111 + 15e~ — Lij5Sis (4Li37551) .. Theoretical Cpax &~ 359OmAhgf1
FePOy + Li* + e — LiFePO, . Theoretical Cpay ~ 179mAhg™!
S+2Lit +2e” — Li,S -. Theoretical Cpax &~ 1675mAhg™"

Ti3C, + 2LiT + 2~ — Ti3C,Li, .- Theoretical Crax &~ 320mAhg ™" 9)

Using Equation 8, we can make a crude approximation of the Specific Electronic
Capacity of any electrode material. However, a full determination that takes into
account the structure of a material requires complex DFT calculations, as well as
the determination of each material’s Density of States.37% Such calculations were

not undertaken here as they were beyond the scope of this work.
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TRANSMISSION ELECTRON MICROSCOPY

The main characterisation technique used in this work is Transmission Electron Mi-
croscopy (TEM). TEM was chosen due to its high spatial and real-time temporal
resolution when imaging samples, as well as combining a variety of spectroscopic
and chemical analysis techniques into a single instrument. Depending on the sys-
tem, spatial resolutions down to 1A and with a CCD camera refresh rate of 400
frames per second (Gatan K2, Gatan Inc.) are typical of many TEM setups. Simul-
taneous spectra acquisition can be performed during imaging, which can allow for
chemical analysis of the materials under scrutiny as we observe changes occurring.
This makes it a suitable candidate for in-situ analysis of the battery materials dis-
cussed under working conditions. While in-situ analysis such as this is the goal of
this work, work must still be done to develop techniques for reliable image acqui-

sition in a liquid environment.

3.1 AN INTRODUCTION TO TEM: THE ELECTRON WAVE

Fundamentally, TEM is based on the concept of wave-particle duality;" that is that
particles such as electrons can exist as both a particle and a wave. Using the de
Broglie wave'? relation, Ruska and Knoll developed microscopes? using electron
optics, rather than visible-light optics. These microscopes quickly surpassed the

resolution limits of visible-light microscopes, and are to this day still limited by
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imperfections in the electron optics, rather than by diffraction limits, as can be

shown using Equation 10 below.

h

AN ———
2mpeV
or, with relativistic corrections:

h
A= ~ 1.97pm (10)

eV
\/ZmOeV (] + W)

Where A = wavelength, h = Planck constant, my = rest mass of electron, e = electron charge,

V = accelerating voltage (usually 300kV), ¢ = speed of light in vacuum, p = momentum.”

Following on from this, the theoretical resolution of an electron based optical
system such as a TEM operating at a typical operating voltage of 300keV can be
approximated by the Rayleigh criterion for a circular aperture as shown in Equa-
tion 11. It can be seen that the resolution is highly dependent on the wavelength
of the source, thus a high energy electron source is highly suitable for resolving

sub-nanometre features.
A

d=1.22
sin®

(11)

Where d = resolution, N = wavelength, © = the angle of collection of the magnifying lens’

From these simple equations, TEM has a theoretical diffraction limited resolution
in the pm range, however most modern TEM technology can only resolve details
approximately 100 times larger than this (~ 0.5 — 1A) due to imperfections in the
lens systems.>#> These lens imperfections (such as slight asymmetry in the shape
of the polepieces, or atomic defects in the polepieces) give rise to geometric and
chromatic aberrations, which are the primary limitation factors to achieving the
diffraction limit of the microscope. Other lens defects limit resolution also, but
these two are the most pervasive and limiting.

Geometric aberrations are caused due to inconstancies of the magnetic field of the
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Figure 7: Ray diagram demonstrating Geometric Aberration. Multiple focal points can be observed

in the focused beam and the disc of least confusion is shown.

lens off the central optic axis. As a result, the further away from the central optic
axis an electron is, the more it is deflected back toward the axis by the lens. This
results in multiple focal points of the focused beam, thus, imaging a point object as

a disk and blurring the image (see Figure 7).

Chromatic aberrations result from the lens deflecting electrons of differing energies
(or wavelengths) as they pass through the lens, causing different focal points for
each electron energy (see Figure 8). The comparison is often made to colour sepa-

ration in light-lenses. This can be shown in the Lorentz equation’® (Equation 12):

F=qE+ (qvxB)=qvxB (12)

Where F = force acting on the electron due to the lens, q = electron charge, E = o (no static

electric field in lens system), v = relativistic velocity of the electron, B = magnetic field.
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] Lens

disc of least confusion (dme)

Figure 8: Ray diagram demonstrating Chromatic Aberration. Each colour represents a different
electron energy (wavelength). Multiple focal points can be observed in the focused beam

as a result of different electron energies.

As the velocity of the electron is determined by its energy, electrons of differing

energies will not have the same transverse force applied in the same magnetic field.

3.2 IMAGE FORMATION

A TEM image is formed due to the interaction of high energy electrons with a sam-
ple. When the electron beam passes through a sample, it can undergo a number of
different scattering events and interactions with the sample (see Figure 9). Aside
from the forward scattered deflections such as elastic and inelastically scattered
electrons, a number of backscattered electrons, secondary electrons and Auger elec-
trons can be detected from the sample by the detectors in the microscope. A num-
ber of X-ray emissions can also be detected, and allow for simultaneous character-

istic EDX spectra to be acquired.
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Figure 9: Diagram showing various types of electron scattering and X-ray emission from sample in
TEM. (Image reproduced with permission from Reference [2]. Copyright 2009 Springer-
Verlag US.)

A TEM image may be formed from either the direct beam (known as Bright Field
imaging), or from a diffracted beam (known as Dark Field imaging).*>7 This can be
visualised using the ray diagram shown in Figure 10.

In TEM mode, the beam is focused with the condenser lenses so that it is parallel at
the sample plane, illuminating the entire region within the beam. Image contrast
arises as a direct result of scattering interactions of the incident electron beam with
the sample. There are a number of ways the electron beam can be altered as it
passes through the sample, and both the amplitude and the phase of the wave can
be altered by the sample. This leads to a number of different types of contrast that
form the image.?

Amplitude contrast, which is subdivided into mass-thickness contrast and diffrac-

tion contrast, is the more intuitive of the contrast mechanisms. Mass-thickness con-
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Figure 10: Ray diagram showing the selection of Bright Field (BF) or Dark Field (DF) imaging
modes from the direct beam and diffracted beam respectively using appropriate objec-
tive apertures. (Image reproduced with permission from Reference [7]. Copyright 2018

Springer US.)

trast arises from incoherent elastic scattering (Rutherford scattering) of electrons.
The cross section for Rutherford scattering events depend strongly on the atomic
number (Z) and the thickness of the sample (see Equation 13). Therefore, mass-
thickness contrast will form an image where regions of the sample that are thicker
or are composed of higher mass atoms will appear darker in a bright-field (BF) im-
age or brighter in a dark-field (DF) image because more of the beam is incoherently

elastically scattered away from the optical axis.”

etz? dQ
2 0’
16(47‘[801:_0) SiTL4—

OR = N(0) = ntog (13)

Where og = Rutherford scattering cross section, e = electron charge, Z = atomic number,
g = permittivity of free space, Ey = kinetic energy, dQ) = solid angle, © = scattering angle,

N(0) = number of electrons scattered at a specific angle, n = number of atoms per unit
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volume in sample t = sample thickness

Phase contrast arises due to differences in the phase of the electron waves scat-
tered by the sample. The differing phases of the scattered waves post-sample inter-
fere, and give rise to fringes. If the sample contains a high degree of periodicity
(such as a single crystal sample) these fringes give contrast corresponding to lat-
tice spacing in the sample, and can be frequently seen in high resolution (HRTEM)
images as lattice planes.? Phase contrast is limited by the contrast transfer function
(CTF) of the TEM system, which is determined by the mathematically described
geometric aberration coefficients. The resolvable spatial frequency by phase con-
trast is determined by the frequency at which the first CTF crossover occurs, and
the contrast reverses (see Figure 11).>® This point in the CTF is determined by
the aberration coefficients of each microscope, and is often refered to as the "in-
strument resolution limit" as no contrast is produced at o and no information can
be acquired at this point.* However since this work does not consider any phase
contrast HRTEM due to sample limitations discussed in Chapter 4 and Chapter 7,

further discussion is beyond the scope of this thesis.

Periodicity in the sample can also be used to image a diffraction pattern from the
sample. Diffraction patterns form in the back focal plane of the objective lens as
a result of constructive interference of the electron wave satisfying Bragg’s law

(Equation 14).

NA = dpy1sinbg (14)

Where n = diffraction order, dny = lattice spacing for the hkl crystal plane, Oy = Bragg

angle

39



40

TRANSMISSION ELECTRON MICROSCOPY

=
3y

-0.5

Contrast Transfer Function
[ @ |

www.globalsino.com/EM/

| | | | | |

0 1 2 3 4 5 g 7 8
k (nm-T)

Figure 11: Example CTF of TEM imaging system. Arrow marks first crossover point, and spatial
frequency of information limit of phase contrast. (Reproduced with permission from

Reference [8])

The back focal-plane image can then be projected onto the screen to form an
image of spots for all planes meeting the Bragg criterion. The spots form a char-
acteristic diffraction pattern with symmetry that is related to the symmetry of the

crystal.

3.3 SCANNING TRANSMISSION ELECTRON MICROSCOPY

In STEM mode, a convergent electron beam (or electron probe) produced by an
electron gun and a series of condenser lenses is focused and rastered across the
specimen and using x and y axis deflection scan coils. It differs from standard
TEM imaging as the resolution is determined by the probe size (typically of the

order 2A), and not by the diffraction limit.5 It is thus a direct imaging method, and
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its images are more intuitively interpreted.

A number of signals can be collected post sample, and the most typical ones include
transmitted electrons that have been scattered at low angles (known as Bright Field
(BF) imaging) and that have been scattered at high angles (known as Annular Dark
Field (ADF) imaging) with respect to the central optic axis. In this case image con-
trast is derived from scattering angle, which is directly related to the atomic mass
of the atoms in the sample (known as Z-contrast). Higher Z atoms scatter the inci-
dent electron beam to higher angles on the ADF detector, which is seen as brighter
regions in an ADF image.? For a larger scattering angle (>5omrad) (higher Z), High
Angle Annular Dark Field (HAADF) imaging is commonly used to give contrast in
STEM imaging. For a lower scattering angle (>1omrad) (lower Z), Medium Angle
Annular Dark Field (MAADF) imaging can also be employed if equipped in the
microscope’s ADF detector to give more contrast. A large amount of spectroscopic
data can also be acquired simultaneously with imaging, specifically from charac-
teristic X-rays emmitted by electron-sample interactions (Energy Dispersive X-ray
Spectroscopy (EDX/EDS)) and from transmitted electrons that have lost a measur-
able amount of energy from interactions with the sample; this measured energy
loss gives rise to Electron Energy Loss Spectroscopy (EELS), a powerful quantita-

tive tool used to probe chemical data at the local atomic scale.’

3.4 IMAGING OF THICK SAMPLES

While scattering events are the key to imaging with electrons (without which no
image could be formed), too many can cause resolution and contrast issues. This
is of particular importance to this work, due to the inevitably thick nature of the
samples used for the in-situ holder suite described in the next chapter.

In a standard TEM setup, samples are prepared to be approximately 10onm thick,
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or thinner. If the sample is too thick, the electrons scattered by a feature in the
material (such as an atom, plasmon, phonon, or a dislocation etc.) have a finite
probability of being scattered again. If scattering is considered as independent ran-
dom events, the probability of n-fold scattering will follow a Poisson distribution®

as long as the inelastic mean free path of a scattered electron remains in the sample.

o
(G »

Where Ps = probability of scattering, t = sample thickness, A = inelastic mean free path
of electrons in the sample (sample dependent value), and n = number of scattering events

(ne IN).

As can be seen in Equation 15 the probability of a larger number of scattering
events increases with the ratio of sample thickness to mean free path of electrons
in the sample® (See Figure 12). This phenomenon (known as plural scattering,
for between two and twenty scattering events®) reduces the possible resolution of
the image and makes spectra extremely difficult to interpret, as the electrons have
been scattered by more than just the feature one wishes to observe and the contrast
mechanisms described above are forming an image that is derived from more than
a single scattering event. Typical inelastic mean free path of electrons in a material
can be calculated by the relativistic full Penn algorithm to be approximately 10onm
- 150nm between 40keV - 300keV, the typical incident electron energy range of most

TEM systems."*™*2
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Figure 12: Poisson distribution for different values of n (scattering events). Blue line depicts prob-
ability of no scattering events (exponentially decreases with sample thickness), the green
line depicts the probability of a single scattering event, and the red line depicts the sum
of the probability of a finite number multiple scattering events (increases with sample

thickness) as a function of t/Ae. (Finite number of events specified as ) 3 Ps = 1)

3.5 SPECTROSCOPY IN TEM

One of the major appealing factors of using (S)TEM as an imaging technique is
it’s ability to acquire simultaneous quantitative spectra from the material under
scrutiny during imaging. The two most common types of spectroscopy possible in
(S)TEM are Energy Dispersive X-ray Spectroscopy (EDX/EDS) and Electron Energy
Loss Spectroscopy (EELS), although more specialised setups can also perform tech-
niques such as Auger Electron Spectroscopy or Raman Spectroscopy using in-situ
lasers.

EDX is a technique used to identify elemental composition of the sample. When
a high energy electron interacts with an atom, it has a probability to undergo two
possible events that can emmit an x-ray; a significant change in momentum due to

interaction with the Coulombic field of the nucleus, or eject an inner-shell core elec-
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tron from the atom. If the electron is "slowed" by interacting with the field of the
nucleus, it loses its excess energy in the form of emitted high energy photons (or
x-rays). As the energy released can be any value up to the energy on the incident
electron, this is seen as a continuous exponential decay spectrum, with no defined
peaks, This is known as the Bremsstrahlung or "braking radiation". Some of this lost
energy is re-absorbed by the sample, which gives rise to the characteristic "hump"
at the lower end of the Bremsstrahlung background. This part of the x-ray spectrum
contains no useful quantitative data about the sample. The other possibility is that
the incident electron will eject a core electron. If this occurs, the atom is now said
to be in an "excited" state. An electron from a higher energy level in the atom can
then relax to the now empty lower energy state, and release its excess energy as
an x-ray. As this energy difference is unique to each element the x-rays emitted
are also characteristic to each element; by measuring their energies, the elemental
composition of the sample can be determined.?

The characteristic x-rays are grouped according to which electron shell transition
generated the x-ray. The innermost shell is known as the K shell, with the next
shells designated the L and M shells, and so on. Each characteristic peak is named
based on the shell it relaxes to; a relaxation from L to K is known as the K peak,
from M to K is the K peak, from M to L is the L, peak etc. Technically, one can
have transitions between sub-shells within each shell (provided it isn’t a forbid-
den transition under the rules of quantum mechanics) but the probabilities of such
transitions occuring are much lower, and their energies so low that they are usually
not considered in EDX spectroscopy in the TEM. This nomenclature is based on a
simple Bohr-model of the atom and its electronic structure, and doesn’t take into ac-
count the shapes of atomic orbitals or more complicated explanations of electronic

structure theory.?
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Figure 13: Example EELS spectrum showing the Zero-loss, Low-loss, and Core-loss regions
of the spectrum.  Peaks arise as a result of enerqy losses from inelastic elec-
tron interactions with atoms in a sample. (Image reproduced with permission un-
der Wikimedia Creative Commons Licence. Original author: Magnunor. Avail-
able at https://commons.wikimedia.org/wiki/File:Electron-energy-loss-spectrum-feature-

overview.svg/media/File:Electron-enery-loss-spectrum-feature-overview.svg)

EELS can also be used to determine elemental composition, but it is a much
more powerful technique capable of determining chemical bonding states of differ-
ent elements, along with certain optical properties of materials. When an electron
interacts inelastically with atoms in a sample, the electron may lose energy and
momentum to the sample. This energy loss is measurable, and can be interpreted
as an energy loss spectrum. A typical EELS spectrum is composed of a number of
distinct regions. The Zero Loss Peak (or ZLP), the Low Loss region, and the Core

Loss region. (see Figure 13)

The ZLP contains no usable spectroscopic information, it is the result of electrons
that have not experienced a change in energy or momentum as a result of inelastic

interactions with the sample.>"3

45



46

TRANSMISSION ELECTRON MICROSCOPY

The low loss region (<100€V) typically contains information about the optical prop-
erties of the sample, with plasmon peaks located in this region. Such losses are not
considered in this work.

The core loss region of the energy loss spectrum (>100eV) contains information on
the elemental composition, electronic structure, and concentration of the sample.
Characteristic electronic transitions can be used to determine a sample’s elemen-
tal composition, similar to EDX; however EELS can detect elements that cannot
be detected via EDX, such as low-Z elements like lithium and hydrogen."* Low-Z
elements like lithium have lower probabilities of x-ray emission, and produce soft
x-rays which are absorbed by many detectors when they do. Hydrogen and helium
do not produce characteristic x-rays at all."> EELS can be a useful technique for de-
tecting such elements where EDX falls short. The information that can be obtained
can be much more detailed, with near edge characteristics (ELNES) of the elemen-
tal peak yielding data on valence state of the element, local bonding information,

and density of states to name a few.>13:1

In STEM, EELS and EDX provide powerful spectroscopic tools for localised mea-
surement across a sample, with atomic resolution possible in the right conditions.
These techniques can be taken a step further in STEM, as a spectrum can also be
acquired for each pixel of the image as the probe is rastered across the region of in-
terest (creating the so-called "datacube" image). This can then be used to generate
a spectrum image, showing the distribution of different elements throughout the

sample.>
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IN-SITU LIQUID CELL TRANSMISSION ELECTRON
MICROSCOPY

As mentioned previously, due to the environmental requirements of an electro-
chemical cell, this work primarily focuses on liquid cell TEM. In its most basic
form, liquid cell TEM involves encapsulating a specimen in a liquid environment
between two thin electron transparent membranes, thus isolating the liquid envi-
ronment from the TEM vacuum and allowing imaging. Such a technique is very
useful for the study of various wet-chemistry or electrochemical reactions. In this
work, electrodes for electrochemical testing are also included in the viewing region

of the membrane (See Figure 14).

4.1 LIQUID CELL TEM

TEM imaging in liquid environments can be traced back to the early days of the
technology,”* however technical challenges prevented its widespread use.>* Lig-
uid cell electron microscopy poses some unique challenges different from more
conventional electron microscopy techniques such as isolating the liquid environ-
ment from the high vacuum required (~1x10~® Torr ~ 1.3x10~7 atm) to minimise
scattering from sources other than the sample in the column.3™ In order to main-
tain a balance between the strength required for liquid isolation and electron trans-
parency, most commercial solutions use thin membranes of SiNy to encapsulate the
liquid (Figure 14). Some first generation and in-house solutions using single-layer

graphene has also been used as a viewing window.>*#%~14 While higher resolutions
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Figure 14: Cross-sectional schematic (not to scale) of the Hummingbird liquid cell electrochemistry
microfluidic chip setup used in the experiments. Schematic demonstrates bowing of the
SiNy viewing window under fluid pressure. Electrode materials are positioned on the

electrical contact electrode on the viewing window.

are possible with graphene windows (being atomically thin), an external stimulus
such as electrical bias or heat could not be applied; thus the commercial solution is
used here, which as been successfully used to study similar systems.?4*5729

Many previous studies have used an open-cell electrochemical configuration, where
a low vapour pressure ionic liquid was used in the column, and a biasing holder
used to cycle the material under scrutiny.3°739 Such setups do not require the isola-
tion of the liquid from the column vacuum, and the lack of membrance windows

provides the ability to perform HRTEM imaging. While these experiments provide

—
/

Figure 15: Hummingbird Specimen Holder for Liquid Cell TEM. (Courtesy of Hummingbird Sci-
entific, Lacey, WA, USA.)
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some insight into the reaction kinetics of the systems, they diverge by such an ex-
tent from a real-world environment that the conclusions may be inapplicable to any
battery technology. In experiments consisting of open-cell nanowires with a solid
or ionic liquid electrolyte, the experiment is inherently anisotropic as the lithium
ions can only travel along a single crystallographic axis. Under normal operating
conditions, lithium ions may be able to insert from any surface, so these types of
experiments are flawed only if they wish to make any conclusions pertaining to
real-world electrochemistry as the reaction kinetics would differ.4°

Recently, there have been breakthroughs in operando imaging of battery materials
with simultaneous electrochemical characterisation.#'4*> Such advances have been
made possible through major improvements and redesigns to the sample holders
used, and show how far the field has come in such a short time.

There are some shortcomings that occur in liquid-cell TEM which cannot be ne-
glected. Electron beam damage is a technical challenge of particular importance to
liquid cell TEM. For organic and some inorganic compounds, the damage mech-
anism is radiolysis: the breaking of chemical bonds and ionisation as a result of
inelastic scattering. Considerations for e~ beam damage must be taken into ac-
count for any TEM work> (particularly at higher voltages for HRTEM), but extra
thought must be given to in-situ experiments as the liquid environment is far more
susceptible to heating damage and radiolysis#**43745 than more traditional solid-
state thin samples. This is a direct result of the thickness of the liquid layer present
in a closed liquid cell sample. The >300nm thick liquid layer provides a large in-
teraction volume and scattering cross-section for radiolysis events to occur, and
the easily breakable bonds of many organic compounds (compared to crystal struc-
tures) allow for quick degradation of the liquid environment in the presence of the
electron beam.4°

A final consideration for the liquid cell setup must be made for the maximum pos-

sible image resolution one can achieve with this method. As discussed previously
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in Chapter 3, image resolution in TEM mode is limited in thicker samples by plural
scattering events, and in STEM mode by a similar process known as beam broaden-
ing. As the electron beam passes through a sample, the probability of an electron
scattering event increases as the beam passes through more and more material (see
Figure 12 and Equation 15 in Chapter 3), and a focused electron probe in STEM
is thus broadened.#” Probe broadening thus becomes the resolution limiting fac-
tor for nanoparticles deeper in the sample (i.e. immersed in a liquid, in this case)
for STEM imaging.4>5° This can be thought of mathematically as a point spread
function obscuring the image. The thicker samples also introduce more C. in the
post-sample lenses, further limiting the resolution.

Traditionally, TEM samples are prepared to be thinner than 20onm.>>" In the lig-
uid cell setup used in this work, the samples are much thicker than the traditional
setup, and due to the thickness limited resolution as a result of plural and multiple
scattering of a TEM, the resolution of materials in a liquid environment is expected
to be lower than solid-state TEM. 4524

When imaging with thick samples, more consideration must be taken to choose the
best imaging mode. For samples loaded on the upper window, STEM can obtain
a better image, while for material located deeper within the liquid layer, TEM can
provide higher resolution.>*5*53 In the case of the liquid cell setup, the material
is deposited on the electrochemistry chip, which is oriented on the topside of the
liquid layer, thus (S)TEM would be the most appropriate choice for imaging. A
secondary benefit of STEM over TEM for imaging in liquid layers is the circumven-
tion of the image contrast portion of the plural scattering problem. Contrast on
a HAADF detector is highly dependant on scattering angle (see Chapter 3, Equa-
tion 13), as liquid layers only scatter at low angles due to being typically low atomic
number (Z) elements. Provided the sample is of a sufficiently high Z-number (and
thus high scattering angle), the contrast in the image will be dominated by the

sample rather than the liquid environment when using a HAADF detector.4® This
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will practically result in a higher contrast sample relative to the background. This
is obviously less relevant when using a BF detector. These effects are schematically

shown in Figure 16.

(S)TEM optimised TEM optimised
imaging conditions imaging conditions

! !

SiN, windows
Liquid layer

material

B

Figure 16: Schematic showing optimised liquid cell imaging conditions for (S)TEM and TEM re-
spectively. (Adapted with permission from reference [50]. Copyright 2014 Elsevier.)

The SiNy windows encapsuating the liquid are 5onm thick each, and so the addi-
tion of material and electrolyte begins at a thickness that is larger than conventional
sample thicknesses used in TEM. This is of particular concern in this work, as the
sample thickness can approach 1um or greater in thickness due to window bowing
out from the pressure difference between the column and the sample. This is be-
yond conventional sample thickness, and so plural and multiple scattering events
as described in Chapter 3 become significant. The possibility of atomic resolution
HRTEM in a liquid cell remains difficult to achieve and special care must be taken
when interpreting any electron energy loss spectra (EELS) collected as a result of
this sample limitation.#>>* However recent reports by Liao et al. have resolved
lattice planes in Pt nanoparticle growth in a 1oonm liquid cell similar to the one

used in these experiments, so such resolution is not impossible to achieve under
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the right conditions.?”>5757 (For example; high atomic number (Z) nanoparticles
like Pt,” « — Fe;03,5% and Pt — Pd nanoparticles.>)

In spite of such drawbacks, in-situ liquid cell TEM is a powerful technique that can
provide essential experimental spectroscopic and imaging data for mechanisms and
phenomena that are not yet fully understood that has been lacking in the field of

electrochemical characterisation thus far.?9

It has also been noted that the presence of the electron beam in the liquid cell can
set up a static electric field orthogonal to the SiN, membrane surface (parallel to
the beam, similar to two negatively charged parallel plates) as a result of emission
of secondary and Auger electrons from the sample which cannot be neutralised
due to the inherent electrical impedance (but high ionic conductivity) of an electro-
chemical cell, complicating matters further.® The presence of a static electric field
can lead to a number of issues such as altering the diffusion of charged ions in solu-
tion (perhaps inhibiting electrochemical performance), inducing bubble formation
due to charging of the SiNy windows. The induced electric field can also modify
the parameters of the system by lowering the Gibbs Free energy of the system,®'
thus spontaneous precipitation of materials from the electrolyte may become pos-
sible. This is far from desirable in a system set up to study a facsimile of a battery

cell, and may alter the conditions of the cell beyond those of a real-world analogue.

Obtaining spectroscopic data from the liquid cell holder remains one of the great
challenges of this work. In fact, the most common chemical analysis technique of
energy-dispersive X-ray spectroscopy (EDX) is near impossible in the current setup.
However, unlike the limitations seen in EELS, this is not due to sample thickness or
composition but rather the design of the holder itself. Once generated, characteris-
tic X-rays will not suffer from as great a signal loss with increasing liquid thickness,

and spectra can be resolved.?® The design of the specific holder used in this work
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is an early design, (not optimised for spetroscopy) and blocks the line-of sight be-
tween the sample and the detector, even at high tilt angles (20°) (See Figure 17).
As a result, any X-rays generated from electron interactions with the sample are
absorbed by the titanium of the holder, and the spectra collected contain only Fe,
Co, and Ti peaks from the pole pieces and holder.°>%3 This, combined with the
relatively inefficient 30mm? EDX detector equipped on the microscope make ac-
quiring statistically significant x-ray data almost impossible. This is not an issue

with newer holder designs.®*

Upper Objective Lens Pole Piece
/ EDX Collimator
\\\\ﬂ SDDEDS

— ,..1\\\\\\\\\\\\

LC Sample Holder —— =2

’_|/7 K\I—‘ Lower Objective Lens Pole Piece

Figure 17: Schematic diagram of the relative positions of the sample holder and the EDX detector

inside the TEM. The detector is shadowed by the holder, and is thus unable to detect
X-rays being emitted by the sample.

It is possible to remedy this issue and obtain useful data from EDX, however it
requires major modifications to the sample holder. Zaluzec et al. used micro-
machining methods to modify the angle of the chamfer angles of the bore coun-
tersink in the holder, thus allowing for a line of sight between the sample and
the detector.®3 This method has proven effective, as elemental analysis and spec-
troscopy was possible with the holder post-modification.®3

It may also be possible to design and manufacture a new top plate via additive

manufacturing methods, such as 3D metal printing, with a larger chamfer angle
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countersink to accommodate EDX; this method may prove to be better, as it does
not destroy the original top plate for the holder.®> While this may be possible, an
attempt made to create such a secondary top plate during the course of this work

tailed due to insufficient resolution of the metal 3D printer available.
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IN-SITU GAS CELL TRANSMISSION ELECTRON
MICROSCOPY

A sample immersed in a liquid is not the only native environment in which samples
can be observed. Gasses can also be introduced to the sample during TEM imaging
and spectroscopic measurements. One may want to do such an experiment to study
catalytic activity of materials in the same gasses in which they are active, or observe

oxidation of materials in a gaseous environment.

5.1 GAS CELL TEM

Placing a sample in a local gas environment inside a TEM is not a new technology.
This concept has been in existence since the development of one of the first Environ-
mental TEMs (ETEM) in the mid-1960s by Hashimoto." These early modifications
to the TEM column led to the differentially-pumped ETEMs that are available today.
These systems use a series of turbo-molecular pumps and diffusion limiting aper-
tures around the specimen chamber to maintain a gaseous environment between
the pole pieces of the TEM, while also maintaining the high-vacuum required by
other parts of the system, primarily surrounding the electron gun.*> This solution
required costly (and usually prohibitive) and extensive modifications to the column
and polepieces of the TEM, as shown in Figure 18. The advantage of this type of
system being that one could continue using standard sample holders with this type
of setup.34 The disadvantages of these is that the experiments are pressure limited

as most differential pumping systems can only maintain a pressure of about 50 torr
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Figure 18: Schematic diagram of typical column modifications required for an ETEM setup. The
differential pumping apertures on either side of the polepieces, and the additional gas
inlet and pumping surrounding the specimen chamber are shown. (Image reproduced
with permission from Reference [3]. Copyright 2016 Springer International Publishing

Switzerland.)

(about 6% of atmospheric pressure), and many are incompatible with EDX detec-
tors, as a gaseous environment would contaminate the window of the detector.34

Until recently, most experiments involving gas-solid interactions in the TEM re-
quired the use of these differential pumping systems built into the column of the
TEM. But the setup used in the experiments described in this work is similar to
the Liquid Cell TEM sample holder described in Chapter 4, with the gas enclosed
between two SiN, windows. The advantage of this system being that it can be
used in any TEM (of the appropriate model). Such a design is much more cost
efficient, as a gas-cell sample holder is much cheaper than the extensive column
modifications needed for an ETEM. The setup used is a DENS Solutions Climate

Holder, shown in Figure 19 and Figure 2o0.



5.1 GAS CELL TEM

Gas Cell Transmission Electron Microscopy, by contrast to Liquid Cell TEM, pos-
sesses fewer limitations in terms of quantitative imaging and analysis. Of course,
the presence of a gas surrounding the sample will distrupt the imaging capabilities
of the microscope, but to a far lesser extent than that of a liquid. Plural scattering
in a gas cell is far less of an issue, as the density of material to interact with is
orders of magnitude lower than that of a liquid (which is comparable to that of a
solid). In turn, EELS spectroscopy in such a sample environment is much simpler,
and not obscured by a large background signal like with a liquid sample.35™ These
holders are also compatible with EDX spectroscopy, unlike many ETEMs as the gas
is contained within a cell.

Also, the issues arising from beam-sample interactions with the liquid environment
are not present in the gas cell as a direct result of this lower density of material.
As a result, sample resolution in Gas Cell TEM is somewhat comparable to stan-
dard imaging (albeit, with a loss of electron intensity on the detector) with HRTEM
and atomic resolution STEM easily achievable.3>'°7*3 Only having the sample un-
der scrutiny determine the maximum intensity of the beam (rather than the envi-
ronment it is immersed in) results in much higher signal from the sample when

compared to liquid-phase imaging.

Figure 19: DENS Solutions Climate Specimen Holder. (Courtesy of DENS Solutions, Delft, Nether-
lands.)
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Figure 20: Schematic diagram of the DENS Solutions Climate Holder tip for Gas Cell Transmission
Electron Microscopy. The sample is sandwiched between 2 silicon chips, and sealed with

o-rings. (Courtesy of DENS Solutions, Delft, Netherlands.)

The ability to observe materials in atmospheric conditions provides an interesting
avenue for the characterisation of certain energy storage materials. Previous re-
ports completed by members of our group have shown how materials can degrade
over time when exposed to atmosphere,'4 however these studies were unable to
observe phenomena in real time and did not extend to the effect of elevated tem-
peratures on this process. Such a study is possible with the use of a closed Gas Cell
experiment on a Micro Electro-Mechanical System (MEMS) heating chip, such as
the DENS Climate chips as shown in Figure 21. Heating is achieved on the chip by
virtue of the Joule effect when current is forced through the conductive heating coil
on the chip. The temperature can then be measured from the changing resistance
of the coil (similar to a thermistor), which can be accurately measured by using the

four-point-probe built right into the chip. Each chip is factory calibrated to ensure



5.1 GAS CELL TEM

Figure 21: Schematic diagram of the DENS Solutions Climate Holder Heating Chip. MEMS chip
contains a four point resistive heating setup for closed loop feedback heating control over
the SiNy window specimen support. Also shown is optical image of the resistive heating

coil and contacts located over the central SN, windows.

an accurate measurement.’>



70

in-situ GAS CELL TRANSMISSION ELECTRON MICROSCOPY

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Hatsujiro Hashimoto, Toshio Naiki, Terukazu Eto, and Kishio Fujiwara. “High
Temperature Gas Reaction Specimen Chamber for an Electron Microscope.”

Japanese Journal of Applied Physics 7.8 (1968), pp. 946—952.

E. D. Boyes and P. L. Gai. “Environmental high resolution electron microscopy
and applications to chemical science.” Ultramicroscopy 67.1-4 (1997), pp. 219—-

232.

Thomas Willum Hansen et al. Controlled Atmosphere Transmission Electron Mi-
croscopy: Principles and Practice. Ed. by Thomas Willum Hansen and Jakob
Birkedal Wagner. 1st ed. Springer International Publishing, 2016.

Renu Sharma. “An Environmental Transmission Electron Microscope for in
situ Synthesis and Characterization of Nanomaterials.” Journal of Materials

Research 20 (7) (2005), pp. 1695-1707.

Peter A. Crozier, Ruigang Wang, and Renu Sharma. “In situ environmental
TEM studies of dynamic changes in cerium-based oxides nanoparticles dur-

ing redox processes.” Ultramicroscopy 108 (11) (2008), pp. 1432-1440.

N. J. Zaluzec et al. “X-ray and Electron Energy Loss Spectroscopy in Lig-
uids in the Analytical S/TEM.” Microscopy and Microanalysis 20 (S3) (2014),
pp. 1518-1519.

Peter A Crozier and Santhosh Chenna. “In situ analysis of gas composition
by electron energy-loss spectroscopy for environmental transmission electron

microscopy.” Ultramicroscopy 111 (2011), pp. 177-185.

Benjamin K Miller and Peter A Crozier. “Analysis of Catalytic Gas Prod-
ucts Using Electron Energy-Loss Spectroscopy and Residual Gas Analysis for
Operando Transmission Electron Microscopy.” Microsc. Microanal 20 (2014),
pp- 815-824.

Tyrone L Daulton, Brenda J Little, Kristine Lowe, and Joanne Jones-Meehan.

“In Situ Environmental Cell-Transmission Electron Microscopy Study of Mi-



References

crobial Reduction of Chromium(VI) Using Electron Energy Loss Spectroscopy.”
Microscopy and Microanalysis 7 (2020), pp. 470—485.

Seiji Takeda and Hideto Yoshida. “Atomic-resolution environmental TEM for
quantitative in-situ microscopy in materials science.” Microscopy 62 (1) (2013),
pPp- 193—203.

Tadahiro Kawasaki, Kouta Ueda, Mikio Ichihashi, and Takayoshi Tanji. “Im-
provement of windowed type environmental-cell transmission electron mi-

croscope for in situ observation of gas-solid interactions.” REVIEW OF SCI-

ENTIFIC INSTRUMENTS 80 (2009), p. 113701.

Renu Sharma, Peter A Crozier, Ronald Marx, and Karl Weiss. “An Environ-
mental Transmission Electron Microscope for In-Situ Observation of Chemi-

cal Processes at the Nanometer Level.” Microsc Microanal 9.2 (2003).

Pratibha L Gai. “Environmental high resolution electron microscopy of gas-

catalyst reactions.” Topics in Catalysis 8 (1999), pp. 97-113.

Chuanfang John Zhang et al. “Oxidation Stability of Colloidal Two-Dimensional

Titanium Carbides (MXenes).” Chem. Mater 29 (2017), p. 19.

Luigi Mele et al. “A MEMS-based heating holder for the direct imaging of
simultaneous in-situ heating and biasing experiments in scanning/transmis-

sion electron microscopes.” Microscopy Research and Technique 79 (4) (2016),

pp. 239-250.

71






II

EXPERIMENTAL METHODS






EXPERIMENTAL SETUP

In the following chapter the techniques common to all of the results chapters are
described. The formulation of printable inks for use in electrochemical reactions,
the process of inkjet prining of those inks, the electrochemical testing of the inkjet

printed electrodes, and assembly of the in-situ sample holders is described.

6.1 MATERIALS AND INK PREPEARATION

For these experiments, both a working and counter electrode material is required
for the two electrode cell setup being used on the electrochemical chips.

Polycrystalline silicon nanoparticles (<8onm, synthesised via gas-phase laser abla-
tion methods) used as purchased from US Research Nanomaterials Inc, Houston
TX, USA, dispersed in 2-propanol (IPA) were chosen as the working electrode for
the setup. The dispersion was produced by preparing a 1omg/ml stock solution
of SiNP and dispersing in IPA via liquid phase dispersion methods (as described
by Nicolosi et al.") using a sonic bath for 30 minutes. The resulting dispersion was
diluted as required with IPA, and deposited directly using the inkjet printer. For
coin cell electrochemical testing, a slurry of 9o% SiNP (the active material), 5% CNT
(as a conductive additive), and 5% poly(1,1-difluoroethylene) (PVDF) (as a binder)
dissolved in n-methyl-2-pyrrolidone (NMP) was used, deposited on copper foil
and spread to a nominal thickness of 3oum with a doctor blade before air-drying.
SEM images of the SiNP/CNT composite and SiNP ink electrodes are shown in

Figure 22.
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LiFePO,4 was used as the counter electrode, and source of Li* ions in the elec-
trochemical system.> The LiFePO4 was prepared as a slurry of 85% LiFePOy4 (the
active material), 10% Carbon Black (as a conductive additive), and 5% poly(1,1-
difluoroethylene) (PVDF) (as a binder) dissolved in n-methyl-2-pyrrolidone (NMP)
deposited on aluminium foil and spread to a thickness of 3oum with a doctor blade
for ex-situ electrochemical tests. An inkjet-printable ink was prepared via methods
similar to previously reported formulations.>™ The LFP ink was composed of 80%
LiFePQy4 (the active material), 20% Carbon Black (as a conductive additive), dis-
persed in a solution of 94.9% H;0, 5% Ethylene Glycol (as a viscosity modulator),
and 0.1% Triton X-100 (as a surfactant). The solids and solvent mixture were com-
bined with a mass loading of 1omg/ml in a ball miller, and left to mix for 12 hours.
The resulting dispersion was placed in a centrifuge at 2000rpm for 10 minutes, and
the supernatant collected as the final printable ink. The sediment of larger parti-
cles was discarded. SEM and EDS analysis show the composition of the inks in

Figure 23 and Figure 24, showing the presence of the expected elements.

6.2 INKJET PRINTING

Primarily, high-precision drop-on-demand (DoD) inkjet printing is used for place-
ment of materials onto the electrodes on the chips for in-situ experiments. It is an
attractive method for materials deposition as it is versatile in terms of the materials
and solvents that can be used, there is very little waste of material, does not contact
the substrate, and can be scaled to larger devices. The scalability of this method can
allow the same ink and printer to be used for the small-scale in-situ experiments

here, as well as for the printing of macroscale devices for more commercial uses.®



6.2 INKJET PRINTING

(a) SINP-CNT Slurry (b) SINP Ink

Figure 22: SEM images of Silicon Nanoparticle working electrode material, prepared via both a)
slurry casting for ex-situ electrochemical coin cell testing with CNT and PVDF binder,
and b) inkjet printing as used to deposit pure material to the in-situ chips. The agglom-
erated SiNP are seen to decorate the CNT-PVDF network in the slurry electrode, and

the pure ink shows an agglomerate of SINP. Images acquired @4keV with a Zeiss Gemini

Ultra using In-Lens detector.

(a) LFP Slurry (b) LFP Ink

Figure 23: SEM image of LFP/Carbon Black counter electrode material, prepared via both a) slurry
casting for ex-situ electrochemical coin cell testing, and b) inkjet printing as used to
deposit material to the in-situ chips. With the slurry method, a higher mass loading is
observed, and a higher amount of amorphous Carbon Black. The lower concentration
ink shows more separation between the amorphous Carbon Black and the crystalline LFP.

Images acquired @gkeV with a Zeiss Gemini Ultra using In-Lens detector.
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Figure 24: EDX spectrum of the LFP/C ink. Spectra acquired on Jeol2100 @200keV equipped with
an Oxford Instruments 8omm? silicon drift detector with 10° holder tilt (ROI shown
in Supplemental Information, Figure 53). Iron (Fe), phosphorus (P), and oxygen (O)
peaks clearly present from the LFP component of the ink mixture. Lithium component
not resolvable with EDX. Carbon (C) peak also clearly identifiable from both the Carbon
Black conductive additive and the lacey carbon grid. Copper (Cu) peaks arise from the
Cu TEM grid. Silicon (Si) peak due to an EDX spectral artefact; an internal fluorescence

peak from the silicon window on the silicon drift detector is a likely culprit.

The DoD deposition is controlled by the printer with a piezoelectric element in the
printhead (Dimatix Materials Printer DMP-2850). This piezoelectric element creates
a droplet by moving a diaphragm in a very precisely controlled manner. Initially,
the printhead is primed and the unbiased piezoelectric crystal is in a neutral po-
sition. An electric potential is applied to the piezoelectric crystal and the crystal
contracts to draws more ink in from the reservoir to the nozzle head. An oppo-
site bias is then applied, and the piezoelectric crystal expands into the nozzle head

forcing the ink out of the nozzle. The piezoelectric crystal then returns to a neutral
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position, the ink from the reservoir refills the chamber, and the process is repeated

many times per second (up to 20kHz on the Dimatix). This is shown in Figure 25.

The applied bias across the piezoelectric crystal is correlated to the energy needed
to form and break off a droplet of ink at the nozzle. A time series of this process
is shown in Figure 26. As a result inks with higher surface tensions and viscosities
require a larger voltage to be applied to create a stable droplet for printing. This
varies wildly from solvent to solvent and thus from ink to ink. This means the
signal waveform that drives the piezoelectric crystal must be customised for each
material and ink. These waveforms can be tuned to control droplet size and shape,
and reduce the occurance of sattelite droplets. Finally, any particles suspended in
the ink must not be any larger than 51—0 the size on the printhead nozzle, to prevent

clogging.®

Piezoelectric element l Voltage applied

to reservoir

to reservoir

Droplet a

Figure 25: Schematic of a typical piezoelectric printhead droplet formation. Application of a voltage
deforms the piezoelectric element, forcing the diaphragm to eject a droplet from the nozzle.

The ink chamber is then refilled from the reservoir, and the cycle begins again.

Each material was used as an ink for piezoelectric inkjet-printed electrodes onto
the electrohemical chips described in Section 6.4 below, and the active materials
extend to the electron-transparent SiNy membrane region to enable the imaging

of the materials. The inkjet printing method of material deposition is particularly
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Figure 26: Time series photographs of the ejection of a pristine droplet from the printhead nozzle.
Under the ideal applied bias waveform parameters for the specific ink, the droplet is
initially pushed out of the nozzle by the piezoelectric element. When the reverse bias
is applied, the droplet breaks free, and the process begins again. (Image reproduced
with permission from Autodrop Gantry system AD-P-gooo manual. Copyright 2016
Microdrop Technologies GmbH.)

useful for this work, as the printer allows for small droplet size (~ 10pl) and pre-
cision placement of material which will be shown in the next chapter.®7 In this
particular case, other high precision placement methods (such as micromanipula-
tion tweezers (Kleindiek Nanotechnik GmbH)) are ineffective due to the porosity
of the silicon material. The ratio of material between the counter and working
electrodes was kept at >25:1, to ensure full cell capacity matching and also allow-
ing for inefficiencies in Li" extraction from the cathode material.® The chips were
then plasma-treated after deposition of the SiNP ink using a Fischione model 1020
plasma cleaner using a 25%oxygen/argon mix for 5-10 seconds for further clean-
ing and to improve their surface hydrophilicity at allow for easier wetting of the

LiFePO4 water-based ink on the substrate.?
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Ex-situ electrochemical testing of coin cells was carried out with a BioLogic VMP-
300 potentiostat.

While using a half-cell setup would be simpler and more reliable, using lithium
metal was out of the question for this system due to concerns about placing lithium
metal in the liquid cell holder and how quickly lithium metal will degrade. As
such, LiFePO4 was chosen as the counter material as a suitable alternative source
of lithium in the system.? A 0.1M stock solution of LiClO4 dissolved in 1:1 (v/V)
ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the electrolyte
in most of the experiments. The standard 1M LiPFs EC:DMC electrolyte was not
considered for the liquid cell in-situ setup, due to concerns about LiPFs degrada-

tion that will be discussed in Chapter 7.

6.4 in-situ HOLDER ASSEMBLY

The setup for implementation of the in-situ liquid cell microbattery to study the
electrochemical reactions with liquid electrolyte is schematically illustrated in Fig-
ure 14 in Chapter 3, and for the gas cell experiments is schematically illustrated in
Figure 20 in Chapter 5. This electrode geometry was implemented using a SiNy

membrane deposited on Si chips as illustrated previously.

The microbattery was built on basis of the in-situ TEM liquid-electrochemistry
holder purchased from Hummingbird Scientific (Lacey, WA, USA) (Figure 27). Two
silicon chips with the dimensions of 2.6mm x 3.4mm x 2oopum, and 2.6mm x 2.6mm

x 200um were used as the electrochemical chip and spacer chip, respectively. Each
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- biasing chip
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biasing tip

locking plate

Figure 27: Schematic of liquid electrochemical tip assembly process. The biasing chip and spacer
chip are sandwiched and sealed using 3 o-rings, then secured using the top cover and

locking plate.

chip contains a soum x 20opum viewing window with a sonm-thick low-stress SiNy
membrane, allowing transmission of the high energy (300kV) electrons for imaging,
while still sealing the electrolyte between the chips.'® Three electrodes (either gold
(Au) or platinum (Pt)), 1oonm in thickness) are patterned onto the electrochemical
chip by the manufacturer with a mutual spacing of 2oum on the SiN, window, as
shown in Figure 28. The electrodes extend from the SiNy window to the edge of
the chip, therefore allowing the connection of the electrodes to an outside circuit.
A polymer (SU-8, a cross-linked photoresist based on bisphenol A (4,4’-(propane-
2,2-diyl)diphenol)) is coated on the spacer chip to create a microchannel; polymer
thicknesses ranges from 1oonm-1pum, depending on the experiment.'® These chips
were again plasma treated in the 25% oxygen/argon mix for 5-10 seconds before
experiments to make their SiN, membrane surfaces hydrophilic, so that liquid can
easily wet the interior of the liquid cell.?

A droplet of electrolyte was applied to the top surface of the spacer chip, and the

microchannel was formed by face-to-face stacking of two chips and was used to
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accommodate flowing electrolyte, and to seal the electrolyte (fully immersing all of
the electrodes and active materials). The assembled cell in cross-section is schemat-
ically illustrated in Figure 14 in Chapter 4. The normal thickness of the liquid
layer being approximately the thickness of the microchannel (depending on which
spacer is used); however, upon loading the cell into TEM column, the membrane
will bulge outward due to the pressure differences (see Figure 14 in Chapter 4).
Therefore, this thickness is not precisely known."'”>* Membrane bulging will be
dependant on the shortest side length of the window, as well as the window’s me-
chanical properties and thickness.?*?3 For a SiNy window, it has been calculated
that the window could bulge up to approximately 500-700onm, drastically increas-
ing the sample thickness.?3*4

The sealing is completed based on a three-O-ring technique (as shown in Figure 27),
and the whole device is implanted in the Hummingbird biasing in-situ liquid TEM
holder. Once assembled, the liquid cell holder was leak-tested in a vacuum-pump

station to ensure that the electrolyte was safely contained and not leaking.

The liquid electrochemical cell is connected through the specimen holder to a
Gamry Reference 600 potentiostat (Gamry, Warminster, PA, USA), allowing elec-
trochemical testing of the active materials during imaging under the TEM.?> A
cyclic voltammetry technique (as described in Chapter 2) was used in-situ. The
materials are cycled between appropriate voltage windows similar to those cited in

literature, 2028

and as shown in ex-situ testing of the electrochemical system seen
in Chapter 7. The voltage was swept at a rate of 0.2mVs~! to generate a cyclic
voltammogram (CV) curve for the setup.

The electrolyte was fed into the liquid cell via PEEK (polyether ether ketone) tubing
through an external screw driven syringe pump operated at a low pumping rate of

no more than 2ul/min to prevent window breakage.

The SiNy sample chips for the gas cell holder were assembled in a similar manner.
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Figure 28: (I) Schematic layout of standard 3-pin Electrochemical chip for Hummingbird Liquid
Electrochemistry Holder; total dimensions shown, and SiNy window dimensions of
soum x 200um (AxB). (Courtesy of Hummingbird Scientific, Lacey, WA, USA.) (1)

Corresponding optical microscope image of the chip.

The chips, purchased from DENS Solutions (Delft, Netherlands)(Figure 21) were
used to isolate the gas flow in the holder from the microscope using a 3onm layer
of SiNy, similar to the Hummingbird setup. The sealing of the holder is completed
based on a three-O-ring technique (as shown in the diagram in Figure 20) similarly
to the liquid cell holder. Once assembled, the gas cell holder was leak-tested in
a vacuum-pump station to ensure that the gas flow was safely contained and not
leaking. The holder can be connected to a proprietary external gas flow controller

via PEEK tubing while in the microscope to introduce gas to the sample.
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III

RESULTS AND DISCUSSION

"Remember kids, the only difference between screwing around

and science is writing it down."

— Adam Savage






IN-SITU TEM OBSERVATIONS OF ELECTROCHEMICAL
CYCLING OF SILICON NANOPARTICLES

7.1 ANALYSIS OF SILICON NANOPARTICLE LITHIATION

Before any in-situ experiments can be undertaken, experiments must be carried out
to determine the expected response from the setup. To this end, ex-situ electrochem-
ical cycling of the chosen material (silicon nanoparticles), and post-mortem analysis
of cycled cells was carried out to determine electrochemical activity, and material
response to normal conditions. The results of these experiments are described be-

low.

7.1.1  Ex-situ Analysis of SiNP Lithiation

Ex-situ experiments were carried out to determine the voltage window in which
to cycle the silicon nanoparticles; from these tests, the nanoparticles are cycled be-
tween 0-1.5V in 2032 coin-type half-cell (schematic shown in Figure 29) tests with a
lithium counter electrode as demonstrated in Figure 30, and in literature values.'?
It is clear that the Si-nanoparticles are electrochemically active in this voltage win-
dow, with a pair of reversible intercalation peaks revealed at an onset of «0.25V
vs a lithium counter electrode as a result of increased current as the electrochem-
ical reaction proceeds.?* However, as lithium metal cannot be used in the in-situ

setup, due to practical limitations of lithium storage capabilities at the micropscopy
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Active material
(working electrode)
L e Separator

. \ Lithium foil

(counter electrode)

Figure 29: Coin cell schematic, showing arrangement of components of the 2032 type coin cell for

Gasket

Case bottom —

ex-situ half cell, and full cell electrochemical testing. The spring and spacer disc act as a
current collector for the anode. The separator prevents electrodes contacting, while being
permeable to electrolyte for ionic conductance. The lithium foil acts as its own current
collector and reference electrode. (Image adapted with permission from Reference [6].

Copyright 2016 ACS.)

facility. LiFePOy is used as an alternative cathode material.> Both the SiNPs and
LiFePO4 were tested in half-cell configurations with lithium foil used as the coun-
ter /reference electrode to verify electrochemical activity and locate relevant reac-

tion peaks. These are shown in Figure 30 and Figure 31.

The ex-situ CV data on both the traditional slurry electrodes and the inkjet printed
electrodes are also compared to ensure electrochemical activity is not affected by
the deposition method. It can be clearly seen that there is little difference between
the reversible electrochemical reaction peaks in both Figure 30 and Figure 31. The
current response is much lower for the inkjet printed electrodes, however this is

easily attributable to the mass loading difference between the two methods, as far
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Figure 30: Cyclic Voltammogram at 0.1mVs~! of a) SiNP/CNT slurry vs. Lithium counter elec-
trode, and b) LiFePO4/C slurry vs. Lithium counter electrode. A pair of reversible
peaks can be seen in each CV, indicating a lithiation-delithiation reaction. (1M LP30

electrolyte)
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Figure 31: Cyclic Voltammogram at 0.1mVs~" of a) SiNP IPA based ink vs. Lithium counter
electrode, and b) LiFePOy4/C water based ink vs. Lithium counter electrode. A pair of
reversible peaks can be seen in each CV, indicating a lithiation-delithiation reaction. (1M

LP30 electrolyte)

less material was used for the inkjet printed electrodes than the slurry cast elec-
trodes. There also appears to be an additional peak located at «~0.55V vs Li/Lit in

the SiNP/CNT slurry when compared to the pure SiNP material, which is a small
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irreversible intercalation peak arising from Li*-ion insertion into the CNT compo-
nent, and can be ignored. The two components were compined into a full cell, and
subsequently tested as both slurry cast and inkjet deposited electrodes in the same
fashion as the half cells. In the full cell, the voltage window for Li*-ion insertion
shifts to 2.5-4V for this material combination, which has been demonstrated in liter-
ature values and in Figure 32.7% The reversible redox peaks in this region onset at
3.45V indicate where intercalation and deintercalation events should be observed

during the course of cycling within the TEM.
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Figure 32: Cyclic Voltammogram of full cell reversible Li*-ion intercalation reaction of a) Si vs.
LiFePO4/C at 0.1mVs~', b) Si vs. LiFePO,4/C inks at o.1mVs~' and 2mVs~!
showing the effect of scan rate on intercalation peak position and current response; peak
onset location remains the same at ~3.45V for both scan rates. (1M LP3o0 electrolyte).

This system is being replicated within the microscope.

The motivation behind in-situ experimentation and imaging is derived from miss-
ing critical steps via simpler post-mortem analysis. To this end, a sample of SiNP elec-
trode was extracted from one of the cells used in Figure 31. The post-mortem sample
was obtained by removing the electrode from a cycled coin cell, and washing it in

IPA with the assistance of an ultrasonic bath. The resulting dispersion of cycled
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material was prepared on a TEM grid by dropcasting, along with a pristine fresh
sample prepared via the same method. TEM and STEM characterisation and analy-
sis was carried out using an FEI Titan (S)TEM operated at 300keV. The particles are
assumed to be spherical for simplification of analysis, and individual nanoparticle
diameters were measured using Image] over several image sets for each analysis.
As can be seen in Figure 33, The difference between the randomly sampled av-
erage particle sizes pre- and post- cycling are not very noticeable at first glance.
Upon completing a two-tailed t-test on the normal log-transformed dataset®™"" (see
Equation 11.3.1, Supplementary Information Section 11.3), a t-statistic of 2.47 was
obtained. This statistical analysis is described in further detail in the Supplemen-
tary Information, Section 11.3. From this analysis it can then be stated that there
is a statistically significant difference in the means of the two datasets, formally

indicating an average particle size increase post-cycling.'*

Upon further examination of the images shown in Figure 33, only a small pro-
portion of SiNPs can be observed to have increased in size by 300% as the theory
discussed in Chapter 2 would suggest for the formation of the Li,Si alloy nanopar-
ticles. While nanoparticles of diameters >250nm were observed in the post-cycling
sample (and only that sample), the average nanoparticle diameter increase was
only measured to be ~10nm; an increase from 72nm to 83nm; this corresponds to
~53.2% increase in volume (again, assuming spherical nanoparticles), on average.
Further evidence of Li*-ion insertion is provided by the EELS spectra in Figure 34.
EELS was chosen for this analysis due to the difficulty of detection of low-Z ele-
ments such as lithium by EDX. Upon loss of a core electron, lithium is much more
likely to emit an Auger electron than an x-ray; in the low probability than a photon
emission occurs (which can occur), the photon will be of such a low energy that it

would be absorbed by the window of the EDX detector before it is detected.
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Figure 33: Statistical analysis of SiNP pre- and post-cycling. BF TEM images captured at 300keV
of individual SiNPs a) pre-electrochemical lithiation and b) post-electrochemical lithi-
ation. Individual particle swelling can be seen, as well as phase change from highly
polycrystalline (from multiple particles) to completely amorphous as evidenced by the
inset SAED in each image.

Size distribution histograms of individual particle diameters for c) pre-electrochemical
lithiation and d) post-electrochemical lithiation. Nanoparticle diameter determined using
Image] image analysis software over several images (shown in Supplemental Information,

Section 11.3, Figure 56).
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A windowless EDX detector has been shown to detect the Li-Ky peak at 55eV
(well below the absorption threshold for windowed detectors) according to litera-
ture sources,’> however the microscopes available are neither equipped with win-
dowless EDX detectors nor Auger electron spectrometers. For these reasons, EELS

is utilised to detect lithium in the sample.

Spectra were collected from single points on the SiNPs (shown in Supplemen-
tary Information Section 11.3) to reduce knock-on beam damage to the sensitive
amorphous particles. The spectra were acquired in FEI Titan (S)TEM operated at
300keV with an energy dispersion of 0.05eV/Ch, drift tube bias of 40V, nominal
energy range of 40-140eV, and a collection semiangle of 7.8mrad. Lithium is clearly
present in the particles after cycling as evidenced by the Li K-edge peak at approx-
imately 55eV."* Upon post-processing application of an adjacent averaging filter to
the spectra to decrease signal noise, the fine structure of the signal becomes more
evident. Near-edge fine structure (ELNES) similar to previously reported literature
spectra in both the Li-K and Si-L;, 3 edges confirm the presence of Li,Si0O; in the
lithiated SiNP, and the formation of the SEL.47® Combined with the volumetric ex-
pansion and amorphisation shown in Figure 33, lithiation of the SiNP is confirmed.
Regions from which spectra were acquired are shown in the Supplementary Infor-

mation, Section 11.3.
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Figure 34: a) STEM EELS spectra showing presence of lithium within a SiNP after electrochemical
cycling shown in Figure 31. Lithium is confirmed by Li-K edge at 55eV. (Spectra were
collected from single points on the SINPs to reduce knock-on beam damage, and have
been corrected to remove background. Spectra acquired @3o00keV in FEI Titan (S)TEM
with an energy dispersion of 0.05eV/Ch, drift tube bias of 40V, nominal energy range
of 40-140¢€V, and a collection semiangle of 7.8mrad.) Adjacent averaged near-edge fine
structure (ELNES) of b) Li-K edge, and c) Si-L; 3 edge. Secondary Li-K pre-edge feature
(at = 52eV) and Si-L; 3 post-edge feature (at ~ 110eV) confirming presence of Li,Si0,
and SEI in the lithiated SINP."4



7.1 ANALYSIS OF SILICON NANOPARTICLE LITHIATION

While evidence from the larger particles and EELS remain, clearly the dynamic
volume expansion during the formation of the Li,Si alloy has been almost com-
pletely missed by such a post-mortem method. The sample has also been washed
and exposed to various environments in the process of being transferred to a TEM
grid. Such exposures are difficult to avoid with post-mortem analyses and may in-
troduce or remove critical components of the cycled electrode materials. This only
further highlights the need for dynamic observation of the materials in their oper-

ational state.

Once this ex-situ work to determine the experimental conditions to be used in the
in-situ setup was completed, the in-situ liquid cell was then assembled and cycled in
the microscope. The materials and electrochemical conditions have been confirmed
to work, and that electrochemical lithiation has occured in the SiNP. Upon imaging
the liquid cell setup, a number of phenomena arising from e~ beam interactions
with the lithium-based electrolytes'”'® were observed. While these phenomena
were unexpected, the technology is still relatively new to the field, and so such
issues are inevitable. Limiting or eliminating the effects of these interactions is key
to prolonged observation of battery materials, as Li"-ion insertion is a slow pro-
cess, and must be observed over the course of several hours. These phenomena are

discussed in detail in the next section.
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7.2 DEVELOPMENT OF in-situ AND opemndo TEM IMAGING TECHNIQUES

In this section, the development of techniques for effective observation of battery
materials (specifically SiNP) in a liquid electrolyte environment within a TEM are
explored. A number of effects intrinsic to liquid cell electron microscopy, and
methods for overcoming them to achieve the most stable imaging conditions are

discussed here.

7.2.1  Cell Fabrication

The first step in electrochemical liquid cell experiments is fabrication of the battery
on the electrochemical chips, which relies on accurate deposition of the materials
onto the liquid cell electrodes. Much work has been done by previous members
of the Nicolosi group on the development of the material deposition via inkjet
printing,'?*° used here to deposit materials onto electrochemical chips. Any mate-
rial of a suitable size dispersed in a suitable solvent can be printed onto the elec-
trodes with sufficient contact to be electrochemically cycled (see Figure 35); this
process is well understood, provides extreme precision in material placement, and

reliably reproducible. This inkjet printing deposition method is described previ-

ously in Chapter 6, Section 6.2.



7.2 DEVELOPMENT OF in-situ AND opemndo TEM IMAGING TECHNIQUES

Figure 35: Optical microscope image of silicon ink (indicated by arrow) deposited on electrochemical
chip via inkjet printing methods. High degree of precision using this method is demon-
strated by the scale bar. All three electrodes (working, counter, and pseudo-reference) are

located symmetrically over the SNy window.

7.2.2 Data Acquisition

The first issue that was noticed in the setup upon operando cycling in the microscope
is the inherently low-current electrochemical response of the cell (on the order of
nA as measured by the potentiostat),>’-** and associated signal noise.

This can be simply explained by the Randles-Sevcik equation,*>** which describes
the current response on a redox reaction in an electrochemical cell in cyclic voltam-

metry.

30011
I, = | (2.69X10°)n2CD2v2 | A (16)

I, = anodic peak current, n = number of electrons involved in redox reaction, C = concen-
tration (mol/m3), D = lithium ion diffusion coefficient, v = potential scan rate (Vs—1), A =

electrode area
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As can be seen in Equation 16, with a constant potential scan rate, the current
response of an electrochemical system in cyclic voltammetry heavily depends on
the area of the electrode. Thus we can expect a current response in the picoampere

range with the appropriate constants*> and dimensions of this setup.

It has been reported that electrochemical data can be influenced by the inherently
small quantities of material used in the setup, and even from the e~ beam presence
near the electrical contacts in the cell.2°-?® This is to be expected, as the volume
of electrolyte and electrode placement is critical in thin-layer electrochemistry.?®29
While it can be difficult to detect,** it is not impossible, as we have measured elec-

trochemical reactions at this scale.

Another issue that has recently come to light is the technical issue of instrument-
induced signal noise in the data recorded by the potentiostat. It has been suggested
that by using a potentiostat to perform electrochemical experiments in a TEM, a
ground loop can be set up due to the now electrically-coupled instruments, and in-
duce a large amount of noise to the measurements.?® If the potentiostat, controlling
computer, and TEM are all individually grounded (which is the case by default),
and there are small differences in the potential between the different ground points,
this can influence measurements by obscuring peaks in noise. A solution to this
issue is to ground the potentiostat to the chassis of the TEM, thus reducing a po-
tential source of noise.?® This should make any intercalation peaks in any CV data
collected much easier to distinguish from the background signal.

In a further attempt to enhance the signal from the potentiostat, the stock cable
connecting the tip to the potentiostat was replaced. A new cable was developed
with a stronger electrical contact to the tip, and each wire was electromagnetically
shielded to reduce crosstalk and further improve the signal-to-noise ratio3° to the

potentiostat.
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The use of a low-current potentiostat with an integrated transimpedance ampli-
fier may also help solve these particular issues, and has been used for microfluidic
electrochemistry in other applications.3' Improving the signal-noise ratio for the
equipment is crucial to the success of the experiment, as if the signature peaks for
the reaction are obscured by noise, it will be difficult to definitively state that any

reactions observed are caused by electrochemical cycling.

7.2.3  Window Stability

Upon initial imaging of the cell, it was observed that the two 5onm SiN, mem-
branes sandwiching the electrolyte demonstrated a tendency to rupture, as the
SiNy membranes are extremely delicate when dealing with macroscopic forces. It
is not uncommon for the membrane windows to break, causing rapid evaporation
of the volatile electrolyte solvent into the TEM column.

There are a number of steps one can take to reduce the risk of membrane rupture
by tailoring the conditions of the experiment. One possible cause of membrane rup-
ture during the experiment is from the flow of electrolyte, as the electrolyte is fed
from an external syringe. This acts as an external source of hydrodynamic pressure
in the system, and acts to increase the already large pressure differential across the
membrane (=~ 10 orders of magnitude larger than TEM vacuum pressure).

While eliminating the external hydrodynamic force from the system will decrease
the pressure difference, it will also have the advantage of eliminating the possibil-
ity of turbulence in the liquid cell. Turbulent flow is characterized by random and
rapid fluctuations of swirling regions of fluid (eddies) and pressure throughout the
flow.3> A "back of the envelope" calculation can determine the Reynolds Number
(a ratio of the inertial and viscous forces used to quantify whether or not fluid flow

will be turbulent; see Equation 17) for the fluid flow in the window region (making
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the assumption the flow in the tubing is laminar as a best-case scenario) and give
an indication as to whether or not the flow is indeed turbulent.

inertial forces pvDy
Re = =

= 1
viscous forces 1 (17)

Re = Reynolds Number, p = fluid density, v = average flow velocity, Dy = hydraulic
diameter3® = 4?/\ (A = Cross sectional area, p = internal wetted perimeter), 1 = dynamic
viscosity

Also, using the Kendall equation (which is derived from earlier work by Arrhenius)33735
(Equation 18) for the viscosity of a binary mixture of ideal fluids, we can roughly

calculate the dynamic viscosity of our electrolyte.
Inn = xInng + (1 —x)Inn, (18)

x = mole fraction of a component of the mixture, n1,m, = viscosities of each component of
the binary mixture.

Using the values for the most common solvent for our electrolytes (EC and DMC),
the theoretical value for the viscosity of the electrolyte solvent is 1.23mPa-s, and
from this, we calculate the Reynolds Number (using the remaining parameters
from the system) to be Re = 1x10~*. This is orders of magnitude below the thresh-
old of Re=2600 required for turbulence,323° but this calculation completely neglects
entry effects as the fluid channel changes shape from a circular pipe to the quasi-
rectangular duct of the window region, the sharp 9o° directional change the fluid
undergoes as it enters the window, and the multitude of impediments to flow in
the cell (such as electrodes, material, and generated gas bubbles). These parame-
ters may contribute to localised turbulence within the window region that cannot
be trivially calculated. Such fluctuations may act as a possible mechanism for sud-
den membrane rupture during the experiment. It would be possible to model such
turbulent flow dynamics using computational fluid dynamics methods based on
the Navier-Stokes equations such as COMSOL.

The obvious solution to this is to avoid a continuous flow setup, and leave the
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cell static; while implementation of this has improved window stability in these
experiments considerably and has the added benefit of more accurately recreat-
ing a closed cell battery environment, it introduces other issues (discussed in Sec-
tion 7.2.4). If no external fluid pressure is present, the solvent may dry out in the
cell leaving no electrolytic connection between the electrodes.3” The solution is to
use a low flow rate (<2ul/min.) to maintain sufficient pressure in the cell to pre-
vent dewetting, while maintaining window integrity. This is a compromise to the

setup that has been deemed acceptable considering its observed benefits.

7.2.4  Electron Beam Effects on Liquid Samples

It has been verified by these experiments that the presence of the electron beam on
our liquid environment system has the potential to alter the operating conditions of
the cell beyond those of a traditional electrochemical cell 3839 including, but limited
to, beam charging inducing peak shifts in any electrochemical measurements.*® A
number of beam-induced reactions have the potential to occur during imaging,+"4*
however by far the most prevalent in this setup are the effects that alter the local

chemistry of the cell.

In general, electron-irradiation-induced damage is classified into three main cat-
egories: heating, knock-on damage, and radiolysis. A ubiquitous reaction in in-situ
liquid cell TEM is the radiolysis of the liquid under electron beam illumination.4374%
Radiolysis is the breakdown of a molecule as a result of exposure to ionising radia-
tion. Typically, this is in the form of &, 3, or y radiation, but high energy particles
like protons or electrons (such as those generated by a TEM) can induce such ef-
fects also. Upon exposure to a high energy electron, radiolysis occurs in three main

stages; the "physical", the "phsyio-chemical”, and the "chemical".4? In the so-called
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"physical stage" a molecule may become ionised (by the ejection of an electron), or
enter an excited state (by absorbing a portion of energy from the incoming electron).
In Equation 19, the example of H;0 is used to illustrate this mechanism as it is a
common liquid environment in the literature. From the excited or ionised states,
the "physio-chemical" stage proceeds: The molecule may undergo dissociative re-
laxation into constituent molecules or radical species, as shown in Equation 19.
Finally, during the "chemical" stage, the radiolytic products diffuse through the so-
lution and react with other species present in the environment.#®

Of course, this specific reaction can only occur if the electrolyte is exposed to H,0O
(such as from a humid atmosphere), which is definitely possible given the con-
ditions of experimental assembly. If H,O is present, the high energy (~300keV)
electron beam can create an environment of solvated electrons (e, ;) by scattering
events and a variety of hydrogen and oxygen radical species as outlined in Equa-

tion 19:
Excitation:

e radiation

H,0 — [H,0]" — HO® + H°, Hz(g) +0

Tonisation:
e radiation + _ H0 ° + _
H, 0" — " HO" +e” — HO®*+H30™ +e, (19)

The liquid environment created can the contain any number of the following
species in varying concentrations: e, ;, HO®, H®, H*,HOS, H30",OH~, H,0,, Hz(g),
0.4274459753 These reactive species can then go on to react further with the elec-
trolyte or locally alter the pH of the liquid solution**>*5% which may alter the
working conditions of the cell or the materials under scrutiny.>* Schneider et al.
and Wang et al. recently reported an approximate theoretical dose rate threshold
for H, gas production in pure water in such liquid cell setups, finding a thresh-

old value of ~7-15 e"A~2s~!.555¢ For continuous irradiation at dose rates in excess
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of this threshold, Hj(so) production from radiolysis may cause the formation of

H,(4), either as bubbles or the vaporization and dewetting of large areas of the

9)
liquid-cell.5*57 Such phenomena have been observed in our own trials. By keeping
the dose rate below such a threshold, (we attempt to keep the dose rate below ~1
e~ A~2571 in future experiments>®) one can limit the radiolysis damage introduced
to the system by the e~ beam.

It must be acknowledged that common organic battery electrolyte solvents (such
as EC:DMC) are also prone to such e~ beam effects. Such excitation and ionisation
reactions can also occur with organic solvents, such as those used in battery elec-
trolytes used in this work, but the reactive products will differ, and are not fully un-
derstood. Due to the longer carbon chain lengths of such organic solvents, the per-
mutations for radiolytic products are considerably larger than for water. It would
be expected that various SEI formation products would be created away from the
electrode surface under e~ beam exposure; a variety of combinations of organic
radical species such as Li,CO3, lithium ethylene dicarbonate (—CH,0CO;Li);, and
various lithium alkyl carbonates will be preser1t,59‘61 along with e__;, H®, Hy(g)/ HT.
In the case of more complex solvent-solute combinations, such as those present
in Li*-ion battery electrolytes, the solvated electrons and other generated species
would also interact through secondary chemical reactions with both the solvent
and the lithium salt.

While such reactions are unavoidable, they may be limited by certain imaging prac-
tices. Reducing the e~ dose delivered to the sample can limit the production of
radiolytic products. By using a crude dimensional analysis shown in Equation 20,
it can be seen that there are two major ways of reducing the dose rate delivered to
the sample.®3 One can reduce the beam current through use of smaller condenser
apertures, larger spot sizes, or increase the scanning area (reduce magnification for

same beam current). Limiting the e~ beam current can also indirectly reduce the

other source of electrons in the system, such as secondary electrons generated by
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interaction with the sample. These secondary electrons are of a much lower energy
than the primary incident beam, and as a result have a much higher interaction
cross-section with the surrounding liquid sample.®* The secondary electrons may
be more damaging to the sample than the incident beam as a result of this increased
interaction, and reducing the incident beam dose will have the ancillary effect of re-
ducing the amount of secondary electrons generated. Another technique that stems
from reducing this interaction cross-section is increasing the acceleration voltage of
the system. While using a lower energy beam (such as 8okeV) would reduce knock-
on damage (dislocation of atoms int the sample by the beam), this would increase
radiolytic damage. For this reason, a 300keV acceleration voltage is used in all lig-
uid cell experiments performed, as knock-on damage is not the primary source of

sample degradation in this case.
I
D, =% (20)

(Where D,— = electron dose rate ( e A2s ), I, = probe current (A, or C/s), e = electron
charge (C/e), and A = scanned area (m?). Multiply by frame/pixel dwell time (tq) to get
total dose per frame/pixel.

As discussed previously, upon exposure to the atmosphere, H,O may be absorbed
by the electrolyte in small concentrations. The same can be said of oxygen, and
other gasses in the atmosphere. Inhibiting the dissolution of excess atmospheric
gasses into the electrolytes is preventable, to an extent; to combat the formation
of undesired degradation products of the electrolytes, the electrolytes are kept in
anhydrous and anoxic conditions. This necessitates the storage of the electrolytes
used in an Ar-filled glove box. This storage solution mitigates the possibility of
atmospheric-induced electrolyte degradation, and improves the effective lifetime
of the home-made electrolytes used. However, in order to assemble the liquid
cell holder, electrolyte must be introduced outside of this controlled environment.

Maintaining these conditions during assembly is a challenge that has yet to be com-
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pletely overcome; for now, the only approach is to limit exposure to the atmosphere
as much as possible using an inert gas (such as Ar or N filled glove bag, or us-
ing gas-tight vials and syringes when transporting the electrolyte) during assembly.
These solutions are more effective than using no such precautions, and has slowed
the formation of degradation products compared to normal assembly procedures.

Absorbed H;0 from the atmosphere can also cause other issues with common
battery electrolytes, such as the ubiquitous LiPFs. Upon exposure to the atmo-
sphere, it is possible that any absorbed H,O facilitates the degradation of LiPFg,
causing formation of Hydrogen Fluoride (HF) outside of an Ar-filled glove box
(see Equation 21).°° The PFs5 generated via such a mechanism has also been known
to decompose carbonates such as those used in the electrolyte solvent,°>°7 which
is undesirable given the inherently high number of variables already present in

in-situ TEM experimentation.
LiPFg = PFs + LiF

PF5 + H,O — POF; + 2HF (21)

To eliminate this issue, a variety of other lithium-salts were substituted and tested
to act as a viable replacement,18'67‘7° and another common lithium salt, LiClOy4
was chosen as a substitute due to its lower reactivity and better electrochemical
performance in this setup.”” (images from unsuitable salt trials can be seen in the
Supplementary Information, Section 11.3 Figure 60.) While the "home-made" elec-
trolyte does not preform as well as the commercial LP30 (due in part to the lower
electrolytic conductivity as a result of reduced salt concentration and lack of per-
formance enhancing additives#>9), the system is still active and will be sufficient
for a less optimised system (as can be seen in Figure 36).

Depending on the composition of the electrolyte, it was observed that the sol-
vated electons can react in different ways. Upon irradiation with the high-energy

electrons from the beam, scattering within the solution generates these solvated
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electrons. In the simplest case of a salt dissolved in a single solvent, hydrated
electrons can be considered as a reactant in redox reactions that act, in theory, as
a reducing agent.'%4745537274 The generated e, induce the reduction of metallic

ions in solution, and can be described generally in Equation 22:

M"+e_, — M (22)

sol

In the case of LiT-ion battery electrolytes, this can be more specifically defined as
the reduction of lithium as described in Equation 23, however any other similar
trace metals ions that may be present in solution would be effected in a similar

manner:

sol

Lit+e_, — Li° (23)

This reaction would result in the spontaneous deposition of insoluble metallic
lithium under the illuminated area of the sample, and would likely grow as den-
drites or nanocrystals, in a similar mechanism to metallic lithium dendrite forma-
tion in Li*-ion battery cells as a result of cycling.39757° In Figure 37, an empty area

of the electrolyte filled SiN, window is exposed to a 300keV e~ beam in TEM mode.

40 1 LiFe™PO, 2 xLi* + xe" + Li“_x)Fe("“PO‘ ;tsr: ?;Ilz ;tsf: ?}f:llz
—— 10th cycle 401 LiFe™PO, = xLi* + xe" + Li;,,Fe™PO,  —— 10th cycle
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(a) LiFePOg4 ink vs. Li/Li+; 1M LP30 electrolyte (b) LiFePO4 ink vs.  Li/Li+; 0.5M LiClO4
EC:DMC electrolyte

Figure 36: Cyclic Voltammogram at 0.1mVs~ ! of LiFePOy4/C water based ink vs. Lithium counter
electrode using a) 1M LP30, and b) 0.5M LiClO4 EC:DMC. A pair of reversible peaks

onset at ~~3.45V can be seen in each CV, indicating a lithiation-delithiation reaction.
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Spontaneous reduction of the liquid is rapidly observed (<60s). This effect can be
observed even before the application of an external voltage, which may also induce

lithium dendrite formation at the electrodes.?77

Figure 37: BF TEM image @300keV in FEI Titan of spontaneous Li-metal reduction in LiClO4
EC:DMC electrolyte under e~ beam exposure after 60 second exposure with no external
applied voltage. Dendritic grown completely obscures field of view in a matter of seconds,
rendering further imaging impossible. Inset FFT signal dominated by amorphous liquid

layer.

While in certain types of in-situ experiments, this may in fact be a desireable ef-
fect (such as if one wanted to induce a controlled reduction of a reactant using the
electron beam),”® such effects are considered extremely detrimental here as the last
thing you want in a battery cell is formation of unexpected electrolyte reduction
products. It is possible to limit these types electrolyte degradation by reducing
the electron dose from the beam, while also reducing electrolyte concentration. By
controlling the concentration of the reactant in the solution, controlled synthesis

of nanoparticles can be achieved;”® however this has already been studied in de-
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tail and the desired effect of reducing concentration of dissolved lithium salt here
is to prevent reduction entirely, thus a suitable concentration to achieve this goal
was chosen and the experiment could proceed. It has been observed that dendritic
growth depends primarily upon the ratio between current density and concentra-
tion of the solute in traditional macro-scale electrochemical setups.”? Dendrites
will not grow, for a given current density, if the concentration of metal ions is suf-
ticiently low; and for a given concentration of metal ions, they will not grow if
the current density is sufficiently low.”” Further experiments were carried out to
determine if this holds true when the source of current is from the e~ beam, rather
than an external circuit; it appears to be equivalent, and so reducing the cumulative
electron dose using smaller condenser apertures and reducing the concentration of
the electrolyte eliminates this spontaneous dendrite formation.>® In conventional
microscopy, while this would have repercussions on image resolution and electro-
chemical performance, this is not a primary concern here. It may be a necessary to
do this for the sake of a fully functional setup, and for silicon, the high volumetric
changes this work hopes to observe do not require a higher resolution. This may
be a compromise that will not greatly effect any future results.

It has been suggested that flowing the electrolytes used would enable the continual
removal of all these e~ beam generated reactive species,* however this would also
introduce potential window stability issues as discussed in Section 7.2.3, as well
as differ from the static environment of a battery cell which is trying to be repro-
duced in the experiment. Schneider et al. also demonstrated via computational
methods that radiolysis products generated by the elctron beam interactions reach

a stead-state concentration over a ver short time period (~25);5°

consequently, in-
troducing a reasonable flow of electrolyte in the setup is unlikely to remove such
products at a sufficiently fast rate, as in order for radiolysis products to not be con-

sidered the dominant species of the system, a flow rate in excess of 1m/s would be

required.#”5® Once again, a compromise has been reached, where it has been de-
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termined that better control of e~ beam by-products is more useful to the end-goal
of the project than efficient removal of those bi-products. An added benefit to not
introducing a flow of electrolyte is the sample area of interest under observation in

the TEM will not drift over time,® making localised changes much easier to track.

7.2.5 Image Resolution

Once the issue of e~ beam damage to the electrolytes was controlled, imaging of
the Si nanoparticles is now possible over the necessary larger time-scale.

As described previously in Chapter 4, the samples in liquid cell setup are much
thicker than the traditional setup, and due to the thickness limited resolution as a
result of plural and multiple scattering of a TEM, the resolution of materials in a lig-
uid environment is expected to be lower than solid-state TEM#75152 (as discussed
in Chapter 3, shown in Figure 12, and can be seen in Figure 38). Fortunately this is
not of particular concern in this work, as for now, this work is only observing phys-
ical volumetric changes in the Si nanoparticles, and individual particle contrast is

more than sufficient for purpose here (see Figure 38).

Spatial resolution is often also limited by the low e~ beam doses needed to control
radiation damage (discussed in Section 7.2.4) and low signal-to-noise ratios rather
than by beam spreading in the cell.®3 For beam-sensitive specimens, the limited
contrast is caused by a combination of the maximum dose allowed to maintain
high-resolution structures, and the low scattering cross-section of low atomic num-
ber elements that constitute the sample.#7%45 Little can be done to alleviate this
particular issue, as a balance of resolution and beam damage must be determined
on a sample-by-sample basis; however this works to the advantage of this particu-

lar experiment, as observation of silicon’s large volumetric expansion upon lithium
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(a) (b)

Figure 38: a) BF-TEM image of Silicon nanoparticles in the liquid cell, immersed in a LiClO4
electrolyte imaged @300keV in FEI Titan. Fine detail (such as lattice planes) is difficult
to distinguish in the presence of a liquid layer for low Z elements. Inset FFT of each
image shows no crystallinity, as the amorphous liquid layer dominates the signal. b)
HAADEF-STEM image (FEI Titan @300keV) of Si nanoparticles immersed in a LiClO4
electrolyte. Image blurring a result of beam broadening due to thick sample interactions.
HAADF demonstrated to provide greater contrast on the SiNP than BF TEM. (Image
processed using DigitalMicrograph (Gatan Inc.), and Image].)

insertion®” may not be affected too much by this loss of resolution, as individual
particles can be distinguished before electrochemical lithium insertion as can be

seen in Figure 38; this is exactly why it was chosen as a material of scrutiny.

7.2.6  Operando Cycling

Once all of this is put together, we can begin operando imaging and cycling of the
material. The SiNP are printed in contact with the chip electrode, and a ramped

electrical bias is applied.
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As can be seen in the acquired images and corresponding in-situ CV, the prob-
lem is one of an electrochemical nature. No structural change is observed in the
material, and no corresponding reaction peak is visible in the CV (See Figure 39).
The current remains positive throughout the experiment (even becoming more re-
sistive with cycle number), indicating some kind of irreversible pseudocapacitive
energy storage. The reason for this is believed to come down to the geometry of
the setup. With the current configuration, the LFP counter electrode is located off
the window. This is necessary as the LFP particle size is too large to be placed over
the window without causing window ruptures, and allows for more material to
be deposited. Unfortunately, this adds a lot of internal ionic resistance to the cell.
The electrolyte is not flowing directly across the counter electrode material like it
is over the working electrode. This introduces an element of luck to even immerse
the counter in electrolyte, and even then the resistance of the cell becomes too great
to allow for electrochemical cycling. With lower electrolyte conductivity between
the (relatively) distant electrodes, the cell experiences severe ionic transport issues,

resulting in an inability to function properly.

7.2.7  Conclusions

Recent revisions to the design of the holder itself, new chip layouts, and competi-
tion in the market have made this type of complex experiment much easier. In the
newest versions of this type of liquid biasing holder the counter electrode is much
larger, and located directly in the path of the flowing electrolyte away from the
window.®® This type of holder design can allow for near-bulk type electrochemical
responses from the material in-situ. Repeating the experiments with such a holder
may be the final piece of the puzzle in allowing such a relatively complex, real-

world facsimile of a battery cell to function in the microscope cell. Furthermore,
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the benefits of improved in-situ chip geometry and holder design are evidenced by
the results obtained in the next chapter. By using the knowledge gained from the
developmental experiments described in this chapter and using a more efficient
chip layout, a full battery cell is successfully assembled and cycled in Chapter 8

using the same techniques.
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Figure 39: Operando cycling HAADF STEM images of the electrode at (a) an early point in the
cycling and (b) after the first cycle (approximately 1 hour at 2mV/s). Neither structural

change nor electrochemical activity is detected. Images acquired on FEI Titan @300keV.
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OPERANDO CYCLING OF TI;C; MXENE FLAKES

In the past decade, MXenes (layered, 2-dimensional metal carbides/nitrides) have
emerged as a promising new candidate for anode materials in Li*-ion batteries by
virtue of its unique and tailorable 2-D transition metal carbide structure.’™ The
current most significant challenge of MXene anodes is a rapid degradation in en-
ergy storage capacity after a couple of initial battery operation cycles.* However,
the series of events during these cycles have not been comprehensively understood
yet. In this work, the in-situ liquid cell STEM analysis of Ti3C,-type MXene is
utilised for investigating initial operation cycles in a Li*-ion battery cell. This ap-
proach enabled real-time visualisation of complex phenomena such as electrolyte
decomposition, and lithiation/delithiation. Regarding these phenomena, four dis-
tinctive potential regimes were identified in virtue of our integrated analysis with
particle growth kinetics, Z-contrast, and electrochemistry. In particular, evidence
of re-stacking of MXene flakes (which is considered to be an additional factor for

performance degradation process) is observed.

8.1 ELECTRODE DEPOSITION AND CHARACTERISATION

To deposit the Ti3C;, to the working electrode, Aerosol Jet Printing was employed.
The use of this technique has been well documented in previous works by the Ni-
colosi group.® This allows direct coating of Ti3C; on the window of any in-situ

microchips, in a similar fashion to the inkjet printing described in Chapter 6 and
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Chapter 7. Based on the TEM analysis, these Ti3C; flakes show a few-layered 2-
dimensional structure with a size of around o0.5-1.5 um (as shown in Figure 40).
This layered feature can also be seen in the atomic resolution medium angle annu-
lar dark-field (MAADF) images with a hexagonal lattice, which is a characteristic
structure of layered Ti3C; MXene aligned along the [oo01] axis (Figure 40). MAADF
was chosen for imaging as it provided a higher contrast for the lower Z Ti3C; flakes
than HAADFE

To deposit the counter electrode, the same inkjet printing method described in
Chapter 6 was used. The counter electrode in this setup was LFP, as in Chapter 7,
and was used as a source of Li+-ions for the system, and charge/capacity balancing
for the whole cell.® The materials were deposited on in-situ TEM microchips from
Protochips, and utilised in a Protochips Poseidon TEM holder (see Supplemental
Information, Section 11.4, Figure 61). This system functions in a similar fashion
to the Hummingbird Scientific holder described in Chapter 4 and Chapter 6, but
differs in its geometry and electrochemical chip layout (shown in Figure 41). The
glassy carbon working electrode is positioned over the SiNy window. The counter
electrode is positioned as a large outer ring, allowing for capacity matching. A
platinum pseudo-reference electrode is positioned around the SiN, window, close

to the glassy carbon working electrode.

8.2 operando CHARACTERISATION

Before the electrochemical measurements are taken, the platinum reference elec-
trode must be calibrated for the system to allow for accurate voltage measure-
ments at the working and counter electrodes. As platinum is a pseudo-reference

electrode (pseudo-RE), it does not possess a well defined potential.”*® In this case
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Figure 40: TEM Characterisation of layered TizC, MXene. a) BF TEM of multi-layered Ti3C,.
SAED inset showing hexagonal structure of the material along the [oo1] zone axis of
the 2-dimensional flake. b) Atomic resolution Average Background Subraction Filtered
(ABSF) MAADF STEM of Ti3C; flake edge along [oo1] zone axis. Hexagonal pat-
tern visible in both STEM image and inset FFT, concurrent with SAED from TEM. c)
HAADF STEM of folded edge of Ti3 C, approximately along its [100] zone axis, showing
layered structure.” d) Schematic of Ti3C, along [100] and [0oo01] zone axes, consistent
with observations in TEM and STEM images in a), b), and c). Atomic resolution STEM
acquired on Nion UltraSTEM operated at 6okeV.
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Figure 41: Optical microscope image of Protochips Poseidon electrochemical chip. The electrode
geometry differ from the Hummingbird Chips used shown previously in Figure 35. Elec-
trodes are arranged concentrically. A single glassy carbon working electrode is located
centrally over the SiN, window. A Pt pseudo-reference electrode is surrounding the
SiNy window. A large Pt counter electrode is positioned surrounding the other two

electrodes. All electrodes are located in the fluid path of the holder.

the Pt electrode was calibrated using a standard ferrocene/ferrocenium (Fc/Fc™)
redox couple. A 2omM ferrocene solution in the 1M LiPFg electrolyte was used to

calibrate the pseudo-reference electrode as shown in Figure 42.

Using this data and known values of standard potentials of the (Fc/Fc) redox cou-
ple vs the Standard Hydrogen Electrode (SHE) (Ey + 0.4V vs SHE)'**? and Li/Li*
vs SHE (E, - 3.045V vs SHE)'37'° a conversion can be made from potentials vs Pt
to potentials vs Li/Li*; from this, it can be calculated that the potential of the Pt
electrode is approximately +3.249V vs Li/Li* and all measured potentials are offset
by this value vs Li/Li". This is consistent with literature values of similar Fc/Fc*t

couples with Pt electrodes in lithium salt solutions.'”
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Figure 42: Calibration of Pt pseudo-reference electrode using 20mM ferrocene/ferrocenium
(Fc/Fet) redox couple in 1M LiPFg electrolyte. Offset from oV is used to convert mea-
sured voltage values at the Pt pseudo-reference electrode to more conventional voltages

vs. Li/Li" in subsequent electrochemical graphs.

During initial electrochemical cycling, the working electrode was cycled from 3V
to -3V vs Pt pseudo-RE, with subsequent cycles between -3V and -1V vs Pt pseudo-
RE. During the first cycle, the cell undergoes a number of irreversible reactions
on the reduction side of the CV (see Figure 45). This would indicate electrolyte
decomposition at the counter electrode, which is outside the field of view of the
electron beam. Electrolyte decomposition is to be expected at the counter electrode,
due to the large measured potential. At 6.2V vs Li/Lit, such voltages are well be-
yond the threshold for the breakdown of standard battery electrolytes.’®'% Such a
breakdown would release gaseous and solid decomposition products into the cell,
resulting in the electrolyte depletion seen in the first cycle CV and Chronopoten-
tiogram shown in Figure 43.

After the first cycle, the in-situ cell was purged with argon gas from a gastight sy-

ringe and the working electrode was studied. Compared to the initial state, more
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visible particles can be observed after the first cycle; most probably due to the solid-
electrolyte interface (SEI) formation on the glassy carbon electrode. The majority of
these components are expected to provide brighter contrast compared to the elec-
trolyte based on their densities.?° The newly formed particles are also distinct from
the Ti3C; MXene flakes as their morphology is much smaller. For the second cycle,
the cell was refilled with the fresh electrolyte.

As the reduction scan starts at 1 mV/s for the second cycle (Figure 45), the bulk
volume initially expands until the potential reached 1.83 V vs Li/Lit. At the same
time, fragmentation of some particles was observed, which can be possibly under-
stood by delamination of MXene particles or a break of loosely bound MXene layers.
In general, the delamination procedure is the most crucial step for the synthesis as
it greatly enhances the performance of MXene-based materials, and various strate-
gies have been applied to prevent the re-stacking of delaminated MXene sheets.?*
Ion insertion is a well documented method for delamination of layered materials
to create dispersions of 2D materials.?* During electrochemical operation, delami-

nation and re-stacking may occur. While the comprehensive understanding of the
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Figure 43: Cyclic Voltammogram and Chronopotentiogram of the first cycle of operation in the in-
situ cell. Strong reduction peaks and electrolyte depletion (as evidenced by dramatic

change to SNR later in cycling process) can be observed.



8.2 operando CHARACTERISATION

relationship between the charge storage performance of MXene and the delamina-
tion process is still a missing gap in research communities, the re-stacking during
the electrochemical operation is considered to bring negative effects such as elec-
trode pulverisation, and breaking of conductive pathways to the active materials.*3
According to the real-time STEM imaging analysis, not only is the fragmentation of
the particles observed but also the stacking of the particles (Figure 44). This obser-
vation indicates that MXene particles can undergo both delamination and stacking
during the electrochemical reduction process. The origin of these processes can be
due to the formation of SEI, adsorption/desorption on the surface, Li*-ion inter-
calation between the MXene sheets, change in surface charge, etc. However, the
detailed mechanisms and governing factors for these processes are unclear at the
moment.

As the potential is further scanned, the particles start growing (Figure 44) until the
direction of the scan was reversed, and shrinking during the oxidation scan (see
Figure 45, and Figure 44). The latter phenomenon is an indication of deintercala-
tion process of Li"-ions in the MXene sheets, and this process is further supported
by the decrease in the total area while the particle number was relatively constant
during this period. For this particular cycle, the scan direction was reversed as
soon as the CV showed indications of partial electrolyte depletion. This approach
enabled observation of the oxidation half cycle of the electrolyte covered area of
the MXene coated glassy carbon electrode.

Along with the initial volume expansion and fragmentation and stacking of parti-
cles, new visible particles arise on the image after a notable reduction reaction was
initiated at the onset potential around 2.06V vs Li/Li*. According to the analysis,
the number of particles increases while the total area of the field of view stays con-
stant. Also, it is worthy to note that there are flexible particles loosely bound to the
electrode.

During the reduction scan for the first cycle, a couple of peaks can be identified in
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particle v particle
growth ' shrinkage

Figure 44: Operando HAADF STEM images of individual MXene cluster growth and shrinkage at
specific redox peak positions during electrochemical cycling. Corresponding redox peaks
in the CV indicate that the MXene flakes are delaminating and re-stacking as Li'*-ions
intercalate and deintercalate during the charge and discharge cycles. A) Particle growth
is observed on the working electrode at -2.07V vs. Pt (time: 1078s) during the reduction
(charge) phase. B) Shrinking is observed at -1.02V vs. Pt (time: 2254s) during the
oxidation (discharge) phase. Dynamic change of particle size is due to intercalation and
deintercalation of Li*-ions between the layers of the MXene sheets. Images acquired on

Jeol 2100 STEM operated at 200keV.

Figure 45 at 1.0V, 1.3V, 1.6V, and 2.4 V vs Li/Li" as well as a considerable reduction
current at 0.2 V vs Li/Li*. As reported in many cases,***> the reduction reaction
around this potential is most probably related to the lithiation process at the glassy
carbon electrode. During the oxidation scan for the first cycle, peaks can be seen at
1.2V, 1.6V, 1.9V, and 2.1V vs Li/Li", which indicate the delithiation process of the

MXene material.

As the cycle number increases the intensity of the oxidation peaks gradually de-
creases. One of the reasons for this dramatic change could be the rapid capacity
fading of MXene after initial cycles. This is typically due to loss of material contact
from electrode destruction from repeated Li*-ion insertion and removal. For the

tirst cycle, the reduction current is high overall in the applied potential range when
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Figure 45: Cyclic Voltammogram of Ti3C, MXene flakes vs LiFePOy4 at 1mVs~—'. 1M LiPFg
EC:DMC electrolyte used. A number of oxidation and reduction peaks related to SEI
formation and Li"-ion intercalation can be observed. Marked peak voltages are quoted

vs Li/LiT.

compared to the oxidation current leading to a Coulombic efficiency value of 20%.
This low value implies that the most of the reduction current was consumed for the
formation of solid electrolyte interface (SEI), irreversible reactions with the active
surface groups of the MXene material, and inefficiencies in Li*-ion extraction from
the material.22%?7 Particularly high irreversible currents arise at the onset of 1.8V
and 1.5V vs Li/Li". Despite the strong irreversible reaction around 1.6V vs Li/Li"
for the first cycle, relatively reversible reactions can be seen as evidenced by re-
duction and oxidation peaks for the second and third cycles in the potential range
from 1.5V to 2V vs Li/Lit. Considering the typical redox potential of TiO; inter-

calation/deintercalation process for Ti3C,/TiO; type materials in this range, TiO;
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seems to exist in the MXene electrode.2873° It is to be expected that some ammount
of TiO; will be present on the Ti3C, MXene flakes due to oxidation after synthesis
or during the aerosol jet printing process.3' The rest of the reversible peaks and
capacitive-like current contribution are most probably the consequences of Li*-ion

intercalation/deintercalation process for TizC,.*”

After the third cycle, the cell was once again purged with Argon gas. Upon
observation of this dried cell, the SEI is clearly visible. As can be seen in Fig-
ure 46, a considerable ammount of material has been deposited on the working
electrode. Details on the formation of the SEI can be found in Chapter 2, but es-
sentially as the electrolyte surrounding the electrode is exposed to potentials that
expedite its degradation during the course of normal electrochemical activity. The
SEI would be composed of LiF, LiOH, Li,CO3, polyethylene oxides, lithium-oxide-
polycarbonates, and a variety of other lithium-based organic molecules..3273® These
reaction products have been reported to form well within the voltage parameters
of the cell tested here, and it is believed that this is what the deposited material
is. EDX analysis was also carried out on the Ar-purged cell and is shown in Fig-
ure 63 in the Supplementary Information Section 11.4. The spectrum confirms the
presence of MXene as evidenced by the Ti signal. The Si signal originates from the
silicon nitride window. No O or C peaks are present, as one would expect from
the many oxygen and carbon containing compounds that form the SEI as well as
the glassy carbon electrode itself. This is likely because these peaks are of a lower
energy than the absorption energy of Si from the SiN, window, and x-rays are thus

absorbed by the window before reaching the detector.3
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Figure 46: HAADF STEM images of SEI formation at the glassy carbon electrode after electrolyte
flushing with argon. Electrolyte decomposition products have been deposited on the
electrode during the course of 3 cycles. A) Showing the MXene coated glassy carbon
electrode after the first cycle. B) Showing the MXene coated glassy carbon electrode after
the third cycle. Images acquired on Jeol 2100 STEM operated at 200keV.
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8.3 CONCLUSIONS

In conclusion, an advanced in-situ STEM analysis of a Ti3C,-type MXene anode
in a Li"-ion battery with the aid of additive manufacturing methods based on
inkjet and aerosol jet printing (described previously in Chapter 6) has been pre-
sented. The approach enabled visualising a formation of new phases in gas and
solid states and the change in bulk volume as well as growth, shrinkage, fragmen-
tation, and re-stacking of MXene flakes during initial battery operation cycles. The
STEM imaging data was linked with the electrochemical data from the cell, which
allowed the connections to complex battery phenomena such as chemomechanical
degradation of the electrodes, electrolyte decomposition, SEI formation, and Li*-
ion intercalation/deintercalation processes. These results shed new light on these
phenomena and bring new insights to research communities in terms of develop-
ing a comprehensive understanding of lithiation mechanisms for MXene anodes
and new strategies for enhancing performance. Additionally, the approach with
back-and-forth filling with Ar gas and electrolyte is expected to mitigate the issue
with the radiolysis damage described in Chapter 7 which are caused by the high
electron beam doses required for techniques such as EELS and EDX, as well as

higher resolution imaging.4°744
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NOVEL METHOD FOR IMAGING SULPHUR SAMPLES

WITHOUT SUBLIMATION ARTEFACTS

As one of the many potential candidate materials for high capacity lithium ion
batteries, sulphur poses a few interesting challenges before it can gain widespread
utilisation. The most pertinent issue is known as the polysulphide shuttling effect
(described previously in Chapter 2, specifically Figure 4), which contributes to to
rapid capacity loss after cycling. As a quick recap, the Sg allotrope is broken down
and re-formed during reversible cycling, intermediate reactions can leech S from
the process, depositing insoluble Li-S compounds on the lithium electrode in the
system. As Figure 47 shows, the relatively large decrease in current response of
the sulphur anode after just 10 cycles (~50% by comparing peak currents), along
with peaks indicating irreversible shuttling/SEI formation reactions contribute to

this rapid capacity loss."™

9.1 SULPHUR SUBLIMATION

Of concern here is another property of sulphur. One of the challenges to Li-S
battery development is the difficulties in TEM characterisation of sulphur. Accu-
rate characterisation of novel sulphur materials designed for battery applications
is critical to our understanding of techniques to mitigate the polysupfide shuttling
effect by electrode design. It is well documented that sulphur undergoes subli-

mation at a point above the typical pressures found in the column of a TEM at
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room temperature.#> This makes the imaging and characterisation of any sort of
nanostructured sulphur samples challenging, as the material will be modified or
even disappear rapidly as soon as it is inserted into the TEM vacuum.>® As a re-
sult, materials characterised by such methods are prone to deviation from normal
conditions to a great extent. In order to prevent this, the sample must be forced
back into the solid region of the phase diagram (shown in Figure 48). This can be
achieved in two ways; by cryogenically cooling the sample to a temperature past
the sublimation line, or by increasing the pressure surrounding the sample to a
level greater than sulfur’s equilibrium vapor pressure of =~z 10~ Torr (at 20°C).#

Both methods have been previously demonstrated by Levin et. al,> showing sta-
ble imaging of sulphur using a Cryo-holder for the TEM, and using an ambient
pressure SEM. Building on this work, a novel method for imaging sulphur in the
TEM using a SiNy, window gas cell holder is proposed. With the introduction of

commercially available gas cell holders, a sample can be held at a set pressure with
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Figure 47: CV of Sulphur electrode vs Li/Li*t. Single pair of reversible peaks indicating reversible
lithium transfer reaction, and single irreversible peak indicating sulphur leeching ancil-

lary reaction. Rapid capacity fade over small number of cycles also visible.
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any compatible gas connected to the sample holder. In this case, the sample was
left open to air. Given that the only necessary modification to the system would be
the pressure, a set pressure of any non-reactive gas (such as N, or Ar) would also
work. The concept of protectively encapsulating a sample to inhibit degradation
in the microscope environment has been used in previous work by Kwon et. al. to
limit oxidation of copper nanowires, and a conceptually similar solution is demon-
strated in this work.”

A sample of elemental sulphur was prepared by dispersing the as purchased sul-
phur powder (325 mesh, 99.5% purity, Alpha Aesar) in isopropanol via ultrasoni-
cation. The dispersion was dropcast onto a lacey carbon film covered copper TEM

grid for the control experiment. The same sample was also dropcast onto a DENS
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Figure 48: Temperature-Pressure phase diagram of sulphur. At typical TEM vacuum pressures
(~10~"kPa at room temperature), sulphur exists in the gas phase. cryogenic cooling
to sub 250K, or increasing pressure around sample is required to keep sulphur in the
solid orthorhombic phase. (Adapted with permission from Reference [4]. Copyright 2011

Elsevier.)
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Climate MEMS chip (see Chapter 5, Figure 21).

The standard copper grid sample was loaded into the microscope, and a sulphur
particle was chosen as the region of interest. The particle was imaged in TEM mode
at 300keV, and the column valves were closed between each consecutive image to
reduce any beam-induced artefacts. As can be seen in Figure 49, the sulphur par-
ticle sublimes in the column vacuum over a period of 10 minutes. The residual
material is vacuum-stable, and is believed to be super-sublimated polymeric sulfur,
which is known to have a much lower vapour pressure than elemental sulphur,®
and is comparable to the experiments conducted by Levin et. al.5 Examination of

the residue by EDX STEM mapping at 300keV confirms the residue as sulphur (Fig-

ure 50).

Figure 49: BF TEM time series images of sulphur particle subliming in TEM column vacuum of
7x1078 Torr. The large particle in the region of interest is seen to dramatically shrink
over time under vacuum exposure. Column valves were closed between images to prevent
beam-induced effects altering the sublimation process. Images acquired on FEI Titan

operated at 300keV. Scale bar is 1um in all above images.
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9.2 SUBLIMATION INHIBITION via ENCAPSULATION

In order to investigate the potential of the commercial gas cell sample holder as a
method to image the sulphur without sublimation, the sample was inserted into
the column, and imaged over a period of 2 hours using the same experimental con-
ditions as the previous experiment (300keV TEM and STEM for EDX analysis). No
change in particle morphology was observed over the observation period of 2 hours
(as seen in Figure 51, as the particle was kept at ambient pressure, and the column
valves were closed between image acquisitions to reduce any beam-induced arte-
facts. The EDX spectrum acquired after the 2 hours showing S-K, and Si-K peaks
in Figure 52 confirms that the particle is indeed sulphur supported on a SiN, win-
dow. The suppression of the sublimation clearly demonstrates the viability of the
use of windowed in-situ sample holders for imaging and characterisation of high
vapour pressure materials in the TEM.

Obviously being an electrical insulating material, sulphur is still very susceptible
to radiation damage from the electron beam, and careful consideration must be
made to the beam current passing through the sample for quantitative and qualita-
tive spectroscopy.”™"" For example, in order to acquire data for an EDX map of the
sulphur particle, higher beam dosages must be used in order to generate enough
counts for the detector. Unfortunately this damages the sample heavily due to
sulphur’s susceptibility to knock-on damage, and alternate methods must be em-
ployed to characterise the elemental composition of the sample with this method.
It is still possible to collect enough counts to confirm elemental composition of the
sample via EDX spectra using a lower dose with a 12° holder tilt, as can be seen

in Figure 52. In this regard, the cryo-EM method utilised by Levin et. al> has its
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Figure 50: a) HAADF STEM of residual S post-sublimation acquired on FEI Titan @300keV. Inset
shows EDX maps of S, Si, and Cu corresponding to the EDX spectrum. b) Integrated
spectrum of region of interest, confirming elements listen in a) are present. Maps confirm
that the residue is indeed composed of sulphur. (Si peak due to an EDX spectral artefact;
an internal fluorescence peak from the silicon window on the silicon drift detector likely.

Cu peak background signal from grid.)
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(a) Sulphur particle initial (b) Sulphur particle after 2 hours

Figure 51: HAADF STEM images of a sulphur particle before and after a 2 hour exposure inside
the TEM column vacuum in DENS Solutions Climate chips. The particle is isolated
from the column vacuum by the SiNy window of the gas cell chips, thus preventing

sublimation of the sample. Images acquired on FEI Titan operated at 300keV.

benefits over the SiN, window approach that can be found in many in-situ holders.
Cryogenic electron microscopy has the secondary benefit of slowing or even inhibit-
ing beam induced artefacts and sublimation artefacts simultaneously, allowing for

easier collection of mapping data.

9.3 CONCLUSIONS

The ability to image potentially vacuum sensitive materials for energy storage ap-
plications such as sulphur composites without sublimation artefacts creates new
possibilities for their characterisation. To control sublimation in TEM analysis, an
encapsulation method utilizing a commercial gas cell TEM sample holder is demon-
strated. Where before, samples would sublime before imaging could take place,

this novel encapsulation method allows for sample stability over the time frames
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necessary for both imaging, and spectroscopic analysis by EDX, or even EELS with
ultra-thin SiN, windows. The proposed method is suitable for the TEM analysis
of other specimens that may undergo sublimation at TEM vacuum pressures, such
as zinc or magnesium to name a few. Such techniques would have been impossible
for such materials in the past, and presents new opportunities for battery material

researchers.
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Figure 52: Integrated EDX Spectra of highlighted area of sulphur particle on SiNy window of the
guas cell chips after two-hour exposure acquired @300keV in FEI Titan equipped with an
Ametek 3omm? EDX detector. Low dose acquisition parameters of the spectrum, along
with inefficiencies of the Ametek EDX detector give rise to low SNR. Confirmation of
elemental composition is still possible, with S and Si peaks from the S particle and SiNy

window respectively clearly detected with a 12° holder tilt.
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IV

CONCLUSIONS AND FUTURE WORK

"Two gin-scented tears trickled down the sides of his nose. But it was
all right, everything was all right, the struggle was finished. He had
won the victory over himself. He loved In-Situ Transmission Electron

Microscopy."

— George Orwell (...mostly)






CONCLUSIONS

In this work, a large number of technical considerations for proper experiment de-
sign and interpretation of electrochemical measurements inside a TEM have been
considered.

A working micro-scale electrochemical cell consisting of LiFePO4 vs Si has been
developed using facile inkjet printing methods.

While initial observations of the Si-nanoparticles immersed in electrolyte in the
TEM proved problematic, with a number of issues preventing effective imaging
arising; namely rapid e~ beam induced damage to the electrolyte solution neces-
sary for battery operation, and difficulties maintaining cell integrity during imag-
ing. The e~ beam was determined to be inducing radiolysis of solvent components
of the electrolyte, and reducing lithium salt components and their degradation
products. The efforts of this work have located the underlying causes of these
issues, and sought to remove them from the experiments, and these issues have
been overcome by careful consideration of the experimental parameters. The ma-
jor limiting factor to complex full-cell battery fabrication for analysis in the TEM
was determined to be the design of the electrochemical chips. With an insufficient
counter electrode to working electrode ratio, charge balancing and capacity match-
ing proved impossible, resulting in little electrochemical activity during operando
experiments.

Using the techniques developed during these experiments, a MXene-LiFePO,4 Li*-
ion battery cell was successfully inkjet printed, and subsequently analysed via

operando liquid cell STEM. Using a more modern revision of liquid cell TEM holder
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design, charge and capacity matching proved a much easier task; as a result, a com-
plete battery cell was fabricated and electrochemically cycled during STEM analy-
sis. The STEM imaging data was linked with the electrochemical data from the cell,
which allowed the connections to complex battery phenomena such as chemome-
chanical degradation of the electrodes, electrolyte decomposition, SEI formation,
and Li*-ion intercalation/deintercalation processes. These results shed new light
on these phenomena and bring new insights to research communities in terms of

understanding lithiation mechanisms for MXene anodes.

Finally, a novel method for imaging of vacuum incompatible materials was ex-
plored. The ability to image potentially vacuum sensitive materials for energy stor-
age applications such as sulphur composites without sublimation artefacts creates
new possibilities for their characterisation. To control sublimation in TEM analy-
sis, an encapsulation method utilizing a commercial gas cell TEM sample holder
is demonstrated. Where before, samples would sublime before imaging could take
place, this novel encapsulation method allows for sample stability over the time
frames necessary for both imaging, and spectroscopic analysis by EDX, or even
EELS with ultra-thin SiNy windows. The proposed method is suitable for the TEM
analysis of other specimens that may undergo sublimation at TEM vacuum pres-
sures, such as zinc, magnesium, or some polymers to name a few. Such techniques
would have been impossible for such materials in the past and presents exciting

new opportunities for battery materials researchers.

While further efforts must be made to fully realise in-situ TEM analysis of an
operating Li*-ion battery, the first steps toward this goal have been made, and the
design of future experiments can take the limiting factors of the setup into account
to avoid the pitfalls discussed. As the technology is still in the early stages of de-

velopment, this is work that must be done to advance the technique to the point it
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needs to be for future energy storage material characterisation.

10.1 FUTURE WORK

While a number of issues have arisen during the course of this project, consid-
erations can now be made regarding future experiments. New techniques for
imaging to limit potential e~ beam specimen damage learned during the course
of this work will continue to be used for future liquid cell experiments. This tech-
nique (ubiquitously used in nearly all cryogenic-Electron Microscopy (cryo-EM)
applications)'3 involves performing all microscope focusing and alignment pro-
cedures on an empty part of the cell, before moving to an area of interest; more
frequent blocking of the beam will also be introduced to this effect and keep cumu-
lative e~ dose as low as possible. While this may seem to compromise the aim of
the work, the lithiation that future work hopes to observe occurs over a time-scale
of several hours (at the slow scan-rate used in the experimental technique), so this
should not cause issues.

The possibility of performing EFTEM or EELS in the in-situ electrochemical setup
is an exciting possibility for this technique. It has been shown that such analysis
can be done to observe meaningful data in the low-loss signal for thicker liquid
layers; Dai et al. were able to demonstrate shifts in the plasmon peaks of gold
nanoparticles between 1-8eV.4 Some core-loss data (above losses of 600eV)> can be
extracted from thin liquid layers also.5"'* Plural scattering becomes negligible af-
ter the oxygen K-edge'® due to high inelastic scattering cross section at low-losses,
and small cross-section at higher losses."> Obtaining counts at higher losses will be
limited by dose restrictions and low SNR, due to the direct relationship between ir-
radiation dose and attainable resolution."*'3 Using a direct electron detector might

alliviate this issue if the Titan was equipped with one." For example, the possi-
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bility of detecting oxidation state changes as Li*-ions are inserted and removed
from a material or the depletion of lithium from a region of material immersed in
a lithium-based liquid electrolyte would be a leap forward in energy storage mate-
rials characterisation,®'5 so this is something I hope to use in my own future work.
Using EFTEM as a technique to improve image resolution may also prove useful.
Using zero-loss filtering, it may be possible to offset the resolution limiting ef-
fects of the thicker specimen by filtering out irelevant signal generated by electron-
plasmon scattering. Such techniques have been known to improve resolution in
cyro-TEM, where similarly low doses are required to prevent radiolysis damage
to the sample.’®'® Similarly, the possibility of using an EFTEM filter to selectively
form an image from signals from a particular material in the cell may also prove
beneficial. This method, known as contrast tuning, could be used to highlight
specific materials using an energy slit where an element’s EELS peak has been
observed." Such methods would require larger electron doses to be delivered to
the sample, so such techniques may turn out to not be viable for certain liquid
samples.

The SEI layer in LiT-ion batteries is also of interest to this work, as its exact
mechanism of formation, as well as its true chemical composition is relatively
unexplored,”°™** and the concept of studying its formation in-situ with the assis-
tance of EELS and EFTEM would shed light on a much debated topic of interest in

the energy storage community,8123/24

One such solution to the electron dose - resolution problem may be to use a low-
dose (S)TEM technique known as "sparse-sampling" or "compressive sensing" for
image acquisition to distribute the dose over many identical copies of the imaging
region.?>34 Using such a method, (common among studies of biological samples
in (S)TEM?2735) low-dose, low-resolution images with a low signal-to-noise ratio

can be reconstructed via a posteriori image processing into an interpolated higher
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resolution image for more detailed analysis.?>*%-31:333637 Such algorithmic random
image sub-sampling has been shown to enable a reduction in sampled pixels (and
subsequently e~ beam dose) by up to 95% while sill being able to reconstruct im-
ages similar to fully sampled images.?® This may prove to be a useful method for
reducing e~ beam dose to the radiation-sensitive electrolytes, while maintaining
a useful resolution and minimising scanning and drift distortions by decreasing
pixel dwell-time.3* Such an imaging technique would require an upgrade to cur-
rent TEM infrastructure available in TCD, and a Gatan Digiscan would need to be
equipped on the Titan in order to use the scan coil control software necessary to

carry out sparse sampling.

From these observations, I believe a breakthrough in successful in-situ imaging
is close, with all of these issues discussed taken into consideration. Work is pro-
gressing on a full setup with precautions taken to reduce or eliminate the issues

discussed here.

161



162

CONCLUSIONS

REFERENCES

[1]

[2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

David B. Carlson and James E. Evans. The Transmission Electron Microscope.
Ed. by Khan Maaz. 1st ed. InTechOpen, 2012. Chap. 5 (Low-Dose Imaging

Techniques for Transmission Electron Microscopy).

H. Okamoto. “Noise suppression by active optics in low-dose electron mi-

croscopy.” Applied Physics Letters 92 (6) (2008), p. 063901.

James E. Evans, Crispin Hetherington, Angus Kirkland, Lan-Yun Chang, Hen-
ning Stahlberg, and Nigel Browning. “Low-dose aberration corrected cryo-
electron microscopy of organic specimens.” Ultramicroscopy 108 (12) (2008),
pp. 1636-1644.

Alan Dai, Michal Vadai, Katherine Sytwu, and Jennifer Dionne. “Liquid-

Phase Electron Spectroscopy of Individual Plasmonic Nanostructures.” Mi-

croscopy and Microanalysis (2020), pp. 1-2.

C. C. Ahn and O. L. Krivanek. EELS Atlas: a Reference Guide of Electron Energy
Loss Spectra Covering All Stable Elements. 1st ed. Gatan Inc., 1983.

Megan E. Holtz, Yingchao Yu, Jie Gao, Héctor D. Abrufia, and David A.
Muller. “In Situ Electron Energy-Loss Spectroscopy in Liquids.” Microscopy
and Microanalysis 19 (2013), pp. 1027-1035.

Joseph P. Patterson et al. “Observing the Growth of Metal-Organic Frame-
works by in-situ Liquid Cell Transmission Electron Microscopy.” Journal of the

American Chemical Society 137 (2015), pp. 7322-7328.

Frances M. Ross et al. Liquid Cell Electron Microscopy. Ed. by Frances M. Ross.

1st ed. Cambridge University Press, 2017.

Mihaela Tanase, Jonathan Winterstein, Renu Sharma, Vladimir Aksyuk, Glenn
Holland, and James A Liddle. “High-Resolution Imaging and Spectroscopy
at High Pressure: A Novel Liquid Cell for the Transmission Electron Micro-

scope.” Microsc. Microanal 21 (2015), pp. 1629-1638.



References 163

N. J. Zaluzec et al. “X-ray and Electron Energy Loss Spectroscopy in Lig-
uids in the Analytical S/TEM.” Microscopy and Microanalysis 20 (S3) (2014),
pp- 1518-1519.

Lopa Bhatt, Lin Chen, Jinglong Guo, Robert F. Klie, Junhe Shi, and Russell
P. Pesavento. “Hydrolyzed Ce(IV) salts limit sucrose-dependent biofilm for-
mation by Streptococcus mutans.” Journal of Inorganic Biochemistry 206 (2020),
p. 110997.

Sergey Yakovlev and Matthew Libera. “Dose-limited spectroscopic imaging
of soft materials by low-loss EELS in the scanning transmission electron mi-

croscope.” Micron 39 (6) (2008), pp. 734—740.

David B. Williams and C. Barry Carter. Transmission Electron Microscopy. 2nd ed.
Springer, 2009.
Alan Maigné and Matthias Wolf. “Low-dose electron energy-loss spectroscopy

using electron counting direct detectors.” Microscopy 67 (2018), pp. i86-i97.

Megan E. Holtz et al. “Nanoscale Imaging of Lithium Ion Distribution During

In Situ Operation of Battery Electrode and Electrolyte.” Nano Letters 14 (2014),
PP- 1453-1459.

P.A. Midgley and M. Weyland. “3D electron microscopy in the physical sci-
ences: the development of Z-contrast and EFTEM tomography.” Ultramicroscopy
96 (3-4) (2003), pp. 413—431.

R. Grimm, D. Typke, and W. Baumeister. “Improving image quality by zero-
loss energy filtering: quantitative assessment by means of image cross-correlation.”
Journal of Microscopy 190 (3) (1998), pp. 339-349.

Rasmus R. Schroder, Waltraud Hofmann, and Jean-Francois Ménétret. “Zero-
loss energy filtering as improved imaging mode in cryoelectronmicroscopy
of frozen-hydrated specimens.” Journal of Structural Biology 105 (1-3) (1990),
pp- 28-34.

N. Delpuech et al. “Critical Role of Silicon Nanoparticles Surface on Lithium

Cell Electrochemical Performance Analyzed by FTIR, Raman, EELS, XPS,
NMR, and BDS Spectroscopies.” The Journal of Physical Chemistry C 118 (31)

(2014), pp- 17318-17331.



164

[22]

[26]

CONCLUSIONS

Pallavi Verma, Pascal Maire, and Petr Novak. “A review of the features and

analyses of the Solid Electrolyte Interphase in Li-ion batteries.” Electrochimica
Acta 55 (2010), pp. 6332-6341.

Magali Gauthier et al. “Electrode-Electrolyte Interface in Li-Ion Batteries: Cur-

rent Understanding and New Insights.” Journal of Physical Chemistry Letters 6
(2015), pp. 4653-4672.
Yimin A. Wu et al. “In-situ Multimodal Imaging and Spectroscopy of Mg Elec-

trodeposition at Electrode-Electrolyte Interfaces.” Scientific Reports 7 (2017),
p- 42527.

Fan Wu and Nan Yao. Microscopy and Analysis. Ed. by Stefan G. Stanciu. 1st ed.
InTechOpen, 2016. Chap. 11.

Raymond R Unocic et al. “Direct Visualization of Solid Electrolyte Interphase
Formation in Lithium-Ion Batteries with In Situ Electrochemical Transmission

Electron Microscopy.” Microsc. Microanal 20 (4) (2014), pp. 1029-1037.

Andreas Mittelberger, Christian Kramberger, Christoph Hofer, Clemens Man-
gler, and Jannik C. Meyer. “Automated Image Acquisition for Low-Dose
STEM at Atomic Resolution.” Microscopy and Microanalysis 23 (2017), pp. 809—
817.

James P. Buban, Quentin Ramasse, Bryant Gipson, Nigel D. Browning, and
Henning Stahlberg. “High-resolution low-dose scanning transmission elec-

tron microscopy.” Journal of Electron Microscopy 59 (2) (2010), pp. 103—112.

James Z. Chen, Carsten Sachse, Chen Xu, Thorsten Mielke, Christian M.T.
Spahn, and Nikolaus Grigorieff. “A Dose-Rate Effect in Single-Particle Elec-
tron Microscopy.” Journal of Structural Biology 161 (1) (2008), pp. 92—100.

Sunghwan Hwang, Chang Wan Han, Singanallur V. Venkatakrishnan, Charles
A. Bouman, and Volkan Ortalan. “Towards the low-dose characterization of
beam sensitive nanostructures via implementation of sparse image acquisi-
tion in scanning transmission electron microscopy.” Measurement Science and

Technology 28 (2017), p. 045402.



[29]

[30]

[37]

References

L. Kovarik, A. Stevens, A. Liyu, and N.D. Browning. “Implementing an ac-
curate and rapid sparse sampling approach for low-dose atomic resolution

STEM imaging.” Applied Physics Letters 109 (2016), p. 164102.

Lewys Jones et al. “Smart Align-a new tool for robust non-rigid registration

of scanning microscope data.” Advanced Structural and Chemical Imaging 1:8
(2015).

Laurene Donati, Masih Nilchian, Sylvain Trépout, Cédric Messaoudi, Sergio
Marco, and Michael Unser. “Compressed sensing for STEM tomography.”
Ultramicroscopy 179 (2017), pp. 47-56.

Tim Dahmen et al. “Feature Adaptive Sampling for Scanning Electron Mi-

croscopy.” Scientific Reports 6 (2016), p. 25350.

A. Stevens et al. “A sub-sampled approach to extremely low-dose STEM.”
Applied Physics Letters 112 (2018), p. 043104.

Lewys Jones et al. “Managing dose-, damage-and data-rates in multi-frame
spectrum-imaging.” Microscopy 67 (2018), pp. 98-113.
Christian Colliex, Christian Jeanguillaume, and Claudie Mory. “Unconven-

tional modes for STEM imaging of biological structures.” Journal of Ultra-

structure Research 88 (2) (1984), pp. 177—206.

Karl A. Hujsak, Eric W. Roth, William Kellogg, Yue Li, and Vinayak P. Dravid.
“High speed/low dose analytical electron microscopy with dynamic sam-
pling.” Micron 108 (2018), pp. 31—4o0.

Karl Hujsak, Benjamin D Myers, Eric Roth, Yue Li, and Vinayak P Dravid.
“Suppressing Electron Exposure Artifacts: An Electron Scanning Paradigm

with Bayesian Machine Learning.” Microsc. Microanal 22 (2016), pp. 778-788.

165






\Y%

SUPPLEMENTAL INFORMATION






SUPPLEMENTAL INFORMATION

11.1 SUPPLEMENTAL INFORMATION FOR CHAPTER 3

11.1.1 Equation Derivations

deBroglie Electron Wave relation:

h
A= —
P
E=eV
1
E_zmov2
p=mv
_—
2m

p = V2mE = V2meV

Substituting the above relations into the de Broglie relation, the formula relating

the energy of the electron beam to the wavelength of the electron becomes:

h

A= ——
2mpeV
or, with relativistic momentum corrections with the Lorentz factor:*

A= h ~ 1.97pm

eV
2 14—
\/ moeV ( + Zmocz)
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11.2 SUPPLEMENTAL INFORMATION FOR CHAPTER 6

Figure 53: BF TEM image of region from which spectrum of LFP/C ink shown in Figure 24 was

acquired. Larger, darker contrast particles are LFP. Smaller, lower contrast particles are

carbon black. Image acquired on Jeol 2100 @200keV.
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11.3 SUPPLEMENTAL INFORMATION FOR CHAPTER 7

11.3.1  Statistical Analysis of SiINP Size Distribution

Raw statistical data on SiNP size distribution:
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Figure 54: Statistical analysis of SINP pre- and post-cycling. a) and b) Histograms of size distribu-
tion of particle diameters. c) and d) quantile-quantile plots of diameters demonstrating

severe deviation from normality.

As Figure 54 demonstrates, the size distribution data deviates from normal. Thus
conclusions cannot be made through comparative test statistics. A transformation
must be applied to the data to force normality in order to formally test a null hy-

pothesis. As the data approximately follow a log-normal distribution, a log trans-
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formation is applied. Log-normal distributions are common in the size distribution
of laser-synthesised nanoparticles,*3 and so using a log-transform is appropriate in

this case.4™
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Figure 55: Statistical analysis of SiNP pre- and post-cycling. a) and b) Histograms of size distri-
bution of natural logarithm of particle diameters. c) and d) quantile-quantile plots of

diameters demonstrating normality within a 95% confidence interval.

The log-transformed data are approximately normal, and pass the Anderson-Darling
test. Skewness has been reduced for pre- and post-cycling data from 0.843 and 1.539
respectively to 0.239 and 0.527 respectively. As a rule of thumb, skewness (calcu-
lated using Equation 24) between -0.5 and 0.5 is considered "normal", whereas
skewness >0.5 or <-0.5 deviates from "normal", as backed-up by the QQ-plots in

Figure 54 and Figure 55.
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Skewness calculation:

1 =
HZ{’; (xi — X)3
1 3/2 (24)
(EZ?_] (Xi — §)2>
Where n = number of data points, x; = each value of x, and X = mean of x.
The following null hypothesis is tested for the log-transformed SiNP data:
Ho:p =z, Ha iy # 12 (25)

Where Hy is the null hypothesis, Hq is the alternative hypothesis, Wy is the mean SiNP

diameter pre-cycling, and \;, is the mean SiNP diameter post-cycling.

A two-tailed t-test is performed on the log-transformed data sets to compare the

means, and determine if the null hypothesis (Hy) is correct:

- X; — X3
J((m])cﬁ%—(nz])(ﬁ)(] 1)
__|__
ny+n;—2 n ny
428 —4.4
{ = 8443 (26)
(99 —1)0.242 + (42 —1)0.48% l+l
99 4+42—-2 99 " 42
It| = 2.472

Where X = mean, n = degrees of freedom (number of data points in each set), o = standard
deviation for each of the two datasets being compared.

As this [t| > 2.021 (for «/2 = 0.025,v = 41); the null hypothesis (Hy) is rejected.
It can then be stated that there is a statistically significant difference in the means,

and that @y > .7
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(a) Pristine SINP (b) Cycled SiNP

(c) Cycled SiNP

Figure 56: Additional BF TEM images (supplemental to Figure 33) used in statistical analysis of
SiNP (Figure 54) processed using Image]. Images acquired on Jeol 2100 @200keV.



11.3 SUPPLEMENTAL INFORMATION FOR CHAPTER 7 175

11.3.2 EELS analysis of SINP

i Lithiated SiNP
SiNP

Intensity (a.u.)

40 60 80 100 120 140
Energy Loss (eV)
Figure 57: Raw, uncorrected for background signal EELS spectra shown in Figure 34 showing
presence of lithium within a SiNP after electrochemical cycling shown in Figure 31.
(Spectra were collected from single points on the SiNPs to reduce knock-on beam damage.
Spectra acquired @300keV in FEI Titan with an energy dispersion of 0.05eV/Ch, drift

tube bias of 40V, and a collection semiangle of 7.8mrad.
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Si'L2’3

Intensity (a.u.)
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Energy Loss (eV)

Figure 58: Reference background subtracted EELS spectra of SiO; showing Si-L; 3 post-edge fine
structure.® Secondary ELNES peak at ~ 110€V also present in Figure 34. Graph created
from data acquired from Reference [8].
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(a) Pristine SiNP (b) Lithiated SiNP

Figure 59: HAADF STEM images of points from which (a) unlithiated and (b) lithiated SiNP
EELS spectrum shown in Figure 34 was acquired. STEM image acquired @300keV on
FEI Titan.
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11.3.3 Electrolyte Substitute Experiments
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(c) Growth plot

Figure 60: BF TEM of nanorod formation in lithium trifluoromethanesulfonate in propylene carbon-
ate (LiCF3S03:PC) solution under the effects of a constant dose e~ beam exposure over
180 seconds from I to II. Electrolyte was tested as a substitute to LiPFg EC:DMC, and
rejected due to instability under e~ beam exposure. Nanorod under scrutiny linearly

increases in size (see graph) from 1.59 wm to 2.45 wm during observation.
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Figure 61: HAADF STEM image of MXene edge shown in Figure 40(c). Edge folding visible only

near edge of the flake, indicating partial alignment of [100] zone axis by flake folding at
the edge. STEM acquired on Nion UltraSTEM @6okeV.
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Figure 62: SEM image of Protochips Poseidon chip with inkjet printed LFP on the outer counter

electrode, and TizCy MXene coated on the central glassy carbon electrode. Image ac-

quired at 15keV using Secondary Electron detector.



108

96

84

11.4 SUPPLEMENTAL INFORMATION FOR CHAPTER 8

>
§ -

-
=
fU. 72
~—
> 60
x
2 48
()
€ 36
24 .
Ti
12 ﬂ
0 huMMMW‘kJ Ldﬂnﬁmk.xlmbhu\H.\WMM.LW“L W\hnﬂluHl.\.\JMIMuMuJ\ALMMMMIﬂ“\.lﬂ.nu‘.Wi.um\um..l\l .hnlm.‘\Mm.M...m.w.um.mulmml kit i )i bbbl s i
0.0 13 26 39 5.2 6.5 7.8 9.1 104 11.7 13.0

Energy (keV)

Figure 63: EDX spectrum of MXene coated glassy carbon electrode post-electrochemical cycling. Ti

peak confirms presence of TizC, MXene, and Si peak arises from the SiNy window.
Expected O and C peaks are absorbed by the SiN window. Spectrum captured with Oc-
tane T Optima 6omm? windowless silicon drift detector using a Jeol JEM 2100 STEM
@200keV. Inset HAADF STEM image shows spot from which EDX spectrum was cap-

tured.
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