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Thesis Abstract

Vast consumption of fossil fuels has catapulted greenhouse gas emissions
which have contributed to increasing the global average temperature at a
frightening rate. Thankfully, sun, wind and tides have massive potential to
provide energy in an environmentally friendly way. However, maintaining
these energy sources at the global scale required to realise the transition from
fossil fuels to renewable energy is difficult, given that their supply is often
location and weather dependent. Fortunately, there is a solution, and energy
storage is the key to a green energy future. Currently, battery systems are the
most suitable option. These systems can be implemented in large-scale grid
storage facilities, electric vehicles (EVs), portable electronics like laptops and
mobile phones, right down to fingernail-sized microbatteries for medical
devices and hearing aids. Despite decades of research, the demand for
increased functionality has grown at such a rate that the development of
appropriate technology has proven difficult. Additionally, the materials typically
used in production of commercial batteries such as cobalt, graphite and Li are

coupled with concerns related to ethics, CO2 emissions, and availability.

This thesis delves into three realms, all related to the development and
optimisation of battery electrode materials, and efficient approaches to monitor
their deterioration. The first realm is optical analysis of opal photonic crystals
(PhCs) which are used as templates for battery electrodes. PhCs are a
particular type of nanostructure which demonstrate iridescent colours when
exposed to light. The observed colours originate from a phenomenon known

as the photonic band gap (PBG), the band of frequencies which are reflected



from the crystal. The PBG is dependent on the structure and refractive index
contrast of the material. Consequently, the PBG can be controlled by changing
the structural parameters of the crystal. Opals are a type of PhC which are
used as templates for inverse opals (I0s), which have shown promise as
battery electrodes due to their high surface area to volume ratio, thin pore walls
and interconnectivity, which removes the need for conductive additives and
binders. The most fascinating aspect of their potential is the correlation
between their structural properties and their optical response since the primary
route of battery performance deterioration is through the structural degradation
of the battery electrode materials. Opals of different thicknesses can be
constructed while the reflected colours remain unchanged once the periodicity
of the crystal is maintained. However, the intensities of the reflected
frequencies are thickness dependent. The optical response of these materials
can therefore be used to determine crystal thickness, and vice versa.
Optimising the electrochemical performance of 10 (I0) battery electrodes
requires formation of an excellent opal template which can be directed and

evaluated by this non-destructive optical spectroscopy approach.

With a method established for perfecting opal quality established, the
second realm explores the electrochemical performance of sustainable battery
systems, in the form of SnO2-based electrode materials in lithium-ion (Li-ion)
and sodium-ion (Na-ion) chemistries. Li-ion is the most widely used
commercial battery chemistry. As Li reserves are depleted, alternatives must
be considered. Na stands as a practically infinite resource, extracted easily

from sea salt. Na-ion batteries operate under similar principles to Li-ion, but



optimisation of appropriate electrode materials has proved challenging.
Graphite stands as the gold standard anode material for Li-ion, but its capacity
is dramatically reduced in Na-ion systems. Furthermore, the carbon emissions
from the processing of natural graphite and production of synthetic graphite
are worrying. SnO:z is one of the thirty most abundant elements on earth and
stands as a promising replacement for graphite in Na-ion batteries. However,
massive volume expansion prevents its widespread adoption. Routes to
overcome this volume expansion involve the design of state-of-the-art
nanostructures, the route taken in this thesis using the 10 architecture. While
this electrochemical exploration provides an explanation of the underlying
chemistry governing the rate behaviour and stability of the 10 electrodes, the
structural changes which arise in the electrode during cycling prompt deeper
investigations. Furthermore, the rapid nature of the associated
electrochemical processes prompt real-time measurements, which are

addressed next in the thesis in the form of operando Raman spectroscopy.

The third realm is the application of operando methods to battery
performance analysis, an approach which litters the literature in recent years.
Traditionally, analysis of battery electrodes and the electrolyte were performed
ex-situ. The battery was disassembled, the materials were removed and
analysed. Ex-situ analysis is useful prior to cycling and for postmortem
analysis. A more effective analytical approach is the use of in-situ techniques.
These involve stopping the battery at a certain voltage, disassembly, and
analysing the electrodes and electrolyte in that state. This approach is useful

for determining what changes occur to the battery at different states of charge.



However, these materials are often sensitive to the environment, and the in-
situ results are not representative of the state of the material prior to
disassembly. Furthermore, electrochemical reactions can occur over
nanoseconds or even less, while the structural changes can be short-lived. As
a result, in-situ analysis can fail to capture many of the changes which occur
during cycling. Operando techniques involve analysis of battery components
during electrochemical cycling. Disassembly is not required, and structural
changes can be tracked continuously, capturing any metastable and ultrashort
phases. Operando Raman spectroscopy can be used to monitor structural
changes to the electrode at the atomic scale, along with evolution of the

electrolyte non-destructively.

This thesis has been written to showcase the benefits of combining
optical, structural, and electrochemical analysis, moving from ex-situ to
operando techniques, and optimising performance of sustainable battery
technologies with a view to transitioning from Li-ion to Na-ion chemistry with
environmentally friendly electrode materials to develop the first PhC, lab-

based operando battery diagnostics system.
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Chapter 1

Thesis Overview




Chapter 2 provides a comprehensive literature review of operando methods
for modern battery systems which can be performed non-destructively. These
methods cover the electromagnetic spectrum, from high energy X-ray analysis
performed in synchrotron facilities to low energy benchtop systems which take
advantage of radio wave energy. Design of an appropriate operando cell is the
main difficulty encountered in the literature, and there is a substantial focus on
the operando methodology required in each case. State-of-the-art systems are
reviewed across a range of battery chemistries and an array of electrode
materials to communicate the importance of correlating the electrochemical
processes which occur during cycling to structural changes to the electrode

which can often only be captured in real-time.

Chapter 3 catalogs experimental techniques used throughout the work
included in this thesis and is divided into four subsections. Sample preparation,
cell assembly, structural and electrochemical characterisation methods. The
intention of the former two sections is to ensure that the reader can prepare
the electrode materials and assemble each cell design so that the experiments
can be repeated exactly as they were performed here. For the latter two
sections, a brief summary of the concept behind each analytical technique is
included, referencing artefacts specific to the application of each of the
techniques to the type of analysis performed in this thesis, followed by the

specific parameters used in each chapter.

Chapter 4 examines the optical response of opal PhCs, which are used
as templates for battery electrode materials known as inverse opals (10s).

Opals are grown by evaporation-induced self-assembly (EISA) and the

2



relationship between sphere solution volume fraction and crystal thickness is
established. The effects of crystal thickness on the associated optical
response are then explored for a range of five volume fractions for opals grown
at three different temperatures. Structural and optical analysis are used in
tandem to discover the conditions under which there is a breakdown in the

characteristic periodicity which defines these opals using Bragg-Snell theory.

Chapter 5 investigates the asymmetric optical response of opals due to
an observed thickness gradient which occurs as a result of the EISA growth
process. Unique optical fingerprints for opals grown under a range of
conditions are demonstrated via 3D angle-resolved transmission spectra,

highlighting the effect of the thickness gradient in each case.

Chapter 6 focuses on battery performance. The rate response of SnO:2
IO anodes in both Li-ion and Na-ion batteries. SnO2 anodes offer high
capacities in both systems but suffer from significant volume expansion. The
IO morphology is used here to combat volume expansion and improve rate
performance. Galvanostatic cycling shows impressive capacity retention and
rate performance in the Na-ion system. Cyclic voltammetry (CV) analysis
uncovers an interesting difference in the reversibility of the oxidation reaction

from metallic Sn to SnOz2 in Na-ion batteries compared to Li-ion batteries.

Chapter 7 presents the results obtained from operando Raman
spectroscopy experiments on Li-ion and Na-ion batteries. Three
methodologies are detailed based on the electrode stack configuration using
the same spectroelectrochemical cell. Changes at the electrode/electrolyte

interface are examined for three electrode materials in the same electrolyte.
3



Changes to the electrolyte occur at the points of oxidation of both TiO2 and Li
nickel manganese cobalt oxide (NMC), even though these redox reactions
occur in two different voltage windows for each material. The benefits of each
electrode configuration are discussed and an outlook on future improvements
to the methodology and analysis are presented. Operando Raman
spectroscopy of a TiOz electrode in a Na-ion battery successfully detects
phase changes to the electrode from anatase TiO2 to amorphous Na titanate

using a less fluorescent electrolyte.



Chapter 2

Literature Review: Real-Time

Non-Destructive Methods for

Examining Battery Electrode
Materials

Adapted from: Grant, A.; O'Dwyer, C. Real-time nondestructive methods for
examining battery electrode materials. Applied Physics Reviews 2023, 10 (1).
DOI: 10.1063/5.0107386



Abstract

With the importance of Li-ion and emerging alternative batteries to our electric
future, predicting new sustainable materials, electrolytes and complete cells
that safely provide high performance, long life, energy dense capability is
critically important. Understanding interface, microstructure of materials, the
nature of electrolytes and factors that affect or limit long term performance are
key to new battery chemistries, cell form factors and alternative materials. The
electrochemical processes which cause these changes are also difficult to
probe because of their metastability and lifetimes, which can be of nanosecond
to sub nanosecond time domains. Consequently, developing and adapting
high-resolution, non-destructive methods to capture these processes proves
challenging, requiring state-of-the-art techniques. Recent progress is very
promising, where optical spectroscopies, synchrotron radiation techniques,
and energy-specific atom probe tomography and microscopy methods are just
some of the approaches that are unravelling the true internal behaviour of
battery cells in real-time. In this review, we overview many of the most
promising non-destructive methods developed in recent years to assess
battery material properties, interfaces, processes, and reactions under

operando conditions in electrodes and full cells.



2.1. Introduction

Substantial progress in battery technology is essential if we are to succeed in
an energy transition towards a more carbon-neutral, fossil-fuel-free society.
Moving towards more sustainable energy harvesting and storage technologies
that become part of a circular economy is essential. Materials sustainability
will become an overriding factor in the years to come, conjointly with consumer
demands that are ever-increasing. Under such a scenario, the production of
Li-ion batteries is expanding considerably across the globe reviving the issue
of finite Li(1) reserves, and the volume of critical raw materials such as cobalt
and nickel, as pertinent examples. This concern has driven researchers to
explore new, potentially more sustainable chemistries, including Na-ion,(2, 3)
metal—air chemistries Li(Na)-O2,(4, 5) Li-S,(6, 7) and multivalent (Mg, Ca)(8)
redox flow batteries (RFBs) and aqueous-based technologies.(9) Electrode
degradation represents one important challenge to the development of
rechargeable batteries. While the existence of this challenge is well known and
widely researched, the electrochemical processes responsible are continually
being examined and assessed.(10-14) Unsurprisingly, attempts to understand
these processes have involved analysis of the composite materials. Data of
this nature has vastly improved the performance of batteries and the
understanding of degradation processes. However, such research has been
limited mainly to the study of electrode materials in isolation, i.e., before or
after cycling, failing to capture short-lived or metastable processes. There is
no surprise that a further understanding of battery materials requires their
analysis during operation. These requirements call for state-of-the-art

methodologies. Since 2008,(15) many studies have adopted such an
7



approach with great success. However, as it becomes a necessity for batteries
to be charged every day, the need for more power has grown at a rate far
greater than the improvements made in battery capacity.(16) Development
and implementation of real-time, operando battery diagnostics may alleviate
these shortcomings.

New analytical methods and lab-scale capabilities for existing large-
infrastructure techniques are needed to probe specific battery chemistries and
speed up analysis, screening and prediction of behaviour, performance, and
safety for future electrification, so that new technologies can be brought to the
market more rapidly to meet societal demands. Advances could include the
development of remote, non-invasive and passive operando techniques(17) to
complement present battery management systems(18) — but a real impact
would come from powerful methods that are accessible outside synchrotron
facilities, and operable in any lab. Right now, the consensus for small and EV-
level batteries is that failures modes need to be tracked in real-time, and as
such many battery companies are investing in accessories for advanced
operando methods for their new battery chemistries. A recent commentary in
Ref.(19) deals with exactly this need, highlighting the requirement for an
interdisciplinary approach to advance imaging, modelling and testing
technologies. Improved links between industry and academia are vital, links
which would reduce costs solve technical issues and vastly accelerate

commercialisation of the right technologies.

Rather than just probing a single material, operando techniques have

provided an understanding of how the various materials function



cooperatively, particularly within the working battery. This has been
particularly important for the understanding of the electrode/electrolyte
interface. Operando imaging and spectroscopic techniques such as NMR(20),
MRI(21) and electron paramagnetic resonance (EPR)(22) have recently
enabled the visualisation and quantification of Li (and Na) microstructures.
While these measurements do not simultaneously address phase, structural
changes, and material arrangement during charge-discharge, they
nevertheless offer powerful insight into side reactions and surface chemistries
of battery materials. Recently, Co addressed the efficiency in charge passed
in Sn and other electrode materials to address the issue of side reactions using
operando NMR and neutron depth profiling to quantify the amount of alloyed
or intercalated Li as a function of charge(23-25), directly imaging the
coulombic efficiency of the overall convoluted processes in the anode material.
Methods for imaging the movement of reaction fronts and reaction kinetics are
becoming increasingly powerful. In-situ high-resolution TEM(26, 27) has been
at the forefront of these advances, providing in-depth insights into interfacial
processes and Li-driven local structural changes (for example in SnO2 and Si)
with a much higher resolution than MRI methods. Significant advances in
synchrotron methodologies have allowed spectroscopic, two-dimensional
transmission X-ray microscopy, full three-dimensional tomographic
reconstructions and diffraction-based methods to be performed (such as
Bragg coherent diffraction imaging), often in parallel; these have been used,
for example, to track particle expansion with lithiation(28), and the evolution of
strains and movement of dislocations within particles(29). If materials exhibit

magnetic character, it is also feasible to monitor lithiation-induced changes to
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magnetic properties as a sensitive probe of charge-discharge dynamics in a
few materials, and supercapacitive behaviour in hybrid materials with
ferromagnetic character.(30, 31) Optical methods that probe index changes in
materials that undergo intercalation/alloying vs pseudocapacitive charge
storage and compensation mechanisms are also feasible in principle.
Revolutionary insights into the phenomena that underlie the operation
of energy storage devices has the potential to uncover not only the basis for
material selection, but how material at electrode level, and arrangement, affect
performance. It may generally provide a way of analysing open questions and
performance limitations including degradation mechanisms in a whole range
of technologies including electrochromics, supercapacitors, solar cells,
photoelectrochemical systems or water splitting where light-matter interactions
are essential. One important consideration in all analytical techniques, some
of which are addressed in this review, is the importance of expertise in
operation, processing, and interpretation of the data. A recent report on atom-
probe tomographic analysis for Li-ion battery materials(32) is a recommended
read, where it becomes clear how many parameters that are technique-
specific need to be considered for any meaningful analysis of battery materials
by such advanced, deeply-probing and high resolution methods. Artefacts
abound, and expertise in instrumentation, acquisition, processing, and

interpretation is critically important.
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Figure 2.1. Advancement of operando non-destructive method for examining
batteries and battery materials in the last two decades. Specific references for
many of these methods can be found throughout this review. Notably, methods
span the breadth of the electromagnetic spectrum and since 2020, many of
these techniques can be done in synchrotron facilities and in laboratory
settings with benchtop-sized infrastructure. Al, machine learning and
computational prediction underpins many modern advancements to speed up
discovery and troubleshoot potential issues prior to large scale financial and
time-investment.

Figure 2.1 depicts some of the operando methods that have recently
been developed over the last two decades and the methods span the energy
spectrum from X-rays through to very low frequency radio waves. Many new
methods are being developed specifically for batteries, but the need to analyse
important materials, interfaces and electrochemical reactions seeded the
research that led to new operando cells, synchrotron techniques and analytical
methods assisted by powerful computational approaches, to smaller
benchtop/laboratory systems that are also very powerful in their capability. The

terms ex-situ, in-situ and operando are used throughout this work to describe

measurements of battery materials. Ex-situ measurements involve cycling a
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cell, stopping the process at a specific state of charge (SOC), and extracting
the electrode before measurement. For in-situ measurements, data collection
occurs without extracting the electrode. For operando measurements, data
collection is performed during electrochemical cycling. Operando techniques
can be considered a special case of in-situ, with the two terms often being
used interchangeably throughout the literature. In this review, the distinct
differences between the two modalities are distinguished with detail on the
usefulness of operando techniques.(15, 33)

The objective of this work is first to provide an overview of some of the
most powerful non-destructive methods used to examine battery electrode
materials in real-time to date. Secondly, we will summarise some of the most
promising initiatives being developed to accurately measure materials, cells,
performance, and diagnostic analyses related to battery performance and
health assessment in real-time. Techniques are grouped according to the
region of the energy spectrum which is utilised. Key case studies are
summarised for each group of techniques across a range of materials and
battery chemistries. The central issues which arise in the application of each
technique are addressed, outlining cell assembly considerations, benefits and
limitations, materials preparation, resolution/accuracy, and extracted
information. The result is a work which serves as a manual which, upon
reading, informs the reader on the required methodology of the desired
technique, what results can be expected, and the common pitfalls to avoid.
For each non-destructive method described here, the progression towards
useful operando measurement and understanding, and its combination with

complementary analytical techniques to monitor the electrochemical
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processes occurring in electrochemical cells, is of vital importance to the

development of the next generation of batteries.

2.2. High Energy Operando X-Ray Methods for Battery Electrode

Materials Analysis

2.2.1. Synchrotron X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique often used to obtain detailed
information about the structure of crystalline materials, and the chemical and
physical properties they possess. Battery electrode materials are very often
crystalline, with highly ordered architectures that allow control of ion and
electron transport throughout. As a result, XRD is a powerful technique for
characterizing these materials when conducted and analysed with due care
and rigour for measurement and interpretation.

Traditional lab based XRD methods are useful for determining the
phases of crystalline electrode materials. The quality of generated results can
be evaluated by two primary variables. Firstly, the signal to noise ratio (SNR).
SNR is affected by several properties but is primarily dependent on the
intensity of the X-ray beam. The second is peak width, usually quantified using
the full width half maximum (FWHM), which is a function of the beam diameter.
Smaller beam diameters result in the reduction of the FWHM and sharper
peaks. Synchrotron XRD proves a superior approach in its characterisation
capabilities, with the obvious drawback of requiring the use of expensive large-
scale facilities. Its superiority can be summarised by the 4 main advantages
over the traditional lab-based approach: (1) Greater beam intensity creating

more intense peaks with an improved signal to noise ratio (SNR). (2) Higher
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collimation that reduces angular beam divergence and increases the
monochromatic character of the beamline. (3) The degree to which the beam
is parallel is improved which removes the need for focusing geometry that can
be inaccurate at low angles. (4) Improved peak: background ratio for samples
which  produce background fluorescence, unlike the pre-sample
monochromators often used in traditional setups. For operando battery
measurements, where the target samples may be difficult to access due to cell
components which may attenuate the X-ray beam, the enhanced accuracy
and response provided through the synchrotron approach is useful.

A variety of approaches can be taken in the application of XRD to
battery systems in operando to examine electrode materials. The basic
concept is to evaluate the change in diffraction pattern over time during
electrochemical cycling. Such work has been performed for anode and
cathode materials in Li-ion systems(34) along with a range of potentially more
sustainable battery chemistries such as (Na-ion),(35, 36) potassium-ion (K-
ion),(37) and Li-sulfur (Li-S).(38, 39) In Kirshenbaum et al.,(40, 41) the
approach is taken a step further. Energy-dispersive X-ray diffraction (EDXRD)
is used to gain insight into the composition of a Li/Ag2VP20s cell. EDXRD is
suitable for in-situ analysis of materials due to its rapid data collection rate and
fixed scattering angle, the latter allows for high-accuracy measurement of
lattice parameters that are present in the material. In the study, in-situ EDXRD
is performed at two discharge rates and the non-discharged cell is combined
with ex-situ X-ray absorption spectroscopy (XAS) measurements to determine

the optimal conditions for a conductive network to be formed which results in
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spatial resolution of the electrochemical reduction process within the electrode
inside an intact electrochemical cell.

The presence of heterogeneities in electrode materials is common,
especially when mass loading is enhanced through incorporating structures
with increased thickness. EDXRD is performed here through the cross-section
of the cell perpendicular to the surface of the face-to-face electrode
configuration from the Li metal counter electrode through the electrolyte to the
cathode. Given that a gradient in current density and Li-ion flux is unavoidable,
and that the phases of both electrode and electrolyte species are determined
by the electrochemical reactions that often depend on the degree of Li uptake,
heterogeneity in the crystalline phases detected across the cell are expected.
To further solidify findings, the measurements are performed at multiple
locations across the width of the cell to identify any asymmetries which may
be present. Consequently, short-lived, metastable phases are monitored
which were not previously accessible. One of the most important aspects of
the data here is the ability to track structure formation within the cell materials.
The EDXRD data provides insight into the locations at which different phases

occur, with a tomographic-like profile of the cell shown in Figure 2.2.

15



padieydsip 10N

uonisod
weaq |eoAA

Horizontal
beam location

location 1

location2

ovvT/d
‘AInba *29|9 §°0

0 0,55 0.35 "0.45 0.55 location3_
1/d (A1)

Iocahon 2 " location 3

iy ekl

j.‘.; "":%w/;\/\”k’}\%/
S S Mx\/

Bk ‘ : . oo, :‘ ANAH

0.35 0.45 0.55 0.35 0.45 0.55

1/d (A ' 1/d (A 1/d (A1)

89T/2
‘AInba 2919 G0

Figure 2.2. Spectra resulting from spatially resolved in-situ EDXRD
measurements within three coin cells: (A) A non-discharged cell, (B and C)
two different locations within a cell discharged to 0.5 elec. equiv. at a rate of
C/1440, and (D to F) three different locations within a cell discharged to 0.5
elec. equiv. at a rate of C/168. Spectra were obtained every 20 mm through
the cathode; for clarity, only half of the scans are presented in the figure.
Spectra toward the top of the figure (red hues) were obtained within the side
of the cathode closer to the stainless-steel coil cell top, and spectra toward the
bottom of the figure (black hues) were obtained closer to the Li anode. Adapted
from ref. (42). Copyright AAAS 2015.

Using this data combined with impedance measurements, changes in
battery resistance can be analysed. Study of both the structural changes and
impedance in the cell (electrochemical impedance spectroscopy (EIS))
simultaneously during cycling enables rationalisation of the changes in battery
resistance, which determines the nature of the discharge mechanism.
Compilation of these results provides an overview of the conductive pathways

formed from reduction products and the impact on the discharge mechanism.
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The two techniques prove complementary and the relationships between
cathode reduction, electrochemical cell discharge and impedance are
established.(43) Insights into the electrochemical and structural processes
which can occur are gained with the determination of the conditions required
for an optimal conductive network in the cathode and the elucidation of a rate-
dependent discharge mechanism. The advantages of combining the data
obtained from ex-situ and in-situ techniques are evident from the results.

As discussed by Kirshenbaum et al. above, in-situ XRD provides the
ability to detect certain phases which occur at different SOCs of a battery
including material phases that are difficult or often impossible to be reliably
detected ex-situ in a post-mortem analysis from cell-disassembly. However,
the lifetimes of certain processes are shorter than the time taken to
disassemble the cell and perform the required measurements and others are
extremely sensitive to changes in their local environment, which can include
access to changes in electrolyte, salt concentration (even when carefully
contained in battery-grade storage environments) and especially to water and
ambient air for more typical post-mortem analyses. Therefore, operando

technigues must be used to capture this information.
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Figure 2.3. In-situ XRD patterns during galvanostatic charge and discharge at
a rate of 10 C. (A) Diffraction patterns for (200), (211), (020), and (301)
reflections during the first five charge-discharge cycles. The horizontal axis
represents the selected 20 regions, and time is on the vertical axis. Diffraction
intensity is colour coded with the scale bar shown on top. The corresponding
voltage curve is plotted to the right. LFP, LiFePOas; FP, FePOa4. (B) Selected
individual diffraction patterns during the first two cycles and voltage profile.
The baseline is represented by horizontal dashed grey lines. Black vertical
lines mark the positions of LiFePOa4 peaks at the start of reaction; red vertical
lines mark the position of FePO4 peaks formed during the first cycle. Adapted
from ref. (44). Copyright AAAS 2014.

In Liu et al.,(45) operando XRD with high temporal resolution was used
to analyse metastable structures formed during the high-rate cycling of
LiFePO4 electrodes and determine the effects of strain vs compositional
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variation. These results are compared to simulated XRD patterns of some of
the structures predicted to form during cycling. Disagreement between data
indicates the formation of metastable structures not detected ex-situ, i.e.,
particles with lattice parameters that vary from the predicted composition. The
results are also used to quantify the compositional variation during cycling.
The operando XRD patterns (Figure 2.3) show the absence of any particle
interface (disappearance of Bragg reflections corresponding to second
particle), indicating that strain effects did not occur. Based on work prior to this
study, reactions in the electrode material were predicted to proceed via a
process which would cause, using conventional wisdom, poor battery
performance, while these measurements indicate the contrary. The utilisation
of operando XRD here provides the ability to explain this disagreement, by
capturing processes which could not be detected previously using ex-situ or

even in-situ methods.

2.2.2. X-Ray Computed Tomography (X-Ray CT)
The operando synchrotron XRD discussed thus far here provides a host of
useful information on battery electrode materials including the degree of
crystallinity and lattice parameters of the species present with their evolution
over time. Such information can be used to enhance understanding of how
electrochemical cycling affects the constituent materials. However, the
benefits of the application of X-ray microscopy to battery systems has provided
the community with high resolution models that stand as a clear visual
representation of the constituent materials. These models are provided in the

form of tomographic profiling of the electrochemical cell. A huge advantage of
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the microscopy approach is that it does not have to be performed in

synchrotron facilities but can be incorporated into a lab setting.

Electrolyte
State-of-lithiation concentration Li-ion flux Charge transfer

Li-ion flow
B e

Figure 2.4. Simulated discharge of the reconstructed cathode and an ideal Li
anode (half-cell) at 1.25, 2.5 and 5 C. The ionic current flows from the top
(separator side) to the bottom (current collector side). Field variables at 50%
depth-of-discharge (DoD) are shown here. Reproduced from ref. (46).
Copyright Nature Publishing Group 2020.

In Lu et al., a novel X-ray nano-computed tomography (CT) dual-scan
superimposition (DSS) technique is used to probe some of the key parameters
of electrode materials which affect battery performance.(46) A 3D volume of a
Li-ion half-cell is reconstructed with an NMC111 cathode vs a Li metal anode,
and achieved at the nanoscale for the first time. The study investigates how
the structural characteristics of the cathode such as porosity, tortuosity and

thickness affect electrochemical processes within the cell such as state of

lithiation (SoL), electrolyte salt concentration (Cey), Li-ion flux and charge
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transfer at different rates. Adaptations to the initial microstructure are also
made to probe the evolution of the same electrochemical processes in novel
microstructure designs.

Figure 2.4 shows the computed evolution of the half-cell during
discharge at three different rates of 1.25C, 2.5C and 5C, from the top row to
the bottom row. Each individual schematic depicts the half cell with current
flow in the through-thickness direction. The top corresponds to the region of
the cathode closest to the separator. The bottom represents the region closest
to the current collector. Each column represents one of the key
electrochemical parameters of the cell. In the first two columns of Figure 2.4,
SoL, and electrolyte salt concentration of the cell at 50 % depth of discharge
(DoD) is shown. At the lowest rate, there is a uniform distribution observed in
each case. As the rate is increased, a severe gradient develops due to the
competition between mass transport dynamics and reaction kinetics. Lithiation
occurs only where the active material, NMC particles in this case, are exposed
to the Li ions flowing through the electrolyte in the form of Li salts. As the cell
is discharged at low rates, the Li ions flow along the electrode slowly,
maximising the amount of active material they access. As the rate is increased,
Li ions bombard the active material closest to the separator, maximising
charge transfer in this region. Consequently, mass transport is slow, meaning
that the ions are unable to supply reactant into deeper regions of the electrode
at a sufficient rate. NMC close to the current collector are therefore not utilised,
resulting in severe capacity loss in the cell.

The third column shows the distribution of Li* ion flux Je. At low C-rates

(1.25 C), the flux is evenly distributed. At higher C-rates (above 2.5 C),
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heterogeneity is evident due to the non-uniformity of the pore microstructures,
with much higher flux in narrow pores. High flux causes local Ohmic heating,
which can lead to electrolyte decomposition and thermal runaway. The fourth
column shows the charge transfer Jcr which represents reactivity. The
reactivity distribution is shown on a particle-by-particle basis, with reactivity
more homogeneous at low C-rates. Jct is much higher close to the separator
than near the current collector, due to the mass transport limitation already
mentioned.

The simulations based on the reconstructed cathode microstructure
show that the inhomogeneous lithiation that occurs during cycling occurs
primarily due to the broad distribution of particle size. As a result, changes in
both the level of porosity and pore size in the direction of lithiation leads to a
variation in Li-ion diffusion path lengths. The imbalanced utilisation of NMC
lowers the energy density of the cell, which inhibits the long-term structural
integrity of the electrode. Subsequent simulations were performed to
investigate the use of next generation electrode designs, exploring the effects
from the manipulation of particle size, pore size distribution, and electrode
compression, to probe the effects of specific structural alterations to the
performance of the cell.

A full interrogation of the causes of inhomogeneous lithiation based on
the microstructural size distributions of the electrode and how this leads to
poor battery performance is provided. The gradients of the electrolyte
concentration and SoL increase with C-rate and depth of discharge,
highlighting the issues that occur in battery performance at higher rates. It is

particularly evident that particle size, pore size and the level of porosity are the
22



main factors which determine the distribution and direction of flow of Li ions
during discharge. Uneven intercalation between particles occurs as a result,
leading to the underutilisation of capacity and reduced power density. The
study also describes the effects of calendaring on the microstructural evolution
of the electrodes, a further look at the process can be found elsewhere.(47)
Overall, the dual-scan superimposition (DSS) computational technique and
modelling used here represents a truly non-destructive method for
investigating electrode degradation mechanisms based on the distribution of
electrode particles within the cell.

Given that X-ray computed tomography has moved to the lab, analysis
of battery materials’ absorption coefficients is possible with voxel sizes down
to ~50 nm. The most recent approaches combine artificial intelligence and
analysis techniques including machine learning, with nano-CT on the lab
scale. The motivation has been to develop powerful and accurate predictive
models of the electrochemical response of battery materials and electrodes,
from variations to microstructure and composition variations that can be
visualised in 3D with postmortem analysis and predictive models for new
materials or existing materials under various operando conditions. X-ray CT
has superior resolution compared to nano-CT imaging, but developments in
high-resolution nano-CT systems are underway. The technique is a non-
destructive tool and provides opportunities for operando investigations in
battery materials and solid-state battery interfaces and solid electrolytes, to
name a few. Combing nano-CT imaging data and computational modelling,
reconstructed volumes, and parameters such as pore tortuosity, particle size

etc. can be extracted and incorporated into the models to simulate
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electrochemical response. Machine learning and related approaches are
necessary to obtain an accurate and representative volume of the material
under examination in CT images. Some recent reviews have outlined the
details and opportunities of X-ray CT(48, 49) and also computationally-
supported nano CT imaging(48) for battery research. The importance of data
quality, interpretation and curation is a consistent in the application of CT
imaging for battery materials analysis and extracting meaningful data requires
careful workflow and data processing. Opportunities exist not only for 3D
visualisation but for obtaining digital twins of battery electrodes to watch their
behaviour in real-time and translate this knowledge to prediction of similar
materials under different conditions, or for screening new materials of battery

chemistries with particle size and interface-level resolution in real time in 3D.
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Figure 2.5. Cell design and performance of a Zn-AgO printed cell (a) and in-
situ CT cell (d). 3D X-ray CT tomographic reconstructions (b, e), and
electrochemical performance (c, f) for Zn-AgO printed cell (top row) and in-situ
CT cell (bottom row). Adapted from Ref. (49). Copyright Wiley VCH 2017.
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As a representative example, Scharf et al.(49), showed how in-situ X-
ray micro-CT in combination with electrochemical battery cell characterisation
could be used to interrogate how gassing at the current collector influence the
performances of Zn-AgO batteries. Their results and process, representatively
overviewed in Figure 2.5, revealed that OER and HER gas evolution depended
on the choice of current collector material. While the likelihood of gas evolution
processes could in principle be extracted from basic electrochemical
knowledge of this metal in such an electrolyte, the micro-CT provided useful
additional quantification on z-axis volumetric expansion within the electrode.
Simply changing the current collector made an obvious improvement in
performance giving a high cycling capacity of 12.5 mAh cm for more than 325
cycles in a 4 cm? form factor, corresponding to volumetric energy density of
100.6 Wh L. The development here of the in-situ cells is also important for
future application of micro-CT and related methods, as the cell construction is
a necessity to allow accurate probing by CT instrumentation and they showed
how the approach could provide meaningful examination of cell degradation
over long term cycling.

In-situ and operando X-ray techniques represent a powerful array of
tools which can be used to investigate the electrochemical behaviour of battery
electrode materials at different states of charge or discharge/during cycling
with high energetic and spatial resolution. As most battery materials are
crystalline, their examination using X-ray methods provides information on
changes to their structure which can be correlated to electrochemical
processes and overall battery performance. The major disadvantage of this

family of tools is their inability to detect amorphous phases, such as electrolyte
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species and the secondary electrolyte interface (SEI) layer. Involved
computational methods are required to enable digital twins with accurate
processing of the material volumes being imaged so that examination of
representative cells can provide predictive capabilities for new materials and
batteries. For battery researchers keen to take advantage of the power of
operando X-ray methods, awareness, and attention to some of the common
themes in the literature can improve and even fast track results. Table 2.1
stands as a summary of these key aspects. Establishment of the correct
operando cell design is of paramount importance to maximise the observed
response and minimise some of the artifacts which can occur. Depending on
the approach used, the correct design can provide spatial resolution of the
entire cell. Considerations of some of the potential pitfalls can prove extremely
useful, and simple tweaks to the methodology can prevent these entirely.
Considerations such as an aversion to constant data acquisition for setups
where high power X-ray beams may cause sample damage. In depth ex-situ
analysis to provide an understanding of the system under consideration is

always recommended as a prerequisite to operando measurements.
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Technique ggl(lersagtig Capabilities Limitations Rels_glcuilion
AMPIX
cell(44, 50)
Tubular
RATIX High Cost
cell(51) Average structural Requires standard
Synchrotr Windowed information reference data
on X-ray coin cell(52, Crystallinity Limited 0.01°
Diffraction 53) Phase purity information '
(XRD) Li-O2 Atomic position extracted for
capillary Lattice parameter amorphous
cell(54) materials
Custom Li-
S pouch
cell(55)
Tomographic
Profiling with Depth Beam profile
Synchrotr of Discharge attenuated by coin
on Energy Standard Spatial Resolution cell steel casin
Dispersive coin cell(41, patial . g < 20 pm*
XRD 56) of species eV(_)Ivmg Beam damage in
(EDXRD) during cycling constant data
Rapid data acquisition mode
collection
Spatial resolution
of:
i. Porosity
ii.  Surface Curation of “clean”
Computed Area data and precise
X-ray reconstructi iii.  Tortuosit interpretation
Computed ons of y necessary
Tomograp target cell iv. Particle Detailed ~10 nm
hy (X-ray component Distributi algorithms and
CT) s(46, 48, on various software
49) v. Charge packages required
Transfer (e.g., COMSOL)
Gradient
vi. State of
Lithiation

* Spatial resolution — Sensitivity to which X-ray diffraction signals could be correlated
to location within the electrode.

Table 2.1. Overview of state-of-the-art in-situ and operando X-ray techniques
applied to battery systems, referencing the cell design and some of the key
characteristics related to each technique.
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2.3. Operando Transmission Electron Microscopy (TEM)

Operando methods for studying materials and processes in Li-ion batteries in
a transmission electron microscope (TEM) have existed since ca. 2012(57,
58). The initial open-cell holders allowed in-situ measurements, and some
operando investigations under vacuum. Some of the cell types were limited,
requiring solid state electrolytes, or suffered from electron beam
polymerisation or damage, and others demonstrated the concept using
materials that were somewhat atypical for Li-ion batteries (at least commercial
or near-commercial chemistries). However, the technique proved to be useful
in interrogating nanoscale and (in some cases) atomic-scale resolution of real-
time changes to materials during discharging and charging, and readers are
referred to some original papers and reviews(59). A notable disadvantage of
the open-cell method was the localised contact to the electrode, which limited
the active mass involved in the electrochemical process. It did show new
possibilities for investigating the interface in high resolution and spawned the
development of closed cell operando TEM.

Closed-cell versions of cell holder for operando TEM were iteratively
developed, with continuous improvement in capabilities to allow
measurements with more common liquid electrolytes and electrode materials,
while improving the sensitivity and contrast that was limited in earlier designed
due to more severe electron scattering from metallic materials(60). Liquid
electrolytes in the TEM were developed by Muller et al. to have a flow
electrolyte configuration(61) with a glassy carbon electrode, following from the
silicon nitride membrane container approach for single Si NW measurements

in the Si-Li metal cell demonstrated by Wang et al.(62) There were several
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other variations on the sealed liquid cell design for battery measurements (see
Figure 2.6) in the TEM, some including graphene instead of SiNx to reduce
scattering and improve contrast in the materials under analysis, particularly
when thick liquid electrolytes were used to generate a more realistic

comparison to the type of battery cell under consideration.(63, 64)
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Figure 2.6. (a) Setup for in-situ liquid electrochemical cell to examine
electrode-electrolyte interfaces. Adapted with permission from Nano Lett. 14,
1745 (2014). Copyright 2014 American Chemical Society. (b) A liquid
electrochemical operando cell (Si NW electrode) using SiNx membranes of
~50 nm in thickness to seal the liquid, while still allowing transmission of the
high energy electrons for imaging. This liquid cell allowed elemental analysis
and imaging of LixSi around a Si NW electrode. Adapted with permission from
Nano Lett. 13, 6106 (2013). Copyright 2013 American Chemical Society. (c)
SiNx membraned liquid cell holder to allow operando EFTEM of LiFePO4
cathodes. Adapted with permission from Nano Lett. 14, 1453 (2014).
Copyright 2014 American Chemical Society.

These closed cell variations for operando TEM revealed some useful
new insights into battery material behaviour and high resolution data on the
nature of some important interfaces with the electrolyte. Real-time lithiation
was observed using the important LiFePO4 cathode material while dendrite

growth, and Li stripping and thinning mechanisms were observable using
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electron microscopy under charging and discharging conditions. Since then,
many other findings have reported the detail of observations that readers can
refer to for specifics(64).

2.3.1. Cryo-TEM: Importance of sample preparation and stability
Cryogenic electron microscopy, pioneered by Taylor and Glaeser(65) was
originally developed to solve the challenge of beam and vacuum-sensitive
biological cells and macromolecules. Dehydration and structure collapse are
caused in vacuum, while certain features of biological and also sensitive
battery materials required approaches to limit exposure to the electron beam.
Before looking at some of the advances the cryo-TEM has offered, the beam-
sensitivity issue had to be solved. Reducing beam power or electron density
was key to preventing additional chemical processes on materials, at
interfaces and within certain electrolytes. Obtaining a high SNR is also
important and to do this the field adapted methods used in other fields to
acquire movies containing thousands of short frame exposures at lower beam
current. Often used in astronomical imaging for deep sky objects and for
planetary imaging, the method known as ‘lucky imaging’ involves the
acquisition of thousands of short exposures as movies with additive stacking
algorithms used to integrate the final exposure to improve the SNR and
mitigate beam damage or beam-induced modification to the materials-under-
test. Wang et al. outlined an approach that details the steps from sample
preparation (in this case electrodeposited Li metal) to loading into the TEM,
with caveats for the surface polishing of the active material deposited on grids

for examination.
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One pertinent example from Wang et al., where cryo-EM was used to
analyse the nature of Li metal anodes and SEI formation, in addition to cathode
electrolyte interface (CEI) formation on LiMn1.sNio.sO4 cathode materials(66).
The technique avoided the problem of Li reactivity under an electron
beam(67). This report showed an example of SEI on electrodeposited Li and
tracked the morphology of the deposited Li and the crystalline Li fluoride, oxide
and carbonates components of the SEI. Li et al. in 2017 showed a detailed
study of SEI formation and the nature of the dendrite structure using cryo-
TEM(68) using a specially designed method to freeze the sample (Figure
2.7(a,b)), and it was one of several papers analyzing the SEI this way that
shed light on the link between the composition, crystallinity and morphology of
this complex but critically important interfacial overlayer in Li-ion batteries.
They directly observed the interactions of Li with the interphase and the growth
of the dendrites that are very problematic in cells, due to short circuiting issues.
Dendritic Li ribbons exhibited a crystalline structure (Figure 2.7 (c,d)), often
with various termination crystallographic facets and formed kink defects during
their growth. The morphology was dependent on the type of electrolyte
additive used, and in the case of fluoroethylene carbonate (FEC) a more-
ordered SEI nanostructure was formed, with a multilayered structure (Figure
2.7(e))(69). By comparison to directly imaged SEI at the Li interface in
standard electrolyte, they postulated that the stability often seen with FEC with
some anodes is due to this mechanically more robust layered SEI structure,
visible for the first time using cryo-EM. LiF, known to improve cyclability is

difficult to detect in electron microscopy, and efforts to directly image
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compounds containing lighter, lowly scattered elements such as F, C, S, and

O will help considerably in operando electron microscopy-based techniques.
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Figure 2.7. (a) Setup where Li metal dendrites are electrochemically deposited
directly onto a Cu TEM grid and then plunged into liquid nitrogen after battery
disassembly. (b) The specimen is then placed onto the cryo-TEM holder in
liquid nitrogen, kept isolated at —170°C. (c) TEM of Li metal dendrites growing
along the <211> directions with corresponding SAED pattern (electron dose
rate <1 e A2 s for ~30 s). (e) Atomic-resolution image and schematic of the
multilayered SEI structure on Li dendrites in FEC-containing electrolyte.
Electron dose rate ~1000 e A2 s71 for ~30 s. Adapted with permission from
Science 358, 506 (2017). Copyright 2017 American Association for the
Advancement of Science.

Corroborating measurements at cryogenic temperatures for reactive
and sensitive materials are still important to ensure that the vitrified and frozen
material represents that of its room temperature counterpart and that no phase
changes or other changes occur during cooling, and that operando
measurements track processes that do occur in a cell. Cryo-TEM, cryo-
focused ion beam (FIB) and cryo-scanning transmission electron microscopy
(STEM) have unveiled some important findings on Li metal anodes, sulfide

cathodes and SEI composition and from the data so far, sets clear
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requirements and sanity checks for electron microscopy/spectroscopy
operando measurement in reactive settings such as battery cells. While
electron-based operando methods may help identify various (and often
elusive) Li (super)oxide and polysulfide mechanisms in electrolytes and the
changes in chemical speciation from electrolyte to surfaces using
spectroscopic methods. Some of these requirements are consistent with other
operando techniques and correlation and consistency between reports will
require fully detailed measurements parameters.

TEM methods for operando investigations will likely take on correlative
approaches involving complimentary techniques such as tomography,
holography, 4D TEM(70), and others to probe not only the structure and
compositions at various SOD or DOD, but to potentially watch, identify and
quantify fast (electro)chemical processes at the atomic scale. These
developments will take time and likely be limited to certain material-electrolyte
combinations. Very complex operando techniques that are developed with
new modalities and tackle some of the limitations of earlier methods may prove
to be warranted as new battery chemistries are proposed where a much
shorter discovery-to-deployment timeframe is needed compared to Li-ion

technology.
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2.4. Atom Probe Tomography — Compositional Profiling of Electrode
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Figure 2.8. Features of microstructured materials with their relative sizes and
some analytical techniques used to resolve them. (a) A range of common
structural features of interest, from the atomic arrangement of a crystal lattice,
through a range of crystalline defects, phases, and grains, to imperfections at
the surface. (b) Sensitivity and analysable feature size for some structural
analysis techniques. Atom probe tomography (APT); Electron backscattered
diffraction (EBSD); Electron-channelling contrast imaging (ECCI); Energy-
dispersive X-ray spectroscopy (EDS); Electron energy loss spectroscopy
(EELS); Scanning electron microscopy (SEM); Secondary ion mass
spectrometry (SIMS); (Scanning) transmission electron microscopy ((S)TEM);
Transmission Kikuchi diffraction (TKD). Adapted with permission from ref.
(71). Copyright Springer Nature Limited 2021.

The techniques discussed thus far utilise X-ray and electron beam radiation,
which can often result in instability in sensitive battery electrode materials due

to beam damage. Atom probe tomography (APT) can be used for
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compositional mapping of materials in three dimensions with sub nanometre
resolution using an electric field. A combination of field ion microscopy (FIM)
and time-of-flight mass spectrometry (TOFMS) permits single particle
detection capabilities. Unlike traditional microscopic methods where
magnification is provided via the control of radiation paths, APT utilises an
electric field with a high curvature and is performed using either a straight
flight-path instrument(72) or reflectron-fitted instrument.(73) Taking advantage
of both microscopy and spectrometry, complementary information concerning
both the atomic structure and atomic species of the specimen is provided.

APT is partially destructive in nature as the imaging and identification
of the corresponding ion involves their removal from the surface of the
specimen. However, given that APT can be applied atom by atom, surface
destruction can be minimised, providing an accurate profile of the composition
of the material under optimal conditions. The removal of atoms from the
material is also beneficial, providing access of the atom probe to layers
beneath the surface. APT is therefore not only a surface technique but can
provide three-dimensional compositional profiling to volumes of 10% — 10% nm?3,
corresponding to billions of atoms.(74)

Battery electrode materials tend to be a form of Li-based metal oxide
and are often semiconductors. Field evaporation process models were
developed mainly for metals, but in the application of APT to less conductive
materials the difference in regime must be accounted for. An in-depth overview
of the concept and inception of APT, along with the challenges and limitations
associated with its analysis of metals compared to less conductive materials

is provided elsewhere.(71) When the required electric field is applied in the
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atom probe, the reaction of the specimen is to shift its positive and negative
charges to form an equal and opposite electric field, a process known as
screening. For metals, the screening depth is typically less than 0.1 nm. As a
result, only atoms at the actual surface experience the maximum electric field
strength. For semiconductors, the screening depth is much greater, found to
be ~2 nm for silicon.(75) The change in depth is due to the lower number
density of electrons, which is reduced by a factor of 107 that weakens the
screening effect. The greater field penetration causes bending of the electron
band structure (band bending). These effects become more pronounced for
more electronically insulating materials. Given that the screening effect in
semiconductors reduces their response to the high voltage pulsing of the
electric field used to induce field ionisation for APT, alterations are made.
Laser pulsing is incorporated to the setup when APT is applied to non-
metals. Given that the electronic response is not sufficient, the incident laser
thermally activates the ionisation process.(76) The temperature change
induced by the laser pulse causes tunnelling of electrons into the specimen
surface while the corresponding positive ions are accelerated along the field
lines to the detector. Unsurprisingly, laser pulsing has associated difficulties.
A host of additional processes must then be considered, such as interactions
between the laser beam and electric field, including absorption, carrier
diffusion and recombination,(77) and thermal diffusion.(78) The increased field
penetration depth for semiconducting metal oxides mean that sub-surface
atoms are field evaporated, rather than just those at the actual surface which
lowers the spatial resolution of the technique. The molecular structure of

semiconducting materials also affects the resolution of APT.
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Figure 2.9. (a) 3D atom maps of NMC811 samples obtained under a range of
pulse energies and cryogenic specimen temperatures after UHV transferring.
Scale bars are all 10 nm. APT results from (b) UHV and (c) air transferred
samples. The nominal Li composition of NMC811 in each of the 1D
composition profiles are indicated by the black dashed lines. Both APT
measurements were performed at a base temperature of 60 K and a pulsed
laser energy of 5 pJ. Scale bars in the atom maps are (b) 20 and (c) 50 nm.
Reproduced with permission from ref. (32). Copyright RSC 2022.

Field evaporation of molecular ions and cluster ions occurs, particularly
problematic for compound semiconductors such as oxides but can also occur
in the monoatomic case such as Ge, Si, Sn. These clusters result in a high
proportion of multiple events rather than the single event detection
desired.(79) Field evaporation of molecular ions also causes their dissociation
in the presence of the electric field. This results in neutral molecules which go
undetected by the atom probe, further affecting resolution.

The predominant issue in the application of APT to battery electrode

materials is process-driven in-situ delithiation, caused by the governance of
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the technique by an intense electric field. Most battery electrode materials are
reactive metal oxides, so careful handling and transfer is required. Operando
implementation of APT to battery systems has yet to be achieved, given the
myriad of difficulties associated with the application of the technique to
materials in general. Amongst these difficulties are the effects of the processes
used in preparation of the specimens for analysis, along with the environment
to which they are exposed during transport. Sample preparation is highly
specific, usually performed using electropolishing or focused-ion beam
methods. The specimen must be needle-shaped due to the curvature of the
electric field.

A recent work used APT to probe pristine Li-containing anode and
cathode materials and addressed the efficacy of two of the conventions that
are typically followed in its practise,(32) namely cryogenic specimen
preparation and the use of ultra-high vacuum (UHV) during transport. These
conventions are followed due to the belief that they mitigate some of the
associated difficulties, primarily, unwanted in-situ delithiation. Preparation
methods and transport are performed with and without these difficulty-
mitigating steps for several widely used electrode materials to assess their
importance. The highly involved specimen preparation and experimental setup
is detailed, specific to each material. APT is then performed under a range of
experimental conditions for each of the materials. Figure 2.9 (a) shows the 3D
atomic composition profiles under a range of pulse energies and two different
cryogenic temperatures. Significantly different composition profiles are
generated in each case, indicating the importance of choosing the optimal

preparation conditions. Figure 2.9 (b) and (c) compare the effects of transport
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under UHV and in ambient air. Specimen transport in air resulted in Li
composition close to its nominal value, consistent along the full probe length
of the specimen while those specimens transported under UHV resulted in a
non-uniform composition profile which fluctuated much further from the
nominal value. The results prove that previously established transport
conventions are not completely reliable. UHV transport is typically used to
prevent the adsorption of atmospheric species onto the surface of the
specimen which can occur very quickly. For example, a single layer of Oz can
adsorb onto the surface of reactive metals in less than 0.3 s while adsorption
can take up to 70 days under UHV conditions. However, the efficacy of the
UHV can be questioned here due to evidence in results from this investigation
which show that both naturally occurring intrinsic shielding and intentional
extrinsic shielding can enhance protection from the electric field. The adsorbed
species under ambient conditions may act as a shield from the electrostatic
field of the probe and prevent field penetration. The aforementioned Li
migration is the primary challenge inherent to the analysis of alkalis by APT.
The purpose of the electric field is to trigger the field evaporation of surface
atoms, making the prevention of unwanted atomic migration difficult.
Cryogenic specimen preparation (sharpening) is performed (1) as it has
been shown to reduce damage to beam-sensitive materials and prevent
contamination of unwanted species and (2) increases resolution of produced
images. Vibration of atoms about their rest position can cause aberrations to
their trajectories that appear as artefacts in the form of blurred images.
Cryogenic cooling also combats some of the previously mentioned issues

typical of semiconducting metal oxide battery materials, such as thermal
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diffusion and band bending.(80) Temperatures are usually in the range of 20
K — 80 K. The key outcome as evident in Figure 2 (a)-(c) is that cryogenic
specimen temperatures are important to enhance the quality of the
compositional profiles. However, a material-specific optimal temperature must
be found, approximated in the case of NMC811 at 60 K.

Maximising knowledge of behaviour at the nanoscale is achieved by
performing APT with complementary microscopy and spectroscopy
techniques. In 2015, APT under UV laser pulsing of LMO2-based (M= Mn, Ni,
Co) cathode nanoparticles was performed alongside STEM, scanning X-ray
transmission microscopy (STXM) and near edge X-ray absorption fine
structure (NEXAFS). APT reconstruction revealed the distribution of Li, Mn,
and O at the nanoscale. (81) STEM imaging revealed the atomic scale
structure, and STXM imaging combined with NEXAFS spectroscopy provided
insight into the chemical state of the elements. Integration of this powerful host
of techniqgues can thereby result in a comprehensive understanding of
composition, structure and chemical state at the nanoscale. However, access
to such a wide range of instrumentation is often unavailable to the typical
battery researcher. In 2021, application of STEM and APT to commercially
used NCM cathode material demonstrated that the combination of these two
advanced microscopy techniques provides sufficient information to directly
correlate atomic-scale structural changes to electrochemical performance.(82)
The primary outcome was that irreversible structural modifications occur once
Li leaves the cathode during charging. Intercalation of Li back into the cathode
during subsequent discharges is inhibited. These structural obstructions could

partially explain the infamous decrease in capacity after the first cycle in Li-ion
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battery systems, and analogies can be drawn to other battery chemistries such
as Na-ion and K-ion.

One important aspect of the APT process in keeping with the theme of
this review is in the selection of laser parameters used for experiments. Laser
wavelengths used in the literature are typically near-UV to UV and the choice
has major implications on the species-specific information provided. An
investigation into the effects of laser pulse energy and wavelength on APT of
LFP cathode material demonstrated the difference in results between the use
of 355 nm (UV) and 532 nm (green) lasers at an energy of 50 pJ per pulse.(83)
The green laser resulted in the selective loss of Li corresponding to a ~33 %
deficiency with a minor oxygen deficiency. The authors suggest that the loss
of Li was likely a result of the selective direct current evaporation of Li between
or after pulses. For the UV laser, results were much more favourable, with Li,
Fe and P present in close to nominal ratios. Meanwhile, oxygen loss was
greater at up to 10 % at. Laser pulse energy was then lowered from 50pJ to 1
pJd, which increased oxygen concentration to nearer its stoichiometry.(84) The
results indicate that for those interested in the application of APT to Li-based
battery electrode materials, a UV laser source is most suitable to minimise in-
situ delithiation from the atom probe. However, it must be reiterated that
experimental conditions for APT are typically material dependent. Green laser
energy is absorbed less efficiently than UV for many Li-based materials due
to their inherent optical absorption properties with a bandgap at 196 nm (6.34
eV),(85) while alternative wavelengths may be more suited to Li-free materials

such as TiOz2, given that its electronic bandgap lies at ~374 nm (3.2 eV).(86)
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For the battery researcher, APT is a powerful addition to the arsenal of
techniques used to characterise electrode materials. Given that modern
electrode materials are typically nanoparticulate or nanostructured, the sub
nanometre resolution of structural features enabled by APT is highly
applicable. Complex specimen preparation and process-driven artefacts in
produced images limit its performance. However, the ability to provide insight
into the changes that occur between individual ions is invaluable to
understanding battery systems which operate based on their movement.
Operando APT of battery electrode materials during electrochemical cycling is

yet to be achieved, to our knowledge.
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Table 2.2. Summary of a select few examples of materials investigated using
operando EM and APT measurements.
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2.5. Operando Optical Spectroscopic Methods

Moving from the higher energy end of the spectrum to optical wavelengths
provides access to a host of phenomena which occur in battery materials and
removes the need for expensive equipment and the use of large-scale
facilities. While X-ray methods and APT provide information at an atomic level,
optical spectroscopic or “spectroelectrochemical” techniques provide the
ability to probe surface characteristics at both the nanoscale and macroscopic
level using electromagnetic radiation in the ultraviolet (UV) to infrared (IR)

range in a non-destructive fashion.
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Figure 2.10. Operando spectrochemical cell designs for optical spectroscopic
methods grouped into the 4 primary configurations which appear in the
literature. Reprinted from ref. (91). Copyright 2022 IOP Publishing.

For applications to battery systems, the most common of these

techniqgues are Raman spectroscopy followed by IR spectroscopy. More
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recently, the potential of direct UV-Visible spectroscopy to decipher
macroscopic changes in electrode materials has also been realised. A
prerequisite for all operando optical techniques is a novel cell design to provide
access to the incident beam. In a recent review of operando optical
spectroscopic studies of batteries, a distribution of literature available
concerning individual focus areas is provided, the focus areas in order of
decreasing occurrence are Li intercalation, polysulfide formation/shuttling,
non-Li-ion electrode reactions, SEI formation/degradation, electrode structure,
electrolyte reactions/decomposition. Our review of operando techniques is
focused on their application to battery electrode materials. Consequently,
particular variations of the three aforementioned optical techniques of Raman,
IR and UV-Vis and their application to electrode materials are addressed. In
most cases, designs involve the target anode or cathode material, a thin
separator and small electrolyte volumes. For probing electrode materials,
electrolyte volumes must be chosen such that the spectroscopic response of
electrolyte species are minimised to prevent significant attenuation of signals
originating from electrode species. While specific cell designs vary between
groups and approaches, they can be grouped into 4 primary configurations:

transmission, ATR, one-sided, and transverse as depicted in Figure 2.10.(91)

2.5.1. In-Situ Raman Scattering of Phase Changes in Battery
Electrodes

Raman spectroscopy is commonly used to determine the composition of both

crystalline and amorphous materials. The technique is based on the energy

exchange and direction change associated with light incident on a molecule.

The molecule gains energy and the energy of the photons scattered from the
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molecule can be measured to determine the composition of the molecule.
These energies are observed as peaks on a Raman scattering spectrum, each
peak corresponding to a specific molecular bond vibration or optical phonon
for Raman-active molecules. For a molecule to be Raman-active, there must
be a net change in its polarizability upon excitation. The technique is
particularly useful for multi-layered materials such as the porous metal oxides
often used in battery electrodes.(92) Information can be revealed on crystal
structure, electronic structure, lattice vibrations and flake thickness of layered
materials, and can be used to probe the strain, stability, charge transfer,
stoichiometry, and stacking order.(93) The correlation between the capacity of
intercalation in an electrode to the degree of disorder in the material can also
be determined.(41) Such characteristics can be analysed during cycling once
an appropriate operando cell design is incorporated.(94) Window materials
used include sapphire, KBr, diamond and fluorite glass CaF2.(95) The cells
are referred to as spectroelectrochemical cells, providing the ability to perform
electrochemical and optical measurements simultaneously.(96) The most
common Raman laser frequencies are 532 nm, 638 nm, and 785 nm, with
1064 nm used in certain cases. Sapphire or quartz are typically the window
materials chosen, both with adequate transparency in this range. In choosing
beam frequency, the two priorities are (1) to maximise Raman intensity leading
to maximal SNR and (2) to minimise fluorescence such that masking of Raman
signals produced by the electrode/electrolyte material is prevented. Lower
energy lasers often require high power and longer exposure times to enhance
SNR, which may lead to beam associated sample damage. The target sample

and its associated properties must also be considered prior to beam choice as
47



each material can produce certain artifacts in the Raman spectra obtained.
For example, nanoparticle size has a significant effect on the associated
Raman signal. Most industrial cathode materials consist of nanoparticulate
powders. Small nanopatrticles tend to fluoresce, meaning lower energy lasers
(such as 785 nm) are a more appropriate choice due to their greater
fluorescence suppression. For more sensitive electrode materials such as
silicon wafers, higher energy lasers (such as 532 nm) require lower laser
power and shorter accumulation times compared to a near-IR beam.

In terms of the interpretation of operando Raman spectra, there are 4
primary spectral evolutions which can be used to elucidate structural changes
within an electrochemical cell.(97) (1) Appearance of a new band which
indicates the presence of a new Raman mode or transformation of a previous
phase to a new one. (2) Shift of vibrational mode which indicates changes in
particle size and corresponding interlayer spacing. Red shifts to lower
wavenumbers indicate an expansion or lengthening of the constituent bonds
of the corresponding phase, while blue shifts to higher wavenumbers indicate
a contraction or shortening of the constituent bonds. (3) Change in band
profile, change in bandwidth is indicative or the degree of order in the probe
area. Increasing bandwidth during operando measurements represent a shift
towards disorder in the system. (4) Change in band intensities. Origin of band
intensity fluctuations are more difficult to track and can be a result of an array
of changes. Common causes include a change to the concentration of the
corresponding phase or blocking of the original signal due to interference from
other species. For example, blocking of characteristic electrode Raman modes

by electrolyte species.
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Figure 2.11. In-situ Raman cell designs for monitoring changes in (a) the
cathode and (b) electrolyte near Li metal. (c) Schematic of the reduction
process from in-situ Raman measurements at both the cathode and Li metal
sides depicting the evolution of polysulfide species in a Li-S battery. Adapted
with permission from ref. (98). Copyright RSC 2017.

In Nakagawa et al., (99) the changes in the surface crystallinity of edge
plane HOPG (graphite) anodes are probed using in-situ Raman spectroscopy.
The corresponding spectra show that surface crystallinity is significantly

lowered within only a single charge/discharge cycle. The combination of these

results with considerations of the intercalation mechanism of Li* provides
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information on the structural degradation of the graphite surface. Conventional
Raman spectroscopy is limited to near-surface regions predominantly,
depending on the optical characteristics (scattering, absorption, etc.) at the
incident probe wavelength. More intricate adjustments are required to permit
deeper penetration. Like the techniques mentioned previously, in-situ Raman
measurements require a more complex electrochemical cell. Here, a three-
electrode cell was equipped with an optically flat window made of Pyrex glass
to permit light transmission.(41)

In Zhu et al.,(98) in-situ Raman and in-situ XRD are used to probe
electrode degradation mechanisms in a Li-S battery. Li-S batteries have a very
high theoretical capacity of 1675 mAh g, but there are significant issues with
the associated discharge mechanism. Here, analysis of the mechanism based
on the influence of the electrolyte on the dissolution of sulfur and polysulfides
is presented. The short lifetimes of the polysulfide species mean there is a
clear motivation for the introduction of in operando measurements. While the
same species are detected in each case, the rates of polysulfide formation and
diffusion to the anode depend on the electrolyte and the associated ionic
mobilities of the various species in the electrolyte. In-situ Raman scattering
measurements of the Li-S battery in an ionic liquid electrolyte (LITFSI-PY13—
FSI) and ether-based electrolyte (LiITFSI-DOL-DME) are shown in Figure
2.11 (c) and provide a summary of the evolution of the polysulfide species
occurring at both cathode and anode.

The in-situ Raman spectroscopy performed here provides a clear
picture of the discharge mechanism of a Li-S battery, the effects of the chosen

electrolyte and compares the phase changes of ionic species in the electrolyte
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in the vicinity of both the sulfur cathode and Li metal anode. The cell designs
used allow measurements to be performed non-destructively in real-time,
capturing the true behaviour of the system during discharge. Application to
more traditional battery systems containing common electrolytes is
straightforward. The Li-ion transport dynamics at particle level are revealed via
in-situ Raman spectroscopy in Wei et al.(100) for a battery containing a
LiFePOa4 cathode and electrolyte composed of LiPFe in ethylene carbonate
(EC) and dimethyl carbonate (DMC) through the examination of Raman peaks
originating from the C-O stretching vibration in EC. The Li-ion concentration at
the cathode surface was found to fluctuate based on the redistribution of Li*
within the pore space of the electrode.

All-solid-state Li-ion batteries (ASSBs) have also attracted attention
due to increasingly widespread belief in their safety, relative to Li-ion batteries
containing organic liquid electrolytes.(101-103) However, the major concern
with these systems is the instability of the interface between the sulfide solid
electrolytes and the electrodes. Once again, the electrochemical processes
which govern the evolution of the interfacial layers require in-situ
measurements. Ex-situ and in-situ Raman spectroscopy is used in Zhou et al.
to probe degradation mechanisms at the electrode/SEl in real-time.(104) In-
situ and ex-situ Raman spectroscopy are applied in tandem to probe the
evolution of sulfide species during discharge once again. With a one-sided cell
design, it is shown here that in-situ Raman measurements can be used to
access the Li/SEI, and the solid/solid interfaces within the layers of the
composite positive electrodes. Clever adaptations are made to the cell design

that expand the range of electrode-related phenomena which occur during
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cycling. Metallic coatings are applied to the borosilicate window, which then
act as current collector between electrode and solid electrolyte. A 50 nm
copper (Cu) coating is applied to investigate the extent of Li plating which
occurs at the electrode/SEI. The Cu coating effectively acts as a substrate for
Li plating while simultaneously maximising access of the Raman beam to the
plating process. A 50 nm gold (Au) coating with transparent area at the center
is then applied to examine the stability of LiCoO:2 also. The study stands as a
demonstration of the versatility of some operando cell designs and shows the
value of in-situ Raman spectroscopy to understand the effects of cycling on
the interfaces within ASSBs and the consequential routes to electrode
degradation. Given that in-situ Raman can be used at a microscale level with
the appropriate beam width, application to thin film ASSBs can thus clarify
local structural changes at multiple locations within the cell. An example of
such is demonstrated in Matsuda et al., (105) where micro Raman
spectroscopy is used to interrogate the local material structure at either side
of the LiCoO:2 cathode by acquiring measurements at the front and back of the
cell.

The implementation of operando Raman spectroscopy to investigate
battery electrode degradation can shed light on the structural changes of the
materials because of the electrochemical processes which occur during
charge and discharge of a battery. Most success is found when ex-situ Raman
measurements are used to streamline the in-situ or operando experiments. Its
use in tandem with other complementary techniques can provide a detailed
characterisation of structural-electrochemical relations at an atomic level.

Given the correct cell design, application to a wide range of state-of-the-art
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battery designs including Li-S batteries, ASSBs, and thin film batteries is
possible in a small-scale lab setting.

2.5.2. In-situ ATR-FTIR for Probing Electrolyte Decomposition at

the Electrode/Electrolyte Interface

Fourier transform infrared spectroscopy (FTIR) is based on the absorption of
infrared light over the wide spectral range of 14,300 — 20 cm. In most battery
systems, the solvents used as electrolytes are dominated by chemical bonds
with energies in the IR regime. Light absorbance as a function of wavelength
is calculated to produce a series of absorption peaks. The peaks are caused
by excitations of molecular vibration, rotation/vibration, lattice vibration modes,
or a combination of each. Each corresponding frequency can be correlated to
specific functional groups, while infrared peak intensity can be linearly
correlated to the amount of species in the sample.(106)

One of the key issues which arises in battery performance assessment
is the monitoring of organic species, particularly at the SEI layer. Widely used
techniques such as X-ray photoelectron spectroscopy (XPS) provides little to
no information on organic SEI species and electrolyte solvents. NMR provides
more information on organic solvents but cannot be incorporated to probe the
solvents at the surface of the electrode and monitor the SEI layer. In-
situ/operando FTIR spectroscopy can be employed at the electrode surface
and proves very powerful in the analysis of organic species in real-time,
identifying the composition and structure of species within the cell based on

the identification of the functional groups present.
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Figure 2.12. Schematic of conventional spectroscopic methods in secondary
battery studies focusing on the electrode/electrolyte interface. Reproduced
from ref. (107). Copyright Wiley 2018.

One of its main uses being the monitoring of electrolyte solvents,
including the gaseous products formed upon oxidation and reduction of the
electrolytes near the electrode interface.(108) Information can then be
provided on the electrochemical changes which occur in the solvents during
cycling such as solvation and desolvation. Using this information, an insight
into the impact that these processes have on the electrodes and species in the
vicinity of the electrodes such as the SEI layer can be obtained in real-time,
some of which are schematically represented in Figure 2.12.(109, 110) Four
sampling techniques are used: transmission, specular reflectance, diffuse
reflectance, and attenuated total reflection (ATR).(111) While each sampling
techniques has its benefits, ATR-FTIR is most often incorporated for operando
measurements of battery electrode materials, where the area of interest lies
at the electrode/electrolyte interface. While transmission FTIR measurements

are useful for bulk properties, ATR-FTIR is essentially independent of sample
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thickness, constituting an internal-reflection-based method with a typical
penetration depth of 0.2-3 um.(112) ATR-FTIR measurements are enabled by
an ATR sensor of suitable optical material. The material must be optically
transparent to the frequency of incident energy so that none of the useful
radiation is absorbed. The material must also have an index of refraction
greater than the surrounding media, so that total internal reflection occurs, with
the sensor essentially acting as a waveguide. Typical sensor materials include
ZnSe, diamond, Ge, Si, and thallium bromide-iodide (KRS-5). Decisions on
the choice of these materials depend on the region of interest within the IR
range (near-IR, mid-IR or far-IR).(113)

Like the other techniques described thus far the most challenging
aspect of using in-situ FTIR to monitor cell degradation is the cell design. With
the correct cell design, in-situ FTIR spectroscopy can be applied to a range of
battery systems. In the analysis of battery materials, the technique serves
mainly to provide insight into the Li* dynamics at the electrode/electrolyte
interface. ATR-FTIR is extremely powerful.(114) A schematic of a
representative setup is shown in Figure 2.13 (a). In contrast to traditional FTIR
spectroscopy, surface sensitivity is enhanced. The precise penetration depth
depends on wavelength, incident angle, and the electrode material along with
any interfering electrolyte species and cell components.(115) The high surface
sensitivity of the method and its dependence on multiple light reflections mean
that it is extremely useful for probing composite and multi-layered materials
such as those used in battery systems, remaining useful irrespective of the

battery chemistry.
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Figure 2.13. (a) Schematic of the electrochemical cell used for the operando
ATR-FTIR experiment. (b) Operando IR spectra obtained during th® 1st
discharge of NiSh: electrode at a rate of 1 C with 1 M LiPF6 in EC: DMC (1:1)
+ 2 % vol VC electrolyte. Adapted from ref. (116). Copyright ACS 2017.

In Marino et al., ATR-FTIR spectroscopy is used to probe conversion-
type electrode materials.(116) These materials demonstrate interesting
performance in terms of capacity but are associated with poor Coulombic
efficiency. Poor Coulombic efficiency is usually related to the relentless
formation and desolvation of the SEI during conversion and back-conversion
reactions. The setup is shown in Figure 11 (a), with a diamond prism used as
a waveguide for the ATR-FTIR approach, an NiSbz electrode and LiPFe
electrolyte dissolved in EC and DMC. The measurements are obtained in the
vicinity of the electrode/electrolyte interface. Figure 2.13 (b) shows the
corresponding IR spectra obtained at a rate of 1 C during first discharge. By
examining the IR spectra and comparing to known values in the literature, the
origin of each of the peaks from species present in both the electrode and the
electrolyte can be determined. The shift in the peaks of the spectra during
cycling means that dynamic evolution of the Li concentration in the electrolyte
can be followed. Tracking of the formation and desolvation of the SEI layer is

also achieved. The operando measurements confirm the phase separation of
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the conversion materials during discharge, and the nanostructuring of the
electrode.

Mentioned repeatedly in this review is the promising performance of
silicon electrodes and their applicability to next generation battery systems.
The ATR-FTIR approach is applied to thin-film amorphous silicon electrodes
in operando in Corte et al.,(117) providing information into the characteristic
performance issues related to the reaction of silicon to lithiation and the
composition of the SEI layer formed. ATR-FTIR assesses the thickness of the
SEIl layer, which increases during lithiation and partially reduces during
delithiation. Question marks remain over applicability of the approach to
silicon-based electrodes since they are commonly in (nano)dispersed form,
included in a composite with additives and binder, given thar ATR-FTIR
spectroscopy is most useful with thin film materials. Nevertheless, the study
improves understanding of the processes which govern silicon lithiation and
can be applied to any thin film electrode material that does not demonstrate
excessive IR absorption. This issue often arises in the study of pure metals.
As a result, metal oxides are more suitable for IR analysis.

ATR-FTIR spectroscopy proves useful in its ability to probe causes of
battery electrode degradation by analysing SEI formation on the electrode
interface during cycling. While its use is demonstrated here for the analysis of
silicon electrode-based systems,(114) the technique can be applied to several
battery technologies even beyond Li-ion, such as Li-oxygen, Na-ion and
potassium-ion.(118-120). A compendium which reviews optical spectroscopy
as a tool for battery research can be found in Kohler et al., with a particular

focus on UV-visible and IR spectroscopy.(121) Applications to thin film, multi-
57



layered battery electrode materials demonstrate the power of operando ATR-
FTIR, providing detailed insight into the evolution of the SEI layer, which has
a significant impact on conversion-type battery electrodes.(122, 123)

2.5.3. Tracking the Optical Signature of PhC Electrodes in Real

Time

The performance and longevity of battery systems are determined primarily by
the structural and electrochemical changes which occur within the component
materials. In comparison to planar deposits of electroactive material, colour-
coded, thin-film battery materials enable real-time diagnostics by observing
their “structural” colour,(124) caused by a phenomenon known as the PBG
(PBG).(125-128) When light is incident on a periodic material with a period on
the order of the wavelength of incident light, photons within the PBG are
reflected, producing the observed structural colour.(129, 130) The observed
colouration can be correlated to a specific optical signature for each material,
so optical measurements can be used to characterise their structure.(131-133)
Such measurements have been widely used for battery materials in recent
years(134-138) and are extremely useful for porous electrode structures such
as PhCs (PhCs).(109, 139-144) Because periodically porous materials can be
fashioned from self-assembly methods through to electron beam lithography
and many methods in between that give exquisite control over complexity, the
wider research community can grow materials with a tuneable PBG without
the need for expensive equipment or complex fabrication techniques.(145) An
adjustable PBG in a material gives the opportunity to monitor small changes
in material properties using angle-resolved reflectance or transmission

measurements(146). We see PhCs in a wide variety of disciplines, including
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optical(147-149), energy storage(122, 150), biological(151-153) and medical
devices(154, 155). Such structures can behave as optical waveguides(156),
refractive index sensors(157, 158), biosensors(154, 159), and also provide
opportunities for tuning solar absorption(160, 161). More recently, they have
been assessed as binder and conductive additive-free structured electrode
materials in Li-ion batteries(134-138).

The move away from the traditional and well-understood battery
chemistries to more complex redox processes such as alloying and
conversion, and the need to optimise more established chemistries, has
motivated the development of new analytical operando techniques that allow
study of the fundamental mechanisms by which these materials operate,
together with the kinetics of these processes.(162-166) 10 PhCs have been
widely researched as anode materials for Li-ion batteries (LIBs). Composition
changes, Li doping, potential-dependent electrochromism, cation insertion,
rate-dependent dielectric constant modification and the photonic signatures of
Li insertion into an ordered 3D structure can be achieved by making battery
electrode materials in the form of 10s.(108) Some studies have analysed their
optical reflectance and transmission.(16, 96, 168) As a result, there is a large
body of data available when choosing potential anode or cathode materials.
An extensive review of I0s and their applications to energy storage
mechanisms can be found elsewhere.(169) Despite this, optical
characterisation of 10 battery electrodes in-situ or in operando has not been
achieved.

Fundamentally, in spite of some clear parallels between materials

science, electrochemistry and photonic spectroscopies, these disciplines have
59



not yet been combined and brought to bear on new electrode designs in
emerging alternative energy storage materials neither for performance-related
device improvements(170), nor fundamental assessment of new modalities,
analytics or diagnostics of electrochemical materials response. The research
community needs to explore interdisciplinary approaches to drive the next
innovation in portable energy storage, especially when new materials and new
ways of manufacturing batteries, such as 3D printing, become more
advanced.(171-173)

Most transmission/reflectance studies of 10 anodes have been carried
out prior to cell assembly.(96) This is due mainly to the challenge presented
by the closed nature of standard electrochemical cells. While the power of X-
rays allows penetration of cell casings, energies in the optical range do not
provide this Iluxury. Like Raman and FTIR spectroscopies, optical
spectroscopy measurements require less intuitive cell designs which can allow
light to penetrate the cell. Such adaptations have been made in Lonergan et
al., where the optical transmission of IO anodes are examined when placed in
a range of solvents.(174) The solvents chosen are typical of those used for
electrolytes in both industry and research. The study can be considered a
preliminary ex-situ experiment which provides insight into the effects of
potential electrolytes on the incident beam. Just as seen for all techniques
discussed thus far, this ex-situ information can be used going forward to
streamline operando experiments. A transparent “flooded” cell is used in the
study, a design previously used for electrochemical performance assessment
of PhC anodes in excess electrolyte. The cell design allows light penetration

such that measurements can be obtained non-destructively. While this
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constitutes a step in the right direction by studying the materials in the
assembled cell, optical measurements in real time are required to provide a

better insight into battery performance.

i

Figure 2.14. (a) Schematic of the PBG in a PhC, selectively reflecting a narrow
band of photon energy. Light within the PBG is reflected from the crystal,
determined by the lattice constant D. Reproduced from ref. (175). Copyright
RSC 2019. (b) TiO2 IO materials used as an anode in a Li-ion battery showing
interconnected volumetric swelling as lithiated titanate over 100, 1000 and
5000 cycles. Scale bar = 200 nm. Adapted from Ref. (176). Copyright Wiley
2017. (c) Schematic representation of operando angle-resolved reflectance
measurement of a PBG during reversible lithiation.

3D structured EES materials do not require pristine, defect-free large
scale arrays(177) of electroactive deposits as would be required in
photonics(178) that use semiconductive 10s for optics, telecommunications,
optical interconnects, and silicon photonics, as pertinent examples. Optical
techniques applied to functioning battery materials in-situ are rare and typically

are used to examine the structure of electrolyte compositions of the synthetic
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preparation of materials.(179-181) Only recently, PhCs have been used to
enhance the photoabsorption characteristics of perovskite halide solar cells
using structural colour to tune the absorption across the entire visible

spectrum.(182)
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Figure 2.15. (a) In-situ optical reflectance measurements of lithiated
commercial graphite electrodes at various states of charge. (b) Operando
optical transmission measurements of graphite electrodes during lithiation.
Adapted from ref. (168). Copyright ACS 2016.

While such measurements have not been obtained for 10 anodes,
operando optical analysis has been achieved for graphite anodes.(183) In
2016, Ghannoum et al. used an optical fibore sensor (OFS) to obtain
information about the interaction of near infrared light with graphite during its
electrochemical lithiation process in a Li-ion pouch cell. Here, the optical
transmission measurements were confined to the overall intensity of the
optical signal as a voltage. Further work by Ghannoum et al. in 2020 provided
a more extensive optical characterisation of the system.(184) As shown in
Figure 2.15, reflectance spectroscopy measurements of lithiated commercial
graphite anodes at various states of charge were obtained. To obtain the
measurements, the graphite anodes were extracted, and the cells
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disassembled in an inert environment. Next, an OFS was embedded like the
previous study, this time in a custom-designed Swagelok cell. Fiber
evanescent wave spectroscopy (FEWS)(185) was used to provide in
operando optical transmission measurements during lithiation of the graphite
anode. Reflectance and transmission measurements both demonstrate that
there is a direct correlation between the wavelengths reflected/transmitted and
SoC. The results further highlight the need to monitor these changes in optical
activity under operando conditions. After some adaptations, the approach
used here may be the key to obtaining operando optical
transmission/reflectance measurements of 1O anodes.

Tracking the optical signature of PhC electrodes in operando may be
an effective, low-cost route to probing their degradation mechanisms non-
destructively in real-time. Progress is being made in developing the correct
methodology for achieving these measurements, with particular attention to
consistent cell assembly and internal pressure that does not alter the
periodicity of the periodically porous material, nor inhibit volumetric or other
changes that can occur during reversible ion (de)intercalation. To achieve
success, factors such as cell design, light-electrolyte interaction, and electrode
response to the degree of lithiation must be considered. Like the XRD and
acoustic fingerprints observed for battery materials, the optical fingerprint of
PhC nanostructures may prove an important asset to further understanding of
the physical and chemical processes that govern battery performance. A first
step in describing the optical behaviour of ordered porous battery electrodes
is a model system to examine charge storage mechanisms, in-built stresses,

volumetric changes and the intrinsic benefit or scaled porosity to ionic
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diffusion, electrical conductivity and material interconnectedness, is accurate
data in battery electrolytes. For an IO PhC of any material, such as the
example shown in Figure 2.14, the following summarise the basic relationships
that are useful in characterising the PBG and its dependence on the
surrounding environment (air or solvent), effective refractive index and the
angle of incidence for reflectance of transmission signal in a typical angle-
resolved reflectance/transmission setup.

For a crystal plane (hkl) with interplanar spacing dnk, an 10 material with
an effective refractive index n.¢, Some solvent of refractive index ng,, filling the
pores, a Bragg resonance order m and some angle 6 between the incident
light and the normal to the crystal plane surface, the transmission minimum

Ak can be found via the Bragg-Snell model as follows: Ay =

2d . ..
Lkl \/ngff — nZ,;sin20 , a plot of the observed minimum wavelength squared
m

versus the sine of the angle of incidence squared should yield a linearly
regressive plot with a slope u, = — 4d?,,n2,, and an intercept y, = 4d?,;n2.
From this, the interplanar spacing diix and hence the centre-to-centre pore
distance D can be found via the slope. The effective refractive index n.¢ of the
IO material can be estimated by dividing the intercept by the slope. Currently,
there are several methods used in a wide variety of literature to approximate
the effective refractive index of composite materials(186, 187).

The Drude model for 10 systems can be formalised as: n.g =

\/"120 @10 + N2, Pso1 - The Parallel model for an 10 system can be written as

Neff = NoPro + Nso1Psol- FOr an 10 system, nyq refers to the refractive index
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of the crystalline 10 material, ng, is the refractive index of the surrounding
medium, ¢, constitutes the volume filling fraction of IO material in the system
and ¢, is the volume filling fraction of the surrounding medium. For 10 PhC
filled with a solvent, a Bragg-Snell relation in terms of the Drude model for n:
A2 = 4d3 (ndy @10 + n2(1— @10)).  Specific  details are  found
elsewhere(188) for a variety of solvents and substrates, but the principle
allows, in general, the PBG to be a trackable parameter caused by material
and effective index modification when it undergoes electrochemical
modification or changes during cycling in a battery cell. Adaption to closed coin
cells or similar form factors has yet to be established.

Tracking variation in PhC materials in real time spectroscopically allow,
in principle, tracking of changes to effective refractive index, periodicity, and
conductivity as a function of cycling parameters in voltammetric or
galvanostatic conditions. Volumetric swelling and lithiation/sodiation would
vary the refractive index contrast and periodicity, shifting the photonic bandgap
predictably for a material that is structurally well-defined. In addition, the
change or erasure of periodicity, for materials where large cyclic volumetric
changes occur, would indicate whether ordered arrangement or in-situ
pulverisation and relief of new surfaces is a contributory cause to coulombic
efficiency, capacity loss or a limitation in charge rate behaviour for a fixed
thickness. These approaches are currently being developed for relevant
battery materials to tackle open questions in materials that are assembled with
coating morphology and mass loadings that are more relevant to battery cells

in various form factors.
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Figure 2.16. (Top) (a) Schematic of the time-domain THz spectrometer setup
in reflection mode with the battery cell placed at prime focus. (b) An example
of a THz signal in the time domain together with its associated amplitude
spectrum. Electrooptic sampling module includes a pellicle beam splitter
(PBS), a Gallium Phosphate crystal (GaP), quarter-wave plate, a Wollaston
prism (WP) and two photodiodes. (Bottom) The THz signal (blue dots) in the
time domain during a single full cycle. The cycle comprised the discharge (1—
17 hours) followed by charging (18-26 hours). The cell voltage is shown in
orange and the current in magenta. Reproduced from ref. (189). Copyright
Wiley VCH 2022.

Other recent approaches have used operando terahertz time-domain
reflectometry spectroscopy(189) (THz-TDS) to investigate solid electrolyte
interphase evolution on silicon anodes. THz-TDS operates in the 1011-10*3 Hz

frequency range(190) as a non-destructive mode. It is based on

characterisation of the dielectric nature of the sample under test. For battery
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materials research, THz compatible windows are readily available, and can be
integrated into various form factor cells such as coin cells or larger split cells
for larger window aperture. The amplitude and phase of the electric field
provide the information based on attenuation of the reflected THz field
following sample interactions. In this study, Krotkov et al. examined an anode
comprising silicon nanoparticles, some binder, and a small addition of
conductive carbon. In Figure 2.16, the basic setup for this approach is
summarised along with data from an experiment that allow operando tracking
of SEI formation at the surface of the silicon nanoparticles during cycling, with
a pronounced dependence on the time between charge-discharge of cycles.
They found that certain parts of the SEI tend to dissolve during rest periods if
the film was not fully formed prior to the restart of the polarisation, particularly
for elements of the SEI that are unstable at higher voltages as the charging
voltage increases. The measurements show that SEI formation and
reformation after dissolution is not only dependent on fresh surface formation
that occurs after pulverisation or cracking from repeated volumetric changes.
The signal is clear for SEI dissolution following some cracking of the underlying
silicon, but that SEI stability at different voltages is not consistent and shown
through changes in the effective dielectric constant of the anode during
cycling.

2.6. Internal Sensing of Battery Response — Fiber Bragg Grating

Sensors and Probes

Motivated by measurement systems in composite research that used Fiber
Bragg grating sensors within composite matrices and laminates of materials

that allow operando measurement of stress-strain and other mechanical
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properties.(191) These were developed to avoid some limitation of
attachment-type sensors, often based on cantilevers that give uniaxial
information (depending on its orientation on the composite or device), and in
many cases is limited to device-level information. Recent reports(192, 193)
have begun to implement FBGs inside battery cells, to get at real-time
assessment of the interplay between chemical, mechanical, thermal, and other
properties and their relationship under specific battery cycling conditions. Fiber
Bragg gratings used in this way are assessed by monitoring changes to
reflectance or a specific splitting of reflectance peaks caused by

birefringence.(194)
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Figure 2.17. (Left) Schematic representation of the integration of optical fiber
integration into a 18650 battery cell. (Right) The time-resolved voltage of the
cell and spectral shift from the FBG for two separate cells over a single C/5
charge-discharge cycle and also after a discharge at 1 C. Spectral reflectance
maxima 1%t charge at C/5. The wavelength shift is relative to the wavelength
attime = 0 h on the 1%t charge at C/5. Adapted from ref. (192). Copyright Nature
Publishing Group 2022.

Real-time monitoring of the dynamic chemical and thermal behaviour
of a battery becomes important when safety and reliability are paramount in

new cell chemistries or form factors. Blanquer et al. integrated FBG into 18650
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and pouch cells to directly monitor temperature, strain and hydraulic pressure
and showed they could be correlated with battery state-of-health and indeed
state-of-charge. Careful adjustment of the morphology of the fibre was
necessary to enable spectral changes from temperature and pressure in a
manner that allowed them to be decoupled. The method summarised in Figure
2.17 was then shown to provide operando information on SEI formation and
structural evolution of the electrodes. Further details on specific analyses can
be found in Ref. (192) . Other work has addressed the possibility of direct SEI
formation tracking under operando conditions, notably the work of Louli et al.
where operando pressure measurements quantified Li inventory loss to
irreversible cell volume expansion while physically detecting SEI growth during
cycling.(195) The same group also adapted the approach by using multiple
sensors (Figure 2.18) to measure cell-generated heat curing cycling and
compared the operando measurements to those by isothermal calorimetric
measurements.(193)

One major motivation from a practical standpoint is that current heat
generation and dissipation measurement techniques are slow, require larger
infrastructure and are limited to measurements outside the cell. The authors
detail the basis of their heat mapping models, factoring a zero-dimensional
model that was scalable (Figure 2.18). Three separate FBGs were used to
measure ambient, internal, and surface temperatures of the cell by monitoring
temperature dependent spectral shifts using a benchmark method to quantify
temperature variations as a function of time following a galvanostatic pulse to

the cell and extrapolation of model parameters. The approach allows the
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derivation of the rate of heat generated by the cell and heat flow rates under

any electrochemical conditions.
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Figure 2.18. (a) Schematic of an optical sensing calorimetry experiment. (b)
The thermal equivalent circuit (inset) and the measured variables including the
internal (Tinternal), the surface (Tsurtace), and the ambient (Tambient) temperatures
as a function of time at a discharge rate of 1 C. (c) The comparison of rate of
heat generation from the optical fiber method (18650, blue solid lines) and the
isothermal calorimetry (coin cell, orange dash lines) measured by the authors
at a charge of C/10. (d) Comparison of waste heat and lost electrical work
between the FBG approach (18650, blue) and the isothermal calorimetry (coin
cell, orange). Adapted from Ref. (193) where more specific details on the cell
chemistry and measurement conditions can be found. Copyright Nature
Publishing Group, 2020.
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Because of the sensitivity and relative accuracy of these approaches, it
IS conceivable that adaptations may allow for better thermal management
systems, modification of electrolytes and other factors bespoke for new cell
chemistries during direct measurement within an actual cell under cycling
conditions. One very practical advantage is the ability to monitor the cell under
more aggressive cycling conditions (higher charging rates for example) and to
decouple heat transfer and heat accumulation in real-time within 18650 cells,
and possibly other form factors too. Another important consideration in some
battery materials such as alloying phases with large volume changes during
reversible Li reactions, and interfaces in all solid-state batteries (ASSBs) is the
measurement and quantification of stresses and their relationship to materials
and their interfaces. These effects are critical for long life performance, and
this is especially important for ASSBs that use solid materials and electrolytes
with pristine interfaces and no porous component to buffer any changes in
internal stresses. Using FBGs and moving the sensing capability inside the
battery has obvious potential benefits for localised measurements compared
to sensors located outside the entire cell.

In work by Blanquer et al., FBG sensors installed into Swagelok battery
cells were used to directly measure internal stress evolution in liquid and solid-
state electrolyte systems following Bae et al., whose approach showed
operando strain measurements using an optical fiber grating in Li-ion battery
electrodes.(196) Figure 2.19 summarises the overall approach using a liquid-
based electrolyte in this case, where the spectral shifts were measured at

specific states of charge and discharge as time-resolved data. The optical
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signal was monitored during battery cycling, further translated into stress, and
correlated with the voltage profile. While the details specific to the alloying
compound (In, Si) can be found in Ref. (192), we summarise here for readers
some of the basic parameters that allow for spectral shift, conversion to stress

data and the basis for birefringence observations that underly this technique.
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Figure 2.19. (a) Integration of an FBG into an in-house-modified Swagelok
cell with a graphical summary of the working principle of an FBG optical
sensor. (b) Time-resolved voltage (top) and AAz and Ao (bottom) evolution
from the FBG sensor of an InLios — LTO cell in a 1M LiTFSI in DOL:DME
electrolyte. The FBG was put at the anode/electrolyte interface. (c)
Reflectance spectra from the FBG sensor located at the anode/electrolyte
interface for the cycles shown in (b). (d, €) Analogous plots to (b, c), for a cell
with the FBG sensor embedded within the InLix electrode. Adapted from Ref.
(192). Copyright Nature Publishing Group 2022.

Measurements that build on these fundamentals may be possible for

certain cells where open questions remain about particular materials,
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interfaces, or diagnostics. This may need new thinking for FBG placement, or
indeed other technigues that allow operando tracking of optical responses
unique to the materials, such as PhCs or periodically patterned electrodes.
When light travels through the optical fiber, the FBG sensor acts as a reflector
for a specific wavelength, namely the Bragg wavelength (As) which is defined
as Ag = 2n.¢¢A, Where n. is the effective refractive index of the FBG in its
immediate environment and A is the Bragg grating period. Any temperature
(T), hydraulic pressure (P), or strain (¢) change detected by the FBG sensor
changes the value of n.sf, 4 or both which causes a shift of the reflection
maxima. Then, under a condition when the FBG is strained one can describe

the shift of Al (197-199) as

n? — +
Mg = (1 _ Nerlpa ‘;(Pn 2912)]>(S

where Algis the spectra shift compared to the initial measurement, p;, and
p1, are the strain-optical coefficients of the fiber being used together with the
Poisson ratio, v. As such, the longitudinal strain measured spectrally can be
converted simply to stress using Hooke’s law according to o = ¢E, using E
which is the Young’s modulus of the fiber. In some cases, cycling a battery
material may involve other directional strains, mimicking a transverse (or non-

longitudinal strain) that causes a birefringent reflectance peak splitting(200)
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from different light polarisation and effective index, according to Gafsi et al.

(201)

_ |Tlu —TlL| _ |Any — Anx|

Nefr Nerr

B + B,

where nj, n;, n,, and n, represent indices for directions related to external
force and the index changes due to different polarisation. n.s¢ is the base
effective index prior to modification. Ther are necessary calibrations required
to effectively deconvolute peak splitting that are detailed in several
publications, and in Ref. (192) for calibration curves obtained for the cell at
open circuit voltage (OCV). In summary, this method provides additional
resolution in the analysis of in-situ stresses in longitudinal and transverse
directions with reference to the FBG on ASSB electrodes during cycling.
Operando stress measurements using FBGs has significant potential to
track chemico-mechanical processes inside electrodes and at their interfaces,
both for probing fundamental questions on material behaviour during cycling
and as a diagnostic toolset for new materials under various cycling conditions.
This is important for ASSBs that rely on well-defined interfaces and tracking
stress build up in general will require adaption of the technique to place FBG
probes at optimum regions in any form factor cell that could benefit from
accurate operando stress build up measurements. The key difference in the
application of FBG sensing to battery systems compared to the other operando
techniques discussed in this review is the incorporation of the probe inside the

cell itself.
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Technique Operando Cell Capabilities Limitations Local_
Setup Resolution
One-sided: Phase detection Applicable only
Pyrex Degree of to polarised
window(99, 202) disorder at species
Raman Quartz molecular level Interference to 05—1um
Spectroscopy window(98) Nanoparticle size electrode ' H
ECC-Opto-Std Indication of signals due to
with Borosilicate degree of electrolyte
window(104) crystallinity species
Applicable only
to species with
. a net change in
Transmission dinole moment
ATR-FTIRcell  measurements P
_ . Detectors can
based on: provide bulk .
. : . : require
Single-crystal Si, information on crvoaenic
Ge(114, 117) bulk properties of C00|i)ll’] g_ liquid
Diamond/ZnSe/S  electrode/electrol nitro %n (g
FTIR teel ATR yte gente9.- g o001-4
. MCT for mid- 4
Spectroscopy module(116) ATR provides IR) and liquid cm
Si wafer high surface : quia
. o helium (e.g. Si,
window(203) sensitivity
) Ge bolometers
Diamond measurements at for far-IR)
disk(204) the Requires
KBr window(205)  electrode/electrol quilre
. computational
yte interface : .
processing via
Fourier
Transform
Requires highly
Optical fingerprint ordered
monitoring materials
Macroscopic Attenuation of
stress evaluation photonic
Transmission/Re Detection of response by
flectance: changes to the cell
Flooded glass photonic lattice components
cell(188) parameters and electrolyte
Optical Modified including species 0.31nm
Spectroscopy Swagelok interplanar Flooded cell '
Cell(206) spacing can cause
“Coffee bag” cell Indication of delamination
with glass swelling and electrolyte
window(207) electrode material Reflectance
degradation mode require
Determination of large angles
degree of which disobey
disorder Bragg-Snell
model

75



FBG-embedded
modified
Swagelok
cell(192, 193)
FBG-embedded
composite
laminate(191,
194, 196)

Fiber Bragg
Grating (FBG)
Sensors and

Probes

Optical and
calorimetric
sensing
Internal sensing
of materials
Access to stress-
strain and
mechanical
properties
High sensitivity
Stable under
aggressive
cycling conditions

Highly
dependent on
form factor,
specific fiber
design for each
battery

1pm

Table 2.3. Novel cell designs and key characteristics for experimental optimisation in
the application of operando optical spectroscopy techniques to battery systems.
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2.7. Nuclear Magnetic Resonance Analyses of Mass Shifting in
Battery Systems

Moving to the low energy end of the spectrum, radiofrequencies can also be
used to assess battery performance. The performance of battery electrodes
relies on the behaviour of electrons and ions within and in the vicinity of the
material. Nuclear magnetic resonance (NMR) spectroscopy characterises the
materials based on the electron density present by applying an external
magnetic field of strength Bo to measure the frequency at which atoms in the
material achieve resonance. Magnets are rated by the radiofrequencies used
to cause resonance between the target nuclei and the magnetic field. The
resonant frequency of the nucleus relative to the applied field is known as the
chemical shift, usually measured in parts per million (ppm). Electrons orbiting
the nucleus naturally oppose Bo, referred to as shielding the nucleus, which
determines the chemical shift. The method is useful for atoms with nonzero
nuclear spin. External interactions refer to those which involve the nuclear
spins (rotational movement of nucleus around its axis) and the magnetic field.
Internal interactions determine the NMR spectra, dictating signal shift and line
shape. These internal interactions are described in detail elsewhere.(45) NMR
itself is not phase sensitive. For structure determination, NMR spectra must
therefore be used with line shape analysis and known shift ranges.

NMR offers insights into particle sizes, crystal structure, surface
changes, phase analysis, oxidation states of elements and electrochemical
performance of battery materials. While XRD provides similar information for
crystalline materials, NMR proves useful for amorphous materials also.(44)

Given batteries consist of complex material systems under continuous
77



modification in charging and discharging, predictions of the properties of
battery materials using theoretical approaches such as density functional
theory(208) and Hartree Fock methods have been effective and useful
predictors in concert with NMR experiments.(209, 210) The combination of
NMR and diffraction methods can be extremely powerful, as the techniques
provide short-range, local structure information and long-range information,
respectively. Insight into crystal and electronic structure can be provided
simultaneously. NMR proves useful regardless of the charge storage
mechanism, given that alloying, conversion, and intercalation mode cathodes
all involve significant structural changes and phase transformations during
cycling.

Real-time, non-destructive NMR measurements are required to
adequately assess the evolution of the battery during electrochemical cycling.
For in-situ NMR measurements, self-relaxation processes are minimised, high
chemical specificity can be achieved for both crystalline and amorphous
materials, and both short-lived and metastable phases can be tracked. Ex-situ
NMR can be used to streamline the in-situ experiments by selecting the
relevant NMR parameters to study for well characterised materials. The in-situ
approach has its limitations, it is performed under static conditions such that
sample spinning is not an option. Therefore, cell design, hardware, detection,
and analysis methods must be given far more thought.

In Key et al.,(211) a range of NMR techniques used to probe local
structural changes during discharge of crystalline silicon in a working LIB are
described. Figure 2.20 shows the stacked in-situ NMR spectra obtained, at a

range of capacity levels, revealing the change in composition of the electrodes
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at each SoC. The work outlines the benefits of using the combination of NMR
and diffraction methods as a diagnostic tool for battery electrodes. Similarly,
the advantages of using the combination of in-situ and ex-situ analysis are
shown, along with the accompanying complications that arise in the setup of
the required system. The data obtained provides the ability to streamline in-
situ NMR measurements. The in-situ NMR measurements detected phases
which were not observed in the ex-situ data, a clear indication that amorphous
phases form during the cycling of Si electrodes in LIBs. Dynamic processes
which are short lived or metastable and therefore not accessible via ex-situ
methods are captured. While analysis can prove difficult due to the extremely
short time scale of the interactions involved, NMR remains useful from
nanosecond to sub-nanosecond time domains.

The key result here is that the combination of in-situ and ex-situ NMR
with a knowledge of the structural and electrochemical processes at work
provides a clear route to investigating the processes that occur in the vicinity
of the electrodes in an LIB, especially processes related to the formation and
passivation of the SEI layer. The requirement for a more sophisticated
methodology design for in-situ measurements compared to traditional NMR
measurements is evident, including the inclusion of a flexible electrochemical

cell to facilitate the in-situ probe.
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Figure 2.20. (A) Stacked plots of in-situ “Li static NMR spectra of the first
discharge of an actual crystalline Si vs Li/Li+ battery (the colour bar shows the
relative intensity scale for the spectra). (A1-A3) Deconvoluted spectra at
various discharge capacity values of interest. Adapted from ref. (15). Copyright
ACS 20089.

In applying NMR to battery materials, the interfaces between the
electrodes and the species with which they react (e.g., electrolyte, SEI layer)
have a significant impact on performance. Decomposition products are one of
the primary factors which dictate ion transport through interfaces and the
electrolyte, ultimately determining energy density. Interference in NMR spectra
is often caused by dendrite formation, which can lead to short circuiting and
battery failure. Efforts to combat these effects in various battery systems are

widely researched.(212-215) This phenomenon occurs in Li and Na cells with

metallic anodes during cycling. One of the limitations of NMR is that the
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penetration of RF fields used to excite nuclear transitions is severely limited
through metal samples because of an effect known as skin depth. Skin depth
is usually an order of magnitude larger than dendrite thickness. Therefore,
signals penetrate dendrites fully but appear constant relative to the signal of
the bulk metal.(216) Identification of microstructural characteristics, growth
mechanisms and contributory factors is required to minimise this interference
during in-situ NMR experiments to provide a better insight into the evolution of
the microstructures leading to electrode degradation.

Li metal batteries (LMBs) are being investigated with renewed interest
for higher energy density future battery systems.(217-219) Li metal is well
known to have the highest theoretical specific capacity of all Li-ion anodes and
low negative potential. In LMBs, charging and discharging involves the
deposition and stripping of Li metal for each process, respectively. Capacity
retention, cycling stability and fire hazards are the key issues for in service
LMBs, which can all be attributed to Li dendrite growth, but many examples of
these batteries are deemed safe. Li dendrite growth and the factors that affect
it for LMBs being investigated in new form factor cells or at non-standard
temperature, or at higher charging rates can be difficult to accurately track and
examine in real-time during battery operation. Figure 2.21 shows the stages
of Li dendrite growth in tandem with SEI formation, the predominant

mechanism leading to short circuiting in LMBSs.
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Figure 2.21. Li dendrite growth: Schematic depicting the SEI build up and
dead Li formation at the electrode/electrolyte interface. Reproduced from ref.
(220). Copyright ACS 2020.

Gunnarsdottir et al. demonstrated an in-situ NMR metrology where an
“anode-free” LMB setup was employed.(220) The typical Li metal anode was
absent, meaning that Li was plated directly onto a bare Cu current collector
from a LiFePO4 cathode. The build-up of dead Li and the evolution of the SEI
layer was tracked by in-situ NMR. While traditional performance analysis
techniques detect only the capacity losses of the system, in-situ NMR can be
used to deconvolute individual capacity drops to pinpoint their sources. In-situ
NMR can detect the bulk magnetic susceptibility (BMS) shifts caused by Li
metal and determine the location and environment of the sources of capacity
losses by providing information on the density of surface coverage of the
current collector in its various environments. In this study, the environment
was varied using different electrolytes and coatings. SEI formation is of
paramount importance during cycling of a battery, yet its evolution can either

be key in optimising performance or detrimental to it. By monitoring the surface
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coverage of the current collector, the effects of the SEI layer on performance
can be determined.
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Figure 2.22. Schematic of the “Li in-situ NMR technique used to study dead
Li formation and the resulting ‘Li NMR spectra. (a) The Cu-LiFePO4 (LFP) cell
before cycling and the corresponding ’Li NMR spectrum showing the
resonance of the diamagnetic Li (the SEI and Li+ ions) and the absence of the
Li metal peak. (b) Charging the cell results in Li deposition, as shown in the “Li
NMR spectrum of the Li metal region. (c) At the end of discharge, the Li metal
signal can still be observed, which is attributed to dead Li. (d) Further cycling
of the Cu-LFP cell results in an accumulation of dead Li over the next cycles
(cycle 2-5), the intensity of the Li metal signal increasing at the end of stripping
in each cycle. Adapted from ref. (220). Copyright ACS 2020.

Figure 2.22 (a) shows the Cu-LiFePOs cell before cycling, and the NMR
spectrum shows the diamagnetic peak corresponding to the SEI and Li* ions,
with the spectrum region associated with Li metal highlighted to show its

absence. The schematics in Figure 2.22 (b-d) show the cell at different stages

of cycling, providing an image of the accumulation of dead Li over time. The
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NMR spectra associated with each stage are also shown. For a system with
no dead Li deposited, there would be an absence of any peak for NMR spectra
acquired after discharge, i.e., the stripping phase. The spectra clearly
demonstrate the build-up of dead Li as the number of cycles increase. A
continuation of this trend would lead inevitably to contact between anode and
cathode, resulting in short circuit and system failure. The results of this study
highlight the significant advantages in using in-situ NMR metrology to analyse
battery degradation processes, in this case Li dendrite growth. The “anode-
free” cell removed some of the complications of NMR methods for battery cells,
like the issue of spacing between electrodes within the cell and effectively
locating Li metal build-up. Potential solutions were also examined in the form
of metal coatings, additives, and artificial SEI. Once again, in-situ NMR applied
to the “anode-free” setup can be used to track the dead Li formation for each
environment. Going forward, the versatility of this approach is evident. Small
alterations can allow its extension to Li-S and Na metal batteries and operando
studies. The fact that disassembly of the cell is not required means that the
approach in this study can be added to the arsenal of non-destructive
techniques for monitoring battery electrode degradation mechanisms in real
time.

The geometry and composition of commercially used battery cells
render many direct NMR methods ineffective in examining battery
performance. The spacing between electrode layers and conductive casings
prevent the penetration of the radiofrequencies required to induce nuclear
transitions. In Pigliapochi et al.,(221) an ultrafast, inside-out magnetic

resonance technique is used for the assessment of rechargeable cells. Here,
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cell classification is performed via a single shot free induction decay (FID)

NMR spectrum acquisition of the liquid compartments surrounding the cell.
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Figure 2.23. (a) Schematic of 3D-printed holder (red) used for ioMRI and
NMR. The holder contains the cell (grey), which is surrounded by water
compartment (light blue). The system is placed inside an NMR probe with the
z-axis aligned with the static magnetic field. The vertical and horizontal cross
sections are shown left and right, respectively. (b) *H NMR spectra taken at
2.5 V for cells containing, as cathode: NMC111 (red), NMC532A (solid blue)
and NMC532A already undergone 2500 cycles prior to the MRI (dashed blue).
(c) *H NMR spectra taken at intervals during charging of the cell containing
NMC111 as cathode. The black arrow shows the direction of shift of the
spectra as the cell undergoes charging. (d) Principal component analysis
(PCA) performed on the *H NMR spectra of all the cells. Each arrow indicates
the direction of the trend(s) of the corresponding colour as the cell is charged.
Adapted with permission from ref. (221). Copyright Wiley 2020.
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Changes in magnetic susceptibilities occur due to changing oxidation
states in the electrode materials during charge and discharge. The method
provides a non-invasive cell classification based on cathode material, volume
of electrolyte and cycle life, while also presenting an overview of the ageing
model of the system. A schematic of the operando cell design is shown in
Figure 2.23 (a). The system was simply placed inside an NMR probe with its
z axis aligned with the magnetic field. The cell was probed using inside-out
magnetic resonance imaging (ioMRI), described in detail elsewhere,(222) prior
to NMR measurements. However, there are limitations to the ioMRI approach.

Strongly magnetic materials, like those used as battery cathode
materials, cause distortions in the magnetic imaging. The limitations of the
IoMRI technique can be avoided using FID NMR spectroscopy.(223) Instead
of obtaining a series of images, spectra are acquired in one fast, single-shot
readout lasting less than a second. The speed of the technique allows access
to the fast relaxation regime, negating the effects of large magnetic field
gradients. Figure 2.23 (b) shows the *H NMR spectra obtained at 2.5V for the
three cells of different cathode materials. The *H NMR spectra acquired at
successive states of charge in one of the cells is shown in Figure 2.23 (c). The
change in chemical shift and signal intensity due to lithiation during the
charging cycle is indicated by the black arrow.

Principal component analysis (PCA) is used to classify groups of
measurements based on the few strongest-contributing features of the
dataset, which are the principal values, and is useful in the diagnosis of energy
storage mechanisms.(224) The results from PCA applied to the 'H NMR

spectra acquired are presented in Figure 2.23 (d). A clear trajectory with
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charging is observed for each cell. The trajectories of cells of the same
cathode component and different electrolytes or cell age are grouped together
(blue lines), while there is a significant difference between cells of different
cathode components. The PCA analysis shows that cell classification based
on cathode materials as a function of state of charge is an effective approach
while electrolyte amount and cell age have little influence on the results. The
ultrafast inside-out NMR technique is depicted as a fast, robust, non-
destructive method for examining battery electrode materials in-situ. The
versatility of the setup means that it can be extended to operando studies in
the future. The applicability of in-situ NMR and MRI techniques to commercial
cells has proven difficult to date, calling for novel adaptations to their
methodology.

The application of NMR to battery materials proves powerful for
determining particle dimensions, oxidation states of constituent elements, and
changes at the surface. Its applicability to both crystalline and amorphous
materials is useful, such as in cases where XRD has been used for phase
detection and failed to capture the full picture due to the presence of non-
crystalline phases, such as those corresponding to SEI species and
intermediate phases which occur especially in conversion materials during
cycling. For metallic materials, NMR provides the ability to spatially resolve
areas in which build-up of dead Li (or Na, K, etc.) occurs. Its widespread
incorporation for battery system analysis is limited by the difficult nature of cell
design, with dimensions on an insufficient scale to accommodate the
radiofrequency penetration that is required to induce nuclear transitions. In

the case of NMR, the local resolution is directly proportional to the signal
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acquisition duration, which determines the line width of the corresponding
peaks.(225) Resolution is species dependent, where spectral regions of
overlapping peaks prove difficult to deconvolute. Traditionally deconvolution
can be simplified in cases where magic angle spinning (MAS) NMR can be
used instead of its static counterpart. However, MAS NMR cannot be used for
in-situ  measurements of current battery technologies. For in-situ
measurements, the spatial resolution is limited by the length of the
radiofrequency detection coil inserted into the cell.(226) The non-destructive
nature of NMR is a significant motivation for its application to sensitive, thin
film battery materials, especially for the researcher concerned about beam

damage inherent to electron microscopy and X-ray techniques.

2.8. Electrochemical-Acoustics — Listening to a Battery’s Health

In recent years, the advantages of radiofrequencies have also been
demonstrated using electrochemical-acoustic methods to monitor the
properties of battery materials, particularly SoC and state of health (SoH).
Most of the techniques discussed thus far involve the interaction of the material
with a form of electromagnetic energy — X-rays, UV-vis range photons, and
infrared light. One of the main disadvantages common between these
techniques is their applicability to electrolytes and gaseous species due to their
poor scattering properties.(141, 227) Acoustic measurements are obtained by
applying a series of ultrasonic pulses to the system which can be monitored
non-destructively in real-time. Evidence points towards a relationship between
ultrasonic transmittance parameters and battery SoC/SoH.(176, 228, 229)

Ultrasound transmission is highly sensitive to gas, porosity, and the
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mechanical properties of materials. The general approach used to probe
battery SoC includes examinations of the relationship between ultrasonic
transmittance and the evolution of some of the key physical parameters of the
materials.(108, 188, 230) Changes in the physical dynamics of the system
affects the electrochemical activity in the cell and ultimately determines both
SoC and SoH.

Operando acoustic time of flight (ToF) modelling and experiments are
employed in Hsieh et al. to correlate structural changes to electrochemical
performance.(231) The overarching advantages of the technique are in its
simplicity and universal applicability. A combination of modelling and
experimental measurements creates a framework relating the distribution of
density within a battery system to its SoC and SoH. A representative battery
stack used for modelling is shown in Figure 2.24 (a), with the same setup used
for experimental measurements. The setup consists only of the battery and
two transducers, one operating in pulse/listen mode and the other only in
listen. Unlike the other techniques discussed in this review, the effectiveness
of acoustic measurements is independent of the battery chemistry or form
factor. The SoC-density relationship can be interrogated since density within
the cell affects the speed of the penetrating ultrasonic waves. The speed of

sound through a solid material is a function of the elastic modulus and density,
given by the Newton-Laplace equation ¢ = \E. Therefore, these two properties

govern the speed of the ultrasonic waves which travel through each layer of
battery material. A description of the computational model used to simulate the

battery stack can be found elsewhere. Strong correlations between SoC and
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distribution of density within the cell are shown. Furthermore, SoC-density
correlations indicate underlying physical processes which occur in electrodes
during cycling. A layer-by-layer examination describes mechanical
degradation (and evolution) within the cell. Figure 2.24 (b)-(i) summarise the
results of the study, with a clear correlation between the acoustic and
electrochemical properties of the LiCoOz2/graphite pouch cell during

galvanostatic cycling.
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Figure 2.24. Ultrasonic probe of a representative battery. (a) Schematic
representation of the battery stack used for acoustic modelling and
experimental measurements, shown with packaging, current collector,
electrode, separator layers and two acoustic transducers (b) Example
illustration of the increase in time of flight (ToF) of the transmitted signal as a
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Figure 2.24 (continued). function of SOC that occurs during discharge; this
shift is a result of the changes in electrode densities as the SOC (i.e., Li
content, X) changes. Acoustic behaviour of a LiCoOz/graphite prismatic cell.
(c), (d) ToF maps for transmission and reflection modes, respectively, (e) total
reflected (red) and transmitted (green) signal amplitudes, (f), (g) traces for the
amplitudes of transmitted waves 1 and 3, respectively, (h) cell potential, and
() applied current as a function of cycling time. The vertical grey lines in panels
(e)-(i) represent transitions between charge, discharge, and rest steps.
Adapted from ref. (232). Copyright IOP Publishing 2020.

Figure 2.24 (e) shows the sum of all transmitted and reflected waves
received by the transducers in green and red, respectively. As the battery is
discharged, acoustic absorption increases, which results in a decrease in
transmitted and reflected intensity. An exception occurs at end of discharge.
The authors attribute this to the capacity-limited cathode. Near 0 % SoC (full
discharge), LiCoO2 undergoes a hexagonal-to-monoclinic phase
transformation, which dramatically changes both the density and bulk modulus
of the cathode, leading to a spike in both the transmitted and reflected acoustic
intensities.

Cyclic voltammetry and differential capacity plots can provide an
electrochemical fingerprint of a battery system. Light transmission and
reflectance spectra can provide an optical fingerprint of battery electrode
materials. Here, it is shown that ultrasonic measurements can provide an
acoustic fingerprint of the battery system under analysis in real time using a
simple methodology in a non-destructive fashion. The acoustic fingerprint is
denoted by the ToF of the waves which occur in discrete materials based on
the density within the cell. Change in lithiation and therefore SoC alter the
acoustic fingerprint, changes which with further research can potentially be

guantified based on the change in density and modulus of the material.

Currently, there are significant limitations to the model. Many assumptions are
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made, such as the exclusion of many known non-linear processes which occur
during cycling, along with more cell layers.(233, 234) Beyond SoC, density
changes indicate underlying physical processes affecting electrode
degradation. ToF echo profiles and acoustic signal amplitudes shown as a
function of cycle number are key indicators of battery SoC and SoH, indicating
inter particle and intra particle stress and strain along with alterations to layer
composition of the cell. Physical correlations for large-scale, complex,
commercial batteries which have only been probed using high energy X-ray
techniques to date are achieved. The method is a fraction of the cost of
photonic analysis and negates the need for electrical contact.

Ultrasonic transmittance is particularly useful for detecting the wetting
and “unwetting” of Li-ion cells as the presence or absence of the electrolyte at
any given position has a significant effect on the ultrasonic transmission at that
point. “Unwetting” refers to the swelling of an electrode stack to the point where
there is insufficient electrolyte to completely fill the expanded pore space, a
phenomenon which occurs as Li intercalation of IO electrodes occurs during
LIB operation. Unlike the techniques discussed previously where initially the
techniques are applied ex-situ and then the required adjustments (e.g., cell
design) are made to obtain in-situ measurements, the ultrasonic transmission
method is in-situ (and operando) by nature. In this case, the advancements
that have been made to the analytical power of the technique have been in its
spatial resolution. Earlier works employed a fixed-point method, where the
ultrasonic transmittance was measured using a beam focused on a particular
point or multiple successive points across the cell, providing results averaged

over the area of the cell.(206, 235) These approaches resulted in a lack of
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spatial resolution as the beam width was too wide to probe the structural
features of the microscale structures which are formed and changed during
cycling of a Li-ion cell. One route that has shown success is the use of acoustic
measurements to identify defects within battery systems and use
complementary techniques to analyse the properties of the defects. Robinson
et al. used ultrasonic time-of-flight analysis to identify defects and SoH in a Li-
ion pouch cell, by examining the acoustic transmission signal through the cell
and X-Ray tomography was used to determine the location and scale of the
defects.(236) Several studies have taken a similar approach, using ultrasonic
transmittance measurements to probe a certain physical/structural change in
the material which is then analysed using complementary techniques.(206)

A state-of-the-art approach to operando ultrasonic analysis of the Li-ion
cells was taken in Deng et al.,, with an ultrasonic scanning method that
employed a narrow beam with a diameter less than 1 mm which provided sub
millimetre resolution. The beam was scanned across the cell with a position
control accuracy of 0.2 mm.(237) Here, complementary techniques were not
required. Figure 2.25 (a) and (b) show a schematic and photograph of the
setup used for the ultrasonic scanning of electrolyte wetting and “unwetting” in
a Li-ion pouch cell.(41) Gassing, and “unwetting” can be observed in aged
cells, which helps to explain their loss in capacity after extended testing. A full
map of the ultrasonic transmittance throughout the cell is shown in Figure 2.25
(c). The ultrasonic scanning technique developed here is cheap, fast, non-
destructive and can be applied to large pouch and prismatic cells to monitor

the degradation of Li-ion cells on an industrial scale.
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Figure 2.25. (a) Schematic of ultrasonic transmission setup showing path of
focused beam. (b) Photograph of pouch cell and its main components. (c)
Ultrasonic transmission image of the pouch cell overlapped on the optical
photo. Adapted from ref. (45). Copyright Joule 2020.

Ultrasonic transmittance measurements can be used to monitor the
electrochemical-acoustic behaviour and the underlying physical processes
can be interrogated in real-time using a cheap, simple, non-destructive method
that can be integrated easily into electric vehicles and mobile devices. Acoustic
monitoring lacks the ability to resolve microstructural electrode features due to
the relatively large radiofrequencies employed. While the method doesn’t
compete with the power of some of the higher energy techniques, acoustic

measurements constitute a valuable addition to the arsenal of the battery

analyst on the lower end of the energy spectrum, providing the ability to listen
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to a battery’s health during operation. The power instead lies in the simplicity
of the approach. Non-destructive in nature, measurements can be acquired
without requiring state-of-the-art cell designs or cell disassembly. Insight into
the degree of wetting within is of major importance to experimental-phase cell
methodologies, and new materials, where the structural specifications result
in an ambiguity surrounding the extent to which the electrolyte infiltrates the

corresponding electrode materials.
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Table 2.4. Summary of the application of state-of-the-art operando techniques
based on low energy radio wave penetration of battery systems.
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2.9. Battery Operation in a Dynamic Service Environment — Building a

Sensor Network
While operando analysis of individual cells and their components provides
information on battery performance, it is also necessary to examine batteries
under dynamic conditions. Operando measurements tend to be performed
under optimal conditions in a lab-based setting. Often, batteries are used as
components of larger battery pack systems. In Li et al.,(246) Li-ion battery
monitoring was performed operando using a sensor-based network. The
network was used to examine the effects of vibration and impact on battery
performance during cycling, to provide a simulation of the conditions the
system may experience during transport. The relationships of both
temperature variance and deformation to capacity degradation during cycling
in various dynamic environments are established. The network identifies
critical points during cycling where high heat generation and stress
accumulation may lead to thermal runaway and potential explosion. The
comparison between single cell and battery pack performance is also
explored.

In Figure 2.26, the operando testing platform used for (a) the vibration
test and (b) the impact test of the LIBs is shown. An electromagnet shaker was
used to simulate vibration, while a drop hammer simulated impact. In the
sensor network, capacity degradation was measured using the internal
resistance temperature detector (RTD) and eddy current sensor. Vibration and
impact testing investigated the changes in battery capacity over the typical
service life of 500 cycles. The testing results showed capacity retention

immediately after impact, with gradual capacity degradation observed after
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continuous cycling. Low momentum impact can release compressive stress in
the electrodes, while high momentum impacts can cause severe cracking,
each leading to degradation and capacity loss. The evidence indicates that
dynamic loading has little effect on battery performance in the short term, but

repeated stress leads to electrode degradation and battery failure.
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Figure 2.26. Operando testing platform for LIBs: (a) setup for operando
vibration test, and (b) setup for operando impact test analysis. Relation
between maximum temperature increase and capacity of (c) cell 1, (d) cell 2
and (e) cell 3. Relation between maximum deformation and capacity of cell 3.
Adapted from ref. (246). Copyright Elsevier B.V. 2020.

Cell deterioration and the role of electrode degradation is explored in
this work by examining the relationships between capacity and two of the key
physical properties which affect it, temperature change and deformation, for
both a single cell and two-cell pack. In Figure 2.26 (c)-(e), the temperature-
capacity relationship is shown for each of the three cells. The relationship
provides an indirect method to measure temperature, eliminating the
requirement for dedicated temperature monitoring, reducing the number of

components consuming power in the network and reducing cost. However, for

a multi-cell battery, the effects of adjacent cells must also be considered.
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Figure 2.26 (f) shows the deformation-capacity relationship.
Deformation measurements provide information on structural changes to the
cell. Following the theme of this review, the study links structural changes to
the electrochemical processes which occur during cycling, via operando
analysis. For the sensor network designed here, deformation indicates the
level of stress accumulation during service which can lead to dendrite
formation causing internal short circuits. The evidence shows greater
deformation occurs during charge than during discharge, which causes the
cell to swell over its cycle life. The overall deformation growth can be attributed
to several factors. These factors can be broken down into two categories, gas
generation and electrode thickness change. By mapping deformation to
electrode thickness change, the role of electrode degradation to cell
performance can be established. The sensor network can not only detect
degradation but identify and quantify its source. Here, the results show that
deformation is greater than thickness change, which occurs only in the
graphite anode and not the LCO cathode. The results demonstrate that anode
degradation and gas generation (due primarily to electrolyte decomposition),
are the key factors leading to deformation of the cell.

As the inevitable move towards renewable energy gains momentum,
energy storage requirements mean that battery performance assessment
methods must not fall behind. The use of a sensor network as described above
which can pinpoint performance issues in a multi-cell configuration can support
the employment of battery systems at the grid level, a key player in the move
towards global decarbonisation. The methods outlined in this short review

highlight how many cross-disciplinary studies are now being conducted to
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benefit the electric future, from materials choice and abundance, to long term
high performance battery response, while in parallel gaining better
understanding on issues and safety concerns from new battery chemistry and
designs to detailed microstructure, interface and localised reactions that
govern, control, improve, and impede safe, efficient cyclic charging and

discharge over a long lifetime.

2.10. Conclusions and outlook

Many of the achievements using operando XRD, NMR and synchrotron
techniques(247) have provided useful capabilities and new insights in terms
of operando detail and understanding of critical processes in batteries and
electrochemical materials science. However, they do not readily translate into
real-time monitoring of batteries in the field because of the nature of the
infrastructural requirements. These methods do provide very detailed and
powerful ways of assessing material and cell-chemistry behaviour in real time.
Methods that will allow detection, in real time, of the complex combination of
intended chemical and electrochemical processes, and of the panoply of side
reactions that significantly affect long-term performance will be useful and
complement synchrotron-based methods when used for material prediction,
screening and safety diagnostics. This will allow the material science,
chemistry, electrochemistry, and battery communities to optimise cycling

regimes or identify failure mechanisms more rapidly in emerging technologies.

Battery history can then be determined, and a health ‘check-up' be

performed, allowing appropriate pricing and insurance for a battery as it enters
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its second-life application. Grid and transport demonstration projects and
battery tests are already in progress to link traditional electrochemical
responses (such as current, voltage and impedance) with test routines
appropriate to the technology and produce the 'big data' needed to extract new
correlations and, ultimately, predict future performance. Current examples at
the time of writing are large scale European projects under the Battery2030+
initiative that is focused on real-time, passive, and other methods to monitor
battery performance, safety, and cell health. An inside-the-battery-material
analogue of today's battery management systems would prove useful too.
Deriving useful information from the thousands of batteries used commercially
via data-driven consumer apps and coordinated mapping of testing
procedures from lab-based tests of new systems are ways being investigated
now to obtain a big-data map of all that affect batteries and battery
components. The details of these larger scale, forward looking initiatives are
outside the scope of this review and the reader is directed to available internet
resources on these initiatives(248-254). Diagnostics are required that can
couple electronic with chemical traceability and can identify key reactions that

are critical to both short- and long-term cell failure.

These methods will be vital for Na-ion, solid state batteries and related
battery formulations, as well as many electrochemical systems where solid-
solution interfaces are common and where dynamic processes in materials
control and affect the nature of their response and behaviour. Li-ion
technologies are now proven from data to in principle power an EV for a ‘million

miles’, a reference to seminal work by Dahn and co-workers(255) where
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crystalline NMC532 cathodes and balanced artificial graphite cell were
demonstrated. The cells used in that study were never turned off and are still
cycling at the time of writing to many tens of thousands of cycles within the
optimised voltage window. The same group have also demonstrated that an
ionic liquid electrolyte and choice voltage window can allow similar cells to run
for effectively more than a century at 25 °C, and state of the art stability and
longevity at extremely high (~70 °C and higher) temperatures.(256) As Na-ion
make inroads to be the next replacement for applications where Li-ion is critical
now, screening, prediction and real-time analysis will be essential in its future.
Safety matters will always be obviously important and leveraging many of
these techniques as predictive or real-time monitoring methods in test and also
in commercial battery systems with communication functionality to the user will
be key components that help battery technology users, such as EV drivers, to
better understand the battery and its health, as much as has been learned by
users of ICE equivalents.

Ultimately, big-data analysis and prediction of battery behaviour and
new materials, together with large-scale high resolution operando methods
with built-in analytical sensors in consumer batteries will form a trifecta of
analysis that can help to optimise existing and future battery use and

development.
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Chapter 3

Experimental
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3.1. Introduction

All experimental methods used throughout the research included in this thesis
are summarised in the following chapter. In the subsequent chapters,
experimental details specific to each study are outlined. Experimental methods
are broken down into four primary sections: (1) Sample preparation: All steps
taken to prepare samples used either as standalone materials for
characterisation, or implementation as battery electrodes. (2) Cell preparation:
Electrolyte preparation for Li-ion and Na-ion batteries, and the range of cell
assemblies used for battery performance testing are detailed. (3) Structural
characterisation: Methods used to probe the structure of materials including
microscopy, optical, and compositional analysis. (4) Electrochemical

characterisation: Details of all methods used to probe battery performance.

3.2. Sample Preparation

3.2.1. Substrate Preparation

In Chapters 4-5, sodalime glass coated with a conductive layer of fluorine-
doped tin oxide (FTO), purchased from Solaronix SA, was used as the
substrate for opal formation. Substrates of thickness 2.2 mm were cut to
dimensions of 10 mm x 25 mm. In Chapter 6, the substrates used were
stainless-steel 316L disks with 15.5 mm diameter and 0.2 mm thickness. For
the results in Chapter 7, two substrates were prepared. (1) The same
stainless-steel disks from previous chapters were punched to a diameter of 10
mm to ensure compatibility with the associated cell. (2) A 6 mm Cu mesh disk

was punched from Cu foil. Prior to opal formation, all substrates were
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sonicated in acetone (reagent grade 99.5%; SigmaAldrich), followed by
sonication in isopropyl alcohol (reagent grade 99.5%; Sigma-Aldrich) and
finally sonicated in deionised water. A Novascan PSD Pro Series digital UV-
ozone system was used to maximise hydrophilicity of the surface of the
substrates immediately prior to opal template formation for a duration of 1 h
for FTO glass, and 30 minutes for the stainless-steel and Cu mesh. UV-ozone
treatment duration was chosen based on the hydrophobicity of each substrate,

indicate by their respective water contact angles.

3.2.2. Evaporation-Induced Self-Assembly of Opals

Figure 3.1. (a) Schematic and (b) photograph of the 3D printed beaker used
during the EISA process. (c) Photograph of the 3D printed beaker prepared
with samples fixed in position and sphere solution added.

For the work included in Chapters 4-5, 3D printed polymer beakers

were formed from Formlabs Clear Photoreactive Resin using a Formlabs Form

2 stereolithography (SLA) printer. Figure 3.1 (a) and (b) show a schematic and
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photograph of one of the finished beakers, respectively. Once printed, each
beaker was sonicated in IPA for 10 minutes followed by curing for 10 minutes.

Next, all beakers were cleaned using the same sonication process
described previously, followed by treatment in a Novascan PSD Pro Series
digital UV-Ozone system for 1 h to maximise surface hydrophilicity. Substrates
were then taped to the inside of the beaker as shown in Figure 3.1 (c). The
polymer beakers were designed with substrate rests on the inside of the
beaker at a tilt angle of 30 ° to aid the assembly process. Once the substrates
were firmly in place, dilutions of the polystyrene (PS) sphere solutions were
prepared. Agueous solutions of PS and de-ionised water were prepared based
on the desired concentration for each experiment. The total volume of the
aqueous solution was determined based on the height of the beaker at which
the exposed surfaces of the substrates were immersed. A 1 mL pipette was
used to add the PS solution to the beaker. Beakers containing the diluted
sphere suspensions were placed on a hot plate that was pre-heated to ~30 °C
to 33 °C and left in place for 36 - 48 h as evaporation-induced self-assembly
(EISA) occurred. Once the solution in each beaker had been completely
evaporated the beakers were removed from the hot plate. Next, the substrates
were removed from their respective beakers and left to dry in an inert

atmosphere at room temperature.

In Chapters 6-7, EISA was performed under different conditions. Glass
vials with diameter 20 mm were used instead of the 3D printed beakers.
Stainless steel 316L substrates were taped to the inside of the glass vials

immediately after UV-ozone treatment and an aqueous sphere suspension
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was added with a concentration between 0.1-0.2 %. Instead of a hot plate,
evaporation was induced using a Binder convection oven at temperatures of
60-70 °C. While a much higher evaporation temperature was used for the steel
substrates, the smaller diameter of the glass vials resulted in a greatly reduced
exposed solution surface area compared to the larger 3D printer beakers used
for the FTO glass substrates described previously. Evaporation times were
similar for both methodologies despite a significant difference in evaporation
temperature. Experimental trial and error demonstrated that this adaptation
greatly improved the quality of opal templates grown on stainless steel and

lead to superior 10s.

3.2.3. 10 Formation by Template Infiltration

I0Os were formed via infiltration of the opal templates by metal alkoxide
precursors. Upon infiltration, the precursor fills the unoccupied space within
the opal specimens. Simultaneously, a typical sol-gel process occurs. The
metal alkoxide in alcohol solution first hydrolyses upon contact with water in
the air. Next, the hydrolysed metal alkoxide forms a polymer through the

condensation of hydroxyl groups and further crosslinking and branching.
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Figure 3.2. (a) Schematic of sol-gel process depicting the infiltration of opal
template with metal alkoxide precursor and calcination to form 10. (b) SEM
image of opal template prior to infiltration. (c) SEM image of 10 after infiltration
and calcination.

For each 10, the precursor was added either dropwise using a 1 mL
syringe, or a measured volume using a micropipette. After infiltration, the
precursor underwent the described sol-gel process to form an amorphous
metal oxide gel. Next, infiltrated templates were left to dry at 70 °C in a Binder
convection oven for 20 minutes. Following drying, calcination was performed
at 450 °C in air, which simultaneously burned the PS opal template and
crystallised the amorphous metal oxide gel. For the SnO:2 10s investigated in

Chapter 6, the chosen precursor was SnCl2.H20 Mixed with IPAto a 0.1 M
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concentration. For the TiO2 10s examined in Chapter 7, TiCls.2THF was mixed

with IPA to a 0.1 M concentration.

3.2.4. Electrode Washing

For postmortem SEM image acquisition, electrode washing was required.
First, a volume of the associated electrolyte solvent was prepared. Next, cells
were disassembled, and the electrodes removed inside the glovebox. Each
electrode was then immersed in solvent for 30 s, this was repeated twice. The
electrodes were then left to dry at room temperature overnight. Here,
electrodes removed from Li-ion and Na-ion cells were washed in DMC and

PC, respectively.

3.2.5. Sputter Coating

In some cases, metal coatings were formed on opals prior to SEM imaging via
physical vapour deposition. SEM image resolution is strongly affected by the
electrical conductivity of the target specimen. Specimens with low conductivity,
such as the PS opals described in Chapters 4-5 can result in charging, which
causes beam drift. Other advantages include reduced microscope beam
damage, increased thermal conduction, improved secondary electron

emission, and reduced beam penetration with improved edge resolution.

Sputter deposition occurs when a glow discharge is formed between a
cathode and anode using an appropriate inert gas like Argon. The cathode
material acts as the target, while the specimen destined for coating is
positioned at the anode. The applied potential difference (on the order of 1 kV)

creates an electric field which causes the gas to breakdown into positive ions,
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known as a plasma. The heavier ions are accelerated towards the negative
cathode which is eroded. Simultaneously, the electrons are released from the
cathode which give rise to excitation and ionisation collisions with argon gas
atoms, followed by a decay back to ground state with emission of light, causing
a glow discharge. The eroded cathode particles are then sputtered onto the

surface of the specimen to form a thin coating.

A Quorum 150T S magnetron sputtering system was used for
magnetron sputter coating in all cases. A removable metal disc target with a
thickness of 0.1 mm and diameter 57 mm was used for nickel deposition to a
thickness of ~ 20 nm. The target was purchased from Ted Pella Inc. and
featured a material purity of 99.99%. A quartz oscillator film thickness monitor
was used to select nominal thickness. All metals were sputtered under an inert
gas of high purity to ensure that the gas molecules did not react with the
sputtered metal particles. Argon (> 99.995 % purity) was used as the
sputtering gas. Cleaning of the target surface prior to film deposition was
allowed by a target shutter in the sputter coater assembly. Cleaning is

particularly important in the case of oxidising metal targets.

3.3. Cell Preparation

3.3.1. Electrolyte Preparation

The electrolyte used for all Li-ion cells was 1 M Li hexafluorophosphate (LiPFes)
in a 1:1 mixture (v/v) of ethylene carbonate (EC) and dimethyl carbonate
(DMC). The electrolyte used for all Na-ion cells was 1 M Na perchlorate
(NaClOa) in propylene carbonate (PC) with a 5 wt % fluoroethylene carbonate

(FEC) additive to stabilise the SEI layer.
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3.3.2. Electrode Preparation

In Chapter 6, SnO2 IO electrodes were prepared using the template infiltration
procedure outlined previously on 15 mm stainless steel substrates. In Chapter
7, three different electrodes were used. (1) TiO2z 10O electrodes were prepared
using the same template infiltration procedure outlined previously, on 10 mm
stainless steel substrates. (2) Commercial NMC-622 disks on Al foil. Received
as 15 mm in diameter, punched to 10 mm diameter for compatibility with the
PAT-Cell-Opto-10. (3) TiO2 electrodes were prepared via a traditional slurry
coating procedure. The slurries were obtained by mixing the TiO2 active
material, conductive carbon (Super-P) and Na carboxymethyl cellulose (CMC)
binders in the mass ratio of 8:1:1. First, the CMC binder was dissolved into
deionised water by stirring for 4-8 hours at room temperature. Second, the
TiO2 active material and conductive carbon (Super-P) were ground by an
agate mortar and pestle for 20-30 minutes before adding to the mixture. The
slurry mixture was coated on the Cu mesh (a diameter of 6 mm) after stirring
overnight for 12 hours. The obtained electrodes were first dried in a vacuum

oven at 80 °C for 12 h before assembling the cell.

3.3.3. Cell Assembly

Two cell configurations were used in Chapters 6-8. (1) EL Cell PAT cells
(ECC1-01-0012-A/L, 18 mm diameter, 0.65 mm thickness) operated as half-
cells. (2) CR2032 coin cells (SS304, 20 mm diameter, 3.2 mm thickness prior

to crimping).
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3.3.4. Operando Cell Assembly

Operando techniques, as described extensively throughout the literature
review in Chapter 2, can be used to monitor changes to the electrode and
electrolyte during battery cycling. A prerequisite for successful operando
measurements is the design of a suitable operando cell. For electromagnetic
probes such as XRD, FTIR, Raman, and optical spectroscopy, a
spectroelectrochemical cell is required, where light penetration is permitted by
an optical window. The chosen window material depends on the frequency of
incident radiation. Sapphire or quartz are the most commonly window
materials used for penetration by optical wavelengths.(1) Accessing the active
electrode material with incident radiation is challenging. Typically, four
configurations are used: transmission, ATR, one-sided, and transverse. The

configuration used depends on the nature of the electrode stack.(2)
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(a) (b)

Figure 3.3. Photographs of EL Cell PAT cells used for battery performance
testing (a) Opened PAT cell (b) PAT Cell clipped into PAT-Clamp for
connection to potentiostat. (c) PAT cells clipped into docking station inside
temperature-controlled oven connected to potentiostat.

Typical electrochemical cell designs are “face-to-face”, with each
electrode facing each other. For two-sided electrodes, access to the active
material by the incident probe is straightforward. For one-sided electrodes, the
substrate blocks access to the active material. In the literature, various
adaptations can be made to the electrode, including the use of a mesh so that

light can be transmitted directly through the substrate.(3, 4)

125



(b)

22 mm  Sapphire window

~
Ay

18 mm  Current Collector (4 mm hole)
| Contact Ring

6 mm  Working Electrode
< 10 mm  Separator

8 mm  Li Metal Counter

(€)

"y 22mm  Sapphire window
18 mm Current Collector (4 mm hole)

Contact Ring

8 mm  Li Metal Counter (4 mm hole)
10 mm Separator (3 mm hole)

15 mm Working Electrode

Figure 3.4. (a) Assembled PAT-Cell-Opto-10 under microscope in preparation
for alignment with Raman laser. (b) Electrode stack configuration 1: Regular
face-to-face setup with active material of working electrode coated on a Cu
mesh substrate in upper electrode position placed “face-down”. (c) Electrode
stack configuration 2: “Ring-system” face-to-face setup with active material
coated on either aluminium foil or a stainless-steel disk in lower electrode
position placed “face-down”.
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In Chapter 7, the spectroelectrochemical cell used for operando Raman
spectroscopy measurements was the EL-Cell Pat-Cell-Opto-10, shown in
Figure 3.4 (a) with a sapphire window (22 mm diameter, 0.3 mm thickness).
Two electrode stack configurations were used: (1) Regular face-to-face
electrode stack, shown in Figure 3.4 (b): This consisted of from bottom to top
Li metal counter electrode (8 mm diameter), Whatman GF/A separator (10
mm), 20-30 pL LiPFe-based electrolyte prepared es described previously
working electrode (6 mm diameter), nanoparticulate anatase TiO2 slurry on Cu
mesh substrate. (2) A ‘ring system’ face-to-face electrode stack, shown in
Figure 3.4 (c). This consisted of from bottom to top the working electrode (10
mm diameter) either NMC on Al foil substrate or TiO2 10 on stainless steel
substrate, Whatman GF/A separator (10 mm diameter with a 3 mm diameter
hole punched in the center), 10-20 uL LiPFe-based electrolyte prepared as
described previously, Li metal counter electrode (8 mm diameter with 4 mm
diameter hole punched in the center), contact ring around the electrode stack
creating connection between the counter electrode and electrode contact pins,

and a holed current collector placed on top of the ring.

The primary concern for operando Raman measurements is providing
direct access for the Raman laser beam to the active electrode material and
the electrode stack must be adapted correctly. For electrode stack
configuration (1), access to the active material of the working electrode is
provided by the Cu mesh substrate, positioned “face-down” as the upper
electrode. The coated active material fills the gaps between the mesh, and

simultaneous electrolyte infiltration and Raman beam penetration is achieved.
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Electrode stack configuration (2) is used for one-sided electrodes,
where access to the active material is prevented by the solid substrate. Here,
the orientation of the electrode stack is reversed, and the working material is
positioned as the lower electrode “face-up”. The ring system allows the Raman
laser beam to propagate directly through to the active material of the working

electrode.

3.4. Structural Characterisation Methods

3.4.1. Scanning Electron Microscopy

In scanning electron microscopy (SEM), a focused beam of relatively high
energy electrons (2-40 kV) is raster scanned across the sample surface under
high vacuum. The intensity of the detected signal is combined with the position
of the beam to produce an image. Inelastic collisions between the incident
beam and the atoms within the material cause secondary electrons (SESs) to
be released from the material surface which are collected by the detector and
a magnified image of the surface is produced.(5) The secondary electrons are
utilised to fluoresce a scintillating material on the detector face, analogous to
a cathode ray tube using phosphorus to fluoresce on a television screen. The
fluoresced material is then translated to an electronic signal using a

photomultiplier tube.

A range of other signals are produced including back-scattered
electrons, X-rays, and transmitted electrons, but SE mode is the most common
method of detection. SEs have a small mean free path in solids due to their
low energy, meaning that they can only escape from the top few nanometres

of the material surface. SEM is therefore most useful for topographical
128



characterisation. The strong localisation of the signal from SEs on impact of
the incident beam can provide high image resolution of below 1 nm.(6) SEM
images yield a three-dimensional appearance due to the large depth of field
caused by the narrow incident electron beam and magnification of over 250
times that of the limit of the most efficient light microscopes can be achieved
for a resolution of up to ~ 200 nm. The maximum resolution of conventional
microscopy is proportional to the wavelength of light. By using a high energy
beam of electrons instead, the resolution is enhanced due to the small de
Broglie wavelength of electrons, which is inversely proportional to the

accelerating voltage of the electrons.

The large depth of field proves particularly advantageous for opals,
where the characteristic large peak to peak roughness significantly limits the
resolution of other microscopy techniques, such as atomic force microscopy
(AFM). The teardrop-shaped interaction volume of the specimen ranges from
100 nm to 5 um into the surface and depends on several factors including the
kinetic energy of the electron, accelerating voltage, and the density of the

specimen.(7)

SEM is also commonly performed in backscattered electron (BSE)
mode. BSEs are not generated in the sample but are incident electrons which
have been elastically scattered within the specimen and reach the detector to
create an image. The number of backscattered electrons depends on the
atomic number of the element from which they are ejected. The greater

scattering of heavier elements produces brighter images, while lighter
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elements produce darker images. BSE mode can therefore be used for

contrast between areas of different chemical compositions.

SEM analysis was performed using two instruments. An FEI Quanta
650 SEM with accelerating voltages of 10 kV to 30 kV was used for imaging in
Chapters 4-5. Prior to imaging, an incision was made along the length of each
sample using a thin blade so that the cross section could be imaged for
thickness measurements. For Chapters 6-8, SEM analysis was carried out
using a Zeiss Supra 40 high resolution SEM at an accelerating voltage of 2 kV

to 10 kV.

3.4.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is used to elucidate the morphology
of nanostructured materials which cannot be resolved using SEM. Rather than
raster scanning the specimen surface, the beam penetrates through the
specimen to create an image, which is magnified and focused onto an imaging
plate. Acceleration voltages of the electron beams are in the range of 100 kV
to 300 kV, providing resolution on the order of 3.9 to 1.3 pm, corresponding to
wavelengths far smaller than a single atom.(8) High-resolution TEM images
allow phase identification by revealing the spacings between atomic lattice
fringes. Like SEM, TEM can be operated in several modes, such as
conventional TEM imaging, scanning TEM (STEM) imaging, and diffraction.(9)
Each provides a different kind of information based on the contrast which is
detected. These contrasts include mass-thickness, atomic number,
crystallographic structure, and orientation (diffraction). TEM can therefore

generate a plethora of nanoscale and atomic scale information, revealing

130



surface topology, elemental composition, phase identification, crystallographic

orientation, and bonding environment.

TEM analysis was conducted using a JEOL JEM-2100 TEM operating
at 200 kV to investigate structural parameters at the nanoscale. Bright and
dark-field TEM images, HRTEM images at atomic resolution and electron

diffraction analysis were obtained and included in Chapters 6.

3.4.3. Electron Diffraction Spectroscopy

The direction of an electron beam incident on a specimen changes due to
interactions with the atoms in the form of elastic scattering. These changes
can be detected using TEM and a corresponding diffraction pattern created.
While X-rays and neutrons are scattered based on electron density and atomic
nuclei, respectively, electrons are scattered due to interactions with bots.

Given the tiny size of electrons, their “wavelike” behaviour can be measured.

Electron diffraction patterns are a result of Fraunhofer (far-field)
diffraction and are a map of the directions of the electron waves leaving the
sample.(10) Favoured directions appear brightly as points of high intensity and
other directions appear dark. For a single crystal, electron diffraction patterns
appear as a series of dots, while for a polycrystalline material, such as the 10s
examined in this work, the patterns are formed as a superposition of the
individual patterns of each crystal, forming a series of concentric rings.
Electron diffraction can therefore be used to evaluate -crystallinity.
Consequently, the crystallographic dimensions can be measured by

calculating the spacings between the rings.
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For the results presented in Chapter 6, the JEOL JEM-2100 TEM was
operated in diffraction mode to generate electron diffraction information on the

pure SnO2 I0s and SnO2-TiO2 IO composites.

3.4.4. Optical Transmission Spectroscopy

PhC materials, such as the opals and 10s used in this work, demonstrate
unique behaviour when exposed to light at optical wavelengths due to their
periodicity. Each PhC has an optical fingerprint based on the dimensions of its
lattice. If the incident light is on the same order as the lattice parameters of the
crystal, a mixture of coherent Bragg diffraction and refraction results in the
formation of the PBG (PBG).(11) Transmission spectroscopy can be used to
probe this optical fingerprint and determine the nature of the PBG, along with
any other optical interactions which may occur. An array of optical information
can be extracted from transmission spectra and provide insight into the

contributing phenomena.

In Chapters 4-5, transmission spectra were used extensively to
evaluate the optical properties of opals and extract information about crystal
structure using the Bragg-Snell law. Specific details can be found in 4.3.1,
4.3.3, and 5.3.1. The light source used for optical transmission measurements
was a tungsten-halogen lamp with an operating wavelength range of 400-2200

nm, purchased from Thorlabs Inc.
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Figure 3.5. (a) Photograph of spectroscopy setup. (b) 3D angle-resolved
transmission spectrum of an opal PhC. (c) Typical angle-resolved
transmission spectra of opal PhC. Green arrow indicates blue shift of PBG as
incident angle is increased from 0° to 25°.

Transmission measurements were recorded using an Ocean Optics
UV-visible spectrometer (USB2000 + VIS-NIR-ES) with an operational range
of 350-1000 nm and a Ocena Ocean NIR spectrometer (NIRQuest512-2.5)
with an operational range of 900 nm to 2500 nm. Adjustments to the incidence

angle for transmission measurements was enabled by a motorised rotational

stage (ELLS; Thorlabs Inc.).

3.4.5. Raman Spectroscopy

For Raman active molecules, peaks appear according to the active Raman

modes caused by the inelastic scattering of photons. The energy shifts caused
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by interactions of the laser light with molecular vibrations, phonons and other
excitations result in Raman shift. The magnitude of the Raman shift is
correlated to the polarizability of the electrons in the molecule. Photons from
the incident laser excites molecules into a virtual energy state before a photon
is emitted. The inelastic nature of the scattering changes the rotational and/or
vibrational energy state of the target specimen. The scattering of the emitted
photons to lower and higher energy states correspond to Stokes and anti-

Stokes shifts, respectively.

Phase changes can be detected based on the evolution of the peaks.
There are four primary spectral evolutions which appear: Appearance of a new
band, change in band profile, change in band intensity, and shift of vibrational
mode.(12) Raman laser excitation wavelength influences Raman band
intensity because the radiated power of an oscillating dipole 1 is related to the
laser wavelength A as | ~ A4.(13) Choice of Raman laser excitation wavelength
is a compromise between maximising signal to noise ratio (SNR) which is
favoured by shorter wavelengths, and minimising fluorescence background
such that masking of the Raman signal provided by the target specimen is
prevented, which is favoured by longer wavelengths. Similarly, laser specific
power is a balancing act between the reliable SNR provided at higher power
and the avoidance of laser-induced sample transformations which is more
likely at lower specific powers. Typical ranges used lie between 0.01 and 1

mW/um?2.(14)

All Raman spectroscopy experiments were carried out using a

Renishaw InVia Raman Spectrometer with a 30 mW Ar* laser at 532 nm
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excitation with a laser power in the 2-30 mW range. The beam was focused
using a 40x objective lens and collected using a RenCam CCD camera.
Measurements obtained from conventional Raman spectroscopy of bare
electrode materials are included in Chapter 6. The materials analysed were

SnO:2 10s with a mass of 0.2 to 0.7 mg on stainless steel disk substrate.

In Chapter 7, operando Raman spectroscopy measurements were
performed using the spectroelectrochemical cell described in section 3.3.4
under the same laser conditions as the previous two chapters, except for a
higher laser power of 50-60 mW to combat any attenuation of the beam by the
components of the spectroelectrochemical cell. The electrode materials
analysed were a TiO2 10 on 10 mm stainless steel disk with a mass of 0.1-0.2
mg, nanoparticulate TiOz slurry with a mass of 0.2 — 0.3 mg on Cu mesh, and
a commercial NMC622 slurry with a mass of 67.5 mg on Al foil. It is noteworthy
here that the mass of the NMC622 electrode was markedly higher than the
other electrodes used. For the TiO2 10, the macroporosity of the 10 structure
corresponds to a low filling factor which resulted in a relatively low mass per
unit area. For the TiO:z slurry, the gaps within the Cu mesh also resulted in low
relative mass per unit area. For the NMC622 slurry, a uniform coating covered
the entire area of the Al foil substrate. The electrolyte under Raman excitation
was LiPFs in 1:1 EC:DMC in all three cases. Background subtraction was
performed by creating a baseline for each spectrum using the 2" derivative

function in OriginPro and subtracting from the raw spectra.
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3.4.6. X-Ray Photoelectron Spectroscopy

X-Ray photoelectron spectroscopy (XPS) is a fundamental technique used for
the quantitative analysis of elemental compositions and chemical states at the
surface of a specimen, X-rays typically penetrate to a depth of 0.5-10 nm
below the surface.(15) Spectra are obtained by irradiating the target material
with X-rays and measuring the resulting electrons which are released due to
the photoelectric effect with a specific kinetic energy that is later translated to
binding energy.(16) The quantum character of the kinetic energy leads to an
energy band distribution associated with the electronic structure of the atom.
This ultimately allows identification of the elements present at the surface.
Binding energy reveals two primary forms of information. First, elemental
composition based on the close relationship between electronic structure and
the number of protons in an atom. Second, oxidation states present, given that
the binding energy is directly proportional to the oxidation state. Lower
oxidation states cause shifts of core level spectra to higher kinetic energies.
The resolution in terms of distinguishing between atoms of slightly different
chemical shifts is limited primarily by linewidth and lifetime of the incident

photon, along with the lifetime and width of the initial energy level.(17)

In Chapter 6, X-ray photoelectron spectroscopy (XPS) was performed
using a Kratos AXIS ULTRA spectrometer with a detection limit of < 0.1 at %,
~1 mm? detection area, analysis depth of ~10 nm to determine the binding
energies between the core electrons occurring in the SnO2 IO material. Survey
scans were recorded with a step size of 1.0 eV, dwell time of 50 ms, and pass

energy of 160 eV and 20 eV for narrow spectral regions. Core level scans were
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acquired with a step size of 0.05 eV, dwell time of 100 ms, and pass energy of
20 eV averaged over 10 scans with an analysis nominal area of ~220 um?. A
non-monochromated Al Ka X-ray source at 300 W power was used for all
scans. Data was processed using CasaXPS software where a Shirley
background correction was employed, and peaks were fitted to Voigt profiles.
Both Au 4f and C 1s were examined as references, with care taken to ensure
that referencing to literature spectra and databases spectra (e.g. NIST XPS

database) are consistent.
3.4.7. X-Ray Diffraction

X-ray diffraction (XRD) is useful for examining the crystalline structure of
materials. Given the periodic structure of the components of crystalline
material (atoms, ions or molecules), diffraction of scattered X-rays can occur.
Interference of scattered X-rays is either constructive or destructive, and the
detector only reads out a signal at angles at which constructive interference
occurs. X-rays are scattered from different planes of the target specimen and
each travel a different optical path length. The path length depends on the
interplanar spacing d of the specimen and the angle 6 of the incident X-ray
beam. These are related to the wavelength A of the incident X-ray beam by

Bragg'’s law: nA = 2dsin6.

XRD can be performed using three primary scanning types based on
the geometry of the goniometer. The goniometer is comprised of the sample
holder, detector arm and associated gearing. The scan type is based on the
movement of the elements of the goniometer, namely the sample holder and

detector arm. The first is a 20 scan, also known as glancing/grazing incident
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XRD. Here, X-ray incident angle is fixed (<1 degree) and the detector scans
over 20. The second type is 6:20 Here, the sample is fixed, X-ray tube rotates
at 6/min while the detector rotates at 26/min. The third type is w:26 and is used
for measurements obtained in this thesis. Here, the detector scans at 28/min

and the sample is tilted at w/min.

(@

(b)

Figure 3.6. (a) Schematic depicting the concept of XRD which demonstrates
the origin of Bragg’s Law. (b) Schematic of typical XRD instrument setup that
illlustrates the geometry of the goniometer, highlighting the sample tilt direction
over angle w and detector rotation direction over 20. s is the diffraction vector.

XRD spectra are presented as a series of lines formed due to the
incident radiation generated by the anode of the diffractometer versus the
angle of reflection (26). Cu is typically used as anode material and the
corresponding series of lines are called Kq, corresponding to the transition
from the 2p to 1s orbital, and Kg, corresponding to the transition between 3p

and 1s orbital in Cu. All atoms have unique XRD spectra based on their d-
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spacings and the crystallographic planes from which the X-rays are scattered.
Matching the lines from each spectrum with spectra from an appropriate XRD
database allows identification of the unknown crystalline specimen. In this
work, all reference spectra were taken from the Joint Committee on Powder

Diffraction Standards.

XRD measurements were performed using a PANalytical X’Pert PRO
PW3050 diffractometer with a Cu anode, Ka radiation with wavelength A =
0.15406 nm, operating voltage 40 kV, current 20 mA, fixed divergence slit of
0.38 mm in w:28 mode with scan resolutions for both w and 26 of 0.0001°,
sample height (z displacement) of 9.142 mm. Specific details on the
calculations performed using XRD measurements to determine
crystallographic d-spacings can be found in section 6.2.2 of Chapter 6 for

SnO2 10s.

3.5. Electrochemical Characterisation Methods

All electrochemical measurements were conducted using a multichannel

BioLogic VSP Potentiostat/Galvanostat.

3.5.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic technique used to detect the
electrochemical mechanism of an electrode material over a given voltage
range. CV reveals the potentials at which each redox reaction contributes to
the current response and determines the reversibility of these reactions. Often,

it is employed simply to test the stability of the cell prior to cycling. The
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electrode potential is ramped with a linear potential sweep for the working

electrode against a counter electrode as shown in Figure 3.7 (a).

A CV scan consists of a negative and positive linear sweep which are
known as the cathodic and anodic scans, respectively. Reduction peaks are
elucidated during the cathodic scan while oxidation peaks are obtained during
the anodic scan as illustrated in Figure 3.7 (b). Peak potentials are helpful for
determining the types of reaction which occurs. For battery systems that take
advantage of multiple types of electron transfer, such as the
conversion/alloying electrodes examined in Chapters 6, peak potential is
particularly helpful in distinguishing the point at which each process occurs.
The magnitudes of the associated peak currents are proportional to the scan
rate. The relative peak currents from each reaction can be used to predict the
relative contributions of each reaction to the capacity that will be delivered to
the system during galvanostatic cycling. The schematic in Figure 3.7 (c)

illustrates the detection of peak potentials and currents.

The key benefits of CV measurements arise from the role of scan rate,
which is the rate of change of voltage with time (usually measured as mV s).
While perfectly reversible redox processes are independent of scan rate,
quasi-reversible and irreversible processes are a function of scan rate. The
differences in the CV response for each of the three processes are shown in
Figure 3.7 (d). In battery systems, there is a polarisation overpotential and a
voltage hysteresis (peak separation shift) is observed, and the associated
reactions are not perfectly reversible. Voltage hysteresis intensifies with scan

rate,(18) a fact that can be taken advantage of to analyse the reversibility of
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the reactions which occur during each voltage sweep. The dependence of the
peak currents for each redox reaction on scan rate can be expressed using

the Randles-Sevcik equation.(19)
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Figure 3.7. Schematics showing basic principles of cyclic voltammetry. (a)
Voltage-time profile for linear sweep (LSV) and cyclic voltammetry (CV). (b
Typical CV curve indicating oxidation and reduction directions. (c) CV curve
highlighting the most informative points quantities, peak currents, and
potentials. (d) Contrast of CV curves for different types of electron transfer: a
— reversible, b — quasi-reversible and ¢ — irreversible.(19)

For secondary (rechargeable) batteries, CV scans for cathode
materials are typically initiated in the positive direction, due to their pre-lithiated
nature while anode materials are typically scanned first in the negative
direction. For Li-ion (Na-ion) batteries, lithiation (sodiation) occurs during the

cathodic scan while delithiation (desodiation) occurs during the anodic scan.
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CV measurements were performed in Chapters 6-7. In Chapter 6, fixed
rate measurements were performed at 0.1 mV s1. CV response as a function
of scan rate was also examined at each scan rate increasing incrementally
from 0.05 mV s to 5 mV st. During scans, coin cells and PAT cells were
operated as half cells, where Li metal and Na metal were used as coupled
reference and counter electrodes for the Li-ion and Na-ion systems,
respectively. The PAT cells were operated under temperature control, in a
BINDER convection oven at 24 °C. In Chapter 6, the voltage range chosen
was 0.01 V to 3 V, corresponding to the range where the redox reactions
associated with SnO2 occur, and is within the electrochemical stability window
of the Li-ion and Na-ion electrolytes used, the details of which are provided in

6.2.3.

In Chapter 7, CV was performed using the spectroelectrochemical cell
described in section 3.3.4 at scan rates of 0.05 mV st and 0.1 mV s. Low
scan rates are typically used for operando Raman measurements, to cause a
more uniform reaction between electrode and electrolyte throughout the active
material and improve the probability that changes to Raman spectra will be
detected. Potential ranges were from 1 V to 3 V for TiO2, and 2.8 Vt0 4.3 V

for NMC.
3.5.2. Galvanostatic Cycling

Galvanostatic cycling is the first tool used by a battery chemist to evaluate
battery performance. The battery is charged and discharged at constant
current over a specific voltage range for a certain number of cycles. The

voltage window is chosen based on the electrochemical window, the potential
142



range in which the electrolyte is stable and neither oxidised nor reduced.(20)
A plethora of electrochemical information can be extracted from the resulting
data. The specific capacity of the battery is examined by constructing capacity-
voltage profiles. Capacity retention is examined by plotting the maximum
charge and discharge capacities as a function of cycle number. Coulombic
efficiency can be evaluated by comparing the maximum discharge and charge
capacities at each cycle. In a Li-ion battery, Coulombic efficiency is measured
as the ratio of delithitation capacity to lithiation capacity. In a full-cell,
Coulombic efficiency is calculated differently depending on whether the
calculations are anode or cathode-based. For the anode, lithiation
corresponds to the charge portion of the cycle. For the cathode, lithiation
corresponds to the discharge portion of each cycle. For the half-cells, such as
those employed throughout this thesis, the working electrode acts as cathode,
and lithiation always corresponds to the discharge portion of each cycle. The
same considerations apply for Coulombic efficiency calculation in Na-ion
system related to sodiation and desodiation. Coulombic efficiency is highly

dependent on the quality of the SEI layer.(21)

Rate capability testing involves galvanostatic cycling of a battery for a
certain number of cycles for a range of applied currents. The applied current
determines the rate of charge and discharge of the battery. Typically, a low
specific current is applied for a chosen number of cycles and is then ramped
up to successively higher specific currents for the same number of cycles at
each one. Capacity retention typically decreases with each increase in rate

and the tests evaluate the extent of this decrease. The last stage of a rate test
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usually involves applying the initial low specific current of the first stage. Given
that extensive structural and electrochemical changes occur throughout the
rate testing, this last step examines the extent to which these changes have
irreversibly degraded the performance of the system. This is particularly useful
for systems in which significant electrode volume expansion occurs, which is

the case for SnOx.
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Figure 3.8. Schematics depicting results generated from typical galvanostatic
cycling of batteries. (a) Applied current profile. (b) Charge-discharge curve
showing voltage response vs capacity. (c) Cycling stability, capacity retention
over battery lifetime. (d) Typical rate test showing change in capacity at each
rate as a function of cycle number.(22)

In Chapter 6, the results from galvanostatic cycling of SnO2 10 are
shown in the form of charge-discharge curves, capacity-cycle profiles, and rate
capability tests. Details on cell configurations were outlined in section 3.3. In
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Chapter 7, the galvanostatic cycling results used in the operando Raman
spectroscopy examination of several electrode materials and the associated
electrolyte evolutions are demonstrated. The same representations of the data
are used as the previous chapters, along with chronoamperometry. All
galvanostatic results are used in tandem with the associated Raman spectra
to correlate electrochemical responses to atomic-scale structural changes and
electrolyte phase transitions. The electrode materials and cell configuration

used were outlined in section 3.3.4.

3.5.3. Differential Capacity Analysis

Differential capacity plots (DCPs) are generated by the numerical
differentiation of a galvanostatic cycling profile (voltage vs charge) as shown
in Figure 3.9 (a). Direct differentiation results in a differential voltage (dV/dQ)
plot as shown in Figure 3.9 (b). Discharge data is multiplied by -1 for visual
clarity, as is the convention. DCPs (also referred to differential charge plots in
the literature) are the reciprocal of differential voltage plots and can be
obtained by transposing the axes of the galvanostatic cycling profiles (to
charge vs voltage) and performing the differentiation. Figure 3.9 (c) shows a
typical DCP, the reciprocal of Figure 3.9 (b) represented as voltage vs dQ/dV
and is the representation used for all differential analysis included in this
thesis. Once again, the differentiated discharge data is multiplied by -1, in line

with the convention.
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Figure 3.9. (a) Typical charge-discharge curve from galvanostatic cycling. (b)
Differential voltage calculated as the first derivative of (a). (c) Differential
capacity, calculated as the reciprocal of (b). (d) Comparison of typical
differential capacity and cyclic voltammetry curves.(23)

In a charge storage material, the incremental charge dQ is passed from
one electrode to another due to the incremental voltage change dV. In Li-ion
and Na-ion batteries, as voltage changes charge is transferred by the transfer
of mass into the electrode by insertion, conversion to a new material or alloying
to form a new Li/Na compound. Each process results in a plateau in the
charge-discharge curves. Similarly, phase changes during charge transfer
process causes further plateaus which can appear as subtle inflections. The
main benefit of DCPs is the conversion of these inflections to pronounced

peaks and plateaus which are far more visually informative.
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CV curves and DCPs are often used interchangeably, as much of the
same information can be extracted from both, such as the relative voltage
changes and current responses of the various redox processes which can
occur. Figure 3.9 (d) illustrates the similarity between the two techniques.
However, unlike CV, DCPs do not contain rate information.(24) In this thesis,
half-cells are used in all cases, which is important given that there are several
additional considerations required in performing differential analysis on full
cells. Such as the fact that while the voltage of each electrode contributes

linearly, the stored differential capacity does not.

In Chapter 6, DCPs are constructed from the differentiation of the
galvanostatic cycling performed for rate capability testing of the SnO2 10
anode in both Li-ion and Na-ion half cells. The differential capacities at a range
of specific currents from 25 mA g? to 450 mA g*' are examined for both

chemistries.
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Chapter 4

Thickness Control of
Dispersion in Opal PhCs

Adapted from: A. Grant, A. Lonergan and C. O'Dwyer, Thickness control of
dispersion in opal photonic crystals, Optical Materials, 142, 114053 (2023).
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Abstract

Opals are naturally occurring PhCs which can be formed easily using low-cost
self-assembly methods. While the optical behaviour of opals has received
significant attention for several decades, there is limited information on the
effect of crystal thickness on the optical properties they display. Here, the
relationship between volume fraction and crystal thickness is established with
an evaporation-induced self-assembly (EISA) method of formation. The extent
to which thickness can be used to manipulate the optical properties of the
crystals is explored, focusing on the change in the PBG. Microscopical
structural characterisation and angle-resolved transmission spectroscopy are
used to examine the quality of the PhCs formed using different volume
fractions of PS spheres, with thicknesses up to 37 layers grown from volume
fractions of 0.125%. This work provides a direct correlation between sphere
solution volume fraction and crystal thickness, and the associated optical
fingerprint of opal PhCs. Maximum thickness is examined, which is shown to
converge to a narrow range over several evaporation rates. We identify the
criteria required to achieve thickness control in relatively fast evaporation
induced self-assembly while maintaining structural quality, and the change to
the spectroscopic signature of the (111) stopband and higher order (220)

reflections, under conditions where less ordered PhCs are formed.
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4.1 Introduction

For researchers interested in perfecting colloidal crystal growth, maximising
structural quality requires optimisation of an array of environmental
conditions.(1-6) Bottom-up self-assembly methods such as dip coating,(7)
spin coating,(8) Langmuir Blodgett deposition,(9) electromagnetic-induced
self-assembly,(10) and evaporation-induced self-assembly (EISA) are simple
and cost effective, but difficult to control due to their spontaneous nature. As
has been demonstrated, colloidal crystal films involving silica or polymeric
spheres as opal, suffer from localised regions of disorder, layer-on-layer
registry changes that affect long range order, and cracking from various forces
during drying. There have been attempts to control these issues recently.(11-

13)

There have been approaches that allow 2D colloidal crystals to form
from a single layer of spheres, showing diffraction grating reflection
characteristics.(14) More recently, 2D colloidal crystal and opals were shown
to be transferred to more useful (and often complex or problematic substrates)
by capillary transfer to give very high quality coatings useful for application.(15)
A key advantage of many of these approaches is fast growth of potentially
ultra-thick colloidal crystals, or the formation of functional films with required
or useful optical properties, on substrates that are best for the application. The
requirements for high crystal quality are now well established, directed
primarily by the appropriate sample volume fraction, evaporation rate, and

electrostatic compatibility between sample and substrate. However, some key
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questions remain. Under what conditions and to what extent can crystal

thickness be directed while maintaining overall structural quality?

Knowing the factors that influence colloidal crystal growth of opal PhCs
from relatively simple solution-based evaporation methods is important.(16)
These amenable PhCs are well known to manipulate photons, like the
manipulation of electrons by the atomic lattice.(17-19) Consisting of periodic
dielectric material, the structure can be designed to inhibit light propagation in
specific directions, providing the ability to tune the frequencies which are
allowed to propagate, with a range of potential applications in fields such as
optics and optoelectronics,(20) energy storage,(21, 22) and sensors for
environmental monitoring, biomedicine and food preservation.(23) A PhC can
also be designed such that light propagation is inhibited in all directions at
specific frequencies, and crystal or film quality is important here, to minimise
scattering and dispersion losses, for example. The omnidirectional PBG (PBG)

of a 3D PhC is derived from Maxwell's equations.(24)

Perfectly ordered self-assembled opals can be constructed entirely by
repetition of the face-centered cubic (FCC) wunit cell, the most
thermodynamically favourable packing arrangement of crystalline
spheres.(25) For an ideal opal, the FCC unit cell is repeated with the spheres
stacked in the direction normal to the lattice plane described by the miller
indices (111).(26, 27) The wavelength-dependent structural colour observed in
opals can be approximated well by the Bragg-Snell law that results from an

extension of the dispersion relations.(28)

153



Despite a tendency towards (111) FCC stacking during opal self-
assembly, defective areas are inevitable. Stacking faults are most common,
and usually occur in the (100) crystallographic direction. Surface SEM images
can be used to distinguish between the two stacking arrangements. Planes
corresponding to the (111) and (100) directions are observed as hexagonal
and square patterns, respectively. A host of other stacking arrangements are
possible, but more difficult to detect.(29) In optical transmission spectra, (111)
stacking arrangements are observed as the primary transmission dip
constituting the PBG of the opal. Stacking faults such as in the (100) direction
occur as transmission dips with a significantly lower depth relative to the PBG

towards the higher energy region of the spectrum.

Forms of disorder which significantly affect the optical spectra of opals
include grain boundaries, defects, and dislocations of unit cells and
polydispersity. These processes lead to a range of scattering regimes, each of
which impacts the intensity profile of the optical spectra depending on the
frequency range under consideration.(30) While there is very often a
statistically quantifiable average variance in sphere diameter, the standard
deviation must be minimal to prevent destruction of the spectral shape of the
PBG in a high-quality colloidal opal film as it has been shown that
polydispersity and displacements of unit cells determine scattering loss in 3D
PhCs.(31) Such deviations from perfect periodicity cause exponential
attenuation of the coherent beams, the propagation of which generate the
PBG. The attenuation affects the mean free path, also known as the extinction

length. After propagation over this length the coherent light beams are
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converted to a diffuse glow which impacts the associated optical spectra and
prevents the application of such materials in any photonic integrated
circuit.(32) Itis instructive to know how the factors of the growth such as colloid
concentration, bath temperature and thus the crystallization or evaporation

rate, and final thickness, affect degree of order.

We use EISA to study the spectroscopic signature of the PBG in opals
films. Both order and thickness can be controlled primarily by the sphere
solution volume fraction and evaporation rate. Previous research indicates that
faster evaporation rates can result in earlier onset crystallisation, which causes
a more disordered surface structure.(33) On the other hand, higher kinetic
energy provided at these faster rates mean that the spheres can explore more
favourable lattice sites, leading to a greater overall tendency towards FCC
packing. Maximal crystal quality and thickness control is achieved through the

selection of the optimal evaporation rate and volume fraction combination.

Here, we establish the relationship between volume fraction and opal
thickness at three evaporation rates formed using EISA. In tandem with
electron microscopy, we characterize the degree of order in successively
thicker films up to 37 layers by examining the modification to dispersion using
angle-resolved transmission spectra with Bragg-Snell analysis. Lastly, the
assembly conditions under which the crystals can no longer be characterised

using traditional Bragg-Snell analysis applied to the PBG are identified.

155



4.2. Experimental
4.2.1. Materials and Substrate Preparation

Colloidal solutions of PS spheres in 2.5 % (w/v) aqueous suspension with
diameters of 370 nm and 500 nm were purchased from Polysciences Inc. The
sphere suspension possessed a net negative charge due to functionalization
using a sulfate ester during formation to aid in self-assembly. The substrates
used were fluorine-doped tin oxide (FTO)-coated soda-lime glass purchased
from Solaronix SA. Glass of thickness 2.2 mm was cut into pieces with

dimensions 10 x 25 mm?2. The conductive layer of the pieces consisted of a

thin FTO layer followed by a thin SiOz2 layer (each layer ~20 nm) followed by a
thicker FTO layer (~300 nm). The conductive layer rested upon a glass
substrate. All substrates were cleaned using the same process: Successive
sonication in acetone (reagent grade 99.5%; Sigma Aldrich), isopropyl alcohol
(reagent grade 99.5%; Sigma Aldrich) and de-ionized water, each for 5
minutes. All cleaned samples were dried at room temperature in an inert
atmosphere. Kapton tape was used to cover the back of the substrate and
partially cover the surface of the substrate such that an exposed surface of 10

x 10 mm? remained. This ensured colloidal crystal formation occurred only on

the desired surface area. The samples were treated in a Novascan PSD Pro
Series digital UV-ozone system for 1 h to maximise hydrophilicity of the surface

of the substrates immediately prior to PhC formation.
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4.2.2. Evaporation-Induced Self-Assembly

Opals were formed using EISA. FTO glass substrates were immersed in a
diluted PS sphere solution with volume fractions in the range of 0.025% to
0.125 % which were placed on a hot plate at a constant temperature between
28 °C and 34 °C. Once the sphere solution was evaporated fully, the
substrates were removed and left to dry in inert atmosphere at room
temperature. To ensure consistent EISA of the colloidal films at a well-defined
angle, we used Vat polymerisation 3D printing to create beakers that were
formed from photopolymerised poly(methyl methacrylate)-based resin using a
Formlabs Form 2 stereolithography printer. Further details are provided in the
Supplementary material, Figure S4.1. All beakers were cleaned using the
same sonication process described above, followed by UV-ozone treatment
for 1 h. The diameter of each beaker was 6 cm and substrate rests were

positioned at an angle of 30 ° to the beaker walls.

4.2.3. Microscopy and Spectroscopy

All microscopy was performed using a FEI Quanta 650 SEM at accelerating
voltages of 10 kV to 30 kV. Prior to imaging, an incision was made along the
length of each sample using a thin blade so that the cross-section could be
imaged for thickness measurements and were then sputtered using an ATC
Orion-5-UHV sputtering system to increase conductivity and improve
grounding of the sample. Gold coating on non-conductive PS spheres was
carried out using a Quorum 150T S magnetron sputtering system. Sputtering
samples reduced charging effects, namely electron diffusion and beam

drift,(34) allowing better contrast and feature definition. For a thickness line
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measurement L, the actual thickness is calculated according to T =
L/cos(45°) = L+/2. Thickness measurements were enabled by tilting the stage
on which the sample lay parallel to the surface at an angle of 45°. For each
sample, several thickness measurements were obtained and the mean values
in each case used as data points to establish the volume fraction-thickness

relationship.

Angle-resolved transmission spectra were used to characterise
colloidal opal films. The light source was a tungsten-halogen lamp with an
operating wavelength range of 400-2200 nm. Transmission measurements
were recorded using a UV-visible spectrometer (USB2000 + VIS-NIR-ES) with
an operational range of 350-1000 nm and a NIR spectrometer (NIRQuest512-
2.5) with an operational range of 900 nm to 2500 nm, both from Ocean Optics
Inc. Adjustments to the incident angle for transmission measurements was

enabled by a motorized rotational stage (ELL8; Thorlabs Inc.).
4.3. Results and Discussion
4.3.1. Volume Fraction-Thickness Relationship

Several colloidal opal films were grown using the EISA method in a range of
sphere solutions and at several temperatures. The relationship between
sphere solution volume fraction and opal thickness is shown in Figure 4.1 (a)
for the three temperatures investigated. The evaporation times were
approximately 24 h, 36 h, and 48 h for temperatures of 34°C, 31 °C, and 28
°C, respectively. The cross-sectional SEM images used for all thickness

measurements are shown in Figure S4.2.
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Figure 4.1. (a) Volume fraction-thickness relationship for opals grown from
PS sphere solutions of five volume fractions at three evaporation
temperatures. (b) Number of opal layers calculated using Eq. 4.1 as a
function of measured sample thickness for samples formed under all
investigated conditions. (c) Cross-sectional SEM image of representative
opal demonstrating thickness measurement. (d) Plan view SEM image of
surface of an opal grown from a volume fraction of 0.125 % at 28 °C. Inset:
FFT with 2D hexagonal symmetry, the (100) and (110) directions labelled
corresponding to the '-X and I'-L directions of a 2D hexagonal lattice. (e)
Transmission spectra obtained at normal incidence for opals grown from all
five volume fractions at 28 °C. (f) Transmission intensity at the PBG centre
as a function of volume fraction for all opals grown at 28 °C . Inset:
Schematic illustrating the defining parameters of spectral transmission dips.

At all three temperatures, large crystal thicknesses for each volume

fraction are achieved relative to those observed in the literature. In general,
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slower evaporation rates provide time for the self-assembly process and
stacking of layers to continue at each point along the direction of evaporation
flux. Excluding two outlier cases, the two lowest volume fractions grown at 34
°C, crystal thickness for each volume fraction at a given temperature is larger
than the equivalent volume fraction at a higher temperature. Measured opal
thicknesses range from a minimum of ~4.5 ym (9 layers) to a maximum of
~17.9 ym (37 layers). The investigated temperature range is narrow at only 6
°C, yet the evaporation time of the assembly process at the lowest temperature
of 28 °C is twice that at the highest of 34 °C. A relatively small change in
temperature significantly affects the speed of colloidal self-assembly for the

system used here.

For the majority of EISA experiments found in the literature, small
sphere solution surface areas are incorporated to minimise convective air flow
and allow slow evaporation rates at higher temperatures of 60 — 80 °C.(35, 36)
In our experiments evaporation occurs over relatively large solution surface
areas. Given that molecules contained in a liquid evaporate at the gas-liquid
interface,(37) evaporation rate is proportional to the exposed surface area of
the solution during the assembly process. To provide context, in one study, the
EISA process was performed at 65 °C over a period of 1-2 days. In our
experiments, the EISA process was performed at 28-34 °C over 1-2 days.
Crystal growth occurs at a significantly lower temperature. The comparatively
large surface area is helpful to both crystal quality and thickness. The result of
our methodology is the assembly of multi-layered crystals of large thicknesses
up to 37 layers for comparatively low volume fractions relative to the literature
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with a high level of order above a minimum evaporation rate and volume

fraction combination.(38, 39)

While a general increase in thickness as a function of volume fraction
is observed for each temperature, the increase is not linear (Figure 4.1(a)).
The height, h of an opal sphere stack can alternatively be estimated using a

simple geometric approach such as

h =D+ (N—1)\ED (4.1)

where D is the PS sphere diameter and N is the number of opal layers. Figure
4.1 (b) shows a scatter plot of measured thickness as a function of N-7,
calculated using Eq. 4.1 for all films grown for each sphere solution volume
fraction at each of the three evaporation temperatures. The lines correspond
to the line of best fit for each dataset. Comparison of the parameters obtained
from the line of best fit in tandem with Eq. 4.1 with measured experimental
data determines the accuracy of the approach in predicting crystal thickness
and sphere diameter. Based on Eq. 4.1, the y-axis intercept from each line of

best fit can be approximated as the average opal sphere diameter D. The

slope of the line approximates the interplanar spacing d = \ED of the opals

based on FCC stacking in the [111] direction, a stacking arrangement that is
proven dominant based on the Bragg-Snell analysis of spectral data provided

in Figure S4.3.

Calculations of average sphere diameter D and average interplanar

spacing d at each evaporation temperature using Eq. 4.1 were performed. The
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calculated and corresponding experimentally measured values are included in
Table S4.1. For the interplanar spacing d at the higher two evaporation
temperatures, there is clear agreement, with a relative difference of less than
1% between measured and values calculated from the slope of the lines of
best fit. For the lowest evaporation temperature, there is a relative difference
of 6 %. For the average sphere diameter D, the relative difference between
experimental measurements and calculations using the y intercepts of the
lines of best fit in order from highest to lowest evaporation temperature is 11%,
10%, and 163%. For the higher two temperatures the approximation is
relatively accurate. For the lowest temperature, the approximation is
completely inaccurate. The accuracy of the approximation of sphere diameter
D using the y intercept of Eq. 4.1 can be further analysed by an examination
of the practical considerations of each value. In Eq. 4.1, the quantity N
corresponds to the number of opal layers. The y axis in Figure 4.1 (b)
corresponds to (N - 1). Therefore, at the y intercept where N-1 =0, N =1 opal
layer. Practically, 1 opal layer should be equal to the opal sphere diameter. For
the two higher evaporation temperature datasets, the approximations are
practically realistic to approximately 10% of the measured average sphere
diameter. For the lowest temperature, applying Eq. 4.1 to the linear fit in Figure
4.1 (b) is inaccurate and this approach is not applicable. The inaccuracy of the
data corresponding to the highest evaporation temperature in Figure 4.1 (b)
can be attributed to the two outlier points corresponding to the two lowest
volume fractions which indicates this evaporation rate is too fast to achieve

thickness control below a volume fraction of 0.063%.
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In Figure 4.1 (c), a cross-sectional SEM image of a representative opal
sample is shown, illustrating the approach used to obtain thickness
measurements. A plan view SEM image of another representative opal is
provided in Figure 4.1 (d), demonstrating the order at the surface of the
sample. The inset shows the corresponding FFT image, emphasising the
hexagonal surface symmetry. The [100] and [110] directions are highlighted,
given that opal layer growth occurs perpendicular to the (111) plane of an FCC

lattice.

Optical transmission spectra for opals grown from all five volume
fractions at an evaporation temperature of 28 °C and an incident angle range
of 0-25 ° are shown in Figure 4.1 (e). The primary transmission dip formed
from light interaction with the (111) FCC lattice plane is observed in each case,
corresponding to the PBG of each opal. As will be discussed later, opals grown
at higher volume fraction show a stronger transmission suppression at ~500

nm corresponding to the (220) planes of the PhC.(40)

While stacking faults along the (111) direction are the most common
defects in artificial opals, the optical properties are unaffected at low energies
such as those close to the PBG. Disorder in the form of grain boundaries, point
defects, and dislocations affect the optical properties in two ways depending
on whether the considered spectral region lies outside the PBG, or is
contained within. Outside the PBG, light propagation becomes diffuse in a
cone around the zero order beam.(41) Such diffuse scattering is observed
here in the form of Fabry-Perot resonances close to the blue edge of the PBG
at the three lower volume fractions, but is suppressed for the two highest.
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Inside the stopband region, there is an interplay between the coherent Bragg
scattering which forms the stopband and incoherent diffuse scattering which
leads to enhanced diffuse intensity for frequencies near the edges of the
stopband. This enhanced diffuse intensity at the stopband edges degrades the
amplitude of the transmission dip and is observed in optical spectra as
attenuation of the PBG. Examination of stopband attenuation for crystals of
equivalent thickness can be used to indicate the magnitude of diffuse
scattering. Here, the optical spectra are presented for a range of different
thicknesses, so other scattering regimes must be considered when

interpreting the evolution of the optical spectra.

Figure 4.1 (f) shows the measured transmission intensity yc at the
central frequency xc at normal incidence of the PBG for opals grown at an
evaporation temperature of 28 °C as a function of sphere solution volume
fraction. An exponential decay in yc as a function of volume fraction (and
thereby thickness) occurs. While order is sufficiently high for each of the
corresponding opals such that the PBG is preserved, each additional layer of
spheres enhances scattering, which reduces the intensity of transmitted light
resulting in a reduction of the PBG minimum y.. Data for opals formed at 31
°C and 34 °C are shown in the supplementary material, Figure S4.1. The full
optical transmission spectra under all investigated conditions are provided in

the supplementary material, Figure S4.4.

The opals examined here can be considered periodic-on-average,
based on the SEM imaging and Bragg-Snell analysis performed. The optical

spectra of such crystals can be interpreted as the result of four primary
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mechanisms — Anderson localisation, absorption, incoherent diffuse
scattering, and Bragg diffraction.(42) The effective refractive index of the opals
grown here can be approximated using the Drude model based on a two-
material system of PS spheres and air in an FCC geometry, resulting in nef =
1.46. Anderson localisation typically requires a much higher refractive index
contrast to cause complete localisation and any significant impact on the
optical properties are unlikely here.(43) Absorption in the considered spectral
range for PS can be considered negligible. Therefore, the remaining
considerations are coherent Bragg scattering and incoherent diffuse

scattering.

For a system with a low refractive index contrast such as artificial opals,
it is the (111) close-packed layers of the FCC lattice which provide the greatest
contribution to the observed diffraction in the form of the PBG. While decay in
transmission intensity occurs with thickness, attenuation of the corresponding
stopband, is expected to be enhanced with thickness due to an increase in
diffuse scattering. Simultaneously, an increase in the effect of the Bragg
diffraction regime is expected with thickness, acting to enhance the depth of
the PBG. In the spectra, the PBG attenuation fluctuates while intensity at the
stopband center (yc) decreases exponentially. Nevertheless, the central
wavelength of the PBG (xc) sees little change between spectra at all
investigated thicknesses, indicating that the crystals possess a low
concentration of disordered sites. The trade-off between coherent Bragg
diffraction and incoherent diffuse scattering is therefore the defining factor in

the optical properties observed. While diffuse scattering is particularly evident

165



near the blue edge of the PBG, where Fabry-Perot resonances are present,
coherent Bragg diffraction occurs in a sufficient vein that the PBG retains its

spectral shape.

For a perfectly periodic system, the optical spectra are expected to
evolve with thickness as an attenuation of the stopband which is formed by
coherent Bragg diffraction, while frequencies outside the stopband remain
close to the incident value.(44) Here, the spectra evolve such that an increase
in the diffuse scattering background due to thickness-induced disorder
attenuates transmitted intensity at all frequencies, while the disorder is
sufficiently low that the Bragg diffraction regime remains dominant, evident in

the integrity of the spectral shape of the PBG at all thicknesses.

4.3.2. Opal Thickness Control

Formation of opal PhCs where the thickness can be controlled is particularly
useful when it is to be used as a template for 10 formation and the myriad of
applications stemming from those structures. Applications based on the opals
themselves also require good control of film formation, especially for rapid
crystallisation and recent efforts have shown that higher concentrations of
sphere solutions are required for fast, high quality film formation during the
drying phase.(45) Past works have examined the relationship between
colloidal crystal thickness and volume fraction during vertical self-
assembly.(46, 47) However, a detailed examination of the maximum thickness
which can be achieved by these methods, and the conditions under which

these thicknesses can be achieved is needed.
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Figure 4.2. (a) Thickness volume fraction relationship for each evaporation
temperature with sigmoidal Boltzmann fit function applied to an extended
volume fraction range of 0 — 0.4%. Inset: Boltzmann function applied to
volume fraction range of 0.025 — 0.125% as per experimental
measurements. (b) Maximum thickness Twm for opals grown at each
evaporation temperature based on the Boltzmann function.

In Figure 4.2 (a), results from the investigations of opal thickness as a
function of volume fraction at each evaporation temperature are shown. The

values are fitted with the sigmoidal Boltzmann growth function

ki B
y=——>+4,
= (4.2)

where y is overall opal thickness, A1 and Az are opal thickness minimum and
maximum values, respectively, x is sphere solution volume fraction, xo is

sphere solution volume fraction at (A1+ Az2)/2, and dx is volume fraction interval
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constant. The domain of the fit is extended beyond the experimental volume
fraction range to 0 — 0.4% to predict the observed thicknesses at very low
volume fractions, and maximum thicknesses at high volume fractions. While
we observe some scatter in the change in overall thickness at 34 °C owing to
the formation of more defective layers in the opal stack at faster evaporation
rates, the data indicate a cut-off thickness of ~18 ym for samples grown at
each rate, using nominally 370 nm PS spheres over the investigated volume
fraction range. At temperatures below 34 °C where the fit is well-behaved, the
trend indicates that the colloidal crystal formation occurs sufficiently fast at a
solution volume fraction of 0.125% to limit film thickening beyond 37 layers of
spheres. Practically, at a volume fraction of 0%, crystal thickness must be zero.
For the median evaporation temperature of 31 °C, crystal thickness at 0% from
the fitis 0.11 um and less than the thickness of a single sphere, indicating that
the asymmetric sigmoidal function is a reasonably good fit. For the other two
temperatures, the fit is far from zero at low volume fractions. In all three cases,

the plateau of the fit is very close to the experimentally observed maximum.

For opals grown by EISA, thickness is affected by a myriad of conditions
including meniscus shape, substrate tilt angle, relative humidity, and sphere
size. However, the two most dominant contributing factors are volume fraction
and evaporation rate. For the experiments reported here, the maximum
volume fraction of 0.125% was chosen at all three evaporation rates since a
breakdown in the self-assembly process was observed for higher volume
fractions. In Figure 4.2 (b), the maximum thickness (Twm) at each evaporation

rate based on the sigmoidal Boltzmann fits are shown. The largest thickness
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is observed at the median temperature of 31 °C, which appears to correspond
to the optimal evaporation rate for maximising thickness while maintaining
crystal order at a particular volume fraction. The minimum occurs at the
highest temperature of 34 °C. This is the expected result, given that it
corresponds to the fastest evaporation rate. For the slowest evaporation rate
at a temperature of 28 °C, the sigmoidal fit is good at median to high volume
fractions. A deviation from the expected thickness at low volume fractions is
expected based on the deviation of the corresponding data from the expected
crystal order based on the Bragg-Snell model, which is discussed in the
subsequent section. The relatively large magnitude of the Twm values relative to
the literature can be attributed to the experimental growth conditions,
particularly the employment of the large sphere solution surface areas which
allow the use of lower evaporation temperature that result in a more stable

assembly process.
4.3.3. Accuracy of Bragg-Snell Model Under Investigated Conditions

For highly ordered opals, the reflected wavelengths can be approximated
using the Bragg-Snell model. The extent to which each opal obeys the model
can be determined using Bragg-Snell plots based on the corresponding angle-

resolved transmission spectra. Each plot can be constructed using

2 2
2 _4dhg ,  Adin 24
hkl = 72 Nefr m2 sin

(4.3)

where Ay represents the central wavelength of the (111) transmission dip,
which constitutes the PBG. The extent to which each plot can be approximated

by a linear fit indicates the accuracy of the model.
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Figure 4.3 (a) depicts the agreement between measured average
sphere diameter Dmeas and the sphere diameter calculated using Eq. 4.3 for
opals grown under all five volume fractions at each evaporation temperature.
The difference for each set of conditions is plotted as a function of the adjusted
R? value of the associated Bragg-Snell plots. From examination of the figure,
the data can be split into two distinct groups. The first are grouped closely
together, with a minimum adjusted R? value of 0.98 and maximum difference
|Dmeas — Dps| Of 52 nm, representing a relative difference based on the
average sphere diameter for opals grown under all investigated conditions

AD = |Dpeas = Dgsl/Davg Of ~13 %. Measured values are in close agreement

with those calculated, demonstrating the accuracy of Eq. 4.3 to model the

structure of all opals grown, and the high level of order they possess.
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Figure 4.3. (a) Agreement between experimentally measured sphere
diameters and those calculated according to Eq. 4.3 as a function of the R?
value of the corresponding linear fits for opals grown from all five volume
fractions at each of the three evaporation rates. (b)-(d) Bragg-Snell plots
based on the central frequencies of the primary transmission dips observed
in the transmission spectra for opals grown by EISA at an evaporation
temperature of 28 °C from sphere solution volume fractions of 0.063%
0.042%, and 0.025% respectively, the three outlier cases for which the
Bragg-Snell relationship breakdown occurs.
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Figure 4.3 (continued). (e)-(g) Corresponding transmission spectra
obtained in the incident angle range of 0 — 25° relative to the normal to the
(111) plane of an FCC lattice. Bragg-Snell plots for opals grown at
evaporation temperatures and volume fractions of (h) 28 °C, 0.031%, (i) 31
°C, 0.042%, (j) 34 °C, 0.025% for three example cases which demonstrate
strong agreement with the Bragg-Snell relationship. (k)-(m). Corresponding
transmission spectra for the incident angle range of 0 — 25° relative to the
normal to the (111) plane of an FCC lattice.

The second group are the three outliers, which show a significant
deviation from the model based on Eq. 4.3. For these three sets of conditions,
the adjusted R? values range from 0.83 — 0.97, while the minimum |Dp,qas-
- Dgs| is 111 nm, representing a relative difference AD of ~28%. Figure 4.3
(b)-(d) show the Bragg-Snell plots associated with the three outliers, the opals
grown at an evaporation temperature of 28 °C, at the three lowest volume
fractions, decreasing in order as 0.042%, 0.031%, and 0.025%. A benefit of
constructing Bragg-Snell plots is the ability to directly extract the structural
parameters of the corresponding crystal such as interplanar spacing and
sphere diameter. The fact that the breakdown in the approximation based on
Eq. 4.3 occurs only for these three sets of conditions indicates that the lower
evaporation rate limit for which opals of a sufficient order such that (111) FCC
symmetry is achieved is reached here at an evaporation temperature of 28 °C

and volume fraction of 0.042%.

In Figure 4.3 (e)-(g), optical transmission spectra are shown for an
incident angle range of 0 — 25°. The primary transmission dip corresponding
to the PBG is observed in all cases. From examination of the spectra, we see

the order of these opals deviates from the expected structural order. We
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observe the appearance of higher order transmission dips from the (220)
planes at ~500 nm for all three cases. The most common forms of disorder in
the self-assembly of opals are stacking faults.(48-51) While Eq. 4.3 can be
used to calculate the structural parameters of opals based on the (111)
transmission dip, it can be used in tandem with Eq. S4.1, provided in the
Supplementary material, to predict structural parameters based on lattice
planes of alternative plane orientations. Based on these optical specitra, it
appears that below the lower evaporation rate limit for these three lowest
volume fractions, breakdown in characteristic (111) FCC symmetry begins and
the opal is better able to transmit blue light, after suppression of transmission

from the photonic bands associated with the (220) planes in these samples.

In the high-energy region of the spectrum (a/A > 1, where a = 563 nm
here based on an average measured sphere diameter of 398 nm), multiple
Bragg diffraction by several families takes place and the associated Bragg
scattering processes are enhanced. While diffraction from the (220) plane
dominates the high energy region, the increase in transmitted blue light is
symptomatic of the presence of additional stacking faults.(52) The increase is
most pronounced at high incidence angles, which is unsurprising given that
stacking faults in the (111) direction have little effect on the optical properties
of the crystal, and it is stacking faults in alternative directions which are
detected by transmission spectra obtained at angles other than normal

incidence.

Another noteworthy aspect of these spectra is that while the PBG is

present, there is a clear attenuation of the depth of spectral transmission dips
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compared to spectra from all other conditions, and a general widening of the
PBG occurs. The amplitude of radiation incident on a PhC attenuates rapidly
with propagation distance such that the FWHM of the stopband experiences
an exponential decay with thickness below the critical thickness, which can be
derived using the scalar wave approximation (SWA) and is found elsewhere
to be 13 layers for a silica/air colloidal crystal with silica sphere diameters of
~342 nm,(53-55) close in size to the PS opals in this work with an
experimentally measured average diameter in the range of 384 — 412 nm (see
Figure S4.5 and S4.6). For colloidal crystals ranging from single layer to the
critical thickness, a narrowing of the stopband occurs similar to the Debye-
Scherrer effect in small crystallites and the narrowing of the stopband is
inversely proportional to the number of lattice planes.(56) However, past the
point of critical thickness, the narrowing of the stopband saturates. Broadening
of the stopband occurs due to disorder in various forms including
inhomogeneous thickness and domains corresponding to alternative lattice
planes.(57) For the opals analysed here, thickness ranges from a minimum of
10 layers to a maximum of 37 layers. Even crystals of minimum thickness
approach the critical value. The broadening of the FWHM is evident as volume
fraction and crystal thickness increase, indicative of the inevitable appearance
of disordered sites which occurs in the self-assembly process. Light which
propagates in these regions of disorder becomes diffuse from scattering,

broadening the width of the corresponding stopband.(48)

For comparison, Bragg-Snell plots and transmission spectra

corresponding to three of the well-behaved cases are shown in Figure 4.3 (h)-
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(m). For the Bragg-Snell plots, the quality of the linear fit is evident. The
transmission spectra show no evidence of higher energy blue photon
transmission increases at energies higher than the transmission dip from (220)
planes, indicating better overall order. The PBG is also of greater depth and a
more well-defined spectral shape, meaning that the structures are dominated
by the characteristic (111) symmetry of opals with a consistent and well-
defined refractive index contrast throughout the structure, and no Fano
resonance or Mie scattering effects are obvious(58). Branching of the
dispersion and overlapping of a PBG from the (111) planes and the (200)
planes has been reported previously, and results in curvature of the Bragg-
Snell plots(59). In those cases, a specific reflection from the (200) planes was
evident due to the high angle spectra of 45° and higher, and no branching of
the dispersion and emergence of alternative reflections were seen at lower
angle such as we observe. In a separate study, double peaked PBG were
linked to stacking faults, but in our case the second dip is located in a separate
part of the overall spectrum, and only observed when the volume

fraction/temperature pairing forms less than perfect opal films.

The two factors which primarily govern opal order and thickness are
sphere solution volume fraction and evaporation rate. While slower
evaporation rates tend to facilitate increased crystal thickness, the
corresponding volume fraction must be sufficient to prevent spreading of local
sphere arrangements such that stacking faults, dislocations and non-close
packed arrays are formed. In areas where such disorder occurs, a breakdown

in FCC symmetry means that the corresponding crystal deviates from the
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traditional Bragg-Snell analysis model based on stacking in the (111) direction
and show enhanced blue photon transmission after the higher order band gap
from (220) planes. For our experiments, an evaporation temperature of 28 °C
and volume fraction of 0.042% stands as the critical minimum of this pair of
conditions below which the opals lose their characteristic order. For
researchers interested in nanostructured IO battery electrodes (60-62) or
structured porous materials for sensing electro-photo-catalysis or supports, or
for a range of other applications, control of the quality and thickness of the opal

template material has a defining impact on the final IO structure.(63, 64)

4.4. Conclusions

The criteria required for thickness control of opal PhCs while simultaneously
maintaining a high level of order have been demonstrated here for a range of
volume fractions and evaporation rates grown using EISA for thicknesses up
to 37 layers of PS spheres. The effect of order and thickness on their
associated optical fingerprints are captured experimentally using angle-
resolved transmission spectra. The order of each crystal is quantified by the
extent to which each opal can be approximated using the Bragg-Snell model
for the (111) reflection from an FCC lattice, which constitutes the
omnidirectional PBG. SEM measurements are used to directly compare
measured structural parameters to those predicted by the Bragg-Snell model.
Over the broad range of conditions investigated, those that result in a
breakdown in the stacking of an ideal opal are revealed. Furthermore, the

maximum thicknesses that can be achieved under the investigated conditions
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of volume fraction and temperature/evaporation rate are identified. The
investigation also demonstrates the extent to which the PBG and other
spectral features can be used to assess the degree of (dis)order, structural

parameter extraction, and crystal thickness in opal film growth.
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4.5. Appendix: Supplementary Material
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Figure S4.1. SLA 3D printed beaker designed with substrate rests at an
angle of 30 ° to the vertical used for opal growth by EISA. (a) 3D rendered
image of beaker. (b) Photograph of beaker. (c) Photograph depicting FTO
substrates immersed in PS sphere solution inside beaker. (d) Intensity of
central PBG frequency as a function of sphere solution volume fraction for
opals grown using EISA at evaporation temperatures of 31 °C and 34 °C.

Figure S4.1 shows the 3D printed polymer beakers that were formed
from Formlabs Clear Photoreactive Resin using a Formlabs Form 2
stereolithography (SLA) printer. All beakers were cleaned using the same

sonication process described above, followed by UV-ozone treatment for 1 h.

The diameter of each beaker was 6 cm and substrate rests were orientated at
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an angle of 30 ° to the beaker walls. Figure S4.1 (d) and (e) show the
relationship between volume fraction and the transmission intensity at the
central PBG frequency at normal incidence for opals grown at evaporation

temperatures of 31 °C and 34 °C, respectively.

(@) (b) ()

(d) (e) (f)

(9) (h) _
(k) ()

Figure S4.2. Cross-sectional SEM images of opals as examples used for
thickness measurements provided to establish relationship with volume
fraction. Evaporation temperatures are 28 °C, 31 °C, 34 °C, increasing from
columns 1-3. Sphere solution volume fractions: (a)-(c) 0.025 %, (d)-(f) 0.0625
% (9)-(i) 0.042 %, (j)-(1) 0.031 %, (m)-(0) 0.025 %.
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A general trend of decreasing PBG minimum occurs as a function of

volume fraction for both temperatures. At 31 °C the outliers at low volume

fraction significantly affect the trend. For 34 °C, the trend is similar to that

observed for the slowest evaporation at 28 °C case.
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Figure S4.3. Bragg-Snell plots based on the central frequency of the primary
transmission dip observed in the optical spectra of opals obtained in the

incident angle range of 0-25 °. Evaporation temperatures are 28 °C, 31 °C,
34 °C, increasing from columns 1-3. Sphere solution volume fractions: (a)-(c)
0.125%, (d)-(f) 0.063% (g)-(i) 0.042%, (j)-(I) 0.031%, (m)-(0) 0.025%.
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Figure S4.2 shows sample SEM images which were used as
contributions to calculations of the thickness measurements used as data
points in Figure 4.3 (a) of the main text. All opals were sputtered with Nickel
with a total sputtering thickness of 20 nm prior to imaging to enhance

resolution and reduce charging effects.

Temp Dmeas | Deq.4.1 | AD/Dweas dMeas deq. 4.1 | Ad/dMeas
(°C) (hm) | (nm) (%) (nm) (nm) (%)
28 | 398.2 1046 162.68 487.69 457 6.29
31 400 439 9.75 489.9 486 0.8
34 [ 405.2 451 11.3 496.27 493 0.66

Table S4.1. Comparison of experimental measurements and calculations
using Eq. 4.1 for opal sphere diameters and interplanar spacings at each
evaporation rate.

In Figure S4.3, Bragg-Snell plots are provided under all investigated
evaporation temperatures and volume fractions. Each data point in a Bragg-
Snell plot is determined based on the square of the central wavelength of the
PBG as a function of the square of the sine of the incident angle of the PBG.
The central wavelength of the PBG is defined as the wavelength at which the
minimum transmission intensity value of the (111) transmission dip in the
associated transmission spectrum occurs. The incident angle is defined
relative to the normal to the (111) plane of an FCC lattice. The incident angle
range investigated was 0-25°. The extent to which each plot can be
approximated by a linear fit indicates the dominance of the (111) FCC
symmetry and can be used to determine the structural quality of each opal,

quantified in this study using the adjusted R? value.
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Figure S4.4. Transmission spectra of opals obtained in the incident angle
range of 0-25 ° relative to the normal to the (111) plane of an FCC lattice.
Evaporation temperatures are 28 °C, 31 °C, 34 °C, increasing from columns
1-3. Sphere solution volume fractions: (a)-(c) 0.125%, (d)-(f) 0.063% (g)-(i)
0.042%, (j)-() 0.031%, (m)-(0) 0.025%.

Table S4.1 shows a comparison of the structural parameters of sphere
diameter and interplanar spacing from experimental measurements and based
on calculations using the geometric approach in Eq. 4.1. Calculated sphere
diameter Deq. 4.1 was obtained from the y-intercept of the linear fits applied to

each dataset in Figure 4.1 (b) of the main text. The calculated interplanar
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spacing was equated to the slope of each linear fit, where Dgq.4.1 = \ED. Good

agreement between data occurs at the higher two temperatures, while the

lowest temperature shows a significant contrast in results.

Transmission spectra for opals grown under all investigated volume
fractions and evaporation rates in the incident angle range of 0 — 25° are
shown in Figure S4.2. In all cases, the primary stopband corresponding to the
PBG (PBG) is observed. The PBG is blue shifted as incident angle increases.
Transmission level at the center of the PBG decreases with increasing volume

fraction and hence thickness.
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Figure S$4.5. Size distributions for opals grown from sphere solutions with a
nominal sphere diameter of 370 nm. Evaporation temperatures are 28 °C, 31
°C, 34 °C, increasing from columns 1-3. Sphere solution volume fractions: (a)-
(c) 0.125%, (d)-(f) 0.063% (g)-(i) 0.042%, (j)-(I) 0.031%, (m)-(0) 0.025%.

Thickness measurements were obtained using cross-sectional SEM
images. The mathematical method used to determine the actual thickness is
shown in Figure S4.6 (a), out detailed in the Experimental section of the main
text. A sample image is shown as an example in Figure S4.6 (b). The white

lines depict where the line measurement L was determined.
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Figure S4.6. (a) Schematic of the determination of opal thickness. (b) Sample
cross-sectional SEM image illustrating the method used to acquire thickness
measurements.

Experimental detection of the PBG, along with any other stopbands
which occur in a PhC, can be performed across the full range of the
electromagnetic spectrum. Photonic stopbands commonly refer to frequencies
from the UV to IR range. However, the iridescent colours characteristic of
PhCs can only be observed if the stopbands occur in the visible region of the
spectrum which is 380 nm — 740 nm.(65) Analysis shows that there is little
change in the position of the PBG for opals formed under each set of
conditions which can be attributed to their ordered nature and the narrow size
distributions. For opals grown here from sphere solutions with a nominal
diameter of 370 nm, the PBG lies between 890 nm and 901 nm at normal
incidence, corresponding to the near-IR region of the electromagnetic
spectrum. A stopband in this range can make no contribution to the observed
colour in the visible range. Instead, the structural colour of the samples can be

explained using Bragg-Snell theory for second order reflections.
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While the FCC dominant stacking arrangement causing the (111)
transmission dip which forms the PBG is evident throughout this work,
secondary Bragg reflections can also be observed in transmission spectra
acquired. A sharp increase in transmission can be observed at ~ 485 nm,
following higher order transmission dips from the (220) planes. Here, the
secondary transmission dips are fully formed only for the two lowest volume
fractions with a central wavelength of ~ 500 nm. For the three higher volume
fractions, the dips are suppressed. We evaluate the transmission dips for low
volume fractions as the result of secondary Bragg reflections due to the most
common form of disorder observed in opals, which are stacking faults. We
evaluate the disappearance of the transmission dips at higher volume fractions
to the attenuation of propagating light in this frequency range as a function of
crystal thickness like that experienced by the primary Bragg reflection which

constitutes the PBG.

Calculations in the main text have been performed only for reflected
frequencies based on growth perpendicular to the (111) plane of an FCC
lattice. Secondary Bragg reflections are a result of the interaction of
propagating light with alternative lattice planes. Consequently, a correct model
for secondary Bragg reflections must incorporate the orientation of the
corresponding lattice plane to the (111) lattice plane. The angle a between two
such planes defined by the miller indices (h1k1l1) and (h2kzl2) can be calculated

using

L hih, + Kk, + 141,
o = cos (S4.1)

JhZ + k2 +12\/hZ + k2 + 12
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The relation above must be incorporated for planes orientated at an
angle to the (111) plane. However, the predicted (220) reflection lies parallel to
the (111) plane. Artefacts corresponding to allowed Bragg reflections in the
(200), (220), (311), and (400) directions may also be observed for self-
assembled opals, especially at low incidence angles.(49, 66, 67), but are not

observed in the spectral range for our samples.
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Chapter 5

Asymmetric Optical Response
of Thickness Graded Opal
PhCs

Adapted from: Grant, A.; O’Dwyer, C. Asymmetrical Optical Response of
Opal Photonic Crystals with Graded Thickness. ECS Advances 2023, 2 (4),
043501. DOI: 10.1149/2754-2734/ad0cd4.
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Abstract

The influence of thickness gradient and structural order on the spectral
response of opal PhCs (PhCs) grown by evaporation-induced self-assembly
(EISA) are presented. SEM imaging and angle resolved optical transmission
spectroscopy are used to investigate the evolution of the PBG along a
thickness gradient for opals grown from five different colloidal sphere
concentrations at two different evaporation rates. The degradation of structural
order along the thickness gradient is demonstrated, the occurrence of which
attenuates the PBG with the thinning of the opal film and results in
asymmetrical angle-resolved transmission spectra. The asymmetry becomes
more pronounced for opals grown from lower volume fractions, where

secondary Bragg reflections also appear at low incident angles.
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5.1. Introduction

Opals are a type of PhC which exhibit striking colours determined by their
structure. The optical response of PhCs originates from the periodic refractive
index contrast within the crystal, which can be implemented by using materials
of alternating refractive index.(1-3) Further tuning of the optical response of
these PhCs can be realised by forming structures with graded refractive
index.(4) The contrast depends on both the materials used, and the path
length which light propagates through each medium. The graded index can be
designed by changing the thickness of the individual layers or the dimension
of the unit cell from which the crystal is constructed.(5-7) Our recent work
investigates how opal thickness can be controlled using volume fraction and
evaporation rate and the impact of thickness on their associated optical
fingerprints.(8) The observed colours are a result of the wavelengths reflected
from each crystal, caused by an interplay between coherent Bragg diffraction
and incoherent diffuse scattering that form the PBG (PBG).(9, 10) Extensive
reviews of the characteristics which underpin these structures, and their

applications are provided elsewhere.(11, 12)

In top-down fabrication methods where compounds are formed layer by
layer, these graded thickness PhCs can be designed easily in 1D, 2D and
3D.(13-15) In this case, the thickness gradient is parallel to the growth
direction that induces a graded refractive index contrast which shifts the
position of the PBG. The value of such materials has been demonstrated in
applications such as waveguides,(16, 17) biosensors,(18) optical switches and

filters,(19, 20) along with templates for microporous and macroporous
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materials.(21) In these applications, the benefit of the thickness gradient is
primarily in its consequence on the optical response, where the frequency of
the photonic stopbands associated with the crystal is tuned based on

thickness.

Bottom-up self-assembly methods are simple and cost-effective in the
formation of PhCs. However, structural control is difficult, given that assembly
proceeds spontaneously. Here, we show that opal PhCs formed by EISA
demonstrate a natural thickness gradient, analogous to the “coffee-ring”
effect.(22) The gradient in this case is perpendicular to the growth direction,

following the direction of evaporation flux.

The result is regions of uniform localised thickness parallel to the growth
direction. As a result, spectra acquired at any point are formed from light
propagating through uniform thickness, so the gradient does not affect the
frequency of the PBG. Instead, we investigate the effects of the thickness
gradient on intensity of the transmitted light. We show that the thickness
gradient results in a predictable optical response, and angle-resolved
transmission spectra are used in tandem with cross-sectional SEM imaging to
map the effects of the gradient on the optical fingerprint of opals grown under
a range of volume fractions at two different evaporation rates. Furthermore,
SEM imaging shows that structural order is progressively reduced along the
gradient, which attenuates the PBG (PBG). 3D transmission spectra provide
unique optical fingerprints for opals PhCs grown under a range of conditions,
all of which demonstrate an asymmetry caused by attenuation of the PBG at

regions of least thickness.
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5.2. Experimental

5.2.1. Materials and Substrate Preparation

Colloidal solutions of PS spheres in 2.5 % (w/v) aqueous suspension with a
nominal diameter of 370 nm were purchased from Polysciences Inc. The
sphere suspension possessed a net negative charge due to functionalisation
using a sulfate ester during formation to aid in self-assembly. The substrates
used were fluorine-doped tin oxide (FTO)-coated soda-lime glass purchased
from Solaronix SA. Glass of thickness 2.2 mm was cut into pieces with
dimensions 10 x 25 mm?2. The conductive layer of the pieces consisted of a
thin FTO layer followed by a thin SiO2 layer (each layer ~20 nm) followed by a
thicker FTO layer (~300 nm), all deposited on a borosilicate glass substrate.
All substrates were cleaned using the same process: Successive sonication in
acetone (reagent grade 99.5%; Sigma Aldrich), isopropyl alcohol (reagent
grade 99.5%; Sigma Aldrich) and de-ionised water, each for 5 minutes. All
cleaned samples were dried at room temperature in an inert atmosphere.
Kapton tape was used to cover the back of the substrate and partially cover
the surface of the substrate such that an exposed front surface of 10 x 10 mm?
remained. This ensured colloidal crystal formation occurred only on the
desired surface area. The samples were treated in a Novascan PSD Pro
Series digital UV-ozone system for 1 h to maximise hydrophilicity of the

surface of the substrates immediately prior to PhC formation.

5.2.2. Evaporation-Induced Self-Assembly
Opals were formed using evaporation-induced self-assembly. FTO glass

substrates were immersed in a diluted PS sphere solution with volume

195



fractions in the range of 0.025% to 0.125 % which were placed on a hot plate
at a constant temperature between 28 °C and 34 °C. Once the sphere solution
was evaporated fully, the substrates were removed and left to dry in inert
atmosphere at room temperature. To ensure consistent EISA of the colloidal
films at a well-defined angle, we used Vat polymerisation 3D printing to create
beakers that were formed from photopolymerised poly(methyl methacrylate)-
based resin using a Formlabs Form 2 stereolithography printer. All beakers
were cleaned using the same sonication process described above, followed
by UV-ozone treatment for 1 h. The diameter of each beaker was 6 cm and

substrate rests were positioned at an angle of 30° to the beaker walls.

5.2.3. Microscopy and Spectroscopy

All microscopy was performed using a FEI Quanta 650 SEM at accelerating
voltages of 10 kV — 30 kV. Prior to imaging, an incision was made along the
length of each sample using a thin blade so that the cross-section could be
imaged for thickness measurements. Sputter coating on non-conductive PS
spheres was carried out using a Quorum 150T S magnetron sputtering
system. Sputtering samples reduced charging effects, namely electron
diffusion and beam drift, allowing better contrast and feature definition. For a
thickness line measurement L, the actual thickness is calculated according to
T = L/ cos 45° = Lv/2. Thickness measurements were enabled by tilting the
sample stage parallel to the surface at an angle of 45°. For each sample,
several thickness measurements were obtained and the mean values in each
case used as data points to establish the volume fraction-thickness

relationship.
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Angle-resolved transmission spectra were used to characterise
colloidal opal films. The light source was a tungsten-halogen lamp with an
operating wavelength range of 400 to 2200 nm. Transmission measurements
were recorded using a UV-visible spectrometer (USB2000+ VIS-NIR-ES) with
an operational range of 350 to 1000 nm and a NIR spectrometer
(NIRQuest512-2.5) with an operational range of 900 nm to 2500 nm, both from
Ocean Optics Inc. Spectra were acquired for an incident angle range of -25°
to 25° with a full spectrum recorded for each 1° increment in angle. The
integration time was 100 s averaged over 25 scans. Adjustments to the
rotation of the sample were made using a motorised rotational stage (ELLS;
Thorlabs Inc.) which rotated the sample while the incident beam and detector
arm remained fixed. For all measurements, the sample was placed on its side
(25 mm? side) and angle displacement occurred perpendicular to the direction
of the thickness gradient, opposite to the direction of evaporation flux during

growth, corresponding to a small region at either side of the normal.
5.3. Results and Discussion

The central wavelength of a photonic stopband can be calculated using the

Bragg-Snell law:(23)

2 [ 5.1)
)\hkl = T Tleff - Sln2 0

The PBG is the primary stopband of an opal and is formed due to Bragg
reflections from the (111) plane of an FCC lattice. The interplanar spacing,
d,1,1 is between adjacent (111) planes and can be calculated as 0.816D, where

D is the average opal sphere diameter. The effective refractive index n,sr can
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be calculated using the Drude model for a two-material system and 6 is the
incident angle relative to the (111) FCC lattice plane.(24) First order resonance
is assumed (m = 1). A perfectly ordered opal consists of layers of spheres
stacked in the [111] direction of an FCC lattice. For a given incident angle, the
central wavelength of the photonic stopband is dependent only on interplanar

spacing and refractive index contrast.

For all opals examined here, the average sphere diameter is ~400 nm
and remains relatively constant. Average sphere diameters for each opal were
calculated from over 100 measurements and the maximum standard deviation
for any opal examined is 14 nm. Therefore, any shift in the PBG is caused
primarily by the effective refractive index, which is dependent on the
constituent media within the material and the stacking arrangement of these
media. All opals here consist of PS spheres and the air which fills the voids
between them. Therefore, PBG shift can occur if the stacking arrangement
deviates from a perfectly ordered FCC lattice stacked normal to the (111)

plane. Its position is unaffected by crystal thickness.

Figure 5.1 illustrates the effect of structural order and thickness on the
optical transmission spectra for opals grown from a range of volume fractions
by EISA at an evaporation temperature of 34 °C. The photograph in Figure 5.1
(a) shows the opal from which the SEM images were acquired. The red arrow
indicates the direction along which angle-resolved transmission spectra were
acquired. The incident angle range chosen was from -25°, corresponding to

the edge of the sample near the tail of the red arrow, to 25°, corresponding to
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a location near the head of the red arrow. Incident angles are relative to the

normal to the (111) FCC lattice plane.
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Figure 5.1. Optical and structural characterisation of opals grown by EISA at
an evaporation temperature of 34 °C. (a) Photograph of opal sample. Opal
thickness decreases in the direction of the red arrow. Optical transmission
spectra for five opals, denoted by their volume fractions from 0.025 % to 0.125
%. (b) Spectra obtained at an angle of -25°, corresponding to a location near
the tail of the red arrow. (c) Spectra obtained at normal incidence, near the
centre of the sample. (d) Spectra obtained at an angle of 25°, at a location
near the head of the red arrow. (e)-(g) SEM images obtained normal to the
stacking direction at four positions along the direction of the red arrow shown
in (a). (i)-() Corresponding cross-sectional SEM images obtained at four
positions along the direction of the red arrow in (a) captured at an angle of 45°
to the stacking direction.

Figure 5.1 (b), (c), and (d) were acquired for opals of five volume
fractions at an angle of -25° 0° and 25°, respectively. Our recent work
investigates the evolution of the optical spectra for opals grown from these five

volume fractions at normal incidence. Crystal thickness increases with volume
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fraction. For the investigated volume fraction range investigated of 0.025 % to
0.125 %, crystal thickness from 4.6 um (9 layers) to 16.3 um (33 layers).
Moving from high to low volume fractions, we observe in Figure 5.1 some key
changes to the PBG. As volume fraction and hence thickness decreases, the
PBG is attenuated and its depth is progressively reduced, transmission at the
centre decreases and the band broadens. Due to the thickness gradient, the
same changes occur for each given volume fraction as spectra are acquired
along this direction, evident in the spectra at each of the three locations probed

for the spectra in Figure 5.1 (b)-(d).

There is little observable change in the central wavelength of the PBG
between all volume fractions in Figure 5.1 (b) and (c), indicating a high degree
of order at these locations. In Figure 5.1 (d), the central wavelength of the PBG
varies, indicative of a higher concentration of disordered sites. In Figure 5.1
(e)-(h), plan view SEM images are presented in the order of the locations at
which they were acquired along the red arrow. The cross-sectional SEM
images in Figure 5.1 (i)-(I) are presented in the same order. Both order and
thickness of the opal decrease in this direction along the sample. The plan
view SEM images show that there is a significant difference in stacking order
along the direction of the red arrow, opposite to the direction of evaporation
flux. While in Figures 5.1 (e) and (f), there is clear FCC symmetry with some
disordered domains, Figures 5.1 (g)—(h) show more disorder with numerous
defects and non-close-packed arrays. The thinning of the opal film toward the
evaporation line is illustrated by the cross-sectional SEM images in Figures

5.1 (i)—(I) from a maximum of over 30 layers to a single layer.
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Transmitted intensity exponentially decays with crystal thickness.(25)
The transmission spectra measured here for all volume fractions show an
increase in transmission intensity across the investigated spectral region at
locations along the thickness gradient toward the terminating evaporation line.
In transmission spectra, disorder presents as increased transmission around
the stopband frequencies, with a background of decreased transmission for
frequencies outside the stopband, resulting in an attenuation of the PBG.(26)
The PBG is well defined and of greatest depth at the region of greatest
thickness, while the PBG is attenuated for all volume fractions for the three
sets of spectra obtained along the negative thickness gradient. The increase

in disorder this direction is shown clearly by the plan view SEM images.

Figure 5.2 shows angle-resolved transmission spectra for a range of
incident angles from -25 ° to 25°, relative to the normal to the plane of incidence
for opals grown at an evaporation temperature of 34 °C. Even though just a
few degrees higher in temperature, this has been shown to have a dramatic
effect on the rate of evaporation and opal formation by EISA. The spectra from
these samples are presented in order of decreasing volume fraction (and
hence thickness) from Figures 5.2 (a)—(e). Considering the dispersion relation
for the (111) Bragg reflection for an FCC lattice, the opals are well-behaved
for all volume fractions at this evaporation rate. The PBG is easily identified by
the overhead colormaps as a thin band of lower transmission intensity towards
the red edge of the investigated spectral region with a central wavelength at

normal incidence occurring from 893-901 nm. The most notable aspects of
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these spectra are in the asymmetry in both transmission intensity and width of

the PBG which is caused by the thickness gradient of the samples.

Figure 5.2. Angle-resolved transmission spectra showing the variation of
optical transmission as a function of angle of incidence and wavelength, for
opals grown by EISA at 34 °C. The spectra correspond to transmission
intensity for a range of volume fractions of (a) 0.125 %, (b) 0.063 %, (c) 0.042
%, (d) 0.031 %, and (e) 0.025 % at a range of incident angles from -25° to 25°.
Corresponding 2D color maps overhead show the degree of symmetry in the
angle-resolved response of EISA grown opals. The colors are linked to
transmission intensity.

In angle-resolved transmission spectra, the curvature of the bands
associated with the PBG are important and this contrast is linked to the degree
of order. Based on the Bragg-Snell law, the frequency of the PBG changes
with incident angle and higher angles result in a blue shift of the PBG. In the
angle-resolved spectra for these five volume fractions the PBG central
wavelength is blue-shifted at -25°, where thickness and order are maximum,
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to between 853 nm and 858 nm, which is in good agreement with the Bragg-
Snell model. At +25° the PBG central wavelength is further shifted to between
845 nm and 849 nm, which is not in agreement with the Bragg-Snell model,
and this deviation is caused by the gradient in thickness and order. The optical
response due to the thickness gradient can be clearly observed by the change
in color maps for each volume fraction. The band associated with the PBG
increases from the low intensity blue color to green from Figure 5.2 (a)-(e),
while the frequencies in the vicinity of the PBG increase from green to red
color. Increased transmission is a direct result of reduced close-packed order

and thinner opal film regions.

The optical response in opals changes at high incident angles, where

spectra typically begin to deviate from the Bragg-Snell law. The differences

tend to be most pronounced in the high-energy region (v2D/A > 1) where
Bragg diffraction by several crystallographic plane families occurs.(27-29)
Under this range of conditions, secondary transmission dips appear for high
negative incident angles (-25° to 10°) at locations where thickness is minimal.
In our case, the secondary transmission dip observed at ~517 nm at -25° and
is associated with the (220) Bragg reflection of an FCC lattice.(30) While some
of the other Bragg reflections associated with transmission in opals only occur
at incident angles outside the range investigated in this work, there is an
absence of any transmission dips associated with reflection from the (111) and
(200) planes, which are expected to appear at energies between those of the

(111) and (220) bands.(31-33)

203



Angle-resolved transmission spectra of opal PhCs performed in other
studies have shown that these materials exhibit a highly symmetrical spectral
fingerprint over a broad incident angle range up to £+45° due to their thickness
uniformity.(34) Elsewhere, the evolution of the PBG and overall spectral
response for samples with two uniform thicknesses of 15 um and 25 um using
angle-resolved reflectance spectra over an incident angle range of +60° were
interrogated.(35) Similar effects were evident, with an attenuation of the PBG
and increased reflectance at its edges along with greater reflectance at the
higher energy side of the spectra due to interactions with lattice planes other

than the [111] family.

The typical approach used to acquire angle-resolved
transmission/reflectance measurements is to change the incident angle by
rotation of the incident beam or detector arm such that all measurements are
obtained at a fixed point on the sample. Here, it is the sample that is rotated
using the motorised rotation stage such that the angle-resolved transmission
measurements interrogate a small region on either side of the absolute normal.
Accordingly, the beam interaction area on the sample moves acutely along the
direction in which both thickness and order decrease. The asymmetry in the
spectra arises from the attenuation of the PBG along this direction. Given that
the incident angle increases along the thickness gradient towards the thinner
regions, the asymmetry is always observed with lower transmission and well
defined spectral features on the negative side of the normal (where the
thickness and order are reduced), and an attenuation of the same spectral

features on the positive side.
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Figure 5.3. Optical and structural characterisation of opals grown by EISA at
an evaporation temperature of 28 °C. (a) Photograph of opal sample. Opal
thickness decreases in the direction of the red arrow. Optical transmission
spectra for five opals, denoted by their volume fractions from 0.025 % to 0.125
%. (b) Spectra obtained at a sample angle of -25°, corresponding to a location
near the tail of the arrow. (c) Spectra obtained at normal incidence, near the
centre of the sample. (d) Spectra obtained at an angle of 25°, at a location
near the head of the arrow. (e)-(g) SEM images obtained normal to the
stacking direction at four positions along the direction of the red arrow shown
in (a). (i)-(I) Cross-sectional SEM images obtained at four positions along the
direction of the red arrow in (a) captured at an angle of 45° to the stacking
direction.

Figure 5.3 shows the optical and structural characterisation of opals
grown at an evaporation temperature of 28 °C, corresponding to an
evaporation time measured to be twice as long as the previous evaporation
temperature of 34 °C. The transmission spectra for opals grown from all five
volume fractions obtained at incident angles of -25°, 0°, and 25° are shown in
Figure 5.3 (b), (c), and (d), respectively. For the same range of volume
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fractions from 0.025 % to 0.125 %, crystal thickness increases from 7.5 pm
(15 layers) to 17.5 um (37 layers). The spectra are notably different from their
counterparts grown at 34 °C. At normal incidence, the low energy side of the
spectrum follows the expected shape of a well-defined PBG and a
transmission intensity which decreases as a function of volume fraction and
hence thickness. At the high negative incidence of -25°, the PBG is blue-
shifted as expected based on the Bragg-Snell law. Like the opals grown at 34
°C, secondary transmission dips associated with the (220) reflection from an
FCC lattice occur at ~517 nm at -25°. In this case these (220) dips are present
and most well-defined at normal incidence, occurring at ~503 nm. While the
PBG is blue shifted by incident angle based on the Bragg-Snell law for
reflection from a (111) FCC lattice plane, the secondary reflection is red-shifted
given that the frequency of the secondary stopband occurs due to reflection
from the (220) plane. Reflections from alternative planes require adaptations
to be made to the Bragg-Snell law. These adaptations are to account for the
change in incident angle due to the consideration of an alternative lattice
plane. The actual incident angle is then the sum of the angle measured
between the incident beam and the normal to the sample surface, and the
angle between the plane of reflection and the (111) plane which can be
calculated using Eg. 4.1. The appearance of the stopband from -25° to normal
incidence indicates that at an evaporation temperature of 28 °C, there is a high
concentration of stacking faults in the form of planes orientated in the (220)
direction. At 25°, the spectra correspond to the location of least thickness and

the (220) dips are absent. The combination of increased disorder and
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minimum thickness severely attenuates

the PBG and suppresses
transmission in the blue region of the spectrum.

There is a significant increase in transmission intensity in the spectral
region between the primary and secondary transmission dips, where Fabry-
Pérot resonances in ordered FCC assemblies are normally found and we see

that the edges of the PBG are attenuated on the lower energy red side

resulting in a highly asymmetric PBG. The spectra obtained at high positive

incidence of 25° show a well-defined PBG at the two highest volume fractions.
As shown by our previous work, the PBG is highly attenuated at the three
lowest volume fractions at this evaporation temperature, leading to the
conclusion that this evaporation rate-volume fraction combination is the limit

below which a breakdown in FCC symmetry for opals grown by EISA occurs
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Figure 5.4. Angle-resolved transmission spectra of opals grown by EISA at 28

oC for a range of concentrations of (a) 0.125 %, (b) 0.063 %, (c) 0.042 %, (d)

0.031 %, and (e) 0.025 % at a range of incident angles from -25° to 25° with
corresponding 2D color maps of transmission intensity overhead.
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For opals grown at 34 °C, for the spectra acquired at the thickest region
at higher negative incidence, there was high transmittance at the red side of
the PBG, resulting in a red-skewed PBG for all volume fractions. In the 28 °C
case, the opposite occurs and a blue-skewed PBG occurs, particularly for the
two lowest volume fractions. It appears that these crystals are better able to
transmit blue light. Diffuse transmittance is also evident between the PBG and
the secondary stopband, presenting in the form of Fabry-Perot

resonances.(36)

Figures 5.4 (a)-(e) show the angle-resolved transmission spectra in
order of increasing volume fraction from 0.025 % to 0.125 %. The FWHM of
the PBG is broadest and of lowest transmission intensity at the largest volume
fraction of 0.125 %. Transmission at the PBG increases with volume fraction
as expected. Like the 34 °C case, there is an asymmetry in the spectral window
at the PBG, which becomes particularly pronounced at lower volume fractions.
Unlike the 34 °C case, the complete breakdown of FCC symmetry at the lowest
volume fraction at higher positive angles of incidence is evident in Figure 5.4
(e), particularly in the 2D colour map which is saturated fully in red color (higher
light transmission) as the PBG band disappears for all angles except those of

highest negative incidence angles.

The secondary transmission dip corresponding to the (220) reflection
of the FCC lattice is most evident from -25° to 0° for the two lowest volume
fractions. The (220) dip can also be distinguished from -25° to 10° at the
median volume fraction of 0.042 % in Figure 5.4 (c). In all cases the gradient

to thinner opal films influences transmission across the full spectral region.
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Nevertheless, the spectral shape of the PBG is well defined for all except the
three lowest volume fractions. Even in the unfavourable conditions, larger
thickness does not attenuate the PBG, and the PBG is best defined in the
regions of maximum thickness. It is the decrease in structural order that
causes attenuation and the regions of low thickness tend to form non-close
packed arrays, defective areas, and dislocations, which significantly disrupt

their associated spectral fingerprints.

5.4. Conclusions

Opals grown here by EISA demonstrate a thickness gradient along which
stacking order decreases. This results in a reduction of the contrast and
reflectivity of the PBG and is observed within the interaction beam waist of an
opal film that is rotated between -25 and + 25° about the normal. Angle-
resolved transmission spectra reveal a clear asymmetry in the spectral
response of the PhC and the PBG spectral window. This asymmetry is a result
of the thickness gradient and becomes patrticularly pronounced at low volume
fractions of PS sphere used to grow the opal films. While the PBG is known to
shift due to thickness at fixed angle, we have shown how the change in
transmission intensity occurs in films where the PBG remains fixed in ordered
regions and a spectral shift happens in more disordered regions. The influence
on the overall spectra is very sensitive to thickness and order changes when
the sample film is rotated. The spectra for all opals examined here
demonstrate a similar trend, with a clearly defined PBG where thickness and
order are greatest, and an attenuated PBG where thickness and order are

minimal. Secondary Bragg reflections typically occur at high incident angles
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but are shown here to appear at low incident angles where growth conditions

are unfavourable for highly ordered, thicker opal films.

Changes to thickness and structure are common in many methods of
opal PhC growth and this work highlights the care needed in assessing the
angular dependence of the PBG either side of the normal and the overall
transmission response, particularly when ordered periodicity is critical for the
study or application. Changes in thickness and order that occur at the
evaporation line during EISA, or the drying line for dip coating or other coating
methods, affect order and this degree of order is shown to be sensitive to
evaporation rate and the resulting thickness of the opal film either side of the

normal to the incident light.
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Chapter 6

Comparing Cycling and Rate
Response of SnO>
Macroporous Anodes In Li-ion
and Na-ion Batteries

Adapted from: Grant, A.; Carroll, A.; Zhang, Y.; Gulzar, U.; Ahad, S. A;

Geaney, H.; O’'Dwyer, C. Comparing Cycling and Rate Response of SnO2
Macroporous Anodes in Lithium-lon and Sodium-lon Batteries. Journal of The

Electrochemical Society 2023, 170 (12), 120505. DOI. 10.1149/1945-
7111/adOff5.
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Abstract

Tin oxide (SnOy) is a useful anode material due to its high capacity (1493 mAh
gl and 1378 mAh gt vs Li/Li* and vs Na/Na*, respectively) and natural
abundance (tin is one of the thirty most abundant elements on earth).
Unfortunately, only moderate electrical conductivity and significant volume
expansion of up to 300 % for Li-ion, and as much as 520% for Na-ion can
occur. Here, we use an ordered macroporous interconnected 10 (1O)
architectures to enhance rate capability, structural integrity, and gravimetric
capacity, without conductive additives and binders. Excellent capacity
retention is shown during cycling vs Na/Na* relative to Li/Li*. Cyclic
voltammetry (CV) analysis, galvanostatic cycling, and differential capacity
analysis extracted from rate performance testing evidence the irreversibility of
the oxidation of metallic Sn to SnO> during charge. This behavior allows for a
very stable electrode during cycling at various rates. A stable voltage profile
and rate performance is demonstrated for both systems. In a Na-ion half-cell,
the SnO; retained >76% capacity after 100 cycles, and a similar retention after

rate testing.
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6.1. Introduction

Li-ion battery chemistries dominate the commercial range of energy storage
systems available due to superior energy density, lifetime, and stability
compared to other chemistries. The ethical issues surrounding cobalt, one of
the key components of Li-ion battery cathodes, have been well
documented.(1) Lireserves are finite, and the current high demand is growing
rapidly during the transition to a green energy future. Issues related to ethics
and safety also surround the mining of Li.(2, 3) Alternative systems must be
considered including Li sulfur,(4, 5) redox-flow,(6, 7) potassium-ion,(8, 9) and
aluminium-ion.(10) Possibly the most promising substitute is Na-ion. Na lies in
the top ten most abundant elements on earth and can be easily extracted by
isolating seawater (Na chloride) and performing electrolysis when in its cooled,
molten form. Given that graphite has maintained its status as the gold standard
anode material for Li-ion systems, battery research has been dominated by
efforts to maximise the performance of cathode materials, the limiting factor

for energy density.

However, there is a dramatic drop in the capacity provided by graphite
anodes in Na-ion systems. Many reports show an experimental discharge
capacity of 35 mAh g in Na-ion systems compared to the 335 mAh g* which
can be achieved in Li-ion systems. Intercalation efficiency of alkali-ions in
graphite can be evaluated by the formation energy of the corresponding
intercalation compound. The two contributions to this formation energy are: (1)
structural deformation energy and (2) binding energy.(11, 12) Structural

deformation energy corresponds to the energy required to expand the spacing
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between graphitic layers to accommodate ions. As a result, structural
deformation energy is minimum for Li relative to the other alkali ions and this
energy contribution increases along the Alkali metal group. However, the
binding energy contribution does not follow the same trend. Na requires a
much higher binding energy than Li, yet the binding energy of potassium is the
minimum of the three. The binding energy is a direct consequence of the
interaction between the p—orbitals of the carbon atoms of graphite and the
active ions.(13) Review of the binding energies of the three alkali ions with
carbon shows that Na requires the maximum energy, due to the least overlap
with carbon in its sp? hybridised state. By obtaining the sum of the two energy
contributions, the overall formation energy is minimum for Li, and a maximum

for Na.(12, 14)

Fortunately, there are alternatives to intercalation materials, such as
those which follow conversion(15) and alloying mechanisms.(16) The
intercalation mode mechanism of charge transfer employed by graphite
involves the shuttling of ions in and out of openings within the host structure.
When conversion materials undergo electrochemical cycling, the active ions
are inserted into nanosized binary compounds denoted by MX (M for transition
metals such as Fe, Cu, Co, etc. and X for O, S, F, etc.) which results in the
reduction of M cations to M° and the formation of LiX or NaX for Li-ion and Na-
ion batteries, respectively. The microstructures suffer great changes and are
usually associated with the recrystallisation of active materials.(17) The alloy
mechanism proceeds by direct bonding between the inserted active ion and

the host element A (A for Si, Sn, Ge, etc.) leading to the formation of Li-A and
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Na-A alloys for Li-ion and Na-ion batteries, respectively.(18) The motivation
for alloy materials for Li-ion batteries is based on the massive theoretical
capacity of Li metal (3860 mAh g?), but many of these materials are
associated with serious safety issues. For Na-ion batteries, Na metal also
demonstrates high capacity (1166 mAh g1), but is highly reactive, yielding yet
greater safety concerns. Li and Na alloys can be used which take advantage
of the high capacities of each metal while maximising safety. In general,
charge storage is directed so differently between the three mechanisms that
there are distinct contrasts between the resultant capacity and morphology of

the electrode.

Dual storage mechanism materials exist, known as conversion/alloy
materials. These deliver high capacities but can suffer from significant issues
such as large volume expansion,(19) mechanical brittleness, and unwanted
side reactions with Na-based electrolytes.(20) The associated issues mean
that experimentally, a wide range of novel adaptations and manipulations of

the materials are introduced to improve performance.

One conversion-alloy material with potential for high performance in
Na-ion systems is tin oxide (SnOz2), which provides a theoretical capacity of
1378 mAh g and is highly sustainable, appearing in nature as the mineral
cassiterite which can be mined from alluvium and placer deposits at
seabeds(21) and processed without the high CO2 emissions of graphite.(22,
23) SnO:2 is notorious for its volume expansion, up to 300% in a Li-ion
system.(24-26) Unsurprisingly, volume expansion is further enhanced in Na-

ion systems, up to 520%.(27-29) In the literature, efforts to improve
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performance of SnO2-based materials for Na-ion, and in fact Li-ion systems,
appear in two primary forms: nanostructure design to buffer volume expansion
and carbon-based nanocomposites to improve electronic conductivity.
Typically, pure SnO2 nanostructures for Li-ion and Na-ion batteries are
designed with specific morphologies such as nanorods and nanotubes by
involved methods like hydrothermal synthesis and electrospinning.
Carbonaceous nanocomposites are often of complex designs such as
hollow(29-31) or yolk-shell structures,(32-35) along with the embedding of
SnO:2 nanoparticles into carbon or the encapsulation of SnO2 nanostructures
by carbon in forms such as graphene,(36-38) reduced graphene oxide
(RGO),(39-42) and carbon nanotubes (CNTSs),(43-46) among others. These

complexities prompt an alternative approach.

IOs can be formed simply by colloidal self-assembly of a parent opal
template, followed by infiltration by a metal alkoxide precursor and calcination
of the template to form the 10. Detailed information on self-assembly of the
opal template(47, 48) and subsequent [O preparation is provided
elsewhere.(49-51) I0s consist of a macroporous, interconnected network with
periodicity in three dimensions, usually a metallic or metal oxide material.(52-
56) A type of PhC, they possess the ability to reflect wavelengths determined
by the refractive index contrast and periodicity of the material.(57, 58) There
are multiple benefits to their use as battery electrodes, and some trade-
offs.(59, 60) Porosity provides high surface area to volume ratio. The
interconnectivity removes the need for conductive additives/binders, which

mitigates to a limited degree, the reduced volumetric mass loading of the
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porous material. For conversion-alloy materials such as SnO2, significant
volume expansion is a characteristic issue faced during electrochemical
cycling. The macroporosity of I0s provides excellent tolerance for such volume
expansion. While mesoporous materials provide a similar tolerance for volume
expansion and a higher surface area to volume ratio, the smaller pore size can
adversely affect rate capability, inhibiting Li-ion (or Na-ion) flux into the
electrode. The 10s studied in this work are formed as islands of interconnected
material, each contacted to the underlying current collector. While the growth
of crack-free 10s using evaporation coassembly methods has been performed
elsewhere,(61-64) the cracks between islands in the 10s studied here provide
a good environment for electrolyte soakage. For materials like SnO2 which
suffer from such dramatic volume expansion, potential effects like pore
collapse and delamination can be localised to the area covered by the specific
island of material. The primary motivation for the use of IOs here, lies in their
charging and discharging rate capability. Thin pore walls consisting of an
agglomeration of the active nanoparticles result in short ion diffusion

distances, the limiting factor for rate performance.(65)

Here, structural analysis and electrochemical characterisation provide a
comparative study of the behaviour of macroporous SnO2 anode materials in
Li-ion and Na-ion systems. We show these electrodes provide good capacity
retention for the Na-ion system and we use analyses from cyclic voltammetry
(CV), galvanostatic cycling and differential capacity to define and compare the
nature of the reactions of macroporous SnO2 with Li and Na during charging

and discharging. Finally, the rate performance of the macroporous SnO2 show
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excellent cyclability and capacity recovery, particularly for the Na-ion case.
Comparing the SnO2 anodes in Li-ion and Na-ion systems simultaneously
reveals the underlying causes underpinning the contrast in the response

between the two systems.

6.2. Experimental

6.2.1. Preparation of SnO2 IOs

Colloidal solutions of PS spheres in 2.5% (w/v) aqueous suspension with a
nominal diameter of 510 nm were purchased from Polysciences Inc. The
sphere suspension possessed a net negative charge due to functionalisation
using a sulfate ester during formation to aid in self-assembly. The substrates
used 316L stainless steel with a 15.5 mm diameter and 0.2 mm thickness. All
substrates were cleaned using the same process: Successive sonication in
acetone (reagent grade 99.5%; Sigma Aldrich), isopropyl alcohol (reagent
grade 99.5%; Sigma Aldrich) and de-ionised water, each for 5 minutes. All
cleaned samples were dried at room temperature in an inert atmosphere. The
samples were treated in a Novascan PSD Pro Series digital UV-ozone system
for 1 h to maximise hydrophilicity of the surface of the substrates immediately

prior to opal template formation.

Opal templates were formed using evaporation-induced self-assembly
where first the substrates were immersed in a diluted PS sphere solution with
volume fractions in the range of 0.1% to 0.2% which were placed inside a

Binder convection oven at temperatures between 55 — 60 °C for ~ 24 h. Once
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the sphere solution was evaporated fully, the substrates were removed and

left to dry in inert atmosphere at room temperature.

SnO:2 I0s were formed via infiltration of the opal template with a SnClz
precursor by drop casting followed by calcination at 450 °C in air for 1 h to
oxidise and crystallise the material. The SnCl2 complex used was a 0.1 M

solution of tin (Il) chloride dihydrate (SnCl2.2H20, 98%; Sigma-Aldrich).
6.2.2. Materials Analysis

All scanning electron microscope (SEM) imaging was performed using a Zeiss
Supra 40 high-resolution SEM at an accelerating voltage of 2 kV. SEM images
and feature dimensions were analysed using ImageJ software. Transmission
electron microscopy (TEM) combined with electron diffraction analysis was
conducted using a JEOL JEM-2100F TEM operating at 200 kV to investigate
structural parameters at the nanoscale. X-ray photoelectron spectroscopy
(XPS) was performed using a Kratos AXIS ULTRA spectrometer with a
detection limit of < 0.1 at %, ~1 mm? detection area, analysis depth of ~ 10 nm
to determine the energy required to remove core electrons from their electron
shells in the corresponding atoms or ions, known as the binding energy.
Raman spectroscopy was performed with a Renishaw InVia Raman
Spectrometer using a 30 mW Ar-ion laser under 532 nm excitation. The beam
was focused onto the samples using a 50x% objective lens and spectra were
collected using a RenCam CCD camera. X-ray diffraction (XRD)
measurements were performed using a Phillips Xpert PW3050 diffractometer
with a Cu anode, Ka radiation with wavelength A = 0.15406 nm, operating

voltage 40 kV, current 20 mA.
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6.2.3. Cell Assembly

Two cell configurations were used for Li-ion and Na-ion testing. (1) EI-Cell PAT
cells (ECC1-01-0012-A/L, 18 mm diameter, 0.65 mm thickness) operated as
half-cells. (2) CR2032 coin cells (SS304, 20 mm diameter, 3.2mm thickness
prior to crimping). The separators used in all cells were glass microfiber

Whatman Grade GF/A cut to size.

Li-ion cells: The working electrode was an SnO2 IO on stainless steel
substrate, Li metal counter electrode, and 1 M solution of Li
hexafluorophosphate (LiPFe) in a 1:1 (v/v) mixture of ethylene carbonate:
dimethyl carbonate (SigmaAldrich, battery grade), and no additives or binders

were used.

Na-ion cells: The same configuration was used apart from a Na metal
counter electrode and electrolyte which consisted of 1 M Na perchlorate
(NaClO4, AlfaAesar, >99%) in propylene carbonate (PC, CaHeOs,
SigmaAldrich, 99.7%). 5% fluoroethylene carbonate (CsH3FOs, AlfaAesar,

>99%) additive was used.

6.2.4. Electrochemical Characterisation

All electrochemical tests were conducted on a multichannel BioLogic VSP
Potentiostat/Galvanostat. Electrodes were examined using cyclic voltammetry
(CV) and constant current (galvanostatic) potentiometry. The details of
potentials, applied currents, scan rates or voltage ranges are provided in the

captions to each relevant figure.
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Differential capacity analysis was performed on the galvanostatic rate
testing data, where current density was ramped in four steps from 50-450 mAh
gt followed by a final step at 50 mAh g* for 20 cycles at each rate. From the
capacity-voltage data, the discharge and charge stages were segregated at
all rates. Numerical differentiation was performed on the discharges and
charges for both the Li-ion and Na-ion cells to obtain dV/dQ, with the reciprocal
taken to generate differential capacity (dQ/dV) data. Differential capacity plots
(DCPs) were constructed as a plot of voltage versus cycle number vs
differential capacity. A total of four DCPs corresponding to the discharge and
charge profiles for the Li-ion and Na-ion systems were formed with an
appropriate colour scale applied based on the differential capacity range

observed.
6.3. Results and Discussion
6.3.1. Structure of macroporous SnO: electrode material

The details of the three-dimensional interconnected macroporous architecture
of the SnO2 10s are demonstrated by scanning electron microscope (SEM)
images in Figure 6.1. 10s grown from calcination of opal templates infilled with
a sol-gel precursor, results in multi-layered islands of 10 material as shown in
Figure 6.1 (a). Throughout these 10 samples, the islands consist of highly
ordered, “honeycomb” layers of interconnected SnO2, dominated by face-
centered cubic (FCC) symmetry, evident in the higher magnification SEM
images in Figure 6.1 (b) and (c). Growth of the opal template occurs
perpendicular to the (111) plane of the FCC lattice.(66) The cross-sectional

SEM image in Figure 6.1 (d), obtained at an angle of 30°, shows that the
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honeycomb structure is continuous in three dimensions, rather than just the

surface.
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Figure 6.1. (a)-(c) Planview SEM images of SnOz IO at various levels of
magnification. (d) Cross-sectional SEM image at a tilt angle of 30°. (e) Pore
size distribution of SnO2 10 obtained from SEM images. (f) Pore wall thickness
distribution obtained from SEM images.

The SnO2 IO pore size is also a direct consequence of the sphere
diameter of the parent opal. Shrinkage occurs upon calcination of infiltrated
opals. Here, the 10 pore size distribution is shown in Figure 6.1 (e), with a

mean diameter D of ~441 nm based on a parent opal template with a nominal

sphere diameter of 510 nm. This macroporosity results in a high surface are
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to volume ratio, while adequate space is provided for optimal electrolyte
infiltration. The specific surface area can be approximated based on the
calculated average macropore diameter assuming the IO has perfect FCC
symmetry and neglecting the micropores and mesopores within the 10 walls.
Each FCC unit cell contains 4 macropores and the volume of each unit cell
can be approximated as a3, where the lattice parameter a = D+/2. The surface
area per unit volume can then be found by multiplying the surface area per
unit cell by the number of unit cells per unit volume, resulting in a specific
surface area per unit volume of 10.05 m?/cm3. The specific surface area per
unit mass can be calculated based on the density of SnO2 (6.95 g/cm?)(67)
and the volume fraction of SnO2 material of a perfectly ordered FCC 10 (0.26
%) as 5.56 m?/g. Both calculated values are in good agreement with reports

for 10 structured metal oxide materials in the literature.(68, 69)

Figure 6.1 (f) shows the size distribution of the IO walls. One of the
principal motivations for 10 use as battery electrode materials, is the ability of
interconnected macroporous materials to show excellent rate capability
compared to dense or compact materials. The rate performance is a
consequence of the thin IO pore walls in an electrolyte-soaked electrode, with
a mean value of ~52 nm. Additional SEM images are provided in Figure S6.1

of the Supplementary Material.

Bright-field transmission electron microscopy (TEM) images in Figure
6.2 (a)-(c) show the morphology of the IO pores. For a structure dominated by
FCC symmetry, contact points between layers occur as octahedral and
tetrahedral interstitial sites, indicated in Figure 6.2 (a). These sites arise from
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the ABC stacking arrangement of each layer. Each FCC unit cell of the porous
SnO2 material consists of eight tetrahedral and four octahedral sites all
connected with walls of SnO2. The symmetry of the IO is a direct consequence
of the parent opal template. While these I0s have been considered as the
direct inverse of their parent opal templates in the literature, recent work from
our group has revealed that a slight deviation occurs from the symmetry of the
template. The proposed explanation for this deviation is due to a reported
tendency for preferential filling of the tetrahedral sites (orange circles in Figure
6.2 (a)) before the octahedral sites (red circles in Figure 6.2 (a)) during
infiltration of the opal template.(70) While this slight deviation in symmetry has
a pronounced impact on the photonic character of the 10s, there is no reported

evidence that this impacts the electrochemical performance of the material.

50 nm s ol 00 nm 5nm

Figure 6.2. (a)-(d) TEM images of SnO2 IO at various levels of magnification.
Red circles: Octahedral sites. Orange circles: Tetrahedral sites. (e)-(f) HRTEM
images showing configuration of nanoparticles within the pore walls and the
fringes of the SnO: lattice. (g) STEM image of SnOz2 |O. (h) Electron diffraction
pattern of SnO2 IO with indexed lattice planes.

Figure 6.2 (e) and (f) show high resolution transmission electron

microscope (HRTEM) images of the crystalline SnO2 nanoparticles that
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comprise the 10 walls. Scanning transmission electron microscope (STEM)
images of the SnO2 10 are shown in Figure 6.2 (f)(g), focusing on the surface
of the 10 structure. Further TEM images are provided in Figure S6.2 of the

Supplementary Material.

While the HRTEM images are not of a sufficient resolution to accurately
measure the d-spacings between lattice fringes, the electron diffraction pattern
in Figure 6.2 (h) provides the same information. The concentric rings
demonstrate the highly ordered, polycrystalline structure of the SnO2 10. The
low index lattice planes are identified by red arrows. Based on the radii of the
indexed rings, the measured d-spacing of the atomic planes of the SnO2 10 is
0.33 nm, in good agreement with the theoretical value for the (110) lattice
plane of tetragonal SnO2.(71, 72) The remaining measured d-spacings are
0.26 nm, 0.17 nm, and 0.14 nm, associated with the (101), (211), and (301)

lattice planes, respectively.
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Figure 6.3. XPS core-level photoemission spectra of the (a) O 1s region and
(b) Sn 3d region for a SnO210. (c) Raman scattering spectrum of SnOz2 10. (d)
XRD spectrum of SnO2 10 showing reflections associated with tetragonal
SnOo..

Figure 6.3 (a) shows obtained X-ray photoelectron spectroscopy (XPS)
measurements for SnO2 10 samples corresponding to the O 1s core-levels in
SnO:2. The strong photoemission observed at 530.7 eV is in good agreement
with values in the literature corresponding to the O 1s core level electrons of
Sn0:2.(73) A weaker peak is observed at 532.4 eV which, based on reports, is
caused by the multiplicity of the adsorbed hydroxyl species at the material
surface.(74) Figure 6.3 (b) shows the XPS spectrum corresponding to the Sn
3d region. For the 3d core-level region, peaks occur at 495.24 eV and 486.77,
corresponding to the binding energies of Sn 3ds2 and Sn 3dsq,(75)
respectively. The doublet photoemission confirms the formation of Sn** and

thus the presence of SnO2. The associated Raman scattering spectrum is
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shown in Figure 6.3 (c). Two primary peaks are observed at ~643 cm™ and
~312 cm. The prior is the characteristic A1ig band of SnOz2, which appears due
to expansion and contraction of the Sn-O bond.(76, 77) The latter is ascribed
to the Eu band, which is indicative of amorphous or nanocrystalline character,
arising due to the nanoparticulate nature of the SnO2 10.(78) The X-Ray
diffraction spectrum in Figure 6.3 (d) suggests that the nanocrystallites within
the 10 pore walls exist in the characteristic tetragonal SnO2 phase with space
group P42/mnm with two SnO2 molecules per unit cell.(79) The calculated d-
spacing for the SnO2 10 based on the observed (110) reflection is 0.34 nm, in
good agreement with the value of 0.33 nm calculated previously from the
electron diffraction pattern. The d-spacings from all observed reflections were
calculated and used to determine the lattice parameters of tetragonal SnO:2 as
a=0.47 nm and c = 0.32 nm which agree with values reported in the literature

for nanoparticulate Sn0O2.(80-82)
6.3.2. Voltammetric comparison in Li-ion and Na-ion cells

Cyclic voltammetry (CV) experiments were conducted at a scan rate of 0.1 mV
st in a voltage window of 0.01 V to 3.0 V vs Li*/Li and vs Na*/Na for Li/SnO2
and Na/SnOz: half cells, respectively. The results for the first five cycles are
shown in Figure 6.4 (a) and (b). Based on previous reports, the reversible
redox conversion process between SnO2 and metallic Sn in a Li-ion system

proceeds as follows:(83)

SnO2 + 2Li* + 2e" <> SnO + Li20O (6.1)

SN0 + 2Li* + 26" <> Sn + Li20 (6.2)
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Figure 6.4. Cyclic voltammetry curves obtained over 5 cycles for SnO210 in a
(a) Li-ion system and (b) a Na-ion system in a potential window of 0.01 V to
3.0 V at a scan rate of 0.1 mV s*. The electrode was initially swept from 3.0 V
to 0.01 V in each case.

In the first cathodic scan of the Li-ion system shown in Figure 6.4 (a),
peak A is observed at 1.31 V, indicative of the onset of the reduction process
of SnO2 to metallic Sn.(32) This grows to form a distinct peak in the second
scan at 1.18 V which is incrementally shifted with subsequent scans ending at
1.13 V for the fifth. Peak B at 0.89 V is attributed to the formation of the SEI
layer.(84) The onset of the alloying mechanism is indicated by peak C at 0. 41
V and the strongest, broad peak of the first cathodic scan occurs at 0.13 V
(peak D), corresponding to the maximum current response of the alloying

mechanism of metallic Sn with Li to form nanopatrticulate LixSn as below:(85)
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Sn + xLi" + xe <> LixSn, (0= x<4.4) (6.3)

For the alloying peak, the current response decreases significantly for
the second scan while only a minor decrease occurs in those that follow. There
is slight change in the potential, with the peak centre shifted only from 0.14 V
and 0.15 V from the second to the fifth scan. Minor current responses and
additional smaller peaks are observed in the vicinity of the broad alloying peak
after the first scan, indicating a more progressive alloying regime as cycling

continues.(86)

In the anodic portion of the CV scans for the Li-ion system, the strong,
relatively narrow peak E occurs for all five cycles due to the dealloying process
of LixSn back to metallic Sn. In the first anodic scan, the peak is centred at
0.56 V and gradually shifts towards lower potentials for each cycle. The peak
current increases for the second scan before decreasing incrementally for
subsequent scans as expected. Peak F corresponds to the oxidation of
metallic Sn to SnO2 which occurs at 1.22 V in the first anodic scan and shifts
to slightly higher potentials for the following scans. The large width of the peak
indicates that like the alloying process, oxidation from metallic Sn to SnO:2 is
progressive, even for the first cycle in this case. The peak width increases with

each scan.

In Figure 6.4 (b), the electrochemical response of SnO2 in the Na-ion
system is illustrated. While the reaction steps are similar to the Li-ion case, the
reversibility of the reaction is significantly limited in a Na-ion system.(87) Such

irreversibility reduces capacity, given that the total capacity delivered is the
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sum of the capacities delivered by the Sn redox and Sn-Na alloying processes.

Based on the literature, the conversion process proceeds as follows:(88)

SnO2 + 4Na* + 4e” <> Sn + 2Na20 (6.4)

In the first cathodic scan, a steep current gradient begins at ~1.23 V
and forms the largest peak A’ at 0.51 V, which represents the reduction of
SnOz2 to metallic Sn. An absence in any discernible peak representative of SEI
formation is noted, which is expected to appear at ~0.4 V based on previous
reports.(89) The initial conversion process to form metallic Sn causes
significant structural changes in the presence of Na. The electrolyte species
are susceptible to decomposition, catalysed by the reduced Sn
nanoparticles.(90) While electrolyte decomposition is problematic in both Li-
ion and Na-ion systems, Na-based electrolytes are relatively unstable.(91)
Wang and coworkers reported peaks between 0.6 V and 0.1 V associated with
irreversible decomposition of the electrolyte during the first cathodic scan for
their SnO2/MWCNT nanocomposite Na-ion batteries.(46) The reported
difficulties in controlling SEI species for these Na-ion batteries prompted the
use in this work of FEC as a stabilisation additive. The current gradient
between ~1.23 V and 0.51 V, caused by localised phase changes, possible
effects due to volume expansion, electrolyte decomposition and unstable SEI
species masks any peak related to SEI formation and reaches a maximum
where the rate of conversion to metallic Sn is highest at 0.51 V. For the second
cathodic scan, the current is significantly lower and shifted to a higher voltage
of 0.7 V. For subsequent scans, the current response increases, and the peaks

are shifted to incrementally lower voltages. The trend indicates that conversion
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of the SnO2 nanoparticles to metallic Sn occurs gradually throughout the

structure during the first few cycles.

Peak B’ occurs sharply at 0.01 V in the first cathodic scan and can be
attributed to the alloying of metallic Sn with Na to form amorphous NaySn

nanoparticles dispersed in an Na2O matrix as below:(92)

Sn + xNa* + xe" <> NaySn, (0 < x < 3.75) (6.5)

When ¥ is 3.75, NaySn crystallises into the final discharge product,
NaisSna. Unlike the peak associated with reduction of SnO2to metallic Sn, the
magnitude of the alloying peak current sees little change through the five
cycles examined and there is a negligible voltage shift. There is a stark
contrast in the relative peak currents between the reduction and alloying
processes in the first cycle compared to all subsequent cycles. The reduction
peak current is greater by a multiple of three than the alloying peak during the
first cathodic scan. For the following scans, the situation is reversed, and the
alloying peak current is greater by a multiple of two than the reduction peak
current. The results show that while the alloying regime provides the dominant
capacity contribution throughout the lifetime of the cell, the conversion of SnO2
to metallic Sn dominates the first cycle. Volume expansion is maximal during
the first cathodic scan. This step, which includes both a significant structural
change to the entirety of electrode material that undergoes an uptake of Na
ions, and a distinct chemical reaction which forms a new compound from which
the energy of the system is extracted, heavily influences the performance of

the system throughout subsequent cycles.
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An additional insertion reaction has been found during the beginning of
the first discharge process by Wang and co-workers which proceeds as

follows:(93)

Na* + SnO2 <> NaSnO: (6.6)

However, there is no current response in the first cathodic scan to
indicate such insertion has taken place here. Occurrence of the insertion
reaction significantly enhances capacity above that provided by the conversion
and alloying reactions, but the galvanostatic cycling results in the following

section show no evidence of such additional capacity.

During the first anodic scan, there is an absence of any discernible peak
corresponding to the dealloying mechanism of NaySns. However, a positive
current gradient begins at ~0.31 V (point C’), which indicates the beginning of
the dealloying process. The positive current gradient continues from this point
up to the distinct peak D’ at 1.21 V, indicative of the oxidation process of
metallic Sn to SnOz2, so it is difficult to determine the point at which dealloying
ceases and oxidation begins. Like the Li-ion case, peak D’ is broad and
indicates a gradual oxidation process. The low current response, combined
with reports from the literature strongly suggests that neither process nears
completion.(94, 95) The difficulties related to detection of the dealloying
mechanism can be understood based on work by Ghu et al. in 2013.(96) The
failure mechanism of nanowire SnOz2 in Na-ion batteries was probed using in-
situ TEM. It was found that during the alloying mechanism where NaySn is
formed, massive structural change causing volume expansion of over 100%

(its contribution to a possible volume expansion of 520 % throughout cycling)
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occurs. Simultaneously, a Na2O matrix is formed, surrounding the NaySn
particles. The matrix then acts as an impediment to the dealloying process.
When dealloying does occur, vacancies arise which lead to a disconnected
network within the electrode. In the subsequent scans, the sharp peak at 1.21
V broadens to form a doublet peak, with maxima at 1.1 V and 0.96 V for the
fifth cycle. The broad, doublet peak indicates a two-step oxidation process

after the first cycle, like the equivalent oxidation process in the Li-ion system.

These CV results demonstrate distinct differences in the
electrochemical processes that govern the current response from an SnO:2
anode in Li-ion and Na-ion systems, which can be summarised by three main
points. (1) Overall current response: For the Na-ion system, the magnitude of
the current during each CV scan is much lower, where all peak currents
associated with both conversion and alloying processes are greater by
multiples for the Li-ion system. Low charge flow is often a result of low
conductivity, indicating that a large proportion of active material remains
unused, and the associated reactions are incomplete.(97) (2) Lithiation versus
sodiation: Broad, well-defined peaks are observed for all processes over the
5 cycles investigated for the Li-ion system. For the Na-ion system, not all the
peaks are clearly defined, with some of the expected current responses such
as SEI formation undetected. The contrast indicates a more efficient,
progressive lithiation relative to sodiation, despite that sodiation speed has
been reported as ~20x lower than that of lithiation.(89) More efficient charge
flow in the Li-ion system results in greater usage of the active material, and a

more uniform lithiation process. While the sodiation speed is slower, its

235



utilisation of less active material means that sharp current responses, as seen
for the alloying process, occur due to more instantaneous sodiation in localised
areas rather than a gradual mechanism throughout the entire electrode. (3)
Impact of first CV scan: For the Li-ion system, each CV scan demonstrates the
same set of peaks, except for those related to SEI formation in the first scan.
Peak currents decrease incrementally, with slight voltage shifts as expected.
For the Na-ion system, there is a stark contrast between the first scan and all
subsequent scans. Considerable volume expansion and unstable electrolyte
evolution is assumed to occur during the first scan, and the associated peak
currents are not representative of the subsequent behaviour of the system.
Following this first scan, the curves follow a much more stable pattern, with
incrementally lower peak currents and slight voltage shifts as in the Li-ion

case.
6.3.3. Galvanostatic cycling comparison in Li and Na half cells

The response of SnO210s in Li-ion and Na-ion half cells is demonstrated here
using the galvanostatic cycling results presented in Figure 6.5 at a current
density of 50 mA g in both cases.(98) The calculations of the theoretical
capacities for SnOz2 is based on the sum of the capacities of conversion and

alloying charge storage mechanisms in each system.

For the alloying reaction in a Li-ion system based on the maximum
molar ratio of 4.4 during conversion as per equation 6.3 the theoretical
capacity is 782 mAh g'. The equivalent calculation for the Na-ion system,
based on a molar ratio of 3.75 during conversion, results in a theoretical

capacity of 667 mAh g*. In both systems, the conversion reactions result in a
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capacity of 711 mAh g*. The total theoretical capacity for the Li-ion and Na-

ion systems are 1493 mAh g and 1378 mAh g, respectively.
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Figure 6.5. Galvanostatic cycling for a SnO2 IO in a Li-ion half-cell at a specific
current of 50 mA g showing (a) charge and discharge voltage profiles for first
cycle, (b) a range of select charge discharge profiles up to the 100™ cycle and
(c) specific capacity and coulombic efficiency (CE) as a function of cycle
number. Galvanostatic cycling results for a SnO2 10 in a Na-ion half-cell at a
specific current of 50 mA g showing (d) charge and discharge voltage profiles
for first cycle, (e) a range of select charge discharge profiles like the Li-ion half-
cell and (f) specific capacity and coulombic efficiency as a function of cycle
number.

Figure 6.5 (a) shows the capacity-voltage profile for the first cycle in the
Li-ion system. The current density of 50 mA g corresponds to a C-rate of
0.033 C, based on a theoretical maximum for 1C = 1493 mA g1, corresponding
to the sum of the theoretical capacities delivered by the reduction to metallic
Sn, and the formation of the Li4.4Sn alloy. The first discharge capacity is 1806
mAh g*. Above the theoretical value, this additional capacity can be attributed
to the formation of the SEI layer on the 10 surface, along with the formation of
quasi-reversible Li2O from SnO2 nanopatrticles.(99) The voltage plateau of the

first discharge begins just above 1 V as expected based on the CV results,
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where the onset of the reduction mechanism begins. The plateau is further
enhanced below 0.5 V, where alloying begins. Figure 6.5 (b) shows the
evolution of the capacity-voltage profiles for select cycles up to the 100" cycle.
A significant drop in capacity for the 2" cycle is observed as expected, with a
value of 1075 mAh g, which is below the theoretical capacity. While in the
first cycle capacity above the theoretical is provided by the energy related to
SEI formation, the drop below the theoretical for the second cycle is a result
of irreversible capacity loss from the initial reduction and alloying processes,
along with volume expansion of the electrode material and unwanted side

reactions with SEI species.

In Figure 6.5 (c), the maximum specific capacities for the discharge and
charge of each cycle, along with the Coulombic efficiency (CE) for the Li-ion
system are shown. The most notable aspect of these results is the relatively
poor capacity retention. Most of the capacity is lost in the first 40 cycles, and
the capacity stabilises considerably after 60 cycles. The discharge capacity at
the 100" cycle is 112 mAh g*. The continued stability at this capacity level up
to 250 cycles is demonstrated in Figure S6.3. Low initial CE is a symptom of
the large initial irreversible capacity due to large volume expansion of SnO2
upon Li uptake.(100) While an initial low CE is typical of SnO2 anodes,(101)
the value remains low for the first 40 cycles, where the most dramatic loss in
capacity occurs, an atypical trend as the CE usually stabilises in early stage
cycling, indicating that during the first 40 cycles, the rate of Li insertion is
affected at a far greater rate than its removal. The value then increases and

stabilises to a value of 98% at 60 cycles.
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The first discharge for the Na-ion system, shown in Figure 6.5 (d), is
741 mAh g*. The value is considerably lower than the theoretical capacity of
1378 mAh g predicted by Faraday’s law, which is the sum of the capacities
delivered by the reduction to metallic Sn and the formation of the Nas.7sSn
alloy. However, it is representative of the first discharge capacities reported in
the literature for SnO2 anodes in Na-ion systems.(102) Given that the
difference between the theoretical and practical capacity of SnO2 in Na-ion
systems is well established, more accurate C-rate calculations can be
performed here if based on the nominal capacity of 667 mAh g . The current
density of 50 mA g corresponds to 0.075 C based on 1C = 667 mA g. In
Figure 6.5 (e), the second discharge capacity is 364 mAh g*. The large
irreversible capacity loss here is again attributed to SEI formation, along with
the irreversibility that has been documented in both the initial conversion and
alloying reactions for SnO2 vs Na/Na*. The voltage plateaus occur at a slightly
lower voltage than the Li-ion case, starting at about 1 V with the reduction of
SnO:2 to metallic Sn. A second increase in the plateau is observed below 0.1
V, attributed to the alloying reaction of metallic Sn to form the NaySn phase.
Figure 6.5 (f) shows the maximum specific capacities for the discharge and
charge for each cycle, along with the CE for the Na-ion system. Like the Li-ion
system, the initial value is indicative of SEI formation which tends to prevent
Na* insertion at a greater rate than its removal. However, the value stabilises
at 20 cycles and does not drop below 96% past this point. While the capacity
of the second cycle is approximately half that of the Li-ion system, the capacity
retention is significantly better. The capacity of the 100™ cycle is ~280 mAh g

1 representing a total loss from the 2" to the 100" cycle of only 85 mAh g, a
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capacity retention of 76.6%. The impressive capacity retention of the SnO2 10

in the Na-ion system is one of the key results of this work.
6.3.4. Comparing rate capability in Li- and Na-ion cells

Figure 6.6 (a) shows the results from macroporous SnO:2 1O rate performance
testing for a Li-ion system. Figure 6.6 (b) shows the capacity-voltage profiles
for select cycles performed prior to rate testing to demonstrate the initial
capacities reached. The profiles in Figure 6.6 (c) correspond to cycles during
maximum rate testing at 450 mA g*. Figure 6.6 (d) shows profiles from the last
stage of rate testing where the current density was reduced back to the initial
testing value of 50 mA g to evaluate the ability of the electrode to recover
some of the capacity not accessed at higher rates. Comparison of the capacity
achieved at low current density in the initial and final stages of rate testing is

indicative of the extent to which the electrode has been degraded.

The initial discharge capacity during rate testing at 50 mA g is ~900
mAh g1. The initial discharge capacity during the last stage of rate testing
when returned to 50 mA gt is ~660 mAh g1, representing a capacity retention
of ~73%. For comparison, one study reported SnO: nanotubes which
demonstrated a capacity retention of ~52% after rate performance testing for
50 cycles.(103) Our rate performance results are similar to those reported

previously in our group for an SnO2 anode tested in a Li-ion system.(104)
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Figure 6.6. (a) Rate capability testing of SnO: 10 in Li-ion system.
Galvanostatic cycling curves (b) for initial specific settling current of 50 mA g*
prior to the rate test, (c) maximum specific current applied during rate test of
450 mA g%, and (d) charging and discharging at a final current of 50 mA g.

While there is a significant reduction in the capacity during the 10 cycles
at the first rate of 50 mA g1, it stabilises from the second rate. The capacity
reduces with each increase in current density as expected. The capacity
recovery after maximum rate cycling is at the higher end of values reported in
the literature.(105, 106) From the capacity-voltage profiles, those in Figure 6.6
(b) demonstrate the expected shape based on the conversion and alloying
reactions of SnO:2 in a Li-ion system. In Figure 6.6 (c) and (d), the curves are
attenuated relative to those corresponding to the initial rate, indicating that the
reactions are inhibited from reaching completion particularly at voltages above

1V.
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Figure 6.7 (a) shows rate performance testing results for a SnO2 10 in
a Na-ion system. The current densities used for rate testing are identical to
those used for the Li-ion system. A total of 20 cycles at 25 mA g* were
performed prior to rate testing and the associated charge-discharge curves
are shown in Figure 6.7 (b). Low initial current densities are used for most
reports in the literature for pure SnO2 anodes in Na-ion systems.(30, 107) The
low current densities are due to the significant volume expansion typical of the
conversion and alloying reactions between SnO2 and Na/Na*. For alkali-ion
batteries, the beginning of any cycling regime corresponds to the most
vulnerable stage and the system typically only stabilises after the first few
cycles.(108, 109) The initial discharge capacity for the rate test is ~400 mA g
L. From the rate performance data, there are two key findings. Firstly, efficient
cyclability is evident. Stable capacities are observed for each rate with a
gradual decrease in capacity as current density increases, reaching a
minimum of 150 mAh g at the highest rate of 450 mA g. The associated
charge-discharge curves are shown in Figure 6.7 (c) which further emphasise
the stability in that their shape is retained with a strong plateau during
discharge still observed just below 1 V. Second, for the final rate where current
density is lowered back to 50 mA g7, the system demonstrates excellent
capacity recovery to 298 mAh g*. The associated charge-discharge curves
are shown in Figure 6.7 (d). The capacity retention of the system after the rate

performance test over the 100 total cycles is ~74%.
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Figure 6.7. (a) Rate capability testing of SnO2 10 in Na-ion system.
Galvanostatic cycling curves (b) for initial specific settling current of 25 mA g

prior to rate test, (c) maximum specific current applied during rate test of 450
mA g1, and (d) final current of 50 mA g'.

The rate capability of SnO2 IO anodes has been demonstrated here for
both Li-ion and Na-ion systems. For Na-ion systems, the capacity values and
stability at higher specific currents match or exceed many previous reports on
purely nanostructured SnO2 anodes,(110, 111) and even with reports of more
conductive carbonaceous SnO2 nanocomposites.(112-114) Table S6.1 of the
Supplementary Material provides a breakdown of the retained capacities for a
range of pure SnO2 nanostructures and carbonaceous SnO2 nanocomposites

after rate performance testing compared to the SnO:2 10s investigated in this

work.
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6.3.5. Reversibility of conversion between SnO2 and metallic Sn

The conversion and alloying mechanisms dominate charge delivery for SnO2
in both Li-ion and Na-ion systems. The peaks associated with these
mechanisms are evident in the CVs, as shown earlier for a fixed scan rate of
0.1 mV s For a perfectly reversible system, the potentials at which these
peaks occur remain unchanged, irrespective of the scan rate applied. One of
the ways to distinguish between reversible, quasi-reversible and irreversible
processes is by examining the change to the CVs with scan rate. Li* and Na*
intercalation reactions tend to follow quasi-reversible processes, where peak
potential shift to higher values with an increase of scan rate due to
overpotential.(115) The conversion reactions between SnO2 and both Li* and
Na* follows a similar trend. However, the conversion mechanism of SnOz in
Na-ion batteries has been documented as less reversible. Figure 6.8 (a) and
(b) show CVs for a range of scan rates from 0.05 mV s to 5 mV s for the Li-
ion and Na-ion systems, respectively. These results were obtained after five
cycles at a fixed scan rate of 0.1 mV s, CV scans obtained within the same
range of scan rates without any prior fixed rate scanning are provided in Figure
S6.4 of the Supplementary Material. The overall current response increases
as a function of scan rate as expected. The irreversibility of the oxidation and
reduction mechanisms can be quantified by the peak separation (AVconv)
between the oxidation peak potential (Vp,a) during the anodic scan, and the
reduction peak potential (Vp,c) during the cathodic scan. Figure 6.8 (c) shows
AVconv as a function of scan rate for the Li-ion and Na-ion systems. At scan

rates below 0.25 mV s, peak separation is minimal. Above this, the peak
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separation for the Na-ion system is more than double that of the Li-ion system,

indicating greater irreversibility for the Na-ion system.

The reactions which govern the peak currents in a battery system are
a sum of the contributions of Faradaic (diffusive) and non-Faradaic (capacitive)
processes.(116) The relationship between the magnitude of observed peak
currents and the scan rate (v) can be described by the Randles-Sevcik
equation and used to quantify the diffusive and capacitive contributions to peak
current at a specific potential.(115) For a capacitive-driven process, the
associated current response is proportional to v. For a diffusion-driven
process, the current response is proportional to v2. The current associated
with the oxidation (Ip,a) and reduction (Ip.c) peaks are shown as a function of
(v*2) for the Li-ion system in Figure 6.8 (d). Figure 6.8 (e) shows the same two
relationships for the Na-ion system. For any battery system, diffusive currents
should exceed capacitive currents. lon transport can be described by a
mechanistic three-step process, where diffusion acts as the rate-limiting
step.(117) One of the primary benefits of the IO morphology is the provision of

excellent opportunities for efficient ion diffusion through the thin pore walls.
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Figure 6.8. Cyclic voltammetry for a range of scan rates from 0.05 mVs™ to 5
mVs for a SnO2 10 (a) vs Li/Li* and (b) vs Na/Na*. (c) Potential separation
between oxidation and reduction peaks as a function of scan rate for the Li-
ion and Na-ion systems. (d) Peak current response as a function of the square
root of scan rate for the anodic oxidation (lp,a) and cathodic reduction (Ip.c)
reactions in the (d) Li-ion system and (e) Na-ion system. The lines are linear
fits to each data set. (f) Visual representation of the conversion reactions
between SnO2 and metallic Sn in both the Li-ion and Na-ion systems.

The poor linear fits in Figure 6.8 (d) show that diffusive current
contribution is much lower than expected for the Li-ion system. The excellent
agreement of the linear fits in Figure 6.8 (e) show that the total current for the
Na-ion system is dominated by the diffusive contribution. Clearly, a greater
buildup of capacitive current occurs in the Li-ion system, a potential cause of
the rapid capacity degradation and instability in the first 40 cycles observed
earlier for galvanostatic cycling in the Li-ion system. Buildup of capacitive
current in battery systems occurs when ion diffusion through the electrode
material is impeded. While diffusive currents occur due to imparted energy
from the electrochemical reactions which occur at the electrode/electrolyte
interface as ions transfer from the liquid to solid phase, capacitive currents

occur when ions are accumulated in front of the electrode akin to the buildup
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of charge on the plate of a capacitor. The generated current is an unwanted
physical process with no electrochemical relevance. Capacitive currents in 10s
are indicative of degradation of the IO structure which likely occurs when
massive capacities are delivered and volume expansion occurs during early
stage cycling in the Li-ion system that is evident in the galvanostatic curves
shown previously. The excellent approximation of the v1’2 quantity for the peak
current in the Na-ion system stipulates that the conversion reactions between

SnO2 and Sn are diffusion driven.(118)

Furthermore, valuable insight into the rate performance of the Na-ion
system can be gleaned from direct comparison of the rate of change of the
anodic and cathodic peak currents. Examination of Figure 6.8 (e) shows that
the rate of change of Ipc as a function of scan rate is far greater than lp,a for
scan rates above 1 mV s. The contrast suggests that the degree of cathodic
reduction of SnO2 to metallic Sn takes place at a greater rate than the reverse
process, anodic oxidation of SnOz to Sn. A study by Ding et al. in 2014
reported the presence of unreacted 3-Sn, surrounded by amorphous NaySn,
alluding to a potential explanation for the irreversibility of the oxidation process.
As cycling continues, the amount of unreacted Sn increases. The impediment
caused by the surrounding amorphous NaySn alloy prevents its partaking in
the oxidation process back to Sn02.(119) While irreversibility proves
advantageous here, those interested in its regulation can consult previous
work on improving electrochemical performance of nanoparticulate SnO:2

anodes by tailoring oxygen vacancy.(120)
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A visual representation of the conversion between SnO2 and metallic
Sn in both Li-ion and Na-ion systems is shown by the schematic in Figure 6.8
(). The conversion reaction involves the reversible formation and
decomposition of an associated metal oxide, which acts as a “buffer matrix”
for relieving volume change and improves cycling stability in which the metallic
Sn patrticles are embedded.(121) This model describes the situation in the ~50
nm thick walls that comprise the electrolyte-soaked 10 structure. Nevertheless,
the matrix induces large voltage hysteresis due to sluggish reaction kinetics.
The size of the metal oxide nanoparticles also impacts the insertion and
removal of Sn particles to and from the matrix as conversion proceeds. The
smaller Li2O nanoparticles permit easier movement of Sn nanopatrticles in and
out of the matrix for the Li-ion system while the opposite is true for the larger

Na20 nanoparticles.
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Figure 6.9. Differential capacity colour maps obtained from rate capability
testing of the SnO:2 10 in the Li-ion system at current densities presented in
the following order from top to bottom: 50 mA g, 150 mA g, 300 mA g, 450
mA g, 50 mA g?, generated from discharges (a)-(e) and charges (f)-(j).

Colour bars associated with discharges and charges positioned left and right,

respectively.

Consequently, an aggregation of elemental (Sn) particles can occur
which leads to a less reversible Na-ion conversion reaction.(122) Additionally,
intrinsic kinetic limitation of the sodiation reaction as a result of poor Na-ion

diffusion and low electronic conductivity of the intermediate reaction products

in SnO2 has been proposed.(123)
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In Figure 6.9 (a)-(e), differential capacity plots (DCPs) are shown
corresponding to the discharges from the previously presented rate
performance testing of the SnO2 10 anode in a Li-ion system. Figure 6.9 (f)-(j)
shows the equivalent DCPs for the corresponding charge profiles. The DCPs
are presented in the order of current densities used for rate testing. An evident
trend in both the discharges and charges is in the similarities between the
initial and final rates, both at a current density of 50 mA g*. Likewise, there is
a similarity between the three DCPs at higher currents, 150 mA g, 300 mA g
!, and 450 mA g

For the discharges, the DCPs are shown for a reduced voltage range,
as little change was observed above 2 V. As voltage is swept downwards from
2 V, there is a positive gradient in differential capacity to 0.5 V as conversion
of SnO2 to metallic Sn takes place. A mosaic pattern is observed below 0.5 V
as alloying begins, a result of the progressive alloying regime to form LiySn.
The same regime was described earlier in the CV analysis section, where it
presented as a major alloying peak at 0.01 V with other lower intensity peaks
in its vicinity. The mosaic pattern indicates that the capacity delivered by the
alloying reaction varies in magnitude between cycles here. There is little to no
gradient between the conversion and alloying reactions, their contributions are
on the same order of magnitude at this stage. Interestingly, the DCP
corresponding to the final rate at the same current density of 50 mA g in

Figure 6.9 (e) follows an almost identical pattern.

For discharges at the higher current densities in Figure 6.9 (b)-(d), each

of the three DCPs follows a similar pattern, with three distinct stages. (1) 2 V
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— 1 V: A blue region at the three rates, minimal capacity change, no major
electrochemical reactions take place here. (2) 1 V — 0.5 V: Increased
differential capacity designated by green at 150 mA g, narrows and
diminishes towards blue for the two highest rates. (3) 0.5V —0.01 V: Maximum
differential capacity illustrated by a vibrant red region at 150 mA g, with some
fluctuations observed for the first three cycles at this rate. From the diminishing
of the two lower voltage regions in the DCPs, a reduction in capacity from the
reduction and alloying processes occurs for each increase in rate, in line with
the literature.(124) The narrowing shows that each increase in rate results in

much sharper reduction and alloying processes.

For the charges, the initial and final rates are also similar. In both cases,
there is no capacity change below 0.2 V as expected. Above 0.2 V, the DCP
are predominantly green with intermediate capacity, a mosaic pattern
observed up to 2 V, and maxima occurring mainly around 0.5 V and 1 V. At
the second rate of 150 mA g*, a thin red region occurs at about 0.5 V,
corresponding to the dealloying regime. From 0.65 V — 2 V, a green band
appears associated with gradual oxidation of Sn to SnO2. Much like the initial
and final rates, it is unclear here where dealloying ends and oxidation begins.
As the rate increases to 300 mA g* and 450 mA g, the separation between
dealloying and oxidation bands becomes clearer. Simultaneously, the
differential capacity of each band decreases. The alloying band diminishes

from red to orange and the oxidation band from green towards blue.
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Figure 6.10. Differential capacity colour maps obtained from rate capability
testing of the SnO2 10 in the Na-ion system at current densities presented in
the following order from top to bottom: 50 mA g, 150 mA g, 300 mA g+, 450
mA g1, 50 mA g1, generated from discharges (a)-(e) and charges (f)-(j).
Colour bars associated with discharges and charges positioned left and right,
respectively.

DCPs obtained from rate testing of the Na-ion system presented
previously are shown in Figure 6.10 in the same order as the Li-ion case. Once
again, for the discharges, DCPs obtained from the initial and final rate tests
exhibit similar behaviour, while DCPs from the three higher current densities

follow their own pattern. Unlike the Li-ion system, the charges exhibit similar
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behaviour at all five rate testing steps. The initial and final rate DCPs are
predominantly green. For the initial rate, regions of increased differential
capacity occur as yellow bands. A wide band yellow band occurs between 0.4
V and 0.75 V, associated with the reduction process. At lower voltages, there
are regions of varying differential capacity between cycles, with maxima close
to 0.01 V where alloying occurs. Unlike the Li-ion case, the separation between
reduction and alloying regimes can be detected for the initial rate. In the final
rate, the separation is less clear. However, a thin yellow band occurs at 0.5V,
indicative of a more instantaneous reduction process, since there is far less
active SnO2 to be reduced in the system because of the irreversibility of the

oxidation process suggested by our earlier CV analysis.

DCPs for discharges at the three higher rates show a positive
differential capacity gradient consisting of three primary stages, like the Li-ion
case. For the Na-ion system at the second rate of 150 mA g, a dark blue
band above 0.75 V designates the region where there is an absence of any of
the primary electrochemical reactions which contribute to battery capacity. A
light blue band between 0.75 V and 0.1 V designates the progressive reduction
process. As cycling continues, a split in the centre of this band appears and
grows, indicating the formation of a doublet peak, which suggests a two-step
reduction process. At 300 mA g and 450 mA g7, the three bands associated
with the same three stages during discharge remain, diminishing in intensity

with each increase in rate.

For the charges, a clearer separation between processes is observed

for all rates. At the initial and final rates, a thin, red-orange band occurs at ~0.2
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V, associated with the dealloying regime. For the second rate of 150 mA g%,
the dealloying band diminishes to green. For the two highest rates of 300 mA
g! and 450 mA g, the dealloying band is absent, suggesting a minimal
dealloying charge contribution. Earlier CV analysis demonstrated the difficulty
in detection of the dealloying process. Its detection here suggests that an initial
stabilisation period, such as the 20 cycles used here prior to rate testing,

creates more favourable conditions for the dealloying process to occur.

A clearly separated green band occurs from 0.8 V to 2 V, where
progressive oxidation occurs. Oxidation is clearly at a maximum between 0.8
V and 0.125 V, thin red bands appear initially at each of these potentials,
before the width of each band grows gradually until they meet to form a wider
band at 16 cycles. At the final rate, the system returns to similar behaviour as
the initial rate. The thin dealloying peak returns. For the oxidation process, the
red bands do not return, and a wide green band signifies the gradual oxidation
of Sn to form SnO2. The lower differential capacity is expected here as the
irreversibility of the reaction compounds with cycle time.(125) The oxidation

peak remains but diminishes in intensity and width with each increase in rate.

The differential capacity analysis performed on the rate performance
testing for the SnO2 10 in both Li-ion and Na-ion systems provide a
comparative overview of how the electrochemical mechanisms vary with
current density (rate), revealing some key insights. (1) In both systems, there
is sufficient cycling stability such that after applying current densities at a range
of higher rates, each system returns to baseline, and their electrochemical

mechanisms are not disrupted. (2) At higher rates (150 mA g* — 450 mA g?),
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DCPs can be splitinto three distinct regions, alloying, conversion, and inactive.
At these rates, the separation between alloying and conversion mechanisms
is clearest, albeit that the intensity of the bands for the two capacity
contributing mechanisms diminish in both width and intensity as current
density is increased. (3) Despite that the DCPs at the final rate show a return
to similar behaviour as the initial rate in both systems, there is a clear contrast
in the band associated with the oxidation reaction for the charges in the Na-
ion system, designated by the disappearance of the orange-red bands which
appears at the initial rate as two separate thin bands and grow to form a single
wide band. The absence of this peak at the final rate supports our earlier
hypothesis concerning the irreversibility of the oxidation reaction of metallic Sn
to SnO2 during charge in the Na-ion system. The irreversibility was shown
earlier to increase with scan rate and shown here to increase with current

density.

6.4. Conclusions

A comprehensive comparison of the electrochemical response and rate
behaviour of macroporous SnO2 10 anodes in both Li-ion and Na-ion batteries,
showed how such nanostructures are beneficial particularly for Na-ion
systems. Voltammetry at a fixed scan rate of 0.1 mV s revealed that while
both systems are governed by similar electrochemical reactions, the current
responses in the Na-ion system are much lower, indicating incomplete
reactions and unused active material. While the initial capacity is much higher
in the Li-ion system than the Na-ion system, galvanostatic cycling results

demonstrate that cycling stability is greater in the Na-ion system, resulting in
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superior capacity retention of 76.6%, while the Li-ion system experienced

dramatic capacity loss in the first 40 cycles.

The CV scan rate analysis stipulates that the conversion reaction is less
reversible in the Na-ion system than the Li-ion system. Irreversibility of a
reaction that provides a substantial contribution to the capacity delivered by
the battery is typically considered an adverse effect, draining the capacity of
the battery over time. However, conversion reactions are well documented to
cause significant volume expansion, particularly in SnO2. The results
throughout this work indicate that while this irreversibility may lead to a certain
capacity loss, the associated reduction in the extent of the conversion reaction
mitigates volume expansion and preserves the structural integrity of the
electrode. Furthermore, given the rate of reduction to metallic Sn exceeds the
rate of the reverse oxidation reaction, as cycling continues, the system cycles
with a progressively greater amount of metallic Sn, which improves electrical

conductivity.

One of the primary motivations for the use of macroporous I0s in any
binder-less, additive-free battery electrode is the short ion diffusion distances
provided by the thin pore walls, which have been shown to improve rate
performance. The rate performance of the SnO2 I0s in the Na-ion system
demonstrated here is commensurate with a wide variety of pure SnO:
nanostructured electrodes reported in the literature. At the highest rate of 450
mA g7, the capacity retained is 150 mAh g*. The capacity recovery to 300

mAh g at the last stage of rate testing indicates limited electrode degradation.
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Differential capacity analysis of these rate tests gave further insight into the

nature of the response at different rates.
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6.5. Appendix: Supplementary Material

In Figure S6.1, additional SEM images of an SnOz2 |O are provided to those
shown in the main text. Figure S1 (a) and (b) show other areas of the 10 where
FCC symmetry continues to dominate. Defects are present in some areas.
Figure S6.1 (c) and (d) show further images of the cross section, showing that
the FCC symmetry is present not only at the surface, but throughout the bulk
of the sample. Figure S6.1 (e) and (f) show the islands of IO material, with

cracks providing opportune routes for electrolyte soakage.

Figure $6.1: Additional SEM images of an SnOz2 10 to those shown in the main
text. (a), (b) Planview, provides overview of porous network with honeycomb
pattern. (c), (d) Cross-sectional, obtained at a stage tilt angle of 30°. (e), (f)
Planview, provides overview of island of 10 material.
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Additional TEM images to the main text are shown in Figure S6.2, with
different fragments of the 10 sample at a resolution of 300 nm in Fig S6.2 (a)-

(c). Fig S6.2 (d) shows a magnification of the IO wall at 100 nm resolution.

100 nm« &

Figure S6.2: Additional TEM images of the SnO2 shown in the main text. (a)-
(c) Various 10 fragments at 300 nm resolution. (d) Magnification of thin pore
wall at 100 nm resolution.

Figure S6.3 demonstrates the continued stability of SnO2 10 Li-ion half-
cell presented in Figure 6.5 of the main text. Specific capacity and Coulombic
efficiency are shown as a function of cycle number for 101-250 cycles.
Discharge and charge capacities at 100 cycles are 112 mAh g-' and 111 mAh
g, respectively. Minimal capacity fluctuations occur, and the retained
discharge and charge capacities are both 94 mAh g-' at 250 cycles. Coulombic

efficiency remains between 96-100 % throughout.
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Figure S6.3: Specific capacity of and Coulombic efficiency as a function of
cycle number for the same SnO:2 O Li-ion half-cell from the main text.

Table S6.1 provides a comparison of the obtained capacities for a range
of SnO2-based electrodes for Na-ion batteries. For each literature example,
rate testing was performed in a similar manner to that presented in this work.
Each material was cycled at progressively higher rates before being cycled
once again at the lower rate. The SnOz2 10s investigated in this work achieve
competitive capacities for both the pure SnO:2 nanostructures and

carbonaceous nanocomposites referenced in the table.

Figure S6.4 shows additional CV testing at a range of scan rates from
0.05 mV s' to 5 mV s'. The equivalent experiment demonstrated in Figure 8
of the main text was obtained after CV was performed vs Li/Li* and Na/Na* for
5 cycles at 0.01 mV s'. Here, the first CV scan corresponds to the first
application of a voltage to the system. As a result, there is no opportunity for

the system to stabilise before results were obtained.
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SnO:2 Voltage Current Cycle | Retained | Ref.
Structure/ | Window Densities Number | Capacity
Composite (V) (mA g) (mAh g)
10 0.01-3 50/150 100 298 This
1300/450/50 work
Nanoparticles | 0.01-2.5 | 20/40/60/80/ 45 91 (111)
160/320/640/20
Microfibers | 0.01-2.5 | 20/40/60/80/ 45 44 (111)
160/320/640/20
Hollow 0.05-2 20/50/ 25 355 (30)
microspheres 100/200/20
Porous 0.01-3 50/100/200/ 30 256 (107)
nanotubes 400/800/50
Porous 0.01-3 50/100/200/ 30 338 (107)
nanofibers 400/800/50
MWCNT/ 0.01-3 50/150/300/ 80 337 (46)
Sn02/C 500/1000/50
SnO2/ 0.01-3 50/100/200/ 60 215 (37)
graphene 1000/100/50
RGO/Sn0O:2 0.01-3 50/100/200/ 100 231 (42)
nanotubes 400/100/50
SnO2/ 0.01-3 100/200/ 30 226 (126)
glucose/ 500/1000/2000
graphene
Table S$6.1. Comparison of capacities obtained for various SnO:2

nanostructures employed as Na-ion battery electrodes from the literature.

Like Figure 6.8 of the main text, the peak separations for both systems

increase as a function of scan rate, while the separation increases at a far

greater rate for the Na-ion case. At the lowest scan rate of 0.05 mV s, peak

separation is minimal. The separation is greater by a factor of 4 at a scan rate

of 0.1 mV s, and a large peak separation is maintained for all subsequent

scan rates, stabilising at 1 mV s'.
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Figure S6.4. CV scan rate testing without prior fixed rate CV scans, which was
performed for the results shown in the main text. Cyclic voltammetry for a
range of scan rates from 0.05 mVs™' to 5 mVs-! for a SnO2 10 (a) vs Li/Li* and
(b) vs Na/Na*. (c) Potential separation between oxidation and reduction peaks
as a function of scan rate for the Li-ion and Na-ion systems. (d) Peak current
response as a function of the square root of scan rate for the anodic oxidation
(In.a) and cathodic reduction (lp,c) reactions in the (d) Li-ion system and (e) Na-
ion system.

The analysis of peak current as a function of v'2 to examine the
diffusive contribution to the conversion process follows a similar trend to that
of the main text. For the Li-ion system, applied linear fits are poor, indicating
that the conversion process is not diffusion driven, particularly at lower scan
rates. For the Na-ion system, the applied linear fits show excellent agreement
for both processes once again. The rate of change of the cathodic reduction
peak current is greater than the anodic oxidation process which reiterates the
findings of the main text, that the irreversibility of the oxidation process for the

Na-ion system increases with cycling, particularly at higher scan rates.
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Chapter 7

Operando Raman Spectroscopy
of Metal Oxide Electrodes in Li-ion
and Na-ion Battery Systems
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Abstract

Identification and mitigation of battery degradation mechanisms are essential
to the advancement and adoption of renewable energy technologies, given
that efficient storage is required. Understanding the electrode/electrolyte
interface is a direct route to improvement, given that this is where diffusion and
charge transfer occurs, supplying energy to the system. Commercial battery
materials are typically nano dimensional, requiring analytical tools with nano-
to atomic-scale resolution. Raman spectroscopy can be used to probe
crystallographic changes by tracking the vibrational oscillations of the
molecular bonds in these materials. Traditionally, Raman spectroscopy has
provided information on battery electrode charges before and after
electrochemical cycling, or at various states of charge. Often, these changes
are rapid and may disappear upon cell disassembly, prompting an operando
approach where spectroscopy is performed in real-time, during
electrochemical cycling. However, operando spectroscopy requires novel cell
designs, given that cell components can prevent adequate access to the
electrode/electrolyte interface. Here, operando Raman spectroscopy is
performed for two TiO2 anode structures and a commercial NMC cathode,
using three different electrode stack configurations in a Li-ion battery. Laser-
induced fluorescence in the Li-ion battery electrolyte and Raman modes of the
sapphire are used as a proxy for measurements. These issues prompt a Na-
ion battery using a different electrolyte, for which detailed Raman information

is obtained for TiO> anode material.
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7.1. Introduction

Operando spectroscopies have become a valuable addition to the arsenal of
analytical tools used to understand the electrode/electrolyte interface which
governs long-term battery performance in real-time.(1) Variations span the
electromagnetic spectrum, taking advantage of low-energy acoustic and NMR
probes to high-energy X-ray and electron-based spectroscopies. These
methods can be applied to a range of battery chemistries beyond Li-ion,
including Na-ion,(2-5) Li-S,(6-8) Li(Na)-O2,(9, 10) and redox flow batteries
(RFBs).(11-14) Optical spectroscopies provide access to the surface
characteristics of battery materials at the nanoscale using probes in the
ultraviolet (UV) to infrared (IR) region of the spectrum which are typically non-
destructive, under the correct conditions. These probes, used in operando
mode, include fiber optic sensors,(15-19) Fiber Bragg gratings,(20-22) optical
microscopy,(23, 24) UV-visible spectroscopy,(25) FTIR spectroscopy,(26-31)

and Raman spectroscopy.(32-35)

Operando Raman spectroscopy has been used recently for battery
electrode materials and electrolytes to determine material composition with
high spatial and temporal resolution. The primary goal is often to identify and
monitor the evolution of Raman bands sourced from the anode, cathode, and
electrolyte. Many informative reports have elucidated information on intricate
processes such as SEI formation,(36-38) lithiation (sodiation)
homogeneity,(39-42) charge transfer kinetics,(43-47) and mass transport.(48,
49) The motivation for the operando approach is that many of the

electrochemical processes during battery cycling occur over nanosecond to
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subnanosecond time domains, while many of the phases which occur as a
result can be metastable or short-lived.(50) This includes the induced dipole
moments which occur in molecules that are Raman active, caused by a net
change in polarizability that leads to the vibrational modes observed in Raman

spectra.

While operando Raman spectroscopy is more spatially and temporally
powerful than its conventional counterpart, successful performance of the
technique requires the consideration of a host of additional factors. For
conventional Raman experiments, the laser parameters and electrode
preparation are the most important aspects of the setup. For operando Raman
measurements, the correct spectroelectrochemical cell design is of paramount
importance, with several key considerations. [1] Optical window: The correct
optical window material should be chosen such that it is transparent to the
incident laser A. Sapphire is used in this work given its transparency in the
region of the 532 nm laser used for experiments. [2] Working distance: The
distance between the light source and sample surface should be minimised to
maximise the SNR. Shorter working distances increase the solid angle of
scattered light detection and reduce the amount of electrolyte-filled space
between the electrode and the optical window.(51) [3] Electrode thickness:
Electrodes with a thickness of less than a few micrometres are optimal for most
conventional Raman microscopes. The specific penetration depth of the
Raman laser depends on the laser wavelength and the absorption coefficient
of the target specimen.(52, 53) However, small electrodes can cause handling

difficulties and increase the risk of misalignment. Very low currents must be
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used for such electrodes which can exceed the sensitivity limits of standard
galvanostats. [4] Electrolyte choice: Organic carbonate based electrolytes are
the commercial standard for Li-ion batteries and are used for the Li-ion
batteries examined in this work. However, LiPFe salt is prone to form
fluorescent species,(54, 55) resulting in baselines that mask Raman
peaks.(56, 57) Alternative electrolytes can be implemented with more
success, as shown here. [5] Electrode pressure: Sufficient mechanical
compression of the electrode stack is required to ensure appropriate electrical
contact between cell components. Suboptimal contact can lead to unreliable
underlying cell electrochemistry.(58) A spring and a hard window can ensure
adequate pressure. [6] Cell components reactivity: All cell components must
be chemically and electrochemically stable. In operando cell designs, certain
plastics should be avoided, such as Teflon due to its decomposition when

attacked by Liions.(59)

The Raman activity of three electrode materials due to electrochemical
cycling is investigated in this work: rutile TiO2 10, anatase TiO:2 slurry, and a
commercial NMC slurry. The results obtained from operando Raman
spectroscopy measurements of all three materials in a Li-ion system are
explored, using three different electrode stack configurations. Operando
measurements for the anatase TiO2 slurry in a Na-ion system are also
included. The two TiO2 polymorphs, rutiie and anatase, belong to the
tetragonal crystal system. Rutile belongs to the space group D; and has two
TiO2 units per unit cell. There are 15 optical modes, the normal vibrations of

which belong to the following irreducible representation: Aig + A2g + Azu + Big
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+ B2g + 2B1u + Eg + 3Eu. Four modes are Raman active, represented by the
symmetries Big, Eg, A1g and B2g. Anatase belongs to the space group D}, and
has 15 optical modes represented as: Aig + Aou + 2B1g + Bau + 3Eg + 2Eu. Six

modes are Raman active with symmetries Aig, 2B1g, and 3Eg.

The contributions of molecular bonds to the intensity of Raman modes
vary depending on the crystal planes present. The Eg, A1g, and Big Raman
modes correspond to the symmetric stretching vibration, anti-symmetric
bending vibration, and symmetric bending vibration of O-Ti-O, respectively.
The crystallinity of the TiO2 polymorph determines the intensity of these
Raman bands. Since crystalline TiO2 typically includes a furnace treatment
step, pressure and temperature can be used to alter the crystallinity.

Electrochemical cycling of TiOz in a Li-ion battery proceeds as an

intercalation mechanism, governed by the equation:(60, 61)

Li* + TiO2 + xe <> LixTiO2 (0= x = 1) (7.2)
The simplified sum, without mass balance, of the sodiation mechanism of
anatase TiO2 upon electrochemical cycling based on previous reports

proceeds as

Na* + TiO2 + xe" > NaxTiO2 (0 S x £ 1) (7.2)

for the first cycle. For subsequent cycles, the simplified sum is:(62)

NaxTiOz2 <> TiO2 + NaxTiO2 + Na (7.3)
For both Li-ion and Na-ion batteries, the intercalation of the active ions with

TiO2 decreases its crystallinity.(63) Consequently, the associated Raman
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modes are attenuated as TiO2 becomes more amorphous while Na ions

intercalate the TiOz2 structure to form amorphous Na titanate.

Li Nickel Manganese Cobalt Oxide (NMC) is one of the commercial
standard cathode materials employed in Li-ion batteries. The layered metal
oxide is formed by partially replacing Co in LiCoO2 by Ni and Mn to improve
electrochemical performance. The composition of Ni, Mn and Co are tuned to
achieve optimal capacity, rate performance, stability, and lifetime, with a final
composition according to LiNixMnyCo0:02.(64) The most common form is
NMC111 (LixaMn13C01/302), while Ni-rich forms such as NMC811, NMC622
and NMC532 have become more popular due to the high specific capacity

provided. NMCG622 is investigated here.(65)

Identification of the optical modes for NMC materials is more complex,
given that NMC exists as a mixture of multiple metal oxide phases with several
crystal lattice families present. NMC can be visualised as a solid solution of
LiNiO2, LiMnOz, and LiC002.(66) Layered LiCoOz2, LiNiOz, LiCoOz, and LiCo1-
«NixO:2 all crystallise in the R3m space group with hexagonal symmetry. The
only two corresponding Raman modes are Aig and Eg, which correspond to
the out-of-plane M-O stretch and in plane O-M-O bend, respectively (M = Ni,
Co, Mn).(67-69) Due to a Jahn-Teller distortion, layered LiMnO2 has lower
symmetry and crystallises in the monoclinic C2/m space group, for which three
Raman modes are detected that tend to be much weaker than the hexagonal
modes. Typically, Raman spectra for NMC are dominated by the Aig and Eq
modes. Several additional peaks have been detected, but literature reports are

often contradictory.(70) Many of the reports have deconvoluted the two
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primary peaks to a total of six peaks assigned to the three metals present.(71,
72) Here, the two characteristic Aig and Eg modes are observed in ex-situ
spectra but cannot be identified during operando Raman for the Li-ion system
due to the fluorescence mask caused by the fluorescent electrolyte species.
However, some additional peaks do appear during cycling at specific voltages,

along with dramatic evolution of the overall spectral intensity.

The irreducible representation for the optical modes of sapphire is: 2A1g
+ 2Aw + 3A2g + 2A2u + 5Eg + 4Eu.(73) Seven modes are Raman active,
represented by the symmetries 2A14 and 5Eg. Sapphire was used in this work
as the optical window material. While the focus of Raman measurements is
the electrode material, three strong Raman modes of sapphire remain present
in all observed Raman spectra. Sapphire takes no part in any of the
electrochemical or morphological changes of the target specimen. The modes
are therefore used as a proxy to track the underlying spectral evolution which
is observed for all three materials examined in a Li-ion system where the
modes of electrode and electrolyte are masked by the fluorescence of the
electrolyte species. The observed spectral changes, with strong correlation
between materials from an electrochemical standpoint, indicate that the
underlying changes to the system result in one of two (or both) of the following:
(1) changes to the fluorescence of the material during cycling. (2) The
reflectance of the light transmitted through sapphire changes because of the

underlying electrochemical changes to the target materials.

Herein, we first used operando spectroscopy under continuous laser

emission to probe the (de)lithiation behaviour of three electrode materials
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using three different electrode stack configurations with the Raman modes of
sapphire as proxy, given that the Raman modes of both electrode and
electrolyte are masked by laser-induced fluorescence caused by the LiPFe salt
and its interaction with both the carbonate solvents and the electrode. Next,
we show that operando Raman spectroscopy performed on a Na-ion battery
with NaClO4 salt in PC electrolyte causes less fluorescence and initially
Raman modes can be easily detected. However, prolonged laser emission
causes a fluorescence buildup which masks the initially observed signal. We
show that for spectra that are acquired after laser emission only over short
periods prevents the fluorescence mask and the characteristic Raman modes

of both electrode and electrolyte are revealed.

7.2. Materials and Methods

7.2.1. Electrodes

(1) TiO2 10 anodes: Steel substrates (diameter 10 mm, thickness 0.2 mm)
were cleaned by successive sonication in acetone (reagent grade 99.5%;
Sigma Aldrich), isopropyl alcohol (reagent grade 99.5%; Sigma Aldrich) and
deionised water each for 5 mins and dried in inert atmosphere at room
temperature followed by UV-ozone treatment for 20 mins. Colloidal solutions
of PS spheres in 2.5 % (w/v) aqueous suspension with nominal diameter 510
nm were purchased from Polysciences Inc. The sphere suspension
possessed a net negative charge from functionalisation using a sulfate ester
during synthesis. Opal templates were formed by evaporation-induced self-

assembly (EISA). The substrates were taped to the inside of glass vials with
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diameter 20 mm using Kapton tape at the back of the substrate leaving the
entire 10 mm diameter surface exposed. The opal templates were infiltrated
with a metal alkoxide precursor prepared as TiCls.2THF mixed with IPA to a
0.1 M concentration. The precursor was added dropwise using a 1 mL syringe
for a total of 2-3 drops after which a typical sol-gel process occurred. The
infiltrated templates left to dry at 70 °C in a Binder convection oven for 20 mins
and then calcinated at 450 °C in air for 1 h which burned the opal template and

formed the TiO2 10. Mass loadings were 0.1-0.2 mg.

(2) CUSTOMCELLS Commercial NMC cathodes: NMC-622 disks on Al foll,
18 mm diameter as received. Disks were punched to 10 mm and used as is

for battery assembly. Mass loadings were 67.5 mg.

(3) TiOz slurry coated on Cu mesh: A traditional slurry coating procedure was
followed. The TiO2 active material, conductive carbon (Super-P) and Na
carboxymethyl cellulose (CMC) binder were mixed in the mass ratio of 8:1:1.
First, the CMC binder was dissolved into deionised water by stirring for 4-8
hours at room temperature. Second, the TiO2 active material and Super-P
were ground in an agate mortar for 20-30 minutes before adding to the mixture.
The slurries mixture was coated on Cu mesh (a diameter of 6 mm) after stirring
overnight for 12 hours. The obtained electrodes were first dried in a vacuum
oven at 80 °C for 12 h before assembling the battery cell. Mass loadings were

0.2-0.3 mg.

(4) TiOz slurry coated on separator: The same slurry mixtures described above

were coated directly onto a Whatman GF/A separator (10 mm diameter, 260
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um thickness) and dried in a vacuum oven at 80 °C for 12 h before assembling

the battery cell. Mass loadings were 0.2-0.3 mg.

7.2.2. Electrolytes

The electrolyte used for all Li-ion cells was 1 M Li hexafluorophosphate (LiPFe)
in a 1:1 mixture (v/v) of ethylene carbonate (EC) and dimethyl carbonate
(DMC). The electrolyte used for the Na-ion cells was 1 M Na perchlorate

(NaClOa) in propylene carbonate (PC).

7.2.3. Operando Cell Assembly

The spectroelectrochemical cell used for operando Raman spectroscopy
measurements was the EL-Cell Pat-Cell-Opto-10, shown in Figure 1 (a). Light
penetration was permitted by a sapphire optical window (22 mm diameter, 0.3
mm thickness). Three electrode stack configurations were used. For all

experiments, the following elements of the setup remained constant:

A half-cell configuration was used, with a single electrode operating as
both counter and reference. Following placement of the upper electrode, a
contact ring was placed around the electrode stack which created a connection
between the counter electrode and electrode contact pins, and a holed
stainless steel current collector (4 mm hole) placed on top of the ring such that
contact ring, working electrode and current collector were in contact. After cell
assembly the cells were stored at room temperature at OCV for 8-12 h to
maximise soakage of the separators and electrodes with electrolyte prior to

cycling. Each individual electrode stack configuration was constructed as
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follows listed in order of the stacking direction beginning from the lower

electrode to the upper electrode:

(1) ‘Ring system’ electrode stack, shown in Figure 1 (c). This consisted of, from
bottom to top, the working electrode (10 mm diameter) of NMC on Al foil
substrate or TiO2 10 on a stainless steel substrate, Whatman GF/A separator
(10 mm diameter with a 3 mm diameter hole punched in the center, 260 pum
thickness), 10-20 pL electrolyte, a Li metal counter electrode (8 mm diameter

with 4 mm diameter hole punched in the center).

(2) Mesh electrode stack, shown in Figure 1 (b): This consisted of, from bottom
to top, a Li metal counter electrode (8 mm diameter), Whatman GF/A separator
(10 mm diameter, 260 um thickness), 20-30 uL electrolyte prepared as 1 M
LiPFs in a 1:1 mixture of EC: DMC, and TiOz slurry on Cu mesh as the working

electrode (6 mm diameter).

(3) Coated separator electrode stack, shown in Figure 1 (c): This consisted of,
from bottom to top, Li/Na metal counter electrode (8 mm diameter), Whatman
GF/A separator (10 mm diameter), a second Whatman GF/A separator (10
mm diameter) coated with the TiOz2 slurry working electrode material, 10-15 pL

electrolyte.
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(b)

) 22 mm Sapphire window

18 mm Current Collector (4 mm hole)

Contact Ring
8 mm Li Metal Counter (4 mm hole)
C_</="> 10 mm Separator (3 mm hole)
15 mm Working Electrode

(©

¢ ) 22 mm Sapphire window
18 mm Current Collector (4 mm hole)

Contact Ring

6 mm Working Electrode on Cu mesh
< > 10 mm Separator
8 mm Li Metal Counter

(d)

) 22 mm Sapphire window

18 mm Current Collector (4 mm hole)

Contact Ring

8. 3 10 mm Working electrode material on separator
< 10 mm Separator
8 mm Li/Na metal counter

Figure 7.1. (a) Photograph of assembled EL-Cell-Opto-10 under Raman
microscope. (b) Schematic of ‘ring system’ electrode stack. (c) Schematic of
mesh electrode stack. (d) Schematic of coated separator electrode stack.
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7.2.4. Electrochemical Characterisation

All electrochemical measurements were performed using a multichannel
BioLogic VSP Potentiostat/Galvanostat and the Pat-Cell-Opto-10 in half-cell
configuration. Cyclic voltammetry (CV) was performed at scan rates of 0.05
mV s1t00.1 mV s in a potential window of 1-3 V for both the TiO2 10 electrode
and TiOz2 slurry electrode and a potential window of 2.8- 4.3 V for the NMC
electrode. Galvanostatic cycling was performed at specific currents from 10
mA g*to 25 mA g*. Chronoamperometry was performed for the NMC cathode

between CV sweeps at fixed potentials of 3.6 V and 3.8 V.
7.2.5. Operando Raman Spectroscopy

All Raman spectroscopy experiments were carried out using a Renishaw InVia
Raman Spectrometer with a 30 mW Ar* laser at 532 nm excitation with a laser
power in the 20-30 mW range for direct electrode measurements and 50-60
mW for measurements obtained from the spectroelectrochemical cell to
combat any attenuation of the beam by cell components. The beam was
focused using a 40x objective lens and collected using a RenCam CCD

camera.

Continuous laser emission experiments: The laser was switched on and
beam emission occurred continuously. Spectral acquisition was programmed
to commence at specific intervals throughout the electrochemical sequences
under examination. Spectra were acquired with an integration time of 1 s
averaged over 10 scans. For TiO2 10 and NMC cathode experiments, spectra
were saved every 5 mins. For the TiO:2 slurry, spectra were saved every 20

mins.
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Non-continuous laser emission experiments: At specific intervals
throughout the electrochemical sequence under examination, the laser was
switched on, beam emission occurred for 1 minute to allow the system to
stabilise, and a single spectrum was acquired with an integration time of 1 s
averaged over 10 scans. After each acquisition, the laser was switched off

immediately.
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7.3. Results and Discussion:

Operando spectroscopy of Li-ion batteries using Sapphire Window as
Proxy

7.3.1. 10 TiO2 anode - ‘Ring system’ Electrode Stack

Figure 7.2 (a) shows the Raman spectrum for a bare TiO2 10 (blue) and for a
TiO2 IO in a Li-ion half-cell at OCV (red). The bare electrode demonstrates the
characteristic rutile E1g and Aig modes at 440 cm and 610 cm™, respectively.
For the Li-ion half-cell, three peaks appear at 422 cm, 582 cm™, and 757 cm-
L which correspond to the Aig, Eg (1), and Eg (2) Raman modes of sapphire.
The primary Raman mode of the LiPFe salt used in the electrolyte also appears
in the literature at ~757 cm* associated with the Aig mode of the PFs anion,
its overlap with the highest frequency sapphire mode may contribute to the

intensity of the peak.(57)

Li* extraction

—~
QD
=

(b)

— — Li-ion Half-Cell at OCIZV —— Bare TiO, Ié 2 15

S 422 Ay, (ALO,) 757 E,4 (A1,05) £ 0
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Raman Shift (cm™) Voltage (V)

Figure 7.2: (a) Raman spectrum of bare TiOz 10 (blue) and Raman spectrum
with beam focused on TiO2 10 as a component of assembled Li-ion half-cell at
open circuit voltage (OCV) (red). (b) Cyclic voltammogram corresponding to
the Li-ion half-cell with TiO2 10 working electrode.

Figure 7.2 (b) shows the first CV curve obtained for the Li-ion half-cell.
In the cathodic scan, minor peaks occur at 1.71 V and 1.4 V where Li* insertion
occurs. There is also a minor current response at 2.47 V, indicative of SEI

formation. In the anodic scan, another minor current response occurs at 2 V
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where Li* extraction occurs. The relatively small current responses indicate
that the insertion and removal processes are incomplete. The potentials at
which each of these four current responses occur are in good agreement with
previously reported values for a rutile TiO2 IO cycled in a standard
electrochemical cell.(74) A large, sharp peak occurs at 1 V, uncharacteristic of
the electrochemical behaviour of TiO2. While low voltage peaks have been
observed for nanoparticulate TiOz2 in Li-ion batteries previously, the sharpness
of the current response here indicates that there may be an underlying

electrical contact issue.

The ‘ring system’ electrode stack configuration used here changes the
nature of the delivery of current density between counter and working
electrodes which undoubtedly effect the electrochemical response of the
system. This sharp, low voltage peak may be due to a suboptimal electrode
stack configuration. Nevertheless, current response begins at 1.45 V and
reaches a maximum at 1 V. The operando Raman measurements during this

portion of the CV scan demonstrate interesting changes.

285



1,05) E¢/(PFg) Aig

[2] Eq (AL,0)

[1] Ayg (A,O3)

S 20
o 1'5\/
8
§ 1.0]
m 2 6
-———A —_—3V
o/ — M —— 27V
’5 g /N —2av
p i VAN N\ oy
\>‘/ \; A —_—19V
45 '5 /I — 17V
c c J N A o _13v
8 "g IN\_ —1v
- - ———-/\———J;/\__l.zv
/N —1av
/\.‘ J\ —_—17V
300 450 600 750 900 300 450 600 750 900
Raman Shift (cm™) Raman Shift (cm™)

Figure 7.3: Operando Raman spectroscopy of TiOz2 IO in Li-ion half-cell during
galvanostatic cycling over 2 cycles at a laser specific power of 20 mW. The
‘Ring system’ electrode stack configuration described in section 7.2.3 was
employed. (a) Raman colormap during the first CV scan over the inspected
range of 300-900 cm* where Raman active modes for rutile TiO2 and LiPFs
occur and associated voltage profile below. (b) Reduced spectral region from
the same Raman colormap highlighting the evolution of the peak associated
with the Eg (2) mode of sapphire over the bottom of the cathodic scan. Note 1:
x axes for both the colormap and voltage profile correspond to time, for which
electrochemical and spectral acquisition are synchronised. Note 2:
Background subtraction was not performed. (c) Raw Raman spectra at
selected voltages during the bottom of the first cathodic scan. (d) Stacked
Raman spectra for selected voltages throughout the first CV scan where
background subtraction was performed. Green dashed lines in (c) and (d)
mark the three sapphire Raman modes.

Figure 7.3 shows results obtained from operando Raman spectroscopy

during the CV scan presented in Figure 7.2 (b). In Figure 7.3 (a), the colormap
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shows the evolution of the Raman spectra throughout the CV scan with the
associated voltage profile below. The three peaks associated with the
sapphire Raman modes are present throughout the scan, labelled as [1], [2],
and [3]. In the first portion of the profile there is a cathodic scan from OCV at
1.7V to 1V, followed by an anodic scan from 1 V to 3 V. Figure 7.3 (b) shows
a reduced spectral region of the colormap from Figure 7.3 (a) corresponding
to band [3] and the associated reduced voltage profile below from the
beginning of the cathodic scan at 1.7 V to 1.9 V during the anodic scan, where
the most notable change to the Raman spectra occurs. While a slight increase
in band [1] is also observed in this potential range, band [3] evolves the most.
A significant increase in both intensity and bandwidth occurs, where the
bandwidth reaches a maximum just prior to the bottom of the cathodic scan.
Given that the strongest Raman mode of the LiPFs electrolyte salt occurs at
the same frequency as band [3], it is likely that this maximum increase is a
consequence of the overlap between these two bands, with the fluorescent
PFs species migrating outward from the electrode towards the incident laser

beam as Li* is inserted into the electrode during the cathodic scan.

Figure 7.3 (c) shows raw Raman spectra prior to background
subtraction from select voltages near the bottom of the cathodic scan where
the changes to spectral intensity are clearest. Figure 7.3 (d) shows Raman
spectra at select voltages throughout the CV scan after background
subtraction. Little observable change occurs for the range of scans. In each
case, only the three sapphire Raman modes are observed. Despite the

increase in Raman intensity, particularly for band [3] shown in the colormaps,
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the relative intensities of the peaks show negligible change for all voltages.
The most interesting aspect of the results is the voltages at which the
increases in spectral intensity occur during the CV scan. In the following

sections, a common theme emerges in relation to this.

7.3.2. NMC cathode - ‘Ring system’ Electrode Stack

Given the spectral changes observed just before Li insertion for the TiO2 10
prompted further investigations of the underlying causes. Additionally,
question marks remained over the ‘ring system’ electrode stack configuration
due to the weak electrochemical response during the previously shown CV
scan. Both observations prompted a change in electrode material. A
commercial NMC-622 cathode was chosen, with a different active potential
window of 2.8 V — 4.3 V. Operando Raman measurements were performed to
evaluate the electrochemical stability of the ‘ring system’ electrode stack and
determine whether changes to the spectral intensity occurred at equivalent
potentials, i.e., in the vicinity of the potentials where Li insertion and removal

occur.

The CV curves for the first and second scan of the NMC cathode are
shown in Figure 7.4 (a), while the first and second galvanostatic charge-
discharge curves are shown in Figure 7.4 (b). Addressing the stability of the
‘ring system’ electrode stack, both the CV curves and charge-discharge curves
exhibit the characteristic electrochemical behaviour of NMC cathode material
in a Li-ion battery. Operando Raman spectroscopy was performed during both
tests. The associated voltage profile for the second CV scan is shown in Figure

7.5 (a), while stacked Raman spectra at select voltages during the scan are
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shown in Figure 7.5 (b). Once again, the three Raman modes of sapphire
remain with a fixed frequency and intensity at all voltages. However, unlike the

TiO2 10 case, some additional modes appear.
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Figure 7.4: (a) CV curves obtained at a scan rate of 0.05 mV s? and (b)
galvanostatic cycling curves obtained at a specific current of 25 mA g for the
commercial NMC-622 electrode using the ‘ring system’ electrode stack
configuration during which operando Raman measurements were obtained.

Starting from the low frequency side, the first additional Raman mode
of note appears at 525 cm. The peak begins to appear during the first anodic
portion of the scan at 3.7 V and becomes fully formed at 4 V. The peak then
disappears at the top of the anodic scan, 4.3 V. The peak then reappears at
3.7 V during the cathodic portion of the scan, and is strongly attenuated at 3.4
V. Given the convoluted nature of the NMC modes, related to M-O symmetrical
stretching (A1) and and O-M-O bending (Eg), clear interpretation of the peaks
here is not straightforward. Nevertheless, the peak at 525 cm™ appears close
to the two modes related to LiCoO2. Namely, the Aig mode related to Co-O
stretching, reported previously for NMC at 530 cm™ and the Eq mode related
to O-Co-O bending at 515 cm™.(70, 75-78) In the same report, the evolution
of these Raman modes during Li extraction (charge) were observed with both

modes attenuated, and the Eg mode undergoing an anti-Stokes shift.
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Figure 7.5: Operando Raman spectroscopy measurements of NMC-622
electrode in ‘ring system’ electrode stack configuration. (a) Voltage profile of a
single CV scan in a potential window of 2.8 V to 4.3 V. (b) Stacked Raman
spectra acquired at selected voltages during the CV scan for the 450-1050 cm-
! spectral region. (c) Voltage profile of a single galvanostatic cycle performed
at 25 mA gt in the same potential window. (d) Stacked Raman spectra
acquired at selected voltages during the cycle for the 300-1000 cm* spectral
region. The green dashed lines in (b) and (d) mark the sapphire Raman
modes. Laser specific power was 20 mW for all measurements.

The second notable peak occurs at 721 cm™, near the peak associated
with the Eg mode of sapphire and is in good agreement with reported values
for the ring-bending (C=0 bending) mode of EC, the electrolyte solvent, upon

coordination to the Li* cation.(79-82) The peak begins to appear at 3.7 V
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during the first anodic portion of the scan and follows the same trend as the

first additional peak.

The last strong peak occurs at 900 cm™* and evolves similarly to the
previous two at the same potentials to reach the largest relative peak intensity
besides the ever present sapphire modes. The peak is associated again with
EC, arising from interaction between the ring-breathing vibration mode to
bound and free Li* cations.(81, 83-85) The appearance of these two peaks
near the point of Li extraction occurs due to the removal of the Li* cations from
the NMC electrode resulting in a greater concentration of free Li* cations
interacting with the organic solvent. Three additional, much weaker peaks
occur in close proximity to the highest frequency strong peak at 900 cm™. One
occurs on the red side of it at 865 cm™, and only appears at 4.3V, 3.7 V, and
3.4 V. The two weaker peaks on the blue side of it occur at 924 cm™ and 977
cm for potentials of 4 V and 3.7 V, and weaker again at 3.4 V. Again, the
peaks appear and evolve at the same potentials as the three larger peaks. All
can be related to the coordination of the non-aqueous solvents to Li* cations,

at the points at which Li* extraction occurs.

The voltage profile for the second galvanostatic cycle is shown in Figure
7.5 (c) and the stacked Raman spectra at select voltages during the cycle are
shown in Figure 7.5 (d). The same peaks appear at the same frequencies and
similar voltages. Again, the peaks are most well defined just prior to Li*

insertion and Li* extraction.
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Figure 7.6: Operando Raman spectroscopy from chronoamperometric cycling
of commercial NMC cathode in Li-ion half-cell at a specific power of 20 mW.
For each stage, colormaps are presented with the associated time-voltage
profiles below. For the colormaps, the x and y axes represent time versus
Raman shift, while the colour represents Raman intensity. Spectra were
acquired every 5 mins. Chronoamperometry was performed over six stages,
each consisting of a potential sweep step shown in (a)-(f), followed by a fixed
potential step (g)-(I). Note 1: Background subtraction has not been performed.
Note 2: A colour scale is applied to the colormaps from each individual stage
of the chronoamperometric experiment based on the maximum and minimum
intensities during that stage to enhance visualisation of detected changes.
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The purpose of the chronoamperometric test was to provoke a phase
change in the electrode material. While the evolution of the electrolyte,
observed in changes to the intensity of the band associated with the PFes” anion
is evident, changes to the electrode prove more difficult to elucidate. Li*
insertion and removal in NMC occurs at 3.6 V and 3.8 V, respectively. The

chronoamperometry tests hold the potential where these processes occur.

Figure 7.6 shows each stage of the chronoamperometry test. For each
stage, the colour scale is adjusted based on the minimum and maximum
intensities observed to maximise visibility of any spectral changes which occur.
The colormap for the full experiment is shown in Figure S7.2, along with the
associated voltage profile. The experiment consisted of twelve steps, which
started as a voltage sweep to the Li* extraction voltage of 3.8 V, the voltage
was then held constant, followed by a decreasing voltage sweep to the Li*
insertion voltage of 3.6 V and the voltage was held constant again here. These
steps were then repeated so that Raman spectra were obtained during two
positive and negative voltage sweeps, two constant voltage steps at the point
of Li* extraction, and two constant voltage steps at the point of Li* insertion.
Figure 7 (a)-(c) show the first three voltage sweep steps, while Figure 7.6 (d)-
(f) show the constant current stages which follow each step. Figure 7.6 (g)-(i)
show the next three voltage scans, with the constant voltage steps that follow

each one in Figure 7.6 (j)-(I).

The colormaps support the findings based on the TiO2 10 and from the
stacked NMC spectra. The stacked NMC spectra show the appearance of

Raman modes just prior to Li* insertion and extraction indicating the interaction
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between the electrolyte and the free Li*. The colormaps from the TiO2 10 show
a massive increase in the spectral intensity at voltages just prior to Li*
insertion. Here, while the objective was to provoke spectral changes during
the constant voltage step, there is a dramatic change in the spectral intensity
at voltages just prior to Li* intercalation. These changes are most evident in

Figure 7.6 (a), (c), (d), (f), and (h).

7.3.3. TiO2 Slurry — Mesh Electrode Stack

The electrode stack configuration was changed to prevent any misalignment
or contact issues. The mesh electrode stack provides direct access of the laser
beam to the electrode material. For the ‘ring system’ electrode stack, the laser
beam must be transmitted through the electrolyte filled space between working
and counter electrode and reflected through the same space before reaching
the detector. For the mesh electrode stack, the beam interacts with the active
working electrode material immediately after transmission through the
sapphire window. Therefore, only the attenuation of the window material
affects the spectrum. An anatase TiO:2 slurry was used as working electrode.
The ex-situ Raman spectrum of the electrode slurry is shown in Figure S7.1
(b). Notably, the relative intensities of the Raman modes of the anatase TiO2
slurry are greatly enhanced compared to those observed for the TiO2 10 and

NMC electrodes.
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Figure 7.7: (a) CV curves obtained at a scan rate of 0.05 mV s and (b)
galvanostatic cycling curves obtained at a specific current of 10 mA g for the
TiOz2 slurry electrode using the ‘ring system’ electrode stack configuration from
which operando Raman measurements were obtained.

Figure 7.7 (a) shows the curves from the first and second CV scans
performed for the TiOz slurry coated on Cu mesh in a Li-ion half-cell. Figure
7.7 (b) shows the first and second charge-discharge curves from galvanostatic
cycling of the half-cell at 25 mA g. Characteristic TiOz intercalation behaviour
is observed in both cases. Both sets of results indicate more electrochemically
stable, and more efficient Li intercalation here compared to the TiO2 IO

examined using the ‘ring system’ electrode stack.

Operando Raman spectroscopy was performed during the two
galvanostatic cycles from Figure 7.7 (b). In Figure 7.8 (a), a colormap of the
operando Raman spectra acquired over the two cycles is shown with the
synchronised voltage profile below. The three sapphire modes are indicated
as modes [1], [2], and [3] once again. Similar behaviour as the other two
systems occurs. Spectral intensity is significantly increased during the stages
where the voltages plateaus occur. They are maximum just prior to the point

of Li* insertion and extraction. Once again, the intensity is most pronounced

295



for sapphire mode [3], which overlaps with the peak associated with the

PFs- Raman mode.
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Figure 7.8: Operando Raman spectroscopy of TiOz2 slurry during galvanostatic
cycling at 25 mA g over 2 cycles with spectra acquired every 20 mins at a
laser specific power of 20 mW. (a) Raman colormap in the range of 300-900
cm? where Raman active modes for TiO2 and LiPFs occur over two
galvanostatic cycles with the associated voltage profiles below. The green
dashed lines in (b) and (c) mark the three sapphire Raman modes.

Figure 7.8 (b) and (c) show stacked operando Raman spectra acquired
at select voltages during the first and second galvanostatic cycle, respectively.
Like the results shown previously for the TiOz 10, there is little observable

change seen in the spectra and both the Raman shift and relative intensities
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of the three sapphire peaks remain relatively unchanged. However, at 1.4 V
and 1.7 V during the first cycle, two clear peaks emerge at 537 cm™ and 498
cmt, respectively. The origin of these peaks is yet unidentified. The two peaks
do not reappear in the second cycle, indicating that both additional peaks may

be due to metastable SEI species which form during the first cycle.

The signal that masked the Raman activity of the three electrode types
in Li-ion batteries thus far was caused by laser-induced fluorescence of the Li-
ion electrolyte species. The effects of the sapphire window and the pressure
induced by the sealed cell are shown in Figure S7.3. While these two factors
cause some attenuation of the Raman modes, they are still clearly identifiable.
A spectrum of the anatase TiO:2 slurry soaked in electrolyte post-assembly is
also shown. Here, the anatase peaks remain present, along with peaks
associated with decomposed electrolyte species. Clearly, the fluorescence
build-up is caused by the active electrolyte and its interaction with the
electrode. These findings prompted the change of electrolyte. The next section
details operando Raman spectroscopy investigations with a different

electrolyte, while also changing to a Na-ion cell chemistry.

7.4. Operando Raman Spectroscopy of TiO2 Anode in Na-ion Battery —

Coated Separator Electrode Stack

In Figure 7.9, the progression of operando Raman spectroscopy investigations
performed for the Na-ion half-cell are detailed. Figure 7.9 (a) shows a
comparison of the pristine TiOz slurry electrode directly and under the sapphire

window compared to the assembled Na-ion half-cell at a range of laser specific
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powers. The contrast compared to the Li-ion system is immediately evident in
the spectra for the Na-ion half-cell. While for the Li-ion system, only the
sapphire modes were observed with the rest of the expected modes masked,
here the Raman modes of anatase TiO:z (blue dashed lines) and for the
electrolyte species (red dashed lines) can be identified. The range of laser
powers are shown such that the spectrum of the assembled cell can first be
compared directly at the same power to the ex-situ spectra, and second to
show the selection of the specific power used for operando measurements
based on the best observable SNR, which was 20 mW. Four characteristic
Raman modes of anatase appear in the raw ex-situ Raman spectrum in Figure
7.9 (a). Figure S7.1 (b) shows the ex-situ Raman spectrum of the anatase
slurry after background subtraction. The modes appear at 155 cm, 399 cm™,

519 cm* and 641 cm™* with Eg, B1g, A1g and Eq Symmetries, respectively.

Figure 7.9 (b) shows the operando Raman spectrum of the half-cell
after one cycle. Here, the laser had been switched off and restarted. Additional
modes can be observed, indicated by the gold dashed lines. A strongly
polarised mode appears at 284 cm which is in good agreement with reported
values for vibrations of the O-Ti-O group in Na titanate, along with a much
weaker mode at 330 cm which is also related to O-Ti-O bond vibrations in
the same.(86-89) Another low intensity peak appears at 714 cm™ which is
attributed to the skeletal bending mode of the five-membered ring in the PC

electrolyte solvent.(90, 91)

Figure 7.9 (c) is included to demonstrate the buildup of fluorescence for

measurements taken in continuous laser emission mode. Initially, the modes
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which appeared in Figure 7.9 (b) can be identified, but after a period the
fluorescence causes a dramatic increase in spectral intensity by multiples,
masking all relevant signals. The early spectra for which the modes can still

be identified are highlighted and shown more clearly in Figure 7.9 (d).

Due to the fluorescence buildup, the approach to spectral acquisition
was changed. Rather than continuous laser emission running simultaneously
to electrochemical cycling, the latter was commenced with the laser switched
off. For each operando Raman spectrum that was acquired, the laser was
switched on for 1 minute, spectrum acquired, and laser switched off again.
Figure 7.9 (e) shows the raw operando Raman spectra acquired using this
approach at select voltages during discharge of the Na-ion half-cell from 3 V
to 0.6 V. While the degree of fluorescence varies, the expected signals can be
distinguished in all cases. Figure 7.9 (f) shows stacked Raman spectra
corresponding to the same data with background subtraction performed. The
first spectrum is acquired at the beginning of discharge at 2.9 V. The spectra
are then stacked from bottom to top in order of decreasing voltages. The low
current density of 10 mA g! was applied to capture any short-lived or
metastable phases. There is a large difference in voltage from the first to
second spectrum due to a rapid discharge in this voltage range where there is
a lack of electrochemical activity, evident upon examination of Figure S7.4 (c).
The voltage plateau begins at ~ 2.1 V and becomes pronounced at ~1.2 V. As
a result, the remaining seven spectra are acquired at voltage increments of
0.1-0.2 V along the slow discharge region between 1.5-0.6 V. The same colour

scheme of dashed lines is used to distinguish the various Raman modes as in

299



Figure 7.9 (a) and (b) and are aligned with the vertices of the identified peaks
in the first acquired spectrum at 2.9 V. Any variations in Raman activity can be
evaluated relative to this first spectrum. A total of twelve Raman modes are

identified, four of which were only captured by operando measurements.

There is a clear attenuation of the three sapphire Raman modes, from
the first spectrum acquired at 2.9 V to the second spectrum at 1.5 V. Given
that sapphire acts as window material, any electrochemical changes have no
effect on its Raman activity. However, as shown by the results presented in
this study based on three electrode types in Li-ion batteries, the underlying
electrochemical activity of the system has a clear effect on the optical
reflectance of sapphire. It has previously been shown that the optical
reflectance of sapphire is highly sensitive to surface quality, and this optical
reflectance has a substantial effect on the optical vibrational modes.(92-95)
The electrochemical cycling of Li-ion and Na-ion batteries has been shown to
significantly affect observed optical reflectance, due to the evolution of
electrode and electrolyte species.(96-100) It comes as no surprise here that
the discharge of the Na-ion battery into this anatase electrode causes an
attenuation of the sapphire Raman modes. After this second spectrum, the

intensities of the modes remain relatively constant.

Of the remaining 9 modes, the most notable changes occur to the peak
associated with Na titanate at 284 cm, and the two highest frequency anatase
peaks. The peaks associated with Na titanate are present from the beginning
of the discharge because the electrode had already undergone galvanostatic

cycling. There is a clear evolution of the peak at 284 cm during discharge,
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which appears first as a sharp, high intensity peak at 2.9 V, then grows broader
at 1.5 V, before appearing to extend to a broad, doublet peak at 1.4 V that
remains until 1 V, which then shrinks to form a sharper, lower intensity peak
at 0.8 V. The increased bandwidth may be due to an increase in the
concentration of amorphous Na titanate, and the doublet appearance
indicated the presence of an additional Raman mode given that many of the

vibrational modes of Na titanate appear in this region.(89, 101)

As described by equation 7.2, the sodiation mechanism of anatase TiO2
involves the insertion of Na into the TiOz2 lattice, which distorts the lattice and
partially reduces TiO2 to form metallic titanium, Na oxide and amorphous Na
titanate. While the complete sodiation of TiO2 would result in the complete
disappearance of the four anatase Raman modes (blue dashes), the sodiation
reaction typically remains incomplete which can be partially attributed to the
much slower rate of ion diffusion that is characteristic of amorphous
materials.(102) Instead, the bands are attenuated as a decrease in peak
intensity and a simultaneous increase in bandwidth. Attenuation is most

evident for the two highest frequency peaks at 519 cm™ and 641 cm™.

Of the additional modes captured in operando (gold dashed lines), the
same three identified in Figure 7.9 (b) remain, along with an additional mode
revealed upon background subtraction which occurs at 204 cm*, which based
on several literature reports is also associated with Na-Ti-O vibrational

modes.(86, 103)
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Figure 7.9. (a) Raw Raman spectra of the TiOz2 slurry electrode demonstrating
the changes caused by the sapphire window and the cell components
compared to the pristine electrode. Characteristic Raman modes are
highlighted by dashed lines. (b) Raw Raman spectrum obtained from Na-ion
half-cell during discharge, upon instantaneous laser emission with the
appearance of new Raman modes highlighted by dashed lines, the colour
scheme for the dashed lines throughout this figure is provided by the legend
in the upper right hand corner. (c) Raw operando Raman spectra collected
during electrochemical discharge with continuous laser emission,
demonstrating the formation of the fluorescence mask which hides previously
observed Raman modes. The red rectangle highlights spectra for which
Raman modes could be distinguished prior to the formation of the mask.
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Figure 7.9. (continued) (d) Expansion of the region highlighted by the red
rectangle in (c) showing clearly defined Raman modes. (e) Raw operando
Raman spectra acquired at a range of voltages during electrochemical
discharge where laser emission occurred for 1 minute prior to each
measurement. (f) Stacked Raman spectra after background subtraction during
discharge generated from the spectra in (e) with the dashed lines used to
identify each Raman mode. All operando Raman spectra in (b)-(f) were
acquired during galvanostatic discharge from 3-0.5 V at a specific current of
10 mA g2

7.5. Conclusions

For all three electrodes, the fluorescence mask produced by the interaction
between the laser beam and the fluorescent species that form due to the
interaction between the electrode materials and the Li-ion electrolyte
prevented monitoring of the active Raman modes of the anode material
directly. Nevertheless, for all three electrodes, upon focusing the laser beam
onto the electrode surface, the active Raman modes of sapphire (Al2O3) were
detected. Operando Raman spectra collected here during continuous laser
emission show distinct changes in the intensity of the Raman spectra. While
the Raman modes of the anode material are obscured, in each case, a
dramatic evolution of the spectra occurs at points just before and after Li*
insertion and removal. While the active electrochemical windows of TiO2 differ
(2-3 V for TiO2 and 2.7-4.4 V for NMC vs Li/Li*), similar changes occurred at
equivalent voltages with respect to the intercalation voltages with respect to
Li. Using the Raman active modes of sapphire as a proxy, the changes to
reflectivity and intensity of those modes are shown to coincide with changes
occurring in the anode/electrolyte underneath. Furthermore, new Raman
modes appear at select voltages during cycling related mainly to interactions

between free Li* and the electrolyte solvents.
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Upon changing from a Li-ion system to a Na-ion system with a less
fluorescent electrolyte, the fluorescence mask issue is shown to be mitigated
initially. However, the data shows that as spectra were collected under
continuous laser emission, the fluorescence mask reemerged. To combat this,
operando Raman measurements were obtained using a non-continuous laser
emission method. Rather than acquiring a spectrum at fixed time intervals
under constant laser emission, for each spectrum in this case, the laser was
switched on for 1 minute, spectrum acquired, and the laser switched off. The
change in approach reduced the fluorescence buildup, and the characteristic
Raman modes were detected. Prior to electrochemical cycling, the
characteristic Raman modes of anatase, NaClOs4, PC, and sapphire were
detected. During electrochemical discharge, the same modes were detected,
along with the appearance of new Raman modes, which were discussed in
detail, including evidence of the phase change from anatase TiO:2 to

amorphous Na titanate.
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7.6. Appendix: Supplementary Material
@) ‘ ‘ ‘ ‘ (b)

. . . .
—— NMC —— TiO, Slurry

1250 1500 1750 2000

Intensity (a.u.)
Intensity (a.u.)

400 800 1200 1600 2000 400 800 1200 1600 2000
Raman Shift (cm™?) Raman Shift (cm™?)

(©) - (d)

N L L L L
—TiO, | —— Sapphire Only
0,10 —— Bare NMC

Bare TiO2 slurry
—— NMC Cell at OCV
—— Ti0, Cell at OCV

Intensity (a.u.)
Intensity (a.u.)

/ Jb;ﬁ:‘ )/\

400 800 1200 1600 2000 400 800 1200 1600 2000
Raman Shift (cm™) Raman Shift (cm™)

Figure S7.1. Ex-situ Raman spectra after background subtraction for (a)
commercial NMC electrode at a laser specific power of 20 mW, (b) TiO2 slurry
(inset highlights region where carbon peaks occur) with at 2 mW, and (c) TiO2
10 at 20 mW. (d) Raw Raman spectra comparing two of the bare electrodes,
sapphire window, and the same electrodes as components of Li-ion half-cells
to highlight the appearance of the fluorescence mask.

Figure S7.1 (a)-(c) shows the ex-situ Raman spectra for the three materials
investigated using Raman spectroscopy. The spectra region from 125-1000
cm?t is of most importance for the analysis in the main text, given this is the
region where the Raman modes for all the electrode and electrolyte species
occur. However, the higher frequency region of 1000-2000 cm™ is included
here as the carbon modes appear here. For carbonaceous species, a D band
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appears characteristic of disordered carbon, present in (a) and (b) here at
approx. 1400 cm™ and 1600 cm™. The presence of the peaks is due to the
carbonaceous conductive additives and binders used for the formation of the
commercial NMC slurry (a) and the TiO2 slurry (b). For 10s, one of their
defining characteristics is that they are conductive additive and binder-free.
Consequently, no carbon modes are present in Figure S1 (c). In Figure S7.1
(a), one broad dominant peak occurs with a vertex at 571 cm*, which is a good
match for the characteristic Eg (Mn) mode. The bandwidth of the peak is large,
extending from 443-744 cm, the range within which all 6 commonly identified

modes of NMC occur.
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Figure S7.2. Full operando Raman spectroscopy colormap from
chronoamperometric cycling of commercial NMC cathode in Li-ion half-cell
from which the stages in Figure 7.6 of the main text were extracted.
Synchronised voltage profile below.
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The chronoamperometry test of the NMC cathode presented in figure
7.6 of the main text show the Raman colormaps for each stage of the test.
Each colormap was constructed based on the maximum and minimum
spectral intensities for the individual stages. Figure S7.2 shows the colormap
which was generated initially generated on the maximum and minimum
spectral intensities over the entire experiment. The difficulty in distinguishing
any changes to the individual Raman modes and between stages is clear here
compared to the more informative version shown in the main text. The voltage-
time profile below shows the procession of the test with a linear sweep step

followed by a constant current step repeated.
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Figure S7.3. Ex-situ Raman spectra acquired from anatase TiO2 slurry to
show the effects of cell components and sealing on Raman signals: Pristine
electrode under sapphire window (green), electrode post-assembly in sealed
cell (red), electrode in unsealed cell post-assembly (grey), bare electrode with
decomposed electrolyte species post-assembly.
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Throughout the investigations into the three electrode types in Li-ion
batteries in the main text, laser-induced fluorescence caused mainly by
interaction with the LiPFs/EC/DMC electrolyte acts as a mask to identification
and interpretation of active Raman modes. Figure S7.3 shows the effects of
pressure, the optical window, and decomposed electrolyte species on the

anatase TiOz slurry.
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Figure S7.4. Raman spectrum of TiO2 slurry electrode in Na-ion half-cell
during discharge upon first appearance of Na titanate Raman modes obtained
using a laser specific power of 20 mW. Lower frequency region of the same
spectrum where carbon D and G bands appear along with a lower intensity
band corresponding to methylene. (c) Voltage-time profile for the galvanostatic
discharge of the Na-ion half-cell at 10 mA g from which all spectra in Figure
7.9 of the main text were acquired.

The sapphire window is transparent to the 532 nm Raman laser and
despite a thickness of only 0.2 mm, does slightly attenuate the Raman signal
compared to the bare electrode. Sealing the cell applies pressure to the
electrode material, which can also attenuate the signal. The decomposed
electrolyte species also cause signal attenuation where present, as the Raman
laser must penetrate through this layer to reach the electrode material. The

decomposed electrolyte salt and solvent peaks are clearly observed.
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However, on assembly of the Li-ion cell, the fluorescence signal masks

identification of these peaks.

Figure S7.4 (a) shows an operando Raman spectrum for the TiO2 slurry
anode in Na-ion half-cell where the Na titanate peaks were first identified.
Figure S7.4 (b) shows the presence of the carbon D and G bands in the higher
frequency region along with an additional Raman mode between the two,
associate with a methylene vibration, with methylene present in PC, the Na-
ion electrolyte solvent. In Figure S7.4 (c), the voltage-time profile
corresponding to the operando spectra of the Na-ion half-cell tests is shown.
The cell was discharged from 3-0.5 V. The discharge from 3-2 V proceeds in
less than ~20 minutes, comparably rapid to the remainder of the discharge
which proceeds from 2-0.1 V in 18 hours. The contrast in discharge rate is due
to the lack of electrochemical activity from 3-2 V. The reactions which govern
the sodiation of TiO2 occur below this range, causing a significant voltage

plateau.
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8.1. Thesis Conclusions

Rapid advancement and incorporation of rechargeable battery technology for
the storage of renewable energy using sustainable materials is a key access
route towards mitigating the rapidly increasing carbon footprint associated with
climate change. Success in this regard will be based upon sufficiently
developed analytical tools used to identify, with specificity, suboptimal features
of current technologies and troubleshoot their root causes, along with building
accurate models to predict the performance of new technologies. These
requirements prompt the cooperation between the environmental science,
materials science, computer science, photonics, electrochemistry, and of
course, battery communities. Such cooperation between communities
provides a view of the energy problem through a variable lens that can build
an arsenal of complementary battery performance diagnostics. Macroporous
metal oxide battery electrodes provide a host of properties beneficial to energy
storage and supply including high surface area to volume ratio for high
gravimetric energy density and tolerance for the inevitable structural
deformation which deteriorates operation. Furthermore, these exciting
materials provide opportunities for the incorporation of operando probes which
can be used to monitor battery performance in real time. This PhD capitalised
on the synergy between optical, structural, and electrochemical characteristics
of PhC electrode materials that can be used to implement operando battery

performance diagnostics in real-time.

The literature review in Chapter 2 provided a comprehensive overview

of operando spectroscopic methods applied to battery electrode materials.
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State-of-the-art spectroscopic tools using incident energy spanning the
electromagnetic spectrum were included. The review was written from the
point of view of the battery chemist interested in applying these techniques to
their system. For each technique, the underlying concepts inherent to
understanding its application were summarised. Exemplary case studies were
referenced to showcase some of the key insights gleaned from their
application to a range of battery technologies, typically addressing recurring
issues specific to each system. Examples included the polysulfide “shuttle”
effect in Li-S batteries, volume expansion in conversion/alloy electrode
materials, and dendrite formation in Li metal batteries. Perhaps the most useful
aspect of the review were the detailed requirements provided in optimising the
methodology for successful analysis, where the key was shown typically to lie
in the appropriate operando cell design. For each group of techniques, cell
design, benefits, limitations, and resolution were summarised. The review
stands as a manual which can act both as a starting point for early-stage
researchers eager to delve into operando measurements for the first time, and

the experienced researcher seeking to optimise current methodologies.

Chapter 3 described the sample preparation, experimental
methodologies and characterisation methods used throughout the thesis. For
any parties interested in replicating these experiments, careful attention to the
details provided therein will allow replication of results. The provided details
regarding characterisation methods simplify interpretation of the associated
results presented in each chapter. These details are particularly useful for less

intuitive analyses which are used to describe key outcomes of each study,
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such as the three-dimensional angle-resolved transmission spectra in
Chapters 4-5, the differential capacity colormaps in Chapter 6, and the

operando Raman spectroscopy colormaps in Chapter 7.

Chapter 4 evaluated the criteria required for the simultaneous control
of both thickness and order for opal PhCs grown using a particular adaptation
of the long established evaporation-induced self-assembly (EISA) method of
colloidal crystal growth under the conditions of large sphere solution surface
area and low evaporation temperature compared to typical literature reports.
The effects of order and thickness on the associated optical fingerprints were
determined using angle-resolved transmission spectra. The relationship
between volume fraction and crystal thickness were established using five
sphere solution volume fractions at three evaporation temperatures. For highly
ordered opals, light propagation within their structures can be described using
the Bragg-Snell model. The conditions under which the model breaks down
were identified as the three lowest volume fractions at the lowest evaporation
rate where evaporation is too slow and available spheres are too few to
facilitate the consistent growth of close-packed sphere arrays such that FCC
symmetry could be maintained. The investigation revealed the extent to which
the PBG (PBG) and other spectral features can be employed to assess the

degree of (dis)order and crystal thickness in opal growth.

Chapter 5 demonstrated further observations based on opal growth by
EISA. Opals under all investigated conditions exhibited a thickness gradient
along which stacking order decreased. A reduction in the reflectivity along the

gradient was observed. The results revealed a clear asymmetry in the spectral
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response of the opal, observed as an increase in transmission intensity in the
spectral window of the PBG along the thickness gradient. This chapter
underscored the care needed in assessing the overall transmission response
for opals that that may be used for applications where order and periodicity

are crucial, such as macroporous battery electrodes.

Chapter 6 presented a comparative investigation into the performance
of macroporous 10 (I0) SnO:2 electrodes in Li-ion and Na-ion batteries. The
work in this chapter was motivated by the abundance, low-cost, and
sustainability of Na as charge carrier and SnO2 as anode material. The central
issue addressed in this chapter was the large volume expansion which arises
in SnO2 electrodes during cycling that accompanies the high energy density

that the system offers.

Galvanostatic cycling demonstrated that the capacity retention of the
Na-ion system was remarkably higher than the Li-ion system. Cyclic
voltammetry analysis at a range of scan rates indicated that the irreversibility
of the oxidation reaction from metallic Sn to SnO2, while sacrificing the
capacity delivered by the reaction, reduced the extent of volume expansion
which stabilised the system. Rate capability testing demonstrated rate
performance commensurate with a range of SnO2-based nanostructures from
the literature, including excellent capacity recovery after high-rate cycling due
to the characteristics of the 10 structure. The macroporosity of the 10 can acts
as a buffer for volume expansion and the thin 10 pore walls reduce ion diffusion
distances, where ion diffusion is the rate limiting step in the transportation

mechanism of ions in both Li-ion and Na-ion batteries. Differential capacity
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analysis performed on the data extracted from these rate tests supported the
earlier CV analysis, indicating that the irreversibility of the conversion reaction
from metallic Sn to SnO2 during cycling was maintained here, and contributed

to the competitive rate performance of the system.

In Chapter 7, a method was devised to show how battery materials and
electrolytes behave in real-time using operando Raman scattering
spectroscopy. The key development was several iterations of material and
battery cell assembly that can allow the reactive chemistry of organic
electrolytes and group 1 metals to operate perfectly outside the Argon
glovebox environment in a hermetically sealed cell with a sapphire glass
window. This allowed the electrolyte to be examined during charging and
discharging, probing not only the PhC battery materials, but also thin film
commercial NMC formulations used in current Li-ion cells, as well as material
in Na-ion systems, for the first time. Furthermore, a method was developed to
examine the battery behaviour by monitoring the changes of optical density
near the interface with the sapphire window, so that the changes to intensity
of the sapphire Raman modes acted as a proxy for evolving processes in the

battery, all examined as a function of voltage and state of charge of the cell.

In summary, the PhD thesis summarised here showcased how the
structure of battery electrode materials can be directed towards excellence
using non-destructive optical spectroscopy. These macroporous electrodes
demonstrated excellent capacity retention and rate performance using
abundant and environmentally friendly materials. With both structural

reproduction and electrochemical performance established, the design and
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implementation of the first PhC lab-based tool for real-time battery diagnostics
was demonstrated in a body of work that progressed from fundamental optics

and electrochemistry to the design of a high-level operando methodology.

8.2. Future Perspectives

The importance of batteries in today’s world is undoubted. From a research
perspective, and in our lab too, searching for new classes of sustainable
materials and electrode technology development is a main goal. This is
becoming ever more important as Na-ion technology begins to ramp up
internationally to deal with sustainability issues around Li supply and its
recyclability. What many groups are starting to realise, in parallel with
computational predictions of materials and behaviour, is that real-time
operando methods are going to become very important for assessing material
chemistry and electrochemistry for many technologies, including batteries.
Basically, we want to be able to monitor the state of health of batteries
continuously during operation to minimise their degradation — but also to

predict better materials.

Initiatives are currently in place at an international level to radically
transform the discovery and development of ultra-high-performance, safe,
sustainable, and affordable batteries for use in everyday applications, from
portable electronics to grid-level energy storage. At the forefront of these
initiatives is Battery 2030+, a long-term roadmap for forward looking European
battery research, involving a collective effort across the continent.
Nanostructure design, new sustainable battery materials, and methods that

quickly and accurately uncover what happens inside the cell in real time are
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the cutting edge of these initiatives. Developing such a system can crosscut
into many arenas. We have a new method here that has a lot of future
potential. The technique developed here, involving proving out modifications
to create bespoke cells and successful examination of materials and
electrolytes in several types of batteries in real-time can be used push the
frontiers of increasingly complex modern energy storage technology. This
technique is a synergistic approach combining principles from physics,
materials chemistry, electrochemistry, and spectroscopy which demonstrates
how communication between these communities may act as a stepping stone

to a green energy future and a valuable aid to current global initiatives.
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