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1. Introduction
1.1. Abstract

This study demonstrates for the first time the application of plasmonic based fibre optic sensors inside
Lithium-ion pouch cells. The study shows the successful integration of the sensor platform into battery
cells, acquisition of diagnostic data in-situ and in real time, correlation of data to battery internal
process phenomena and demonstration of negligible impact of the sensor presence on battery cell
function. This study demonstrates the potential of plasmonic based fibre optic sensors as a battery
cell diagnostic technique and can also be considered within the wider field of fibre optic based battery
diagnostics.

1.2.  Objectives

To integrate the plasmonic based fibre optic sensors inside Lithium-ion pouch cells for the first time.

To interrogate the optical data collected and investigate correlation with battery cell state, to
ascertain if there is potential value as a battery diagnostic tool.

To investigate different cell phenomena and the sensing platform’s sensitivity to them.

To investigate the impact of the sensor on the battery performance and the robustness of the sensor
to the cell environment.

To assist in developing the sensor design and the manufacturing and assembly techniques.

To investigate and hypothesise upon the sensor measurement mechanisms within the cell.

1.3. Thesis Overview

This study investigates the novel use of plasmonic based fibre optic sensors as a battery diagnostic
technique, and demonstrates the potential of this technique to take data from directly inside battery
cells via optical fibres and correlate this data to cell state and cell events.

Plasmonic sensing, most notably used in bio-technology, measures changes in the refractive index of
the adjacent substance via attenuation of the internally reflected light signal [1-5]. The technology
presents itself as a technology with numerous advantages applicable to lithium-ion battery cells,
namely the potential for in situ and continuous monitoring of electrochemical activity (Li-ion diffusion
at the electrode surface), the compact size, flexibility, chemical robustness, resistance to electrical and
electromagnetic interference, low cost of sensors and remote operating capability [3]. The ability of
the plasmonic based fibre optic sensors to ‘look inside’ the cell potentially offers an unprecedented
view into internal cell phenomena.

The benefits and hence motivation of developing an in situ real time battery diagnostic technique can
be envisaged. Cell processes down to the level of ion diffusion kinetics and electrode lithiation could
be observed. Increased State of Charge (SOC) or State of Health (SOH) measurement accuracy could
be utilised by the Battery Management System (BMS) to allow the battery to be run closer to its charge
and discharge limits, allowing battery sizing to be closer to what is required for a given application,
resulting in battery cost and weight savings. Battery charge profile impacts on batteries could be
better understood, allowing further reduction of the recharge times by developing more optimised
fast-charge regimes. Second life applications could also be better enabled, as a key challenge around
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retired batteries is developing a reliable and efficient method of measuring the current State of Health.
This could be of particular benefit in the EV industry as predictions of up to 120GWh of retired
batteries with up to 80% capacity remaining by 2028 gives an idea of the scale of the second life reuse
potential [6]. Similarly real time detection of cell events such as phase transitions or lithium-plating
could have important research and production applications, such cell failure detection for safety
considerations. Ultimately, while there are challenges that will be discussed further, it is not
inconceivable to develop a battery pack diagnostics system that is entirely based on optical fibres.

This work investigates for the first time the application of the plasmonic sensing method inside Li-ion
cells and demonstrates the potential for providing additional diagnostics data that can be used for cell
research, cell characterisation, improved state measurement and support of production applications.
In this study we report correlation between the sensor optical signal and cell state of charge, differing
optical data obtained from both the anode and cathode side of the cells and detection of cell phase
transition events including the use of reference electrodes, incremental capacity analysis and cyclic
voltammetry. In addition substantial data is gathered confirming the presence of the sensor has
negligible impact on the cell performance over repeated cell cycling, along with subsequent cell
teardowns and Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) materials
analysis. The cell mechanisms and kinetics that the optical sensors are responding to are further
analysed by observing the optical response to Galvanostatic Intermittent Titration Technique (GITT)
testing and the redox events during cyclic voltammetry. Forced lithium plating testing is also carried
out and the optical response analysed, to analyse the optical response to this event and consider if
such failure modes can be detected in real time by these sensors.

Fundamentally the hypothesis being tested in this study is that plasmonic based fibre optic sensors
can be agnostically implemented inside lithium-ion cells and will provide data from inside the cell that
correlates to cell state and electrochemical events, via measurement of internal material composition
changes. In testing this hypothesis we explore the use of this novel sensing technology inside Li-ion
pouch cells, which opens up the possibility of a new cell diagnostic and research tool able to obtain
data from directly inside unmodified commercial standard cells.
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2. Literature Review

2.1. Lithium-ion batteries

2.1.1. Rechargeable battery market background

The rechargeable lithium-ion battery was first invented in the 1970’s by Stanley Whittingham, with a
functional and commercially viable version developed in 1976 utilising lithium/ aluminium and
titanium di-sulphide electrodes [7], the achieved battery potential of approximately 2V was greater
than many batteries of the time. Jiirgen Otto Besenhard, Samar Basu and Rachid Yazami subsequently
all contributed to the proposal, demonstration and development of using graphite as an anode in
which lithium-ions could reversibly intercalate [8]. John Goodenough further developed this design
by using a lithium-oxide instead of a metal sulphide cathode, discovering that lithium cobalt oxide
almost doubled the voltage (to 3.9V) and energy density of the battery as well as having the additional
benefit of being safer and less reactive than pure lithium [9]. Akira Yoshino subsequently utilised a
petroleum coke anode which he found to have a longer cycling life than natural graphite which was
decayed by the electrolyte. This series of developments resulted in a high potential, highly reversible
battery with good safety and lifecycle characteristics and set the foundations for the modern lithium-
ion battery.

In the 1980’s Japanese companies had been looking for energy dense and rechargeable battery
solutions to complement the development of portable electronic devices such as video cameras and
phones, and the developed lithium-ion battery technology presented a solution that met these
requirements and led to Sony first commercialising Lithium-ion batteries in 1991 [10]. Li-ion batteries
subsequently gained an increasing share in portable electronic devices such as smartphones and
laptops, such that they have displaced Ni-Cd batteries as the market leader[11]. The table below
shows how by 2005 lithium-ion batteries had grown to dominate the portable electronic device
market.

Table 2-1- Market share of rechargeable battery cells in portable electronic devices in 2005 (millions of cells sold) [12]

Application Cell type

Ni-Cd Ni-MH Cylindrical Li- | Prismatic Li- | Pouch Li-lon
lon lon

Mobile phone 50 898.16 125.85
Notebook 22 422.68 16.34 2.50
Movie 2 4 67.98 11.91
Digital 56 18.88 48.17 0.94
camera
Power tools 575 53 20.14 0.08
Audio 80 35 6.99 31.02 45.63
Games 26.82 14.4
Consumer 45 300
Cordless 190 83
phones
Others 330 178 22.854 28.98 14.42
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Lithium-ion batteries today have three primary market segments as well as further niche applications.
These areas can be broadly described as the aforementioned portable consumer electronic devices,
automotive electric vehicles and grid energy storage [8]. In addition there are numerous niche
applications for lithium-ion batteries. An example is that Li-ion batteries are used to power electrical
systems for aerospace, such as in the Boeing 787, where weight is a significant cost factor [11] and
other highly specialised devices such as satellites and medical instruments [8]. There are other
developing areas such as the electric vertical take-off and landing (eVTOL) sector, small planes, trains
and boats [13,14].

Portable electronics have typically grown in their complexity and power demands, such as the
transition from simple mobile phones to smartphones, while there has simultaneously been a desire
to make the devices smaller for consumers. Both of these trends have increased the value of the
lithium-ion battery’s superior energy density. The trend of smaller and more powerful devices like
smartphones, laptops, smartwatches etc. shows no sign of abating, while the growth potential of the
market is still large, e.g. only 33% of the world’s population currently has a smartphone. More
specifically still lithium cobalt oxide (LCO) batteries currently dominate this market due to having the
highest specific energy density of the common lithium battery materials, however as this battery type
approaches its theoretical limits it is expected improved lithium nickel manganese cobalt (NMC)
batteries will gain increasing market share, as the energy densities improve and with the added benefit
of longer lifecycle [8].

Lithium-ion batteries have gained significant traction and have massive potential in the transport
sector, particularly automotive. Two of the bestselling electric cars, the Tesla Model S and the Nissan
Leaf, both use Li-ion batteries as their primary energy source [11]. In the first quarter of 2023 the Tesla
Model Y became the best-selling car in the world over the quarter; the vehicle can contain both NCA
and LFP battery chemistries, while the newly developed 4680 cell contains NMC 811 cathode
chemistry. Table 2-2 demonstrates the dominance of Lithium-ion batteries in the EV market in 2017,
NMC is the most commonly used chemistry while since then LFP (LiFePO4) has become increasingly
common [15].

Table 2-2- Lithium-ion battery types in passenger electric vehicles, 2017 snapshot [8]

Manufacturer Battery Capacity E-engine Vehicle Battery Pack share
Chemistry  (kWh) Power (kW) Weight (kg) in weight (%)

Tesla Model S 75D NCA 75 245 2108 24

Model S 90D NCA 90 311 2240 25

Model S 100D NCA 102 451 2390 25

Model S P100D NCA 102 567 2234 26
General Motors | Chevrolet Bolt NMC 60 149 1624 27
Volkswagen e-Golf NMC 35.8 100 1605 22

e-Up NMC 18.7 60 1139 20
Nissan Leaf NMC 30 80 1516 20
Hyundai lonig NMC 28 88 1420 20

21



Ford Focus NMC 335 107 1651 20
Fiat 500e NMC 24 83 1352 19
BMW 13 NMC 33 127 1343 24
Daimler Mercedes B-Class | NCA 36 132 1725 17

Smart Fortwo NMC 18 60 995 16
Kia Soul NMC 27 82 1554 18
Renault Zoe NMC 41 68 1480 26
BYD E6 LFP 82 89 2420 29
Mitsubishi i-MiEV NMC 16 49 1170 19

Figure 2-1 demonstrates the rate of growth of the global EV car market over the period of 2010 to
2017, from less than 100,000 EV cars on the road in 2010 to over 3 million in 2017, to around 30 million
in 2022 [16]; while projections for future fleet numbers range from 100m to 900m EV’s by 2040 [13].
The use of lithium-ion batteries in EV’s has had a massive impact on the production of lithium-ion
batteries which had previously been dominated by portable electronic devices, 120GWh of lithium-
ion batteries were produced in 2017 of which 70GWh were for electric vehicles. Similarly going
forward EVs are projected to demand 90 — 95% of total production of Li-ion batteries by 2030
respectively, compared with about 55% today. Considerations such as the rate the batteries can be
charged and cost are currently regarded as obstacles to increased adoption [17], and as a consequence
a lot of research is going into these areas, increased production volumes are aslo expected to improve
the cost postion [13].
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Figure 2-1- a) Projections for EV fleet numbers [13]- significant growth can be seen across the global market, although there
is a wide range in future volume predictions, b) Projections for installed battery stationary energy storage [13].

Lithium-ion batteries can also be used to balance out energy supply and demand in the grid,
particularly from renewable energy sources with inconsistent levels of power production such as wind
energy, in order to help move towards a greener and more sustainable energy system. [18]. Tesla and
PG&E recently began construction of a lithium-ion battery energy storage system in California that will
become the largest in the world with 730 megawatt hours of capacity, with further potential to
upgrade to 1.2-gigawatt-hours in the future- enough to power every home in San Francisco for six
hours. [19]. The development of micro-grids could provide further application for lithium-ion
batteries. These are localised grids that are not connected to the national grid, with potential use cases
for the 13% of the world’s population that do not have access to electricity, remote locations and
potentially part of a transition to a more decentralised supply of renewable energy sources [20].

Increasing automotive requirement for lithium-ion batteries due to EV has the potential to dovetail
with energy storage needs, through the utilisation of ‘used’ EV batteries in ‘second life’ energy storage
applications. Due to the customer requirements in automotive applications, such as long range and
good recharge times, after a certain level of degradation the battery will no longer be fit for purpose.
Li-ion batteries typically have to be retired from EV use while still preserving 70% - 80% of their initial
capacity [21]. Potentially other applications can be found for which the retired EV batteries may still
be suitable, such as energy storage systems, mobile battery charging stations and frequency response
services. Reusing electric vehicle batteries once they have been retired from the automotive
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application is recognised as one of the possible solutions to reducing electric vehicle costs and
increasing the viability and adoption of electric vehicles. Current estimations predict that there will be
120Gwh of retired EV batteries by 2028 [6]. Currently the market penetration for using lithium-ion
batteries for stationary electrical energy storage is low, around 6.5 GWh installed in 2017, but some
projections estimate there could be an installed capacity of up to 1000 GWh by 2040.

There is some contention about lithium-ion batteries being an effective solution for grid energy
storage however, as one of the key lithium-ion battery advantages of high energy density is not
generally of great significance in this application. Other forms of energy storage such as for example
pumped hydro energy storage, which dominates grid energy storage capacity with an installed
capacity of 127-129 GW in 2012, representing more than 99% of worldwide bulk storage capacity in
2012 [22], and other battery types may be more suitable in some cases of this application [23]. There
are a variety of electrical energy storage technologies that can be utilised for stationary energy
storage, included mechanical devices such as pumped storage hydropower and compressed air,
electrochemical devices including secondary batteries and flow batteries, electrical devices such as
capacitors and superconducting magnets, chemical devices such as hydrogen fuel cell technologies
and thermal heat storage [22]. Nonetheless the installed Li-ion battery power capacity for stationary
energy storage continues to grow and is projected to continue to do so [13].

In summary, lithium-ion batteries have grown to dominate the portable electronics market, a market
which continues to grow. In addition huge new markets in the form of electric vehicles and stationary
energy storage have opened up for the technology [16], as well as promising niche applications.
Analysts predict base case estimations of 4700GWh Li-ion battery capacity demand in 2030 across
mobility, stationary energy storage and portable electronic devices [24]. While projections differ
widely the current consensus is the market for lithium-ion batteries will grow hugely over the coming
decade [13].

2.1.2. Lithium-ion battery properties and competitors

Lithium-ion batteries have dominated the rechargeable galvanic cell market over the past two
decades. This is due to the properties of lithium including low mass-density, high theoretical capacity
and highly negative reduction potential of lithium (-3.04V compared to a standard hydrogen
electrode) making them well suited to applications where high power density and recharging is
required [10]. Large negative reduction potential allows greater power to be produced due to power
delivery being a squared relationship to voltage [23], while high power density is crucial in many
application such as mobile phones, laptops, cars and potentially even aircraft [25].

Key existing and established competitor rechargeable battery technologies include lead-acid, nickel
metal hydride and nickel cadmium, however current Li-ion batteries have a number of advantages
over these competing rechargeable battery options; some of the pros and cons of these technologies
are summarised in Table 2-3.
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Table 2-3 Comparison of lithium-ion battery and competing traditional battery technologies pros and cons [8]

Battery Type Pros Cons
Lead-acid Relatively low initial cost Modest specific energy
Abundant cheap materials Short cycle life
Low- self discharge rate Sensitive to temperature
No memory effect Long charging time
Mature Technology Limited reliability
Proven recycling efficiency Safety; gas release and lead content
High operating and maintenance requirements
Li-ion Superior specific energy Safety concerns, such as thermal runaway
High efficiency High initial cost
Long calendar and cycle life Materials bottleneck, lithium and cobalt
Satisfactory operating temp. window Currently weak recovery and recycling schemes
Low operating and maintenance requirements | Advance BMS required
High reliability
Diverse range of chemistries
Ecologically friendly chemistries available
NiMH Moderate initial cost High self-discharge rate
Moderate specific energy and power | Slight memory effect
requirements Relatively short life cycle
Relatively fast recharge Currently weak recovery and recycling schemes
Satisfactory operating temp. window
High reliability
Good safety record
Ecologically friendly materials
NiCd Relatively low initial cost Modest specific energy and power
Outstanding calendar and cycle life Memory effect
Mature technology Hazardous cadmium
High reliability Relatively low efficiency
Low operating and maintenance requirements
Reasonable self-discharge rate
Good safety record
Extensive operating temperature range
Relatively fast recharge

Li-ion battery cells can deliver a potential of typically around 3.6 Volts nominal, 3 times higher than
technologies such as Ni-Cd or Ni-MH. Li-ion batteries have no memory effect, a process where
repeated partial discharge/charge cycles can cause a battery to ‘remember’ a lower capacity- an
advantage over both Ni-Cd and Ni-MH, which display this effect. Li-ion batteries also have low self-
discharge rate of around 1.5-2% per month. They do not contain toxic cadmium, which makes them
easier to dispose of than Ni-Cd batteries- although nickel and cobalt also have adverse health effects.
Li-ion batteries are also comparatively low maintenance, and do not require scheduled cycling to
maintain their battery life. Lithium-ion batteries also have superior coulombic efficiency, typically 99%
when charged to moderate current and temperature, compared to typically 90% for lead acid and 70-
90% for nickel based batteries [11].

The high specific and volumetric densities of lithium-ion batteries, typically cited at 100-265 Wh/kg
and 250-670 Wh/L [11], are crucial in many applications. Further to this, lithium-ion batteries also
exhibit high specific power. Not only are the lithium-ion battery specific power and specific energy
properties superior to other rechargeable batteries, the combination of the properties hits achieves a
good balance for many applications when compared to other comparable electrical energy storage
systems. Figure 2-2 compares these properties of Li-ion batteries to other comparable energy storage
technologies.
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Figure 2-2- Comparison of specific power and specific energy of Li-ion batteries compared to other electrical energy storage
technologies [22] Acronyms: SMES (superconducting magnetic energy storage), VRB (vanadium redox battery), ZnBr (zinc-
bromine battery), Na$ (sodium-sulphur), TES (thermal energy storage)

A summary of a variety of key metrics that demonstrate the superiority of lithium-ion batteries when
compared to the established rechargeable battery competitors is given in Table 2-4.

Table 2-4- Characteristics of four types of batteries common in portable electronic devices [17]

Characteristics

Lead-acid battery

Ni-Cd battery Ni-MH battery Li-ion battery

Gravimetric energy | 30-50 40-60 60-120 170-250
density (Wh/ Kg)

Volumetric energy | 60-110 150-190 140-300 350-700
density (Wh/ L)

Battery voltage (V) 2.0 1.2 1.2 3.7

Cycle life (to 80% of the | 300 1500 1000 500-2000
initial capacity)

Self-discharge per | 5 20 30 <10
month (%)

Fast charging time (h) 8-16 1 1-4 1orless
In use since Late 1800s 1950 1990 1991
Toxicity High High Low Low
Overcharge tolerance High Moderate Low Low
Operating temperature | -20 to 60 -40 t0o 6 -20to 60 -20to 60
range (°C)

In summary, lithium-ion batteries are superior to their current competitors in most characteristics.
The primary drawback to the lithium-ion battery is cost, at typically $300kWh™ for portable electronic
device batteries it is the most expensive, compared to $90kWh™ for lead-acid batteries. Nickel
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Cadmium and Nickel Manganese fall between the two, with Nickel Cadmium being cheaper [27].
Regarding the use of lithium-ion batteries for EV’s and stationary energy storage, cost is currently
regarded as one of the significant barriers to increasing adoption, however studies have projected that
the cost per unit of power will drop rapidly as technological advancements are made and production
increases- from €500 — 800/ kWh at up to 10GWh hour cumulative deployment, to potentially €200 —
300/ kwWh at 1000GWh cumulative deployment [13].

Ultimately Li-ion battery chemistry has some fundamental advantages. Lithium has the lowest
reduction potential of any element (-3.04Vswe), which therefore entails that Li-ion cells have the
highest possible potential. Lithium has the third smallest atomic weight allowing high gravimetric
(0.534 g/cm?3) and volumetric capacity and power density (3.86Ah/g) [28]. Lithium also has one of the
smallest ionic radii of any single charged ion which is crucial for mobility and electrode intercalation,
particularly given that for battery power performance ionic diffusion in the solid electrodes is often
the rate-limiting factor [29]. Despite the intrinsic advantages of Li-ion chemistry there are a diverse
range of factors and disciplines that go into the optimisation of battery cell and pack performance for
a given application; at their inception in 1991 Li-ion batteries could achieve specific energy of
100 Wh/kg at a cost of approximately $1000/kWh, in 2023 these figures have increased to
350 Wh/kg (800 Wh/L) at a cost of approximately $200/kWh, with short-terms targets in excess of
400 Wh/kg (1100 Wh/L) [30].

2.1.3. Battery cell designs

The modern established Lithium-ion battery cell’s composition typically consists of a lithium metal
oxide compound cathode with a layered, spinel or olivine structure, which can release lithium ions
from its structure. The anode is typically graphite, into which lithium-ions can intercalate through
diffusion and electrons can conduct through. An organic electrolyte allows the ionic movement of
lithium ions, containing a mixture of organic carbonates, salts and additives. A microporous polymer
separator prevents the cathode and anode layers from touching and short circuiting while allowing
the electrolyte and ions to pass through, and copper or aluminium current collectors are used to allow
current to pass through the circuit from the cathode to anode and vice versa [17]. These battery cell
elements in a pouch cell structure are shown in Figure 2-3. Binders are also an essential part of the
cell, required to fix the anode and cathode material to the current collectors, although they do not
play a role in the electrochemical reaction [12].
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Figure 2-3- Image of a simple pouch cell and internals

Lithium-ion battery cells are typically found in four types; cylindrical, prismatic, pouch and coin cells.
They usually consist of multiple electrode layers (a stack), with the exception of coin cells which tend
to be single layer; in a cylindrical cell the electrodes are wound into a coil, in a pouch cell the electrodes
are stacked flat, while in a prismatic cell the electrode tend to be stack and rolled but can sometimes
be flat. The coin cell is a flexible cell design that is easy to make in low quantities as it can be assembled
manually, it has a compact design but can swell when charged quickly with no safety vent- for
applications requiring a large energy supply it would be a very inefficient choice due to the quantity
required and ratio of casing to active electrode material. The cylindrical cell has good mechanical
stability due the cylindrical shape which withstands internal pressure, it has good cycling ability, a long
calendar life and is economical, but is heavy and has low packaging density due to space cavities. The
prismatic cell improves space utilisation but it can be more expensive to manufacture than cylindrical
cells in a higher volume industrialised process and less efficient in terms of thermal management,
some swelling normally occurs and a firm enclosure is required for compression. Pouch cells are a
simple, lightweight and flexible design solution, where the internals are encased in laminated pouch
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material, the cells use space very efficiently, they do not have a rigid casing and can swell significantly
however (8-10%) and are susceptible to heat and humidity [31].

A further cell design typically used in research and to investigate the electrochemical properties of
battery cell materials is the Swagelok cell. They can be a two electrode style, where the electr
being studied is known as the working electrode and the other electrode is known as the counter-
electrode. In cases where the counter electrode properties vary with current and so do not allow
deconvolution of the properties of the working electrode from the overall cell, a three electrode
design can be adopted where a reference electrode is introduced. The reference electrode should
maintain a stable voltage that is not influenced by current, allowing the separation of the
measurements of the working and counter electrode [32].

In terms of the cell component materials, the Li-ion cell anode must be a material which allows for
reversible intercalation and de-intercalation. To allow this the material must be crystalline, there must
be empty sites in the lattice in the form of isolated vacancies and electronic and ionic conductivity
must be possible. Graphite has become the established anode material of choice in the lithium-ion
battery, which has 2D layer vacancies in the layers held together by Van der Waals forces, allowing
ionic movement and free electrons that can conduct electricity [9]. The anode is typically made of
micro-particles of carbon (usually graphite) bound to a copper (typically) or aluminium current
collector with a chemically inert binder, typically styrene-butadiene-rubber [12]. The practice of
adding a small percentage of silicon to the graphite anode is also becoming a more common technique
to increase its specific and volumetric capacity [33,34].

The cathode is typically a host structure that allows the release of the Li-ions from the lattice and
movement of electrons[12]. There are various factors at play when considering the optimum cathode
compound, including energy density, discharge profile, cost and safety depending on the
requirements of the application. The typical material compounds used for Li-ion cell cathodes will be
discussed in more detail in the following section. As well as the compound composition, particle
morphology also plays a role in the capability of the cathode. The binder on the cathode must also be
oxidation-resistant due to the unstable oxidising environment at the cathode, as well as chemically
inert. Common cathode binders are polyvinylidene fluoride (PVDF) and acrylate-type copolymer
(ACM) [12], while the cathode substrate is usually aluminium current collector.

Electrolyte in a battery cell acts as an ionic conductor allowing the lithium-ions to move between the
electrodes, while being non-conductive for electrons. While there is extensive research into solid
electrolytes, currently liquid electrolyte is much more common in lithium-ion batteries, the liquid
electrolyte must seep into the porous electrodes such that they transfer lithium-ions smoothly
between the liquid and solid phase interface. The standard electrolyte used today, first developed in
the 1990's, is a liquid electrolyte with LiPFe in carbonate solvents, such as propylene carbonate (PC).
Other carbonate solvents used for the lithium salts include ethylene carbonate (EC), propylene
carbonate (PC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl carbonate (DEC)
[12].

A vital part of the cell is the formation of a passive layer called the solid electrolyte interface (SEl), the
SEl layer provides a crucial role in the cell function, as it prevents the electrons in the anode coming
into contact with and reacting with the electrolyte [35]. The SEI layer is formed during charging and
discharging of the cell as some of the lithium ions react with the surface of the anode at the electrolyte
interface; typically 10% of initial cell capacity is lost to SEI layer formation during the first cycle [36].
Initial cell cycling (formation cycling) is slow to ensure an effective SEI layer formation [37], SEI layers
with a good structure and low electronic conductivity leads to very good negative electrode stability
over long-term aging and at elevated temperatures. Additives play a crucial role in helping effective
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SEIl layer creation, and many additives have been experimented with. Vinylene carbonate is the most
common example of an organic additive that has been shown to produce excellent results [35].

Additives are dissolved into the electrolyte to provide characteristics such as encouraging SEI growth
and preventing SEI layer and graphite exfoliation, these are known as ‘functional electrolytes’ [12].
For example the additive 1,3,2-dioxathiolane-2,2-dioxide (DTD) was shown by Ming et al. to prevent
SEl and graphite anode exfoliation at 4wt% or higher, while significant exfoliation occurred at only 1wt
% [38]. The effect of such an additive is it to allow natural graphite to be used in the anode, rather
than the more robust petroleum coke used in early lithium-ion batteries [9]. Another example is
cyclohexylbenzene (CHB), at higher voltages it generates hydrogen gas which activates the current
interrupt device and safety vent to prevent to prevent overcharge and serious safety issues [12].
Additives can further provide a number of improvements including improved cyclability, higher
coulomb efficiency, improved reversible intercalation, higher voltage, improved stability and lower
resistance, examples are detailed in Table 2-5 [38]. Also it should be noted that a cathode-electrolyte
interface (CEIl) layer forms on a Li-ion battery cell cathode. However the CEl layer is generally much
less well understood than the SEI layer, partly this is because it’s role in battery cell function is not
considered as significant as the SEl layer, it is also sensitive to electron beam and x-ray radiation and
reacts with air and moisture [39]. The CEl layer thickness varies depending on chemistry, electrolyte
and cell ageing, but is typically in the order of 10’s of nm, considered to possibly be slightly thicker
than the SEl layer [167].

Table 2-5- A variety of electrolyte additives and their properties [38]

Electrolyte Additives Performance

1.0 M LiClO4 in FEC/PC/EC | Fluoroethylene carbonate Improved cyclability
(1/3.5/3.5, v/v/v)

1.0M LiAsFs in EC-DMC | 5wt% Vinylene carbonate | Higher CE

(1:1, v/v) (VC)

1.0M LiClO4 in EC/DEC (1:1, | 2wt% VC + 0.5wt% SL Higher CE

v/v)

1.0M LiPFs in EC/PC/EMC
(1:1:3, v/v/v)

1wt% Butyl sultone (BS)

Improved cyclability

1.0M LiBF; in PC/EC/EMC
(1:1:3, v/v/v)

1-5mol % LiBOB

Improved cyclability

1.0M LiPFs in PC/DMC (1:1,
v/v)

3,5-bis(trifluoromethyl)
benzeneboronic acid (BA)

Reversible intercalation

1.0M LiClO4 in PC

10-20% VES

Reversible intercalation

1.0M LiPFs in PC/EMC (1:1,
v/v)

PyrSO3, Me3N503, EtsNSOg.

Reversible cyclability

1.0M LiTFSI/TMHATFSI

20 vol% CI-EC

4V LIBs

1.0M LiClO,4 in EC/DEC (1:1,
v/v)

K2CO3, KClO4, K503

Higher CE

1.0M LiPF¢ in PC/ EC (1:1,
v/v)

1,3,2-dioxathiolane-2,2-
dioxide and its derivatives
(cyclic sulfates)

Reversible Higher CE

1.0M LiPF¢ in PC-EMC (1:1,
w/w)

Prop-1-ene-1,3-sultone

Reversible performance

Concentrated LiN(SO,CF:);
in PC

Ca(N(SO2CF3)2)2

Reversible intercalation

1.0M LiPF¢ in EC/EMC/TMP
(1:2:3, v/v/v)

0.5 M NaTFSA, or KTFSA

Higher CE
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1.0M LiPFs in EC/EMC (1/2, | 1-3% TMSP Improved stability
v/v)

1.0M LiPF¢ in PC/DEC (1/1, | 1.5% 2(5H)-furanone Lower resistance
v/v)

M LiClO; in EC/DEC (1:1, | 20 mass% TMP, PF-3DM, PF- | Variable performance
v/v) 3M, TFEP, or TEP

In general there are two primary methods to improve the energy density of a lithium-ion cell, one is
to enrich the Li content using Li-rich cathodes to increase the charge density, and the other is to
increase the output voltage by using high-voltage cathodes. The cathode must provide a structure to
ensure reversibility of the reaction, with consideration to the thermodynamic and kinetic factors. The
output voltage must also be within the electrochemical window of the electrolyte to suppress the
decomposition of the electrolyte and parasitic reactions at the electrolyte- electrode interfaces.
Adjustments in electrolytes and electrolyte additives can also be used to adjust the electrochemical
window of the electrolyte[40]. In most lithium-ion battery applications, with the exception of
stationary energy storage, there is a further challenge to maximise the volumetric energy density and
power delivery, while mitigating the resulting safety issues [12]. In this respect battery diagnostics,
which will be discussed later, plays a vital role as part of battery management system in monitoring
the battery state and any potential issues.

2.1.4. Li-ion battery electrode material structures and phase transitions

There are a variety of lithium compounds that are used on the cathode side of the cell, the most
commonly utilised compounds and their properties will be discussed further here, an example of some
typical compounds are given in the Table 2-6 [29].

Table 2-6- Typical intercalation cathode compounds and their characteristics [29]

Crystal Compound Specific Volumetric Average Level of
structure capacity capacity voltage development
(mAhg?) (mAhcm3) (V)

(theoretical/ (theoretical/
experimental/ experimental/

typical) typical)
Layered | LiTiS; 225/ 210 697 1.9 Commercialised
LiCoO; 274/ 148/ 145 1363/ 550 3.8 Commercialised
LiNiO; 275/ 150 1280 3.8 Research
LLIMNnO, 285/ 140 1148 3.3 Research
LiNio.33Mno33C00330> | 280/ 160/ 170 1333/ 600 3.7 Commercialised
LiNip.gC00.15Al0.0503 279/ 199/ 200 1284/ 700 3.7 Commercialised
LizMnO3 458/ 180 1708 3.8 Research
Spinel Li-Mn,04 148/ 120 596 4.1 Commercialised
LiCo,04 142/ 84 704 4.0 Research
Olivine LiFePO4 170/ 165 589 3.4 Commercialised
LiMnPO4 171/ 168 567 3.8 Research
LiCoPO4 167/ 125 510 4.2 Research
Tavorite | LiFeSO4F 151/ 120 487 3.7 Research
LiVPO4F 156/ 129 484 4.2 Research
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The cathode materials are intercalation compounds, they create a structure which can store the
lithium-ions and allow Li-ions to be removed from the structure reversibly. The typical compound
types are lithium metal oxides (such as LiN13M1/3C1/302, or NMC, containing O,) and lithium-polyanion
compounds (such as LiFePQ4, or LPF, containing the PO4 polyanion). Solid metal lithium electrodes are
also a high priority research area [41], while another experimental research area involves using the
metal chalcogenide Li-S in lithium-sulphur batteries [42]. These intercalation compounds can be
further categorised by their crystal structures, such as layered, spinel, olivine, and tavorite [29]; these
structures are graphically illustrated in Figure 2-4.

The different structures of the cathode compounds contributes to the differing properties of battery
cells. Layered intercalation compounds (LIC) such as such as LCO (ie. LiCoO,), NCA (ie.
LiNio.s5C00.1Al0.0s02) and in particular NMC (such as LiN1/3sM1/3C1/302 - NMC111) [43] play a significant
role in commercial applications such as electric vehicles due to the relatively high volumetric and
gravimetric energy densities, high operating voltages and naturally good electronic conductivity.
Polyanion oxide olivine structure LFP (ie. LiFePQ,) is also popular due to high thermal stability and
better safety, relatively flat voltage charge profile, good conductivity when carbon coated and lower
cost more abundant materials [8,29,44].
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The different material compounds and structures also result in different phase transition behaviour
during charge and discharge, that is to say the re-ordering of the material structure as the Li-ions
intercalate/ deintercalate from it. Phase transitions have an important practical impact on the cell
charge and discharge profile, during phase transitions the cell voltage will change less per unit of
charge [45] and a more consistent voltage and power output across the battery state of charge is
generally desirable. The discharge profiles for a selection of cathode chemistries of different material
structures are shown in Figure 2-4.
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Figure 2-4- Images of layered (a), spinel (b), olivine (c) and tavorite (d) crystal structures, and e) Typical discharge profiles
for a selection of chemistries [29]

Phase transition behaviour can vary significantly between different electrode chemistries. For
example, NMC111 is a transition metal oxide layered intercalation cathode that stores Li-ions between
the lattice layers in octahedral sites [29,46]. During deintercalation of Li-ions when charging the cell
the charge compensation mechanism is understood to be oxidation of the Ni%* ions to Ni** and Ni*
[47-49]. As the transition metal elements are oxidised during cell charging the Jahn-Teller effect leads
to distortion of the octahedral structures within the lattice [50]. As can be seen in Figure 2-5, while
NMC111 normally undergoes two clear detectable phase changes under full cell IC analysis, NMC811
undergoes a third at approximately 4.1V [51].

33



T LI |
Instable for
all NMCs

600 7111
Stable for | Ce™LIC, HI=M ! [ stable for
all NMCs i

400

200

Spec. Differential Capacity [mAh/Vg ]
o

200 F N .
E | " 2! 2 [

I @ : Lg ]

400 |- [—nwicri1 4 SH-1- S .
— NMC622 ~¢";’| [ gug [

[ L——Ncs! S0 0 a0 &3 ]

-600 [ PR I I BT R SR SR S as Sl S S
30 32 34 36 38 40 42 44 46 4.8
Voltage [V]

Figure 2-5- Incremental (or differential) capacity (IC) versus cell voltage for NMC111, NMC622 and NMC811 cathodes versus
graphite electrodes [51]

While the cell voltage is determined primarily by the cathode voltage once the anode has undergone
initial lithiation on the first charge cycle, we can also note that the counter-electrode has a significant
impact on the full cell phase change behaviour. Studies have shown that an IC plot of a ‘half-cell’ of
NMC111 versus lithium, also shows a possible initial phase change peak that is much less obvious and
almost merges into the second peak [52]. We can also compare NMC versus graphite IC plots to LFP
versus graphite IC plots. In IC plots for an LFP versus graphite cells studies have identified five peaks,
three of which are distinct and two of which are more subtle, across the voltage range of 3.1 to 3.45V
[53].

The graphite anode also undergoes structural changes during charge as lithium ions intercalates into
it, from delithiated carbon through to fully lithiated LiCs [54-59]. The argument has been made that
graphite can go through up to 6 phases as it is lithiated from LioC1, to LiCi> , with some temperature
dependency on the nature of the phases and when the transitions occur [60]. Once lithitated following
initial charge the anode voltage drops from around 2V vs lithium to 0.2V in a NMC versus graphite cell
([61]). During subsequent charge and discharge the anode voltage then changes relatively little
(between 0.1V to 0.2V versus lithium) compared to the cathode voltage change. As such the graphite
anode impact on overall cell voltage is minimal, while playing a vital role in the cell function by hosting
the Li-ions. In Figure 2-6 the graphite phase transitions in a lithium-graphite cell are detected via the
peaks in a cyclic voltammetry plot [62].
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Figure 2-6- Cyclic voltammogram of a carbon/Li cell cycled at 2 uV s [62]

Secondary anode materials are currently standard in Li-ion batteries due to challenges such as
dendrites formed by pure lithium that can cause short circuiting and cycle life issues [29].

2.1.5. Li-ion cell working mechanisms

The lithium-ion battery is a galvanic cell that is charged by applying a voltage to it that forces the
oxidation of lithium atoms at the cathode. The applied voltage forces the free electrons to be
transferred from the cathode to the anode via the current collectors and circuit, while the lithium-
ions, attracted by the electrons, flow through the electrolyte to the anode and intercalate there. Once
the charging voltage is disconnected and a circuit applied from the anode current collector to the
cathode current collector the lithium ions flow back to the cathode, where they are more
thermodynamically stable, attracting the electrons which flow back through the circuit as they cannot
pass through the non-conductive electrolyte, generating electricity in the circuit [63].
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Figure 2-7- schematic example of a charging/ discharging lithium-ion galvanic cell [64]

Galvanic cells, through which faradaic current spontaneously flows on the connection of the
electrodes via a conductor, are employed to convert chemical to electrical energy in a huge variety of
applications. Variations can include non-rechargeable, rechargeable and fuel cells. The electrolytic cell
works in the reverse direction, in which a voltage greater than the open circuit potential of the cell
causes a chemical reaction [63].

Although current is predominately produced through faradaic process in galvanic cells such as lithium-
ion based cells, non-faradaic processes also occur as the electrode-solution interface changes through
processes such as adsorption, double layer capacitance, SEl layer formation and other incidental
chemical reactions. These processes can also produce transient currents as well as impacting the
properties of the cell [63]. Faradaic processes are best described as the completion of redox reactions
at the electrode where both the reactants and products come from or go to a phase material outside
and in contact with the electrode. While non-faradaic processes are any other type of reaction in
which charge is stored, including irreversible reactions and redox reactions where charge does not
leave the electrode [65].In a reversible electrode reaction, the mass transfer is the limiting factor in
charge transfer and the reactions that occur are very rapid. In a faradaic process the surface
concentrations of the species involved are related to the electrode potential by the Nernst form
equation. The modes of mass transfer are migration under the gradient of an electric field/ potential,
diffusion under the gradient of a chemical potential and natural convection caused by density
gradients or forced convection [63].

The typical voltage range of a Li-ion cell with lithium metal oxide cathode and carbon anode is 2.5 to
4.2 V, with a nominal voltage of approximately 3.6V. The voltage of the cell varies with the cell state
of charge, at full charge the cell is at its peak voltage, this voltage drops rapidly after the first 30% or
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so of discharge, then plateauing at the ‘nominal’ voltage of the cell for most of the cycle, before finally
dropping again rapidly to the minimum voltage after about 80% discharge. At lower state of charge
and voltage the battery kinetics, or ability to push the ions from cathode to anode, are affected, with
the time for the battery to reach an equilibrium state after charge or discharge being increased [66].
The relationship between charge and open circuit voltage (OCV) also changes with battery
temperature and ageing, although such effects in a Li-ion battery with carbon anode are minimal [67].
The graph in Figure 2-8 gives an example of a change in a Li-ion NMC cell operational voltage and OCV
with state of charge. Note the operational voltage is the voltage measured at the terminals when the
battery is in operation, while the OCV is the voltage of the unconnected cell, the difference between
the values being known as overvoltage [68].
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Figure 2-8- Charge and discharge profiles of new Li-ion NMC cells at C/25, showing both cell operational voltage and OCV
against state of charge [68]

State of Charge (SOC) and State of Health (SOH) are two key characteristics when defining a battery’s
current state. The SOC of a battery cell is best defined as the remaining exchangeable lithium-ions in
a cell as a proportion of the total at a low rate of exchange, at a given point in the cell’s life - this
equates to the proportion of remaining capacity under specified conditions. This should not be
confused with remaining capacity under nominal conditions, as the conditions of the cell can
dramatically affect the remaining capacity. The remaining number of intercalation sites also cannot
be used as a measure because in practice the full number of sites are not utilised [67]. The SOH of a
battery is a measure of its capacity at that point in its life compared to its capacity when new.

2.1.6. Cell kinetics/ thermodynamics
There are many processes within a typical Li-ion cell that contribute to the overall cell kinetics. The
electric field generated in a battery cell is crucial to the operation of the cell, during the charge process
this is generated by applying a voltage to the cell which forces electrons to the cathode and
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subsequently creates an electrostatic force that attracts the positively charge lithium ions. During cell
discharge the potential is created by the greater stability of the Li-ions in the metal oxide, encouraging
the discharge of Li-ions from the anode to cathode. The relationship between migratory flux and
electric field is given in Equation 1. However in a Li-ion cell the solvent between the electrodes is
typically flooded with background electrolyte (such as LiPF¢) of at least 0.1M concentration, typically
at least 100 times the concentration of the reactant, which supplies sufficient background ions to
maintain electroneutrality within the solution. As such the migratory effects of the electric field within
the electrolyte solution are negligible in the bulk of the solution and are confined to the consequently
compressed double layer [69].

jm & —u[B] 52 (1)

Where:

® jnis the migratory flux
e u isthe ionic mobility of the ionic species
e [B]is the concentration of the ionic species

g . —
. £ is the electric field strength

The current density at the electrode surface can be related to the materials, surroundings and
potential difference between the electrode and electrolyte via the Butler-Volmer equation; this
equation takes into account the activation overpotential, which is the energy required to start the
reaction (the charge transfer). The equation is based around a simple redox reaction where both
reduction and oxidation happens at the electrode surface, and has a term for both the oxidation and
reduction directions of the reaction. The proportion of the potential that lowers the energy barrier,
by changing the Fermi level, to allow the reaction to proceed is represented by the charge transfer
coefficient (); in a completely reversible reaction which proceeds entirely via electron transfer (no
chemical steps) then is equal to 0.5 and the Butler-Volmer equation reduces to the Nernst equation,
which will be discussed subsequently [69].

J=Jat]c

Where:

e jis net current density
e j,isanodic current density
e j.iscathodic current density

Expanded to:

ayzF
RT

j= jo.{exp [ ] (E —Egq) —exp [%] (E - Eeq)}
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Where:

e jyis the exchange current density, this is when the reaction is at equilibrium and the current
flowing in both directions is balanced such that no net current flows.

® q, isthe anodic charge transfer coefficient (oxidation as metal ions dissolve into electrolyte)

e _ is the cathodic charge transfer coefficient (reduction)

e zis number of electrons involved in the electrode reaction

e Fis Faraday’s constant (9.9x10* C-mol™)

e Risthe universal gas constant (8.314 J-K*-mol™)

e Tisthe temperature of the system (K)

o [ isthe applied potential

e E,q, isthe equilibrium potential

In a reversible battery cell we therefore can assume that the potential applied to the cell adjusts the
reaction quotient (the ratio of products to reactants) in the electrolyte at the surface of the electrode
according to the Nernst equation ((2). When the potential exceeds the equilibrium potential the
reaction favours the products and the ratio of products to reactants increases, and vice versa when
the potential is less than the equilibrium potential. In this way applying a potential to the electrode
leads to a change in the product and reactant ratio in the electrolyte at the surface of the electrode,
this change in concentration then drives diffusion from the bulk of the electrolyte solution.
E=E+ () 2 (2)

nF [red]

Where:

e Eisthe applied voltage

e E%is the equilibrium voltage

e Risthe universal gas constant (8.314 J-K™-mol™?)
o T isthe temperature of the system (K)

e nisthe number of moles of electrons transferred
e FisFaraday’s constant (9.9x10* C-mol™)

e [ox] is the concentration of the oxidised product
e [red] is the concentration of the reduced reactant

Cell kinetic processes include ionic diffusion of the lithium-ions through the electrode bulk material,
the charge transfer process of the ions passing across the electrode- electrolyte boundary, the
diffusion resistance of the Li-ions through the electrolyte solution and the resistance through the
separator membrane. The charge transfer process is in itself a multi-step process, involving the de-
solvation of the Li* ion from the liquid electrolyte, diffusion of the ion through the SEI layer and then
addition of an electron to form a lithium molecule [70]. The charge transfer process begins in a
reversible reaction when the voltage is sufficient to achieve the activation energy to instigate the
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charge transfer, in an irreversible reaction additional ‘overpotential’ is required in addition to the
activation energy to instigate the reaction. Additionally, a HelImholtz double layer is formed at the
surface of the electrodes, caused due to the net charge at the electrode surface in non-steady state
conditions, which has a capacitive effect. As such equivalent circuit models can be used to model a
cell behaviour [71]; a simple example of model representing an electrode and electrolyte interface
is typically a resistor in series with a resistor and capacitor in parallel (such as that shown in

Figure 2-11)- the parallel resistor and capacitor represent the capacitance of the Helmholtz double
layer and the charge transfer resistance across the boundary layer, while the series resistor represents
resistance of the ions passing through the electrolyte.

A diffusion layer (or Nernst layer) forms in the electrolyte when the electrochemical reaction is taking
place, this is caused due to the consumption of reactants in the electrolyte at the electrode surface
which causes a gradient in product concentration to be created between the electrolyte at the
electrode surface and the bulk electrolyte. This gradient drives diffusion of the Li-ions in the
electrolyte, and the diffusion layer will grow over time- in theory the diffusion layer can continue to
grow but in practice natural convection normally limits it's depth [69,72]. Diffusion tends to be the
driving force of Li-ion movement in the bulk of the solution in the absence of migratory flux (due to
the high concentrations of background electrolyte).

For cells in typical conditions with electrodes of thickness in the order of millimetres the Nernst
diffusion layer thickness can grow to approximately 0.5mm. Fick’s law states that the number of moles
of material diffusing through a unit area in one second is:

JjB = _DBE (3)
Where:

o jgis the diffusional flux, or number of moles of species B diffusing through a unit area per second
e [B]is the concentration of species B

e xis the distance from the electrode surface

e Dgis the diffusion coefficient for the given species.

This therefore tells us that flux of the species to the electrode surface should increase when the
diffusion layer concentration difference over depth gradient is greater [69].

Additionally, the magnitude of current given by an electrochemical reaction is defined by:
i = AFj (4)
Where:

e Fisthe Faraday constant (96485 Cmol?)
e Aisthe electrode area (cm?)
e Jisthe flux of the reactant species reaching the electrode surface (moles cms?)
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Combining Equation 3 and Equation 4, and assuming a linear diffusion layer gradient, we can say that:

_ DpFA([Blpuik—[Blo)
= LoPABl )

Where:

e  [Blouk is the concentration of species B in the electrolyte bulk
e [B], is the concentration of species B at the electrode surface

That is to say that the current generated, which is a result of the species reacting at the surface, is
therefore proportional to the gradient of the diffusion layer for a given species when diffusion
transport is the rate-limiting factor. The amount of reactants in the electrolyte at the electrode surface
depends on the electrode potential, at high electrode potentials reactants rapidly undergo redox
reactions and so [B], tends to zero [69].

The slowest step in the reaction processes is knows a3 the ‘rate-limiting step’, this step acts as the
‘bottleneck’ which dominates the electrochemical response. For example, if the slowest step is the
transport of molecules through the electrode bulk to the surface, the reaction is described as ‘mass
transport limited’. The rate limiting step in a Li-ion cell varies depending on the cell composition and
conditions, however it is typically the lithium migration through the electrode bulk material at higher
voltages and in warmer conditions [70], and the charge transfer resistance involving the de-solvation
of the Li-ions from the electrolyte and transport of Li-ions through the SEl layer at lower voltages and
in colder conditions [73]. The activation energy required to transport the Li-ions across the SEl or CEl
layer is dependent on the composition of the layers, which can be influenced by the electrolyte
solvent, ionic salt and additives used [70].

2.1.7. Lithium-ion diffusion

As noted in previous sections, lithium-ion movement in the electrolyte is caused by diffusion and
convection, as well as the fundamental migratory effect of electric potential difference induced in the
cell [69]. As such, it is complicated to model the flow of Li-ions in electrolyte, however if a cell has
minimum agitation and a fairly controlled temperature then the convection effects can be minimised,
if the electrolyte has sufficient quantity of ions the migration due to the electric potential is also
negligible, while the reaction quotient at the electrode surface can be modelled using the Nernst
equation and the profile of Li-ion reactants approaching the surface can be modelled using Fick’s law.

Additionally the rate of diffusion of the Li-ions in the electrodes can be considered. Typically in Li-ion
cells in a metal oxide versus graphite configuration, the graphite is recognised as being the rate limiting
electrode with the slower diffusion rate, in which a high charging rate risks causing lithium plating on
the graphite anode surface [74]. By extension the Li-ions will not diffuse linearly into the electrode,
the Li-ion concentration will build up at the surface of the electrode and then diffuse into the bulk
material over time; this is something that is particularly observable in GITT tests, where voltage spikes
after the initial voltage pulse and then relaxes during the rest period, this allows the diffusion co-
efficient to be calculated through GITT testing. Diffusion coefficients can be influenced by material
structure and temperature [75].
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Measuring the change in Li-ion concentrations in different locations in the electrolyte and electrode
through physical measurements is a challenging task due to the nanometer resolution variations and
the fact that a measurement process risks disturbing the natural behaviour. An interesting study into
this area has been carried out using a lithium versus graphite half-cell with an optical window at the
base of the graphite to carry out Fourier transform infrared spectroscopy (FTIR) and attenuated total
reflection (ATR) optical measurements. The IR measurements could be correlated to lithium
concentration, and it was found that higher charge rates had a greater impact on Li-ion concentration
variation due to the ion-transport limitations [76]. FTIR techniques have also shown the change in
solvents in the electrolyte as the Li-ions intercalate into a graphite anode [77].

2.1.8. Limitations, ageing mechanisms and failure modes

Limitations and failure modes of batteries can be considered at different physical size scales. At the
atomic level; the electrical potential of the electrode materials, the speed with which ions can diffuse
and transfer charge are key factors. At the nano to microscale; SEI growth, lithium plating and
mechanical degradation of the electrodes can all contribute to cell degradation. At the cell level;
inhomogeneous temperature, current and charge distribution can cause mechanical strains and
create failure points within the cell. At the battery pack level; cooling, cell balancing and management
are required to minimise premature failure within a particular cell or group of cells [17].

The causes of battery cell failure can be both operational and environmental. Key causes of failure
include the reactions that occur in the cell over time, high temperature, the cell being charged too
high voltage or SOC, high current loads, low temperatures during operation or charging, formation of
corrosive substances and the changing stoichiometry of the cell as parasitic reactions occur,
mechanical stresses in the cell due to temperature and charge inhomogeneity or the battery reaching
a very low voltage or SOC. These can in turn contribute to a host of degradation mechanisms, including
continued SEI growth, SEI decomposition, electrolyte decomposition, binder decomposition, graphite
exfoliation, structural disordering, lithium plating/ dendrite formation, loss of electric contact,
electrode particle cracking, transition metal dissolution and corrosion of current collectors [78]. Figure
2-9 visually displays a range of cell degradation mechanisms.
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Figure 2-9- Degradation modes in lithium-ion cells [78]
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Despite the complex interplay of factors that can lead to battery cell degradation, the measurable and
physical effects can be classed in three general groups, namely loss of lithium inventory (LLI), loss of
active positive electrode material (LAMPrEe) and loss of active negative electrode material (LAMNE). LLI
causes capacity fade due to loss of lithium ions which are no longer available for cycling due to loss in
SEIl layer growth, decomposition reactions, lithium plating and dendrite formation etc. LAMNE causes
capacity and power fade through loss of intercalation sites due to particle cracking, loss of electrical
contact and blocking of active sites. LAMNE also causes capacity and power fade through loss of lithium
insertion material due to structural disordering, particle cracking or loss of electrical contact [78].

At the extreme end of the consequences of cell degradation is catastrophic failure, usually triggered
by thermal runaway in which rising cell temperature become self-sustaining via SEI decomposition,
electrolyte decomposition, melting separator, complete short-circuit, metal oxide decomposition and
releasing oxygen, lithium melting and combustion [79]. Events such as short circuiting or prolonged
overcharge can set this process in motion, which ultimately causes the cell to burst into flames due to
the reaction of the freed oxygen with lithium. An event such as short circuiting could occur due to
battery penetration from an external body or dendrite growth. [8]

The negative electrode/electrolyte interface plays a critical role in some aspects of cell degradation.
Excessive SEI growth induces a capacity loss over time due to LLI, while the active surface area
degradation and increase in charge transfer resistance increases cell impedance and reduces the
power capability of the electrode. In the worst case the reduction of charge rate capability may lead
to local lithium plating during cycling, further increasing rate of capacity reduction through LLI and
LAMNE [35]. An SEI layer that is susceptible to corrosion by the electrolyte leads to exfoliation of the
SEl layer and graphite anode, while electrons in the carbon can then react with the electrolyte leading
to LLI. As such, the electrolyte and additives used must ensure good SEl stability [12].

The electrode/electrolyte interface can be affected by high SOC and/or elevated temperatures
inducing parasitic reactions at the anode surface resulting in electrolyte decomposition. This results
in an increase of cell impedance and potentially slow gas evolution, which can cause a pressure build
up in the cell. Again, appropriate choice of active materials and electrolyte and effective cell design
have a significant impact on the longevity of the cell [35].

These material characteristics and risks result in conservative limitations to lithium-ion battery
recharge times. Range anxiety and recharge times (compared to combustion engine vehicles) are
issues typically cited as being amongst primary issues hindering greater adoption. However, the high
currents needed for a fast rate of charge typically reduce energy efficiency and cause the battery to
lose capacity and power more rapidly, shortening its useful life. Fast charging can accelerate many
failure modes by inducing higher temperatures and a more uneven temperature gradient, including
causing more rapid electrolyte decomposition and SEI growth. Fast charging can also cause lithium
plating and dendrite growth [17], another potentially catastrophic failure mode. As such, careful
consideration and monitoring of these aspects is crucial to enhanced cell performance and Li-ion
technology development.

A particular failure mode to consider is lithium-plating, this failure mechanism tends to be extremely
detrimental to cell capacity and function and also poses safety risk in the form of lithium dendrites
that can lead to a short circuit; although it has been observed lithium deposition tends to take mossy
form at lower currents and dendritic form at higher currents [80]. Lithium plating is generally caused
by an imbalance in the cell, such that more lithium-ions are being forced into the anode than the
anode can accommodate, or because the lithium ions are being forced into the anode faster than they
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can intercalate into the bulk material [81]. The latter failure mechanism is exacerbated at low
temperatures, which slows the movement and intercalation rate of Li-ions in the graphite anode
material [82] and by anything that impedes the charge transfer rate at the anode surface such as
excessive SEl layer growth[81]. Inhomogeneous current or potential distribution in the cell, caused by
such things defects, uneven surfaces and uneven electrode wetting, also increase the risk of localised
lithium plating [83]. Lithium plating has also been observed to occur preferentially at the edge of the
anodes [84]. A further challenge to consider with lithium-plating is that it is difficult to detect its onset
in real time, while experimental techniques utilising IC analysis [81,85], three electrode systems,
acoustic detection and EIS have shown the capability to do this [86]. Diagnostics methods that can
effectively detect li-plating in real time could provide valuable information, not least in safety respects.

2.1.9. Potential developments in lithium-ion batteries
There is a variety of research avenues focused on improving lithium-ion batteries, encompassing
everything from the composition of the anode, electrode, and electrolyte to removing the anode
altogether and looking at improvements at the cell, module and pack level. In terms of cell technology
there are many pioneering technologies under research such as sodium-ion batteries, iron batteries,
redox flow batteries, solid state, silicon and carbon blend anode, sulphur anode, graphene anodes,
anode free dual salt electrolyte batteries, amongst others [8,10,22,34,41,87-95].

New electrode materials with better chemistry that consequently have higher energy densities, higher
charge rate capabilities, improved cycling performances and greater safety are being studied to
improve key limitations in current lithium-ion batteries [96]. Currently anodes are typically graphite
with energy densities of approximately 372 mAh/g [34], generally twice the energy density of common
cathodes. Further to this next-generation anode materials, such as lithium metal or silicon-graphite
mixes, have the potential for even greater energy density than carbon. As a result the bottleneck for
improved energy density in the current common lithium-ion cell relates more to the metal oxide
cathode [40].

While an increase in energy density of the anode will still benefit the overall battery energy density, a
more pertinent aspect to improving anode energy density is arguably the potential to increase
charging rates- that is at high SOC the resistance to charging is increased as fewer intercalation sites
are available in the anode for the lithium-ions [97]. Two potential secondary anode material
technologies for increasing the intercalation site density are graphene anodes [93] and silicon anodes
[34]. Mixing part silicon into graphite anodes to increase specific capacity is an active and promising
research area, with silicon having an approximately ten times greater specific capacity than graphite;
however a significant challenge is that greater expansion and contraction of the silicon leads to
mechanical cyclic stresses and this cause the silicon to lose capacity much more rapidly than graphite
[98].

Lithium metal anode batteries are a technology that also has the potential for much higher energy
densities. They were first pioneered in the 1970’s, but have little utilisation due to safety concerns
caused by lithium dendrite growth issues causing short circuiting. Research work into overcoming
these issues is ongoing with options such as solid electrolytes or coated separators to block the
dendrites, nanofibers to force the lithium to plate more evenly or additives to make the SEl layer more
mechanically strong and flexible to stress and deformation [99]. Solid-state batteries, such as a metal
oxide cathode, solid electrolyte and lithium anode configuration, potentially offer a higher energy
density and a safer solution; however they currently suffer from issues including dendritic growth,
maintaining a good contact between the electrolyte and electrodes (requires high pressure), lifecycle
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longevity due to cracking and breaking contact during cycling and a complicated manufacturing
process [100].

Another potential next generation lithium-ion battery proposal is an anode free lithium metal cell with
dual-salt Lithium difluorooxalatoborate (LiDFOB)/ Lithium tetrafluoroborate (LiBF4) liquid electrolyte.
In this design the lithium morphology formed in the salts is suitable for the storage of the active charge
transfer lithium atoms/ ions. The cell has an energy density of 360 Wh/ kg and 1000Wh/ |, which is a
substantial improvement on the current Li-ion typical range of 120 to 220 Wh kg-1 [10]. In addition,
the manufacturing methods required for the pouch cell form of this battery can be carried over from
existing pouch cell designs. The primary issue facing the cell at the moment is the longevity. Initial
research work into producing a viable cell established a lifecycle of sustaining 80% capacity over 90
cycles utilising 0.6M LiDFOB and 0.6M LiBF dual salt electrolyte [41], this is compared to a typically
recognised requirement of 800- 1000 lifecycles in industrial applications. Further cell improvements,
namely utilising higher concentration dual-salt 2M LiDFOB and 1.4M LiBF electrolyte and maintaining
a higher pressure on the cells, have resulted in a lifecycle increase to 200 cycles in initial testing [101].

A further experimental technology is lithium-sulfur batteries, which has the potential to provide
excellent gravimetric energy density, low cost and safety compared to lithium-ion batteries [92]. A
further advantage is sulphur is a cheap and plentiful substance with minimal environmental impact.
In this cell the lithium and sulphur react to produce polysulfides (sulphur compounds containing
lithium) which allow the transfer of energy, and the lithium shuttles between the lithium metal anode
and Sulphur (S) / Lithium Sulphide (Li,S) cathode. The technology has challenges including volume
expansion of the cathode and loss of active material during cycling leading to short life span, but could
have potential applications in aerospace and large vehicles such as lorries [91].

Sodium-ion (Na-ion) batteries are a promising complementary alternative to Li-ion ion batteries [95].
The raw material for sodium is typically an order of magnitude cheaper to produce than lithium, it is
significantly more abundant and relatively easy to exploit, so it is has significant cost, quantity and
supply chain advantages [102]. In addition Na-ion can also can be safer due to lower operating
voltages, use of different electrolytes that operate at lower voltages and additives that help prevent
fire, while also having the advantage of having a similar chemistry to Li-ion [95]. Na-ion batteries have
the lower energy density than Li-ion due to lower operating voltage, while the primary challenge is
the necessity to develop a suitable anode to accommodate the Na-ion ions which are larger and so do
not intercalate into the anode as easily [95].

The diversity of future cell chemistries poses challenges not only to manufacturing, but also
diagnostics. Diagnostics techniques will be discussed in a subsequent section, but the above point
underlines the importance of cell chemistry-neutral tools and methodologies, that can address
challenges across various types of batteries. Such ability is highly sought and would be a highly valued,
if successfully developed.
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2.2.  Current battery diagnostic techniques

Battery cells degrade over time as a result of various factors relating to the way the cell is cycled and
rested, the external environmental conditions and the material composition and design of the cell
[35]. Variable reduction in cell capacity depending on the conditions necessitates that any system
utilising lithium-ion cells must be able to diagnose the cell at a given point in time to understand how
much energy can be stored and power provided [78]. In addition to that failure modes such as lithium
plating and overheating carry safety concerns, and so ideally diagnostics methods would be able to
detect these failure modes as quickly as possible to allow a mitigating response to them. Robust
diagnostic systems are therefore crucial to the effective operation and safety of battery cells and
packs, while also providing essential research and development data. In the following section existing
battery diagnostic techniques are discussed.

2.2.1. Common non-invasive battery diagnostic methods
The most commonly applied battery diagnostics techniques are non-invasive testing methods that
externally measure battery voltage, current and temperature. These techniques can generally be
utilised in operando and without impact to the battery cells, and hence are typically utilised to
diagnose the ongoing state of a batteries being used in commercial and production applications. This
includes methods such as capacity testing, coulomb counting, open circuit voltage and
electrochemical spectroscopy.

Capacity testing requires fully charging the battery followed by cycling the cell with highly accurate
coulomb counting equipment to effectively quantify the input electric charge. However, the cell
performance is highly sensitive to variables such as the charge rate, profile and temperature, so
models and capacity testing in different scenarios can be applied to attempt to account for the cell
performance in different conditions. In real-life operation the conditions can vary significantly and the
battery may degrade in different ways over time- these factors significantly reduce the accuracy of
the developed model in estimating capacity, SOH and SOC over time. A further consideration is that
the process of carrying out extensive characterisation testing is usually time consuming and consumes
some of the cell capacity [67].

Coulomb counting, the process by which the charge input and output from a battery is recorded, is an
established and common diagnostic method in battery management systems. While specialist
coulomb counting equipment is highly accurate, the low cost current sensors that are typically used
in commercial applications are susceptible to drift over time, this error compounds the fact that it is a
predominantly open-loop technique. Developed coulomb counting techniques that utilise carefully
developed models and dynamically re-calibrate over time have still been shown to develop state of
charge estimation errors of approximately 3%, even with relatively benign loading profiles [103].

Open circuit voltage (OCV) is assumed to be directly impacted by the different degradation modes in
cells, namely LLI, LAMNE and LAMPE, and as such can be used to measure these effects. Birkl et al.
carried out experimental work to align different battery cell setups and induced failure modes to the
corresponding OCV readings, creating an algorithm to identify the nature and extent of a given
degradation mode from the OCV reading [78]. The OCV curve is influenced by the structure and phase
changes of the electrode material which varies from cell to cell and needs to be calibrated for each
cell type and make; material phase transition stages are associated with a much smaller change in
voltage per unit increase in cell charge. Due to the differing OCV gradients throughout the
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charge/discharge cycle sensitive measurements are required at certain points in the cycle to get a
good resolution. Changes in temperature can have a slight impact on the OCV curve, while the battery
degradation over time can have a significant impact on it, so the initial calibration at the start of life
would reduce in accuracy throughout the battery cell life. The OCV characterisation techniques are a
trade-off between time an accuracy, as running them at a slower rate and allowing time for battery
kinetics to reach equilibrium between SOC step changes improves accuracy but can be much more
time consuming [67]. The information that can be gained from OCV measurements tends to be more
qualitative in nature.

The most common method for measuring the OCV vs. SOC curve is based on the galvanostatic
intermittent titration technique (GITT), where the cells SOC is systematically adjusted with a controlled
current, while allowing long periods of relaxation before measuring voltage to equilibrium to be
reached and the effect of battery kinetics negated. A similar method using voltage as the control
parameter rather than current can also be utilised, called potentiostatic intermittent titration
technique, while GITT is generally more popular [67].

The technique of electrochemical voltage spectroscopy (EVS) tests further builds on the OCV
methodology. EVS testing involves differentiating the voltage and state of charge curve to be able to
identify small changes in the OCV reading. Changes in the EVS reading can be related to degradation
modes in the battery, as loss of active material (LAM), loss of lithium inventory (LLI), ohmic and faradic
changes tend to result in specific changes to the EVS readings. However, while EVS curves can
qualitatively indicate the nature and extent of the degradation mode that is occurring, they cannot do
so with quantitative accuracy without extensive testing of a given cell in the relevant conditions. Figure
2-10 demonstrates how OCV changes with phase changes in the battery, and how incremental
capacity (IC= dQ/dV) and differential voltage (DV= dV/dQ)) plots highlight phase transitions [67].
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Figure 2-10- Relationship between a) phase diagram of material ‘M’ being lithiated, b) Gibbs free
energy, c)voltage curve, d) voltage curve with e) IC and f) DV plots [67]

Impedance of the cell, which accounts for the resistance of the cell including both the electrical and
ionic (movement of ions through electrolyte and into electrode) components and the reactance in the
cell (capacitive and inductive effects), can be estimated from the voltage drop across the cell at a given
current or current response at an applied voltage. The impedance of the cell is dependent on a number
factors- such as material composition, electrolyte composition and concentration, SOC, temperature,
current magnitude, pressure, ageing effects such as degradation of cell structure, SEl and parasitic
reactions. Techniques used for impedance measurements include pulse power tests, electrochemical
impedance spectroscopy and pulsed multisine signal tests. These techniques can be used to model
resistance as a function of state of charge and as a battery ages, allowing estimation of state of charge
and state of health. Typically an exhaustive amount of testing is required to model the battery
comprehensively in all of the potential use cases and environments. It is also a computationally
demanding technique, which takes both time and significant resources to deploy.

Electrochemical Impedance Spectroscopy is a technique in which an alternating current (AC) is applied
across a range of frequencies to cells at a particular state of charge. As the current is alternating the
mean cell SOC does not deviate from the SOC at the start of the experiment, but will imperceptibly
oscillate about that value according to the frequency and amplitude of the AC. Due to small size of the
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perturbation of the EIS signal on the battery state, EIS is regarded as a steady state test [104].
Responses to different mechanisms of the cell behaviour can be observed at different frequencies,
such as double layer capacitance, charge transfer resistance and diffusion coefficients.

We have shown previously that a cell can be modelled as an equivalent circuit of resistors and
capacitors. Further to this we know that the impedance values of a resistor and capacitor respectively
are:

Zc= — (7)
Where:
w = frequency of signal oscillation

C= capacitance value

Considering a simple cell electrode model as shown in Figure 2-11, we can say that at very low
frequency the capacitive resistance is very high and so the resistance of the system effectively
becomes (RO +R1), while at very high frequency the capacitive resistance becomes negligible and so
the resistance of the system effectively becomes (RO). In this way, in this simple example, we would
be able to identify the electrolyte diffusion resistance (R0) and the charge transfer resistance (R1). An
equivalent circuit diagram and Nyquist plot of the expected impedance response is shown in Figure 2-
11.
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Figure 2-11 - An example equivalent circuit of a single electrode and expected impedance response at different frequencies

In a full cell the mechanisms are more complicated, including having two electrodes, which leads to
the typical Nyquist impedance plot shown in Figure 2-12 [105]. Note that all impedance Nyquist plots
should be isotropic, that is to say the same scale and length on both axis. Each RC circuit corresponds
to a semi-circle in the Nyquist plot, corresponding to an electrode, while the ‘tail’ is known as the
Warburg element which models the diffusion resistance in the electrolyte diffusion layer [105].
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represents the initial electrolyte diffusion resistance, R; and R are the respective electrode charge transfer resistances and
W is the Warburg element [105]

Apart from cell characterisation, EIS can also be used as a cell diagnostic technique. Impedance
measurements can be used to indicate SEI layer formation, state of charge, state of health [106] and
lithium plating [107]. However care has to be taken with interpretation of EIS results, as ultimately an
equivalent circuit can be developed to fit almost anything so the representative circuit should be
grounded in an understanding of the mechanism of the particular cell. The results of EIS are often
applied relatively for a given cell, and may not carry across well between different cells even if they
are similar.

A variety of empircal and semi-empircal models have been developed for battery state and
performance monitoring, but are generally hindered by the impracticalities of developing a
universally fitting model and relying on external battery measurements that can have inaccuracy and
drift over time. In the case of all battery management/ monitoring systems that rely on OCV,
operational voltage and delivered charge, the accuracy deteriorates over time with internal losses and
cell degradation [68].

Electrical Equivalent Circuit Models (EECM) have been developed to model battery behaviour, with
popular models including the Randles model and the 2RC model [108]. One approach in SOC
estimation is to select what is expected to be a suitable model based on understating of the
electrochemical system and experience [108]. The battery is then tested to define the parameters of
the model, however as a battery’s properties dynamically vary with life it is then additionally required
to apply some kind of statistical filter to account for the changing parameters over battery life, a
popular tool for this is the Kalman Filter or Extended Kalman filter [108]. The model based method
can be applied to both SOC and SOH estimation, while both of these methods need to accommodate
the challenge of the dynamically changing behaviour of a battery over its life which can vary greatly
depending on the usage conditions [109].
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Data driven methods are another heavily researched and applied methodology for both SOC and SOH
estimation. This method essentially collects data for the external cell parameters that can be
measured- temperature, voltage, current- over time while simultaneously measuring SOC and SOH
values with highly accurate equipment, and then conducting an exhaustive amount of testing with
machine learning to develop a model which can correlate the externally measured values to cell state
[108]. A graphical representation of this process for SOC is shown in Figure 2-13. This process allows
a battery ‘digital twin’ to be created, which is simulating the state of the real battery it is taking data
from [110]. Additionally, increasing capabilities and proliferation of artificial intelligence (Al) opens up
the possibility of incorporating Al into the machine learning and digital twin models [111]. Challenges
with this methodology include the significant amount of data required to characterise a cell, combined
with variability between cells of even nominally the same composition and the dynamically changing
composition and state of a battery cell in varied and unpredictable usage conditions.
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Figure 2-13 - Graphical representation of model training steps for data driven machine learning

A summary of some SOC and SOH estimation methods is given in Figure 2-14, categorised by ‘online’
methods which can be run while the battery is in operation, and ‘offline’ methods which must be run
when the battery is at rest (due to requiring certain measurements) [108]. Listed here are the coulomb
counting, model-based, data driven, OCV and differential analysis methods (such as IC analysis)
already discussed. Additionally there are some advanced sensor based detection methods which will
be discussed further in the following sections.
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Figure 2-14 - A summary of some SOH and SOC estimation methods [108]
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2.2.2. Laboratory battery diagnostic techniques

In operando investigations of lithium-ion battery internal processes have also proven to be extremely
insightful and can provide invaluable information into cell and active material composition and
function. A drawback of many of the techniques is the need for electrochemical setups that are
compatible with the applied technique and not necessarily reflective of production batteries.
Additionally a number of the in situ measurement techniques can be performed on production-like
cells, but it may not be possible to deploy the test equipment in the application environment [112].
This section will give an overview of some of the insightful real time and physical cell diagnostics
techniques that are available, while noting where these techniques are not suitable to be used on a
production cell or an in operando cell.

The scanning electron microscope (SEM) and X-ray microanalysis can be utilised to create magnified
images which reveal microscopic-scale information on the composition, size, shape, crystallography,
and other physical and chemical properties of a battery cell material specimen [113]. X-ray techniques
enables us to obtain information about the crystallographic structure in an electrode and changes as
the electrochemical reactions take place. This technique generally requires the battery to have no
casing, leaving it vulnerable to air and moisture contamination, or a transparent ‘window’ in the
battery casing of clear material. A synchrotron high energy x-ray diffraction device can be used to take
readings from normal battery cells without requiring casing modification providing excellent insight
into physical structure and internal behaviour of a production cell [114], although it is difficult to use
this equipment in an operational environment. Similarly Interference Scattering on an LCO electrode
has been utilised as a cell characterisation technique, by setting up a half cell with a glass window on
the side of the active LCO electrode, allowing the dielectric properties of the sample material to be
determined which corresponds to the lithium content and local electronic structure. This experimental
setup demonstrated the ability to detect phase transitions in the active material, via a corresponding
change in the light intensity [115].

Transmission electron microscopy (TEM) enables the monitoring of lattice changes and electron and
ion related phenomena in electrodes. Ex-situ the technique can observe the electrode state at specific
points in time, but it is difficult to observe non-equilibrium states. In situ TEM allows observation of
the lithiation kinetics and structure evolution throughout, including non-equilibrium states [96]. In situ
TEM requires a cell that is able to fit in a very small in vacuum area, therefore a nano-battery with
electrodes, current collectors and electrolyte that remains stable under vacuum is required. Once the
constraints of the setup are overcome the technique is capable of providing valuable information,
such as the structure of an electrode and flow of ions. For example high resolution TEM images of an
Fes0, single crystal have shown the spinel and rock-salt phases during in situ Lithium intercalation,
and TEM electron energy loss spectra mapping of Ni**(green) and Li* + Ni°(red) in a lithiated NiO
nanosheet at high-rate discharge [96].

Scanning ion conductance microscopy is another technique that can be used to measure ionic currents
and to map surface topography, this technique allows characterisation of active material profile and
ionic current flow, providing fascinating insights [116]. This technique does require the electrodes to
be exposed and housed in an inert argon environment which can significantly change the system in
question, so is best used for obtaining specific insights into active materials.

We can further consider a variety of established and developing destructive lithium-ion battery testing
techniques available, delivering a variety of valuable information but with the obvious drawback that
they cannot be used in operando and the cell is no longer of use. For physical analysis of the electrode
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surface from a torn down cell scanning probe microscopy can be used, which involves the deflection
of a cantilever with a sharp (micro or nanoscale) tip to examine surface profile and roughness, this
allows volume changes or the formation of the SEI layer to be measured and visualised. Nano-
indentation can also be used to determine mechanical properties at the electrode surface, while
voltage techniques can be applied to study the surface potential and topographic changes as a
function of voltage.

Various spectroscopy techniques can be applied to visible electrode surfaces. Raman spectroscopy
can be utilised to identify chemical bonds and structure through the measurement of monochromatic
light reflection, absorption and scattering. Fourier transform infrared spectroscopy, through
measurement of the absorption of infrared light, can similarly identify molecular bonds, bonding
mechanisms and quantities. X-ray fluorescence (XRF), also known as energy dispersive x-ray (EDX), a
technique that utilises the application of x-rays to excite the source and then measures the generated
secondary x-rays, can be utilised on an exposed electrode to determine the elemental composition of
the sample (although the technique cannot detect very small atoms such as lithium). Optical
microscopy can also be used to observe the colour change of lithiated graphite, which can be a
measure of the battery’s state of charge. While all of these techniques can provide useful information
about the battery, they again require significant modifications of the system under evaluation, such
as a glass window in the casing of the cell [114] or full teardown of the cell; however the use of optical
fibres in a battery cell does open up the possibility of a ‘laboratory on fibre approach’ to use such
techniques inside relatively unmodified production type cells with fibre optic sensors , although this
is not currently common.

Another novel technique that has been utilised to measure Li,S dissolution and deposition is that of a
electrochemical quartz crystal microbalance (EQCM). The EQCM was placed in an open cell and coated
with a sulfur-carbon cathode, with the anode being lithium foil. The change in the mass of the cathode
was detected via the changing vibration frequency of the EQCM. This technique does require an open
cell setup and the high sensitivity of the EQCM to different processes can make it difficult to decouple
the information [117]. Simple visual analysis can also be carried out on dismantled cells. A graphite
anode will visually appear black, while lithium plating will result in a silvery hue created on the surface.
As such lithium plating of the anode can be visually identified and the size and strength of colour of
the silvery areas on the anode surface is proportional to the level of lithiation [66]. The
aforementioned techniques in this section provide a variety of cell analysis possibilities offering
different insights into the cell and different sets of data in laboratory conditions or through destructive
testing, but do not currently offer the possibility of measuring both in situ and in operando production
cells, which will be covered in the following section.

2.2.3. In situ and in operando battery diagnostics method

Diagnostic methods that can directly monitor the internal processes of a battery have the potential to
provide valuable information such as more accurate current state readings and optimising battery
charging profiles [97]. Such methods will be referred to as in situ. As discussed in the previous sections,
currently established in operando battery diagnostic techniques involve taking external readings to
diagnose the battery state. Where methods exist for analysing internal battery processes in operando,
they often involve heavily modified cells in laboratory conditions or substantial testing equipment that
could not be deployed in a production application environment [112]. The following section will
discuss some early research into in operando and in situ battery diagnostic methods requiring simple
and non-invasive sensing techniques.
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Effective use of a thermistor element inside a pouch cell and automotive grade cylindrical cell has
been recently demonstrated [118], the schematic for which can be seen in Figure 2-15. Negative
Temperature Coefficient (NTC) thermistor elements were deposited on polyamide Kapton substrate,
subsequently covered with a 1 um thick Parylene C layer to protect it, as stability is a particular concern
for in situ sensors due to the corrosive environment. The resulting experimental work demonstrated
high fidelity internal temperature readings that closely correlated with the lower surface temperature
measurements. Further analysis also demonstrated the integrated thermistor did not have a
significant impact on the performance of the cell, and that the sensor remained stable over a period
of three months. The acquisition of internal cell data is a significant aid for battery modelling, and
opens up the possibility for optimisation of battery management systems (BMS) and cell operation
based on more accurate cell information than is provided by external measurements.
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Figure 2-15- Schematic of thermistor element inserted inside a pouch cell and cylindrical cell [118]

On the electrochemical analysis side, typical two-electrode lithium-ion cells only allow the voltage
difference between the two electrodes to be measured, as such it is not possible to measure the
individual voltages and changes of the electrodes. A third stable fixed reference electrode (RE) makes
this possible. A challenge with reference electrode is implementing them in such a way that they do
not substantially affect the battery function and get good results, they can require different electrolyte
to be used, be positioned too far from the working counter electrode to get good results or require
damaging cell modifications [119]. The choice of RE material is also significant, e.g. it has been noted
that a lithium metal electrode reference voltage can change with current density due to polarisation
within the metal, while Li;TisO12 (LTO) and LiFePO4 (LFP) are much more stable across a wider range
of current density [120]. The reference electrode will be placed outside the main current path such
that it is minimally affected by the passage of current and polarisation is minimised [32].

It has been demonstrated that a RE setup able to determine the working and counter electrode
profiles of a cell can be implemented while having minimum impact on the voltage discharge profile
when compared to an unmodified commercial cell. A ‘patch’ lithium reference electrode and a ‘wire’
lithium reference electrode were both evaluated, with the wire setup cell demonstrating minimal
deviation in discharge profile from that of an unmodified commercial cell at a charge rate of C/10 and
40°C environment. A pouch cell was chosen for the experiment due to the pouch cell design and
manufacturing process being relatively accommodating to modifications. This experimental work
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demonstrated working and counter electrode potential information being obtained from a
commercial pouch cell [119].

Acoustic detection is another interesting real-time diagnostic technique that has shown the potential
to detect physical defects in cells, which in turn can be associated with cell ageing and state of health
[121]. The technique has also been demonstrated to be able to detect short circuiting events in a cell
[122], SEI/ CEl layer formation [123], lithium plating and gas generation [124].

Use of a lithium metal reference electrode and FBG temperature sensor in an 18650 commercial cell
was also demonstrated and used to optimise the speed of the fast charging profile [97]. The aim was
to charge the cell as fast as possible, while not exceeding the manufacturer’s internal cell safety
temperature of 60°C (at which electrolyte decomposition is accelerated and there is increased risk of
thermal runaway) nor allowing the anode voltage to drop below 0.05V (at OV lithium plating becomes
favourable). A charge rate of 2.2C (6.6A) was found to hit the 60°C temperature limit and <0.05V
anode limit, as measured by the FBG and RE electrode respectively. Nonetheless the results suggested
a charge rate of 2C (6A) was acceptable up to 80% SOC, which is 6.7 times faster than the manufacturer
recommended limit. The impacts of such a charge profile on the lifespan and SOH of the battery cell
should also be considered, as must the impact of the sensors- FBG have been shown to have a
negligible impact on cell performance [125] while as discussed above a RE can have some impact.
Nonetheless these results indicate the considerable potential for battery optimisation through
superior data collection via in situ and in operando production cell diagnostics.

2.3.  Fibre optics

2.3.1. The use of fibre optics for battery diagnostics

There have been numerous studies [126—131] utilising fibre optic (FO) sensors in battery cells, as has
been touched on briefly in the previous section, with the recognition that their small diameter
(typically 100um) makes them well suited for such attempts. Key properties that make fibre optics
suitable for in situ battery cell measurements include minimal electromagnetic interference, low
weight, tolerance to chemical environments and inertness, being electrically insulating, capability to
monitor in real time and capability to receive and process multiple signals simultaneously
(multiplexing) [127]. Additionally the remote operating capability of fibre optics is a key advantage, a
consequence of their ability to transport high quality light signals over a variety of distances; this can
be seen in the variety of fibre optics uses from 1m long sensing devices to 550m long multimode
transmission fibres.

Total internal reflection is utilised to guide the light along the length of the fibre, as such the core of
the fibre optical waveguide is often doped with geranium or other high refractive index materials to
create a higher refractive index than the cladding and ensure total internal reflection [127]. Single
mode FO sensors taking measurements at one point, quasi-distributed measure at multiple discrete
points and fully distributed measure along the length of the fibre using temporal and spatial resolution
techniques [132]. The use of optical fibres encompasses various techniques, such as FBG’s, colorimetry
and evanescent wave signals. This section will give a brief synopsis of the research work that has been
carried out in this field, while the mechanisms behind the focus of this study, plasmonic sensing, are
discussed further in Section 2.3.2.

A popular technique with which a fibre optic waveguide can be used to measure temperature and
strain involves the inscribing of a Fibre Bragg Grating (FBG). FBG is a periodic inscribed ‘grating’ in the
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fibre optic core that reflects particular wavelengths of light and transmits others. As a fibre heats up
and expands, the periods between the gratings increase, affecting reflected wavelengths [126],
similarly when under strain the periods between the gratings change. Consequently changes in
temperature and strain can be measured through a corresponding change in the reflected Bragg
wavelength as the distance between the grating changes and refractive index of the silica fibre
changes. The Bragg wavelength is a function of refractive index and the period of the grates, as set
out in Equation 8.

Fpragg = 2n4 (8)

Where:
®  Fprqgg is the Bragg wavelength
o nisthe refractive index
o Aisthe period of the grates

Fibre Bragg Gratings (FBG’s) and the similar methodology of Tilted Fibre Bragg Gratings (TFBG’s) are
generally the subject of significant research and application inside Li-ion cells, the high sensitivity of
these devices to temperature and strain and the ability to place them inside cells with minimal impact
on the cell performance [133] allows the possibility to detect a variety of cell processes. A variety of
studies have been carried out utilising these sensors for temperature and strain measurements in cells
[97,134-136], identifying phase changes and diffusion rates through strain measurements [137,138],
SEIl layer formation detection [139] and even SOC estimation via strain measurement [140]. Notably
FBG sensors can also be used for current sensing [141], either utilising methodologies that exploit the
Faraday effect or indirectly through the use of a current transformer and piezoelectric element. Figure
2-16 gives a diagrammatical representation of different fibre-optic SPR configurations, including an
example with a Tilted Fibre Bragg grating [142].

56



|. Geometry-modified fibers Il. Grating-assisted fibers

(a) Unclad / etched / tapered fiber (f) LPFGs

lll. Specialty fibers

(h) PM fiber

4 Stow axis

h—

L o

g Fast axi

L. 7

(i) Microstructured fiber

Figure 2-16- Sketches of different fibre-optic SPR configurations, including a fibre with a Tilted Fibre Bragg grating
(TFBG) incorporated inside it in (g) [142]

Use of two FBG sensor simultaneously, with one mechanically adhered to the sample of study and one
free to move, can allow the deconvolution of temperature and strain data. An example of a setup in
which two FBG sensors were attached to the anode electrode inside a battery pouch cell was
evaluated by Ragahvan et al. [128], the fibres were fixed in place using a styrene-butadiene-rubber
binder, selected for its compatibility with battery materials. The setup involved placing one FBG sensor
in a tube to allow it to move freely while the other was fixed to the electrode surface. The fibres were
sealed in the pouch material with a protective heat seal film around the fibre [128]. A variety of cell
cycling profiles and drive cycling was carried out , and a clear correlation was observed between the
FBG wavelength and the charge capacity; this correlation is attributed to the volume expansion of the
electrode as Li-ions diffuse into it, resulting in the FBG measuring a change in strain. In this
experimental setup and testing regime the results demonstrated that the FBG signal was able to
measure SOC to within 2.5% accuracy, and was also able to predict the cell capacity up to 10 cycles
ahead with less than 2% error. Three US patents relating to inserting fibre optics sensors into battery

57



cells have been published in 2019-2020 with Ragahavan et al. listed as the inventors, namely patents
US 10446886 B2, US 2020000681 A1 and US 10777855 B2, research lead by the Paulo Alto Research
Centre.

Another technique that has been utilised with fibre optic waveguides is attenuated total reflection
(ATR), also known as a fibre optic evanescent wave sensor (FOEWS) [143]. ATR is a technique whereby
light, usually broadband light or infra-red (IR), is shone into an internally reflective element (IRE) with
a high refractive index. An evanescent wave is formed at the interface boundary as a consequence of
the internally reflected light, that is to say an energy field with no net flow, which extends into the
analyte. In regions of the spectrum where the sample absorbs energy, according to the normal
vibration modes of the analyte particles (stretching, rocking, scissoring and bending) the evanescent
wave will be attenuated. The attenuated beam returns to the IRE, then exits the opposite end and is
directed to a spectrometer detector. The IRE is typically a crystal material such as silica, germanium
or diamond- as fibre optic waveguides are silica they are a suitable material for this technique. The
internally reflective element can be pressed against the sample, and light attenuation will occur at
wavelengths absorbed by the sample material, while good contact and contact pressure is required
[145].

This principal is easily transferred to a fibre optic waveguide. Total internal reflection is utilised to
guide the light along the length of the fibre, as such the core of the fibre optical waveguide is often
doped with geranium or other high refractive index materials to create a higher refractive index than
the cladding and ensure total internal reflection [127]. There are therefore two components in the
fibre optic waveguide, the internally reflected light through the core and the evanescent wave at the
core- cladding boundary. The evanescent wave does not normally extend beyond the cladding due to
its short range and so does not interact with the surrounding medium, however the cladding can be
removed at the point of interest so the interaction will occur and allow measurement there.

Evanescent wave based sensors have been shown to give promising initial results in terms of
correlating the light signal with battery SOC, with one study showing an accuracy of around 14% and
good sensitivity throughout the charge cycle [129]. The 850nm wavelength light was found to get the
best sensitivity, although issues were encountered with noise being created due to temperature and
the equipment setup. Another recent study was carried out utilising an evanescent wave fibre optic
sensor in a lithium iron phosphate (LFP)- lithium Swagelok cell, adjacent to the cathode [127]. The
polymer coating was removed from the silica fibre optic waveguide in the measurement region placed
adjacent to the cathode. Constant current charge and discharge and cyclic voltammetry were applied
and a clear correlation between the cell state of charge and light signal attenuation were found. The
constant current charge showed a steady increase in light attenuation as the cell was charged, and
vice versa during discharge, as shown in Figure 2-17. Additionally cyclic voltammetry testing also
identified a distinct light attenuation response to cell charge and discharge [127].
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Figure 2-17- Constant current charge (a) and discharge (b) of a LFP-lithium half-cell and associated ATR light signal
attenuation, (C) and (d) respectively [127]

These results show a clear potential for ATR to provide real time SOC battery cell information, and
doing so by taking data from directly inside the cell rather than utilising external current, voltage or
temperature information. The exact mechanism by which the correlation occurs is hypothesised to be
related to Li-ion concentration but this theory still needs to be tested further, therefore it is necessary
to consider that the effect may be different in different cell designs or with different battery
chemistries. Additional FOEWS studies have also demonstrated optical signal correlation to cell charge
and discharge [146-148] and graphite lithiation [149][150][151]. Lithium-ion concentration
measurements have been demonstrated with FOEWS and Fourier-transform infrared spectroscopy
(FTIR) [76], demonstrating the clear potential of the technique as a research and diagnostic tool.

Studies have also demonstrated that carbon anodes change in both reflectivity [130] and colour [131]
as they are charged and discharged, such that these properties can be correlated to SOC of the cell.
Marie et al. showed in a study utilising in situ colorimetry that when plotting the red, blue and green
colour components of a carbon anode in a half-cell, the red component showed a consistent change
with SOC, particularly from 30-100% SOC [56]. The potential to estimate SOC through visual changes
in the anode provides a further potential use case for optical fibres in batteries, and the possibility to
take this information directly from inside a production cell.

Recently, additional studies have further demonstrated the potential to de-convolute temperature,
pressure and strain effects inside a battery using a combination of fibre optic sensors. A single-mode
optical fibre with FBG (SMF-FBG) and micro-structured optical fibre with FBG (MOF-FBG) were placed
inside a battery cell simultaneously by Huang et al. As noted previously the FBG refractive index and
grating period are both affected by temperature, pressure and strain; in this experiment Huang et al.
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experimentally eliminated the strain variable and then used the two optical fibres with different
responses to pressure and temperature to create a solvable simultaneous equation allowing the
deconvolution of temperature and pressure effects [139]. Huang et al. then utilised three fibre optic
calorimeters to determine the heat energy change inside a coin cell and the heat loss from the cell to
the environment, one inside the cell, one on the surface and one in the external environment. At a
charge rate of C/10 the rate of heat generation and loss calculated using the optical calorimeters very
closely matched the results determined using both the techniques of isothermal calorimetry and by
calculation of battery power loss by measuring and integrating the change in current and voltage over
a cycle. This study further made some interesting observations, notably of which at 1C charge rate the
ratio of heat generated in the battery to heat lost was greater than for C/10 charge rate [139]. This is
consistent with overheating experienced during fast charging [17] and arguably demonstrates the
battery cell was not sufficiently effective at transferring heat to its environment. A further observation
of note was a peak denoting an increase in pressure in the first cycle only, which the team attributed
to gas release during initial SEl layer formation.

Other optical techniques which have been noted in the literature as having potential in battery cells
are fluorescence based sensors and Fabry-Perot (FP) interferometers [152]. Fluorescent based sensors
have been used to measure cell temperature, for oxygen measurement [143] and to track ionic
transport in electrolyte and electrode structures [153]. FP sensors have external cavities that are
impacted by strain and temperature, changes to the cavity properties result in changing phase
difference in two light waves projected through the fibre, which can be measured. Rayleigh scattering
via fibre optic sensors has also been utilised to take electrode strain measurements [154]. Another
novel technique has recently been patented in European Patent ‘EP 3 517 938 B1’, in which a material
in a section of the optical fibre cladding is designed to dissolve in the presence of hydrofluoric acid, in
this way the optical signal is modified in proportion to the quantity of hydrofluoric acid in the battery
cell via modification of the cladding. Further to this, FO sensing techniques have been used to measure
CO; content; this can potentially be utilised in battery cells, in which CO; is as a product of SEl
formation and electrolyte decomposition so concentration could be correlated to battery ageing for
SOH estimation [132].

Fibre optic sensors enable a ‘lab on fibre’ [155] approach, in that the optical measurement equipment
can be remote to the optical sensor location at or inside the sample of interest; this enables
aforementioned spectroscopy techniques such as Rayleigh and Raman scattering to be carried out in
difficult to access locations, such as inside a cell. Further to this some fibre optic techniques make it
possible to spatially resolve measurements along varying lengths of the fibre [156], known as
Distributed Optical Fibre Sensors [143]. An example of a fibre optic setup allowing multiple point
sensors on the same fibre optic is quasi-distributed sensing, this approach utilising multiplexing
techniques to deconvolute data from several measurement points [152]. The studies discussed in this
section are only a selection of numerous studies into the use of optical fibres to measure properties
in battery cells. The field is attracting a lot of research and shows clear promise as an in operando and
in situ battery measurement technique, with the other notable advantages of the low cost of the
fibres, non-interference in cell function and non-interference in cell design.

2.3.2. Plasmonic/Nanoplasmonic sensing
Surface plasmon resonance (SPR) can typically refer to two sensing mechanisms, one involving surface
plasmon polaritons (SPP)/ surface plasmon waves (SPW) along metal surfaces and the other involving
three dimensional resonance in metal particles known as localised surface plasmon resonance (LSPR)
[142]. The term surface plasmon wave can be used interchangeably with SPP. In addition it is noted
the term nanoplasmonic sensing (NPS) can also be used to refer to both SPW and LSPR [3]. A brief
introduction to the mechanism behind both techniques, SPP/ SPW and LSPR, will be given here.
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In the context of SPR, plasma refers to the free moving electrons that can be found in a metal lattice,
while polaritons refer to the interactions of EM waves with these electrons exciting resonant wave
modes; the term “plasmonics” has been coined to describe the study of metallic and metallodielectric
nanostructures and plasmons [1]. The surface plasmon waves can be visualised as a wave moving
along the surface of a ‘sea’ of electrons, with a resonant frequency determined by factors such as the
metal used and the refractive index of the adjacent analyte. The typical setup for inducing surface
plasmon waves for the purpose of measurement is that of the Kretschmann-Raether configuration,
whereby a thin metal film is deposited on an optical prism, as shown in Figure 2-18.

Metal film

Figure 2-18-Sketch of Kretschmann-Raether configuration prism with totally internally reflected incident light and a surface
plasmon wave on the surface, this is an example of a biotechnology sensing application [142]

This approach is easily transferable to fibre optic waveguides by depositing a thin metal film on the
waveguide surface, typically gold or silver. Incident light is beamed onto the glass-metal interface at
an angle greater than critical to cause total internal reflection. This creates an evanescent wave along
the glass metal interface which can excite a SPW on the opposite metal to surrounding medium
interface. The polarisation of the light must also be perpendicular to the surface (transverse magnetic
polarisation) to excite the SPW wave [142]. Figure 2-19 shows a typical fibre optic waveguide with EW
due to totally internally reflected light; the figure then shows that with the addition of a thin metallic
layer SPW waves can be created, the evanescent wave ‘couples’ with the thin metallic nanolayer when
the propagation constants match, creating a surface plasmon wave.
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Figure 2-19- Evanescent wave (EW) produced at the surface of fibre optic waveguide due to totally internally reflected light
couples with the surface plasmon wave (SPW) in a thin metallic layer on the fibre optic waveguide when the propagation
constants match.

While the Kretschmann-Raether configuration is the most commonly used approach to generate SPW
excitation other mechanisms that can be utilised to generate this coupling include providing surface
rugosity, a grating structure or Otto prism configurations- as a transverse light wave incident directly
on a smooth metallic surface cannot excite the longitudinal surface plasmon wave [1].

In terms of utilising this technique for measurement, this is done by placing the metal film adjacent to
the analyte. The SPW natural oscillation frequency and propagation constant along the metal-analyte
interface depends on the permittivities/ refractive index of the metal film and the surrounding
medium. This means that a change in analyte permittivity, such as density fluctuation, thickness
changes and molecular adsorption leads to a change in the propagation constant of the SPW. In turn
the parallel component of the light wave, determined by angle and wavelength, required to produce
an evanescent wave with the propagation that matches and excites the SPW changes. As the light
waves that excite the SPW are matched by a transfer of power from the light beam, this can be
measured through a decrease in power, of the reflected light, at those wavelengths (light attenuation)
in the beam. There are three typical measurement methods; angular interrogation which utilises
monochromatic light and measurement of incidence angles, spectral interrogation using a fixed
incidence angle and broadband light and measurement of absorption at different wavelengths, and
the relative phase shift of TE and TM light as a function of incidence angle or wavelength.

The other SPR technique, LSPR, employs a slightly different mechanism. LSPR is generated by light
waves trapped within conductive nanoparticles with dimensions smaller than the wavelength of light,
leading to an optical phenomenon. The optical phenomenon is a result of the interaction between the
incident light and the electrons in the conductive band of the metallic atoms. This leads to collective
oscillation of the particle’s conduction electrons with a resonant frequency that depends on multiple
factors such as the composition, size, geometry, dielectric environment and particle-to-particle
separation of the nanoparticles (NPs) [142]. Again the light wavelengths that cause the excitation are
attenuated (due to absorption and scattering of the light), which can be measured, and a change in
analyte conditions according to the aforementioned factors leads to a different NP resonant frequency
and a different frequency of light being attenuated.

Commonly used materials for NPs are noble metals such as gold or silver, which exhibit LSPR in the
visible region of the light spectrum and low losses due to interband electron excitations in that
wavelength region [3]. Noble metals provide the best evidence of SPPs due to possession of a high
density of electrons that are free to move [1]. The stable and inert nature of the metals is also an
advantage [3]. The signal detection method involves, for example, transmitting broadband light to NPs
on a substrate such as an optical fibre or dispersed in liquids, the light extinction of the reflected or
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transmitted light at different wavelengths can then be measured. LSPR has a smaller sensing
penetration depth than SPP [157] meaning the measurement captures a shallower, closer to the
surface volume of the analyte.

SPR integrated with fibre optics can be used to create sensors for chemical and biochemical
applications. The phenomenon of surface plasmon resonance (SPR) was fist exploited in sensing in
1983 [2]. Later on fibre optic SPR sensors were clearly recognised for their properties of high
sensitivity, simple structure, small size, ability to place in inaccessible places using fibre optics and
their capacity in terms of real-time analysis [1]. SPR has numerous advantages as a diagnostic method.
The technology can be applied flexibly to very different material systems, the necessary hardware is
relatively simple and there is high local sensitivity at the nano-scale. The fibre optic probes are non-
invasive with minimal impact on the studied processes (in contrast to for example electrons, X-rays or
scanning probes), which is a key attribute in being able to diagnose cells in situ and in operando in real
world applications. The sensors can be operated in a very wide range of environments, including
vacuum, liquids, very low to high temperatures and harsh chemical environments. This opens the
application to not only the automotive industry, but also military, space and other extreme scenarios.
Valuable real time information can be obtained from widely varying environments with a relatively
simple and fast experimental setup [3], however the optical interrogator unit can be more costly
(thousands of pounds) while this does depend on some degree to the nature of optical interrogator
unit required for the case and can potentially be simplified.

There are a number of key performance metrics for plasmonic sensors. Sensitivity represents the
change in the signal (amplitude, wavelength peak change) as a ratio of the change in the measurand.
Accuracy defines how closely correlated the signal change is to the measurand change. Repeatability
defines how reproducible the results are. Limit of detection (LOD) represents the lowest concentration
of analyte that can be detected. Figure of merit (FOM) is a metric that allows more relevant
comparison of different sensor configurations, as it accounts for both bandwidth of the measured
resonance (full width at half maximum of wave peak) and the shift in the resonance (sensitivity), based
on the principal a narrow defined resonance is easier to measure than a broad one [142]. Table 2-7
summarises a few of the use cases and properties of ATR, SPP and LSPR and their performances for
comparison.

Table 2-7- Comparison of some of the common use cases and properties for ATR, SPP and LSPR measurement techniques

Properties Attenuated total Surface plasmon Localised surface
reflection polaritons plasmon resonance
Typical use cases Determining material | Biochemical Biochemical
types in a substance. detection- detecting | detection- detecting
antigens, antibodies, | antigens, antibodies,

enzymes, proteins etc.

Detecting presence of
gases.

enzymes, proteins etc.

Swelling, diffusion,
phase transitions,
corrosion. [142]

Adsorbent molecules
on surface, such as

gases. [3]
Analyte property | Natural frequency | Refractive index of | Refractive index of
detected modes of molecules of | analyte/ dielectric | analyte/ dielectric
substances present. field. field.
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Sensing depth/

distance

Typical range from
0.2um to 3.0um [158]

Typically 200nm or
more at optical
frequencies depending
partly on sensor design
and analyte [157]

Typically  ‘tens’ of
nanometers (circa 20
to 40nm) [157]

[142]

Limit of detection Typical 1700ppm for a | Examples: 10ng/ml | Examples: 2 pg/ml
macro-ATR instrument | Staphylococcal prostate specific
[159] enteroxin B, 0.09 | antigen, Cymbidium
pg/ml peanut | mosaic virus 48/pg/ml,
allergens, ppb for TNT | 10ppm ammonia [142]
vapours [142]
Refractrometric N/A Typically in range of | Typically in range of 49
sensitivity 1300t0 11800 nm/RIU | to 650 nm/RIU [142]

[160]

The discussed sensitivity and figure of merit properties of SPR sensors depend to an extent on sensor
design and in some cases can be further enhanced by thin layers of certain porous dielectric coatings,
such as ZNO or SiO,, which can also act to protect and insulate the metal film [5].

A drawback of SPR technology which it is necessary to be cognisant of is the lack of specificity of the
readout signal [3], which is potentially problematic in the context of trying to determine accurate
lithium-ion battery diagnostic information. In addition electricity cannot be allowed to flow through
the metallic film or it will disrupt the signal, therefore a robust protective film that can withstand the
chemical environment in the cell and insulate the sensor is necessary.

In terms of future advances in the technology, the development of ordered nanostructures and
photonic crystals has opened up new possibilities and opportunities. Although nanoparticles are not
new, new tools allowing them to be engineered into ordered and complex architectures at nanoscale
have helped to discover and understand new phenomena. The concept of highly integrated optical
devices with structural elements smaller than the light wavelength has become a possibility [1].

2.3.3. The use of SPR in energy storage devices

To date there are no papers available showing research into diagnosing lithium-ion battery state with
SPR. In 2018 the first documented paper was published regarding the utilisation of plasmonic sensing
in an energy storage device [18], with the authors affirmation that there were no established
diagnostic devices able to ‘look inside’ energy storage devices and monitor their state of charge in real
time. The study investigated and demonstrated diagnosis of the SOC of a supercapacitor using SPR
and provides a baseline of relevant good practice, while requiring adaptation to lithium-ion
technology. In the described experiment a Tilted Fibre Bragg Grating (TFBG) has also been integrated
into the fibre sensor. The Bragg resonance is unaffected in wavelength and power by the external
medium hence it can be correlated with temperature and used to deconvolute the temperature
effects from the plasmonic resonance (SPR) reading used to determine changes in the surrounding
medium composition [142].

In the study normal voltammetry tests, galvanostatic charge/ discharge tests and high voltage hold
tests were carried out and the optical results compared to the cell state as measured by potentiostat
equipment; the results demonstrated a clear correlation between the SPR readings and the
supercapacitor state of charge. In the three different test cases the correlation found was R*= 100%
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and repeatability= 97.5%, R?= 97.2% and repeatability= 95.8% and R?= 96.4% and repeatability= 94.7%
respectfully, the correlation between the supercapacitor SOC and optical response is attributed to the
movement of the cations and anions in the supercapcitor electrolyte. On the basis of these results this
is a highly promising finding and very encouraging for the potential of NPS as an energy storage
diagnostic method [18]. The graphs in Figure 2-20 give an overview of the resulting signal obtained by
Lao et al. The oscillating nature of the signal is caused by the TFBG resonances [142]. The change in
the light wavelength intensity associated with the SPR SPP can be found in the light blue 1560nm
region, while the reflection intensity change due to the TBFG temperature associated change can be
calibrated in the 1615nm light orange region which is unaffected by the surrounding material
permittivity.
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Figure 2-20- a) CV response of a supercapacitor, i) and iii) showing polarised states and ii) showing neutral state b) SPR
signal response of P-polarised input [18]

A further study has been carried out utilising both an SPR and an LSPR probe in a supercapacitor, the
relatively much less temperature sensitive LSPR probe (which also has a much more localised dielectric
sensitivity) is placed adjacent to the electrode surface to measure capacitance via ion-aggregation,
while the SPR probe is used in this case for temperature sensitivity [161]. The researchers
demonstrated in their results a linear correlation between the optical response and the supercapacitor
SOC, and that the capacitance increased with temperature.
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More recently a study utilised a SPR and TFBG based sensor in a ZN-MNO; aqueous battery, by placing
the sensor at the surface of the MNO; cathode the researchers were able to demonstrate a clear
correlation between the cell charge and discharge and the optical signal intensity [162]. Through
analysis of this optical data the two stage intercalation mechanisms of the H+/Zn2+ ions at the
electrode-electrolyte interface could be seen. This study is a clear demonstration of the potential of
SPR optical techniques to provide insight into cell kinetics.
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2.4.  The potential benefits of utilising SPR in lithium-ion
batteries

Current battery management systems rely on monitoring external parameters such as voltage and
current to diagnose battery state and ensure safe battery operation, with the limitations of such
techniques usually resulting in battery overdesign and inefficient use of capacity [163]. While
techniques exist to observe internal battery processes they require either modified cells or substantial
testing equipment not suitable for an application environment [112]. Although there are techniques
available to non-invasively study Li-ion cell internal processes, these are still in an early research stage
with promising but limited information collected so far [97] [139]. Lao et al who through their
experimentation in 2018 were the first to demonstrate the use of plasmonic based sensing in an
energy storage device, a supercapacitor, affirm that there are currently no other diagnostic devices
able to ‘look inside’ energy storage devices and monitor their state of charge in real time [18].

Plasmonic sensing presents itself as a technology with numerous advantages that are equally
advantageous to application in lithium-ion batteries, namely the potential for in situ and continuous
monitoring of electrochemical activity, the compact size, flexible shape, chemical robustness, low cost
of sensors and remote operating capability. The silica fibres are also electrically insulating and are not
affected by electromagnetic or radiofrequency interference [152]. More accurate diagnostic
technique would allow the battery sizing to be closer to what is required, resulting in more optimised
application, and the charging and discharging to be closer to the allowable limit with less required
safety margin. Battery charge profile impacts on batteries could be better understood, allowing
further reduction of the recharge times by developing more optimised fast-charge regimes. Improving
battery management through superior diagnostics can also benefit reliability and lifespan [129].
Finally, second life applications could also be better enabled, as key challenge around retired batteries
is developing a reliable and efficient method of measuring the current State of Health. This could be
of particular benefit in the EV industry in which 120GWh of retired batteries with up to 80% capacity
remaining are expected by 2028 [6].

The Battery Management System, crucial in managing cell activity in battery modules and packs
through voltage and current controls, relies on cell data to ensure safe operation, e.g. by avoiding
overcharge [8]. The potential for plasmonic sensing to provide real time data, or a periodic reference
for the BMS to re-calibrate according to the current state, coupled with superior accuracy by taking
measurements from inside the cell, opens up the possibility for the BMS to significantly optimise the
use of the battery cells with reduced error and better safety margins. While there are challenges in
integrating fibre optics into cells, it has been noted that it is common practice to integrate fibres into
composite structures such as pressure vessels, and that the cost of an optical-based BMS could be
comparable to an electrical one, particularly given that the scale up of greater number of fibres in cells
leads to limited additional cost due to multiplexing [155]. While the cost of the optical interrogator
unit can be expensive (hundreds or thousands of pounds), it could be possible to ‘plug-in’ the optical
sensors to an optical interrogator so you do not need one per application, or to build a very simple
and cheap system with a light emitting diode and photo diode operating at a specific wavelength for
a specific application (instead of a more complex and expensive broadband light detector). A further
interesting consideration is that with the array of fibre optic based sensors that are available and their
capability to measure temperature, strain and even current, it is not inconceivable that it is possible
to develop an entirely fibre optic based rather than an electrically based battery diagnostic system.
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With the growing uptake and complexity of Li-ion battery systems, superior diagnostics can have a
range of benefits including research insights, improved safety, battery use optimisation and
supporting application such as second life uses and the ‘battery passport’ concept [164]. Being able to
obtain real time data from directly inside the battery cell opens up new insights and research
possibilities, and with greater refinement potentially could offer superior state diagnostics. Safety is
always a crucial consideration and a technology capable of diagnosing for example lithium plating
before battery failure becomes catastrophic, or allowing a faster response to it, would be very
valuable- especially given the dangerous, self-propagating and difficult to mitigate challenge of
thermal runaway and battery fires. In terms of second life applications it is considered that EV battery
packs are no longer suitable for use in an EV once they drop to 80% capacity, the pack nonetheless
has substantial capacity and capability remaining which could be used in another application; however
there are significant challenges around diagnosing the state of the battery and its safety, as the
degradation it has undergone can vary greatly depending on the history of its usage [165]. Diagnostics
that are capable of evaluating battery state of health can therefore play a key role in supporting
second life applications and the proposal to develop battery passports to facilitate this [166].

2.5. Hypotheses

Review of the plasmonic based fibre optic sensor technology and battery cell properties and working
mechanisms leads to the following three primary hypotheses to be tested by this study:

Hypothesis 1: That the changes in the chemical and materials environment of the cell during changes
in cell state will be detectable via the plasmonic fibre optic based sensor.

Hypothesis 2: That the movement of lithium during cell charge and discharge will lead to a refractive
index change that will be detectable via the plasmonic fibre optic based sensor.

Hypothesis 3: That the plasmonic fibre optic based sensors are sufficiently small and chemically inert
that they will not impact the operation of the cell.
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3. Methodology

3.1.  Plasmonic sensor technology

The optical measurements in the experimentation are carried out utilising plasmonic sensor fibres and
an optical unit transmitter and receiver device (Insplorion AB, Géteborg, Sweden). The fibres used are
optical fibres with a 50mm sensing region coated in a thin gold film, the fibre design is illustrated in
Figure 3-1. The sensing region and rest of the fibre have polymer coatings to protect it from corrosion
within the battery and improve mechanical robustness. The manufacturer estimates the sensing depth
of the sensor as 200nm, with exponentially decreasing sensitivity to this depth. Notably the SEI layer
thicknesses of an NMC versus graphite cell varies but can be estimated to be 10nm or less on the
anode and cathode in the initial stages of cell life, while possibly being slightly thicker on the cathode
than the anode [167], as such the sensor placed at the surface should detect through the SEI region
and into the electrode boundary layer beneath.

Polyamide coated fibre | i 50nm gold coated sensor
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o Sensing region length circa. 50mm
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Figure 3-1- Annotated picture of the optical fibre plasmonic sensor

The optical unit consists of a broadband light emitter and an optical spectrometer receiver, the sensor
fibre is used in transmission mode - transmitter at one end and the receiver at the other. The sensor
fibre is fusion spliced to optical fibre ‘pigtails’ connected to the optical unit via FC/PC connectors. As
described previously in more detail in the Section 2.3.2 the SPR technique couples the refractive index
of the analyte to light attenuation of the optical fibre signal, via the surface plasmon resonance of the
metallic coating and the evanescent field created by the internally reflected light signal [168].

In this study we are testing if changes in battery state can be detected by an internally placed SPR
optical fibre sensor, ie. if changes in battery state lead to changes in internal material refractive index
properties that can be detected by the sensor. Potential material state changes that could be
detectable include lithium concentration change at the electrode during charge and discharge, SEl
layer formation, lithium plating and the creation of additional products through parasitic reactions.

The optical unit (OU) used includes software for control of the optical unit settings and data capture
(Insplorion AB, Goteborg, Sweden). The optical equipment measures the light intensity in counts,
where each count is equal to 375000 pJ per ms of integration time, as such a normalised reading in
which the count value is divided by integration time gives a value of 375000uW per count- however
in general the relative change in light intensity is utilised rather than the absolute values. The
integration time and number of measurement averages taken per measurement are selected to
ensure an accurate reading without saturating the optical receiver, the OU is unable to differentiate
light intensity above 60,000 counts. The sampling rate typically varies between once every 60s and
120s depending on the length and nature of the test, to ensure sufficient resolution.
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In order to connect the SPR sensor to the sensor to the optical equipment, it is necessary to fusion
splice each end of the SPR sensor to ‘pigtail’ fibres so they can be connected to standard optical
connections; pigtail fibres are acrylic coated fibre optic fibres with an FC/PC optical connection on the
end. Ildeally the fibres being fused should be the same diameter, in this case there is a slight
discrepancy because the SPR fibre has been made with 90 micrometer core diameter optical fibre,
whilst the closest standard pigtail optical fibre diameter found to be readily available is 100
micrometers (SQS) and 105 micrometres (Thorlabs, New Jersey, United States), this discrepancy is
evaluated by Insplorion AB to have minimal impact on the signal. The fibre optic cables that then
connect the ‘pigtails’ to the optical unit are low hydroxyl multimode @105 um silica fibre cores
(Thorlabs, New Jersey, United States).

Before the fibres can be fusion spliced the ends of the fibres most be prepared, this involved stripping
the coatings from the fibres and then cutting the ends of the fibres to ensure a clean, smooth and
perpendicular end surface. The pigtail fibres are coated in acrylic which can be stripped away with
strippers. The SPR fibres have been coated in polyimide at our recommendation, to give them
corrosion resistance inside the battery, however removing the polyimide is a more difficult process.
Initially 1M potassium hydroxide (KOH) in ethanol solution was mixed with de-ionised water at a ratio
of 400g ethanol solution to 100g de-ionised water and heated to approx. 70 degrees Celsius, and the
ends of the fibres were left inside the solution for 30 minutes as per the Dupont Kapton (polyimide)
etching instructions. This method worked but was complicated by the preparation involved, risk of
damaging sensors and facility layout; as such a method of ‘burning’ the polyimide at the end of the
fibre for a couple of seconds and then cleaning it away with ethanol wipes was subsequently adopted.
Once the ends of the fibres have been cleaned and the optical fibre exposed, the end of the fibre is
cut to ready the end surface for fusion, using a high precision optical fibre cutting tool. Finally the SPR
fibre and pigtail prepared ends can be placed inside the optical fusion splicer (70S+, Fujikura, Tokyo,
Japan), locked into position and the fusion process can be initiated- this step is shown in Figure 3-2.
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a) Point where
sensor fibre (left)
and ‘pigtail’ fibre
(right) are fused

Figure 3-2- a) SPR fibre sensor and pigtail fibre being placed in fusion splicer, b) SPR sensor fibre and pigtail fused with splice
protector added

Splice protectors are placed over the spliced fibre ends in order to protect them from the atmosphere
(embrittlement) and provide mechanical strength. The spliced SPR sensor and pigtails can then be
connected to the optical unit via ‘patch cables’ (Thorlabs) which have FC/PC connectors at one end to
connect to the pigtail FC/PC connectors, and SMA connectors at the other end to connect to the
optical unit.
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3.2.  Fibresin Electrolyte experiment setup

3.2.1. Electrolyte exposure over time

The spectrometer connected to the optical sensor emits broadband light across the wavelengths
400nm to 1000nm, a range selected for compatibility with the receiver and the plasmonic sensor
[169]. In order to identify which wavelengths from the range may be of particular interest and most
likely to exhibit a plasmonic response inside a battery cell the sensor has been tested in battery cell
electrolyte. The electrolyte is added to the flask inside an argon atmosphere glovebox, to avoid
reaction with atmospheric gases and moisture. The glovebox used throughout this study is argon filled,
with slight positive pressure, that maintains O, and H,O at below 1ppm through a monitoring and
filtration system (MBraun, Garching, Germany).

Plasmonic optical fibre sensors were initially placed in battery cell electrolyte in an attempt to identify
the plasmonic response to the solution and the effect of extended exposure to electrolyte. A 3-neck
round bottom flask was used with two optical fibre sensors placed into the flask through the side
necks, as shown in Figure 3-3. Bungs were placed in each side neck to hold the fibres in place and seal
the vessel. The fibre sensor ends were then spliced to pigtails fibres with FC/PC connectors using the
fusion splicing equipment, to allow the sensors to be connected to the optical unit via fibre optic
cables.

Figure 3-3- Three neck flask containing a SPR fibre optic sensor

A reference reading in air was taken first, subsequently the vessel was then placed inside an argon
atmosphere glovebox where electrolyte was poured into the vessel with a pipette through the central
neck. 15ml of 1M Lithium hexafluorophosphate (LiPFs) in Ethylene Carbonate/ Ethyl Methyl Carbonate
(EC/EMC - 3/7 v/v) +2% weight Vinylene Carbonate (VC) electrolyte was added, submerging the sensor
regions of the fibres. The flask was then removed from the glovebox, the sensors were plugged into
the optical unit and the spectra readings were recorded; this procedure enabled an optical response
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comparison between the electrolyte and an air reference. Optical readings of the electrolyte were
taken at weekly intervals over a number of weeks, to see how the signal changed over time.

3.2.2. Changing concentrations of electrolyte

Subsequently an experiment was designed to measure the fibre optic response to changing
concentrations of electrolyte, to do this it was necessary to connect the optical sensors to the OU
while still inside the glovebox, then to add pure organic solvent with increasing molar concentrations
of lithium hexafluorophosphate (LiPHg) salt, commonly used in battery electrolytes. To allow the fibre
optic cables from the optical unit to be put inside the glove box it was necessary to obtain a ‘pass
through’ for the optical fibres into the glovebox that would maintain the sealed atmosphere. Putting
the entire optical unit in the glovebox was not an option because of the size of the unit, because it
needed an electrical power source and because the argon atmosphere causes electrical equipment to
fail quickly.

The fibre pass through for the glovebox was ordered to fit inside the glovebox entry ports flanges.
Four suppliers were contacted about supplying this part, ThorLabs, SQS, Vacom and FiberTech Optica.
Thorlabs provide a single port per flange part, all three of the other suppliers showed interest in
producing a custom part, but SQS were the fastest to develop a design that met the specifications and
provided a quote substantially cheaper than the ThorlLabs equivalent. The specification of the part
ordered from SQS, as well as the additional mating sleeves, patchcords and pigtails, can be found in
Appendix A. This fibre pass through flange, with FC/PC connectors, allows the optical unit to be
connected to a sensor inside the glovebox as per the setup in Figure 3-4.

Pigtails
with
connected
sensor

Optical
passthrough
into glovebox

controlling

e | patchcords - \ .

Figure 3-4- Optical set up utilising optical pass through to carry out experiments inside glovebox, a) shows optical unit
controlled by laptops and patchcords connecting OU to FCPC connectors on glovebox passthrough, b) shows patchcords
connecting passthrough inside the glovebox to pigtails and optical sensor

A plasmonic based fibre optic sensor was tested connected to the optical unit outside glovebox, and
then transferred into the glovebox and tested through the pass through inside the glovebox. The
results show that the sensor signal was not significantly impacted by using the pass through, with the
software integration time selection only changing from 0.532 seconds outside the glovebox to 0.603
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seconds inside the glovebox, indicating only a small light attenuation, and the profile of the signal
seemed unaffected.

The installed fibre pass through then allowed experiments with optical sensors to be carried out inside
the glovebox. To de-convolute the impact of the lithium salt on the OU response from that of the
organic solvent itself, an empty 3-neck round bottom flask with an optical sensor inside was placed
inside a glovebox, where pure organic solvent (Dimethyl carbonate- DMC) was first added to the flask
to obtain a solvent only optical response. Subsequently lithium salt electrolyte (1M LiPF6 in EC/EMC
(3/7 v/v)) was incrementally added in multiple steps up to 0.5 molar concentration of LiPFs, to observe
how the signal changes in relation to increasing lithium salt concentration.

3.3.  Cell making

3.3.1. Reference cells assembly

The cell electrodes used for the experiments throughout this study were electrodes of the composition
lithium nickel manganese cobalt oxide (LiNiMnCoO,, NMC 111) on an aluminium substrate for the
cathode and graphite on a copper substrate for the anode, at a loading of 2 mAh cm™. By mass the
cathode material mix was 94% NMC, 3% C65 (carbon black) and 3% polyvinylidene fluoride (PVdF),
and the anode material mix was 94% graphite, 3% C65 (carbon black), 1.5% carboxymethyl cellulose
(CMC) and 1.5% Styrene-Butadiene Rubber (SBR). The cathode thickness is 116um with a 21um thick
current collector, and the anode thickness is 108um with a 9um thick current collector. The electrode
areas are approximately 52mm by 77mm, and a stack of electrodes for a cell is composed of 11 anodes
and 10 cathodes divided by and wrapped in a thin polymer separator (16um Trilayer Microporous
membrane), the pouch cells weigh 29.4g +/- 0.2g when dry (no electrolyte). The tabs of the anodes
and cathodes respectively are spot welded together to form the negative and positive terminals of the
cell. This batch of cell stacks are used for all cells in this study for consistency, and the same electrolyte
in the same quantity, 8.6ml of 1M LiPF¢ in EC/EMC (3/7 v/v), is also used in all cells. A picture of a cell
stack and the electrolyte used are shown in Figure 3-5, while additional information about the cell is
provided in Appendix L.
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Figure 3-5- a) Cell stack and b) electrolyte used in the manufacture of all cells in this study

A number of ‘reference’ cells without any additional sensors included were manufactured according
to a standard pouch cell manufacturing process. The cell stacks are placed inside formed flexible
aluminium pouch material which is 158 microns thick (itself coated in a polymer to make it non-
conductive); the pouch material is formed and cut to align with the electrode stack and have enough
space around the stack for sealing, with special attention given to the alignment with the hot-melt
glue on the electrode tabs. The pouch material is folded over the stack which creates a seal on one
side, and then the top and bottom edges of the pouch are sealed with a sealing machine (MSK-140,
MTI Corporation, California, United States) that applies a metal sealing bar heated to 180°C and with
significant force (the weight of the bar and weight connected to bar). Following this sealing process
only one long edge of the cell remains unsealed.

Hot sealing bar
with rubber edge

Figure 3-6- Sealing machine used to make initial seals on pouch cell, the metal bar is heated to 180°C and then dropped
onto the edge of the pouch cell that requires sealing, a) sealing machine with controls, b) zoomed in image of sealing bar
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The cell is then transferred to an argon atmosphere glovebox for the electrolyte to be added (inert
atmosphere is required so the electrolyte does not react or pose a health risk) and final seal made.
Before this is done the cells are heated to approximately 80°Cin an oven to dry them out, before being
placed in vacuum in one of the glovebox entry chambers for around 12 hours to remove moisture.
Once inside the glovebox 8.6ml of 1M LiPFs in EC/EMC (3/7 v/v) electrolyte is added to the cell with a
pipette, the capacity of the pipette used is 5ml, so the electrolyte is added in two batches of 4.3ml.
The cells are left for 30 minutes after each 4.3ml electrolyte addition to allow the electrolyte to soak
into the electrodes and more uniformly distribute around the cell. The cells are then placed inside a
vacuum sealing machine inside the glovebox, the machine achieves a pressure of -69mbar (relative)
to suck the air out of the cell before the final seal. Finally the final seal of the cell takes place in the
vacuum sealing machine, via a metal sealing bars above and below the pouch material, heated to
180°C. The vacuum sealing machine can be seen in Figure 3-7.
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Figure 3-7- a) a cell inside the vacuum sealing machine ready for the final seal, b) sealing machine closed during the
sealing process, and c) a fully sealed cell after completion of the sealing process

Once assembled, the cells are placed inside jigs to secure them, keep them under compression so
there is no expansion due to gas produced during cycling, and provide convenient connection points
to connect the electrode tabs to the potentiostat current cables and measurement cables. The cell is
placed on the acrylic bottom panel of the jig, and the two electrodes are clamped with brass blocks. A
layer of foam is then placed on top of the cell and the upper jig panel is placed on the foam and then
clamped down onto the lower panel with four bolts. A gentle pressure is placed on the top panel and
the bolts are mostly hand tightened, before providing a final turn to the bolt nuts with a polymer
coated spanner. The cells must be left for at least 12 hours before formation cycle for the electrolyte
to fully soak into the electrodes, but not more than 48 hours or the electrolyte can start dissolving and
pitting the copper anode. Pictures of a full cell in a jig and connected to a potentiostat are shown in
Figure 3-8.
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Figure 3-8- Sealed cells in acrylic compression jigs on oven shelf, jigs with brass blocks for tab contact and potentiostat
connection

3.3.2. Manufacture of cells with one and two sensor fibres

In terms of sensor in cell testing, pouch cell technology is selected for this experimentation for its
relatively flexible manufacturing process conducive to accommodating sensors; a method has been
developed to reproducibly manufacture pouch cells with fibre optic sensors inside. Before
manufacturing cells with the sensors inside different elements of the manufacturing processes were
tested. One element that required testing was the process of sealing a sensor inside the pouch
material, it was necessary to check that the sealing did not damage the fibre and that the seal did not
leak at the point where the fibre passed through it. In order to do this fibres were initially sealed in
empty pouch material and then leak tested by filling them with water, leaving them for several days
and looking for a leak as can be seen in Figure 3-9. Additional glue (Enhanced Sulfurized Polymer Resin
Material with 3 Layers Lamination, Hot Melt Adhesive Polymer Tape, MTI Corporation) was placed at
the point that the fibre passed through the seal to fill any gaps and act as a sealant.
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Figure 3-9- Pouch cell material with fibre sealed through edge filled with water and leak tested, a) filling the sealed pouch
material (only open at the top) with water, b) leaving the water filled pouch material in cups to observe if any leakage occurred

Additionally the process of splicing the sensor fibres to the pigtail fibres also had to be tested, requiring
the polyamide at the ends of the fibres to be removed as discussed previously, while considering this
in the context of sensors that have already been incorporated into the cell. Initially 1M potassium
hydroxide (KOH) in ethanol solution was mixed with de-ionised water at a ratio of 400g ethanol
solution to 100g de-ionised water and heated to approximately 70°C, and the ends of the fibres were
left inside the solution for 30 minutes as per the Dupont Kapton (polyamide) etching instructions. This
method worked but required considerable care and preparation, as well as different facilities, it would
also have been difficult to apply this method to fully manufactured cells with incorporated fibre
sensors. Consequently a method of ‘burning’ the polyamide at the end of the fibre for approximately
five seconds with a yellow flame and then cleaning it away with ethanol wipes was adopted. This
process is not always successful first time and the fibre can break on removal of the polyamide coating
due to its brittleness, as such the request was made to Insplorion to increase the length of the fibre
sensors to one metre to ensure an excess of material in the event of needing to repeat the process.
Figure 3-10 shows the KOH etching process and the removal of the polyamide via the use of a yellow
flame.
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Figure 3-10- Methods teted to remove polyamide from ends of sensor fibre to allow fusion splicing to pigtails, a) KOH
etching method, b) burning method using simple lighter

Once these techniques had been established the process of assembling the sensors inside full cells
could begin. The optical fibre sensor was introduced through the electrode stack along the vertical
axis centred in parallel between the two cell tabs, adjacent to the anode three electrodes in from the
edge of the stack. This location was chosen as the centre of an electrode a few layers in is likely to be
more representative of the overall cell state than an edge case. Additionally, as the sensing region is
50mm in length means it should take an average of the behaviour over that length. The plasmonic
sensor has a shallow sensing range, approximately 1000nm [4,170], so the position of the sensor
should mean it only detects the electrode immediately adjacent to it. The sensors positioned in the
cell stacks can be seen in Figure 3-11.

Fibre optic sensors
passed through cell

stacks, adjacent to
an electrode.

Figure 3-11- Plasmonic based fibre optic sensor fibres introduced through the centre of cell stacks, adjacent to an electrode
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The stacks with fibres are then placed inside the pouch material and the fibres are held in place for
the sealing process using kapton tape, additional glue is placed around fibre at the point it will cross
the pouch seal to act as sealant and also held in place with Kapton tape. Once the fibre is placed in
position the first pouch cell seals along the top and bottom of the cell, through which the fibre optic
passes, are made using a sealing machine (MSK-140 sealing machine, MTI). A rubber layer on one of
the sealing bars was considered beneficial to give some flexibility around the fibre and not damage it.
One long edge was a fold of the pouch material and the remaining long edge is left unsealed to allow
the electrolyte to be added later. (Note: Sealed corners again to ensure no leakage at corners, a
potential point of weakness in the battery seal). Figure 3-12 shows the stack in the pouch material
before sealing, with the stack, fibres and glue held in place with Kapton tape, and the cell after the top
and bottom edges have been sealed in the sealing machine.

Figure 3-12- a) Fibre and stack in pouch material before sealing and b) after top and bottom edges sealed

Subsequently the cell was filled with electrolyte inside an argon atmosphere glovebox and the final
seal made under vacuum. The process for drying the cells, adding the electrolyte and making the final
seal is the same as described in Section 3.3.1. A pouch cell with fibre sensor can be seen in the sealing
machine in Figure 3-13.

81



Figure 3-13- A cell with fibre sensor incorporated before final seal under vacuum takes place

Completed cells with integrated fibre sensors can be seen in Figure 3-14, along with dimensions.
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Figure 3-14- a) Assembled cells with integrated fibre optic sensor and b) cell dimensions (mm)

The plasmonic based optical fibre sensors must then be spliced to pigtail fibres with FC/PC connectors
to allow them to be connected to the optical unit’s broadband light transmitter and receiver. As noted
previously, to assist with this process a request was made to Insplorion to increase the length of the
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SPR sensor fibres to 1 metre, this ensured there was sufficient length of material to allow if necessary
multiple attempts to make a successful fusion splice to the pigtails at both ends of the SPR fibre- the
fusion splicing process is described previously in Section 3.1. The cells can then be placed in jigs and
connected to the potentiostat and optical unit, thermocouples are also connected for temperature
monitoring. The thermocouples (PicoLog, Cambridgeshire, United Kingdom) are placed adjacent to
the external surface of the pouch cells; a PicoLog TC-08 measurement device is used with ‘K-type’
thermocouple sensors and PicoLog software edition 6.2.5. The connected cells are shown in Figure
3-15 while the system setup is discussed in more detail in 3.4.1.

Figure 3-15- Cell with fibre sensors in jigs, connected to optical patch cables, potentiostat and thermocouples

Additionally some cells were made with two fibre optic sensors inside, one on an anode and one on a
cathode. The process for these cells is essentially the same as above, but with two fibre optics inserted
into the stack at the initial stage.

3.3.3. Manufacture of cells with reference electrode
A lithium reference electrode was placed in one of the cells with fibres and one of the cells without
fibres, to create 3-electrode system allowing independent readings from the anode and cathode.
Lithium metal reference electrodes have been shown to have good reading stability over initial cycling
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(at least 20 cycles) [171]. The lithium reference electrode should be placed in the cell after formation
cycling. To do this the cell must be placed inside the glovebox and an incision made to allow the
insertion of the reference electrode, which is then sealed with a 2-component resin. Care must be
taken when placing the formed cell back in the glovebox, thus the entry chamber was cleared with
five purge half-cycles (half vacuum emptying) to avoid delamination due to internal pressure of the
gases created during the formation cycling.

The reference electrode is made by wrapping lithium strip around a metal wire added for contact with
the potentiostat channel measurement (via a crocodile clip). Polymer separator material is stuck on
the bottom of the reference electrode as an extra precaution to prevent contact, such as in the event
of tearing the battery separator during the use of the scalpel to open the pouch cell or in the process
of inserting the electrode.

An incision is made on side of cell to place the electrode in, the reference electrode is then slid
underneath the separator at the bottom of the stack. The lithium strip on the reference electrode is
pushed most of the way into the cell, however care is taken that the wire connected to the lithium
strip does not go into the cell. The resin used to seal the cell mixes two agents to create a
polymerisation and solidification reaction, sealing the hole and covering the exposed lithium. A typical
glue will not work in the glove box as it requires oxygen to react and set, additionally the mixed resin
has the advantages that it does not give off gases and only requires about 10 minutes to set. The cell
can then be removed from the glovebox and set up in the jig again- Figure 3-16 shows the reference
electrode being inserted in the cell, the resin applied and the final cell setup.
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Figure 3-16- a) A lithium reference electrode being placed in formed cell inside a glovebox, b) preparing to mix the resin, c)
the inserted and sealed electrode in a cell, d) a 3 electrode cell connected to a potentiostat

3.4. Cell and optical sensors characterisation and cycling

3.4.1. Test setup and formation cycling

Once the cell has been placed in the jig the tabs of the cell are then connected to multi-channel
potentiostats in a 4-wire configuration. In the case of the cell with a reference electrode a 5-wire
configuration is used, with the fifth wire connecting to and recording the reference electrode readings.
All cells were formed using two cycles of constant current charge at C/20 to 4.2V, with constant
voltage to a current of C/100 with subsequent discharge to 2.5V at C/20, as detailed in Table 3-1. The
cells are placed inside chambers (Binder, Tuttlingen, Germany) during cycling to control the
atmospheric temperature- formation cycling and the majority of testing is carried out at an chamber
set temperature of 25°C, although it is noted where this is not the case.
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Table 3-1- Cell formation cycling procedure

Formation Formation Cycle Steps Current/ Voltage input  Until limit

cycle
1 Constant Current (CC) Charge  70mA (Capacity (C)/20) 4.2V

Constant Voltage (CV) Charge 4.2V, variable current First of C/100 or 4 hours.

Constant Current Discharge 70mA (C/20) 2.5V
2 Repetition of cycle 1

The fibre-instrumented cells are simultaneously connected to the optical unit and potentiostat test
equipment (BioLogic, VMP3). The simultaneous collection of optical and electrochemical data allows
for the evaluation and correlation between the battery state and the optical signal response. The initial
optical unit provided by Insplorion only allowed for one fibre optic sensor to be connected at a time,
at a later stage a multiplexor unit was provided (M8 eight channel analyzer, Insplorion) to allow up to
eight fibre sensors to be connected simultaneously. Figure 3-17 shows a schematic of the system
setup, while Figure 3-18 shows a photograph of three cells in a chamber connected to the optical unit,
potentiostat and thermocouples.

Insplorion OU Software Insplorion Optics Unit

Insplorion M8: 8-

Control of OU / channel analyzer

OU data / / Channels
| 1 2 3 4 5 [ 7 8
—0 @ @ @ @ @ 0
6 i’;/{___i—:_a___g_:ﬁ ® ©® © ovpu
BioLogic VMP3 | 7

Potentiostat | NMC pouch cell \\

/ Cell cycling | ___— _ ______”_:{-’| _/fi'

Plasmonic sensors Optics

Cell state | cables
recorded

Figure 3-17- Schematic of test setup, cell with two fibre sensosr connected to OU and potentiostat
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Figure 3-18- Cells in chamber connected to potentiostat channels and OU multiplexor, thermocouples can also be seen
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We can also consider here the relationship between c-rate, current and current density for these cells
accounting for the geometric electrode surface area. The cells have 21 electrode layers of 11 anodes
and 10 cathodes, giving an active surface area of 2 surfaces over 10 electrodes. The area of the
electrode is approximately 50mm by 75mm equating to a total geometric surface area of 750cm?.
Given this surface area, a table of charge density of the cell at different C-rates is shown in Table 3-2.

Table 3-2- Table showing c-rate, current and current density values for the cells used in this study

Current (mA) Current per unit area (mA.cm™)

C/20 70 0.093
Cc/10 140 0.187
Cc/5 280 0.373
c/3 466.7 0.622
C/2 700 0.933
C 1400 1.867
1.5C 2100 2.8

2C 2800 3.733
3C 4200 5.6

3.4.2. Cell characterisation

To characterise the cells in terms of working capacity, C-rate limitations and temperature profiles
during charging, an increasing charge rate ‘waterfall test’ cell characterisation was carried out on
reference cells without fibre optic sensors. Electrochemical Impedance Spectroscopy (EIS) testing is
also carried out on the cell in the fully discharged and fully charged states after the first 10 cycles, this
test was applied at the same point in the cell life to cells with fibres and cells without fibres, to allow
observation of the impact of the presence of the fibres on the cell response to EIS testing. Figure 3-19
shows the prepared cells inside the Binder chamber set to maintain a temperature of 25° C, the cells
are connected to the potentiostat while thermocouples (Picolog TC-08 unit with K-Type
thermocouples, £1.5K accuracy) monitor the cell temperatures. Additionally two extra thermocouples
were also placed inside the chamber to confirm the ambient temperature at all times.
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Figure 3-19- a) and b) Three reference cells (no fibre sensors) in an chamber with thermocouples attached to each cell,

¢) thermocouple control device, d) oven temperature settings

Following the 2 formation cycles (as set out in Table 3-1) an initial ten galvanostatic cycles were run
to settle the cell, followed by EIS testing in the discharged and charged states, as detailed in Table 3-3.

Table 3-3- First ten galvanostatic cell cycles followed by EIS testing in discharged and charged states

Testtype  Steps Current/ Voltage Limit
input

10 cycles Constant Current (CC) Charge 280mA (C/5) First of 4.2V or 10 hours
charge Constant Voltage (CV) Charge 4.2V First of 70mA (C/20) or 2
and hours.
discharge Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (10 cycles total)
EIS test in EIS testing, full details in section 70mA amplitude  Frequency range of 100kHz to
discharged 3.4.3. 10 mHz
state
EIS test in Constant Current (CC) Charge 280mA (C/5) First of 4.2V or 10 hours
charged
state Constant Voltage (CV) Charge 4.2V First of 70mA (C/20) or 2

hours.
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Rest 1 hour

EIS testing, full details in section
3.4.3.

70mA amplitude  Frequency range of 100kHz to

10 mHz

Subsequently the cell was discharged again, and then a waterfall test was carried out at C-rates from
C/5 to 3C, as shown in Table 3-4. Here the cells are charged at increasing C-rates, while being
discharged at a consistent D/5 discharge rate. This procedure tests the capacity of cells to accept
charge at different charge rates, as well as checking if the cell has lost overall capacity after charging
at high c-rates. The test is therefore an effective way of determining cell capacity, cell charge rate

limits and indicating the detrimental impact of high charge rates on cell state of health.

Table 3-4- Cell characterisation ‘waterfall test’ settings

10 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or global time
charge limit (CC+CV) of 5 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 5 hours

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (10 cycles total)
5 cycles | Constant Current (CC) Charge 466.7mA (C/3) First of 4.2V or global time
charge limit (CC+CV) of 3 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 3 hours

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or global time
charge limit (CC+CV) of 2 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 2 hours

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 1400mA (C) First of 4.2V or global time
charge limit (CC+CV) of 1 hour
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 1 hour

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour
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Repeat above (5 cycles total)

5 cycles | Constant Current (CC) Charge 2100mA (1.5C) First of 4.2V or global time
charge limit (CC+CV) of 40 minutes
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 40 minutes

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 2800mA (2C) First of 4.2V or global time
charge limit (CC+CV) of 30 minutes
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 30 minutes

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 4200mA (3C) First of 4.2V or global time
charge limit (CC+CV) of 20 minutes
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 20 minutes

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or global time
charge limit (CC+CV) of 5 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 5 hours

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 466.7mA (C/3) First of 4.2V or global time
charge limit (CC+CV) of 3 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 3 hours

Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest

1 hour

Repeat above (5 cycles total)
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3.4.3. Cell cycling and testing

During this study a number of cells were cycled and tested utilising a variety of techniques, including
galvanostatic cycling, galvanostatic intermittent titration technique (GITT), cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). In addition to the three cells that underwent
characterisation testing as described in Section 3.4.2, a further 27 cells were tested throughout the
study. Table 3-5 gives a synopsis of the cells assembled and the testing carried out on them. Unless
stated otherwise, all galvanostatic cycling carried out was followed by a CV step with limits of C/20
(70mA) or 2 hours and then a one hour rest period after the charge step, and a one hour rest period
after the discharge step, with upper and lower cut-off voltages of 4.2V and 2.5V respectively. All cells
also underwent formation according to the procedure set out in Section 3.4.1, and unless stated
otherwise all tests took place at an ambient chamber temperature of 25°C. The CV, EIS and GITT
procedures referenced in this table are described in more detail later in this section. Additionally a
‘test group’ number has been assigned to each set of tests, to allow easier reference of the results to
the cells tested later.

Table 3-5- Overview of cells assembled and testing carried out

Testing undertaken

Test Cells assembled Intended learning

Group

1 3 ‘reference’ cells EIS and waterfall testing as | Performance

described in Section 3.4.2. characterisation

2 3 ‘reference’ cells Cycling over 100’s of cycles | Further

with EIS. characterisation of this
batch of cells, such
that EIS and longer
term performance
data could be
compared with the
cells that had fibre
sensors inside.

3 3 cells with a single optical | The fibres were not connected | Impact of fibre on cell
fibre adjacent to the anode to the OU due to issues with | performance over a

the splicing, so the cells were | long period of time
used for longer term cycling | and cycling.
testing.

4 4 cells with a single optical | Galvanostatic cycling at C/5 | Establishing the optical
fibre adjacent to the anode (3™ | (280mA) for 50 cycles. signal response to cell
electrode down in stack). One SOC change over a
of which also had a lithium number  of  cells.
reference electrode. Reference electrode

added to one cell to
provide individual
electrode data.

5 1 cell with a single optical fibre | Galvanostatic cycling at C/5 | Additional cell cycling
adjacent to the anode (3™ | (280mA) for 20 cycles. data and a GITT test to
electrode down in stack). GITT test observe the response

Galvanostatic cycling at C/5 | of the optical signal to
(280mA) for 30 cycles. voltage ‘pulses’.

6 1 cell with a single optical fibre | Galvanostatic cycling at C/5 | Initial investigation of
adjacent to the cathode (2" | (280mA) for 50 cycles. the optical response of
electrode down in stack). the sensor adjacent to
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a cathode as opposed
to an anode.

7 3 cells with two optical fibres in | Galvanostatic cycling at C/5 | Collected optical data
each cell, one sensor adjacent | (280mA) for 10 cycles. simultaneously from
to the anode and one adjacent | Galvanostatic cycling at C/5 | sensors on the anode
to the cathode (3™ and 4™  (280mA) for 23 cycles. and cathode sides of
electrodes in stack). GITT test the cell. Further GITT

Galvanostatic cycling at C/3 | testing. Testing at
(466.6mA) for 5 cycles. different C rates to
Galvanostatic cycling at C/2 | observe optical signal
(700mA) for 2 cycles. response. CV testing to
Galvanostatic cycling at C/3 | observe OU response
(466.6mA) for 5 cycles. to linearly increasing
Galvanostatic cycling at C/2 | Voltage. Longer term
(700mA) for 2 cycles. cycling to  observe
Cyclic  voltammetry  test impact of fibres on cell
0.1mVs-! performance over
Cyclic  voltammetry  test | longer period, and the
0.05mVst impact on the sensors.
Galvanostatic cycling at C/5

(280mA) for 100 cycles.

8 3 cells with two optical fibres in | Galvanostatic cycling at C/5 | Attempt to force
each cell, one sensor adjacent | (280mA) for 10 cycles. lithium plating at 25°C
to the anode and one adjacent | Lithium plating attempt at | and observe if OU
to the cathode (3 and 4™ | room temperature, described | signal shows a
electrodes in stack). A further | in more detail in Section 3.5.2. | response to lithium
‘reference’ cell without any plating.
sensors present.

9 3 ‘reference’ cells without | Galvanostatic cycling at C/5 | Testing lithium plating
added sensors. Once cell also | (280mA) for 10 cycles. methodology at low
had a reference electrode. Galvanostatic cycling at C/5 | temperatures, with a

(280mA) for 5 cycles. reference electrode on
Forced lithium plating at 0°C, | one cell to provide
described in more detail in | further data. The
Section 3.5.2. urban test profile is
Tested urban profile test cycle, | also tested prior to
described in more detail later | using it on cells with
in this section. fibre sensors.

Forced lithium plating

10 2 cells with two optical fibres in | Galvanostatic cycling at C/5 | Galvanostatic cycling
each cell, one sensor adjacent | (280mA) for 10 cycles. at different
to the anode and one adjacent | EIS in fully charged and fully | temperatures to
to the cathode (3™ and 4™ | discharged states. observe the impact of
electrodes in stack). | Galvanostatic cycling at C/5 | temperature on

Additionally these cells where
compressed in copper plates
rather than an acrylic jig, this
setup is described further in
Section 3.5.2.

(280mA) for 15 cycles, 5 cycles
each at 25°C, 12.5°C and 0°C.
Described in more detail in
Section 3.4.4.

Forced lithium plating testing
at 0°C, described in more
detail in Section3.5.2.

optical signal. Carrying
out lithium plating
testing on cells at low
temperatures to
observe the impact of
lithium plating on
optical signal. Test
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carried out  with
copper jig, described in

electrodes in stack).

Galvanostatic cycling at C/5
(280mA) for 15 cycles, 5 cycles
each at 35°C, 25°C and 15°C.
Described in more detail in
Section 3.4.4.

Section 3.5.2.

11 3 cells with two optical fibres in | Galvanostatic cycling at C/5 | Extensive test program
each cell, one sensor adjacent | (280mA) for 10 cycles. observing optical
to the anode and one adjacent | EIS in fully charged and fully | signal response to
to the cathode (3™ and 4™  discharged states. temperature,

pressure, urban profile
cycling and forced
lithium plating. Tests
carried out with usual
acrylic jigs.

Pressure testing by adding
placing weight on cell jig,
described in more detail in
Section 3.4.4.

Urban profile test cycle,
described in more detail later
in this section.

Forced lithium plating testing
at 0°C, described in more
detail in Section 3.5.2.

The GITT, CV, EIS and Urban Profile (UP) procedures noted in Table 3-5 are expanded in detail in the
following paragraphs. GITT testing was carried out on cell test groups 5 and 7. The intention of this
test is to apply pulses of voltage to the cell, as detailed in Table 3-6, and then to see how the optical
signal reacts to the change in cell state. In applying pulses of voltage we allow certain mechanisms to
take place, such as increased concentration of lithium-ions in the electrode boundary layer during
charge, before diffusion of those Li-ions into the electrode bulk material during rest. The response of
the optical signal to these mechanisms can give potentially give us insight into what the sensor is
measuring, how sensitive it is and other such insights.

Table 3-6- GITT test profile

Testtype Steps Current/ Voltage Limit
input

GITT Constant Current (CC) Charge 280mA (C/5) 15 minutes
Rest - 45 minute
Repeat steps (40 pulses) 4.2V
Constant Current (CC) Discharge | 280mA (C/5) 15 minutes
Rest = 45 minutes
Repeat steps (40 pulses) 2.5V

Cyclic voltammetry testing was carried out on the cells in test group 7. Cyclic voltammetry requires
increasing the voltage of the cell incrementally, this was done according to the test profiles set out in
Table 3-7. Cyclic voltammetry is particularly utilised to identify reduction and oxidation peaks in an
electrochemical redox reaction, as described in more detail in Section 2.1.5. This experiment allows
evaluation of the optical signal response to steadily increasing voltage and redox peaks, again allowing
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us to learn more about the responsiveness and mechanisms of the sensing operation. Two scan rates
were used, with the slower scan rate applied to provide greater definition of the redox peaks.

Table 3-7- Cyclic voltammetry test profiles.

Test type Cycle Steps Scan rate Until limit

Cyclic Voltammetry | Linear Voltage increase | 0.1mVs? 4.2V
Charge
Linear Voltage decrease | 0.1mVs* 2.5V
Discharge

Cyclic Voltammetry | Linear Voltage increase | 0.05mVs? 4.2V
Charge
Linear Voltage decrease | 0.05mVs? 2.5V
Discharge

EIS testing was carried out with measurements at 42 frequencies across the range of 10mHz to
100KHz, the current amplitude applied was 70mA (C/20) and 3 measurements were taken at each
frequency. The settings for the test as input into the BiolLogic EC-Lab potentiostat control software
and full list of frequency values can found in Appendix F. The EIS testing was carried out on ‘reference’
cells from test group 1 and cells with fibre optics sensors from test group 11, in both cases after the
first 10 cycles of cycling at C/5 and in fully discharged and charges states, so the EIS profiles and real
resistance values could be compared for cells with and without fibres at the same point in the cell life.
Similarly this was also done for the cells with fibre sensors in the copper jigs in test group 10, allowing
a further comparison- additionally some EIS testing was carried out on these cells after the forced
lithium plating, to see what impact the lithium plating had on the EIS signal. EIS is often carried out at
multiple SOC’s with rest periods [106][105], in this case EIS is just carried out in the charged and
discharged states as a point of reference to observe the impact of the presence of the optical fibres.
The EIS steps are shown in Table 3-8.

Table 3-8- EIS procedure, EIS carried out in cell discharged and charged states.

Current/ Voltage Until limit

EIS (settings details in | 70mA Measurements at 42

Appendix F) frequencies across the range of
10mHz to 100KHz

Constant current charge 280mA 8 hours or 4.2V

Constant voltage charge 4.2V 2hours or 70mA

EIS (settings details in | 70mA Measurements at 42

Appendix F) frequencies across the range of
10mHz to 100KHz

Rest 1 hour

Constant current discharge 280mA 8 hours or 2.5V
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In terms of its design, the EIS experiment makes an AC oscillation in the cell charge state without
changing the mean SOC across a range of oscillation frequencies. At low frequencies reactants have
time to diffuse further, so diffusion impedance (or Warburg impedance) comes into play. At lower
frequencies the capacitive resistance is also higher. Conversely at very high frequencies the capacitive
resistance becomes negligible and there is limited diffusion, so the charge transfer resistance becomes
dominant, as noted in Section 2.2.1. Adsorption is another step in the electrochemical process that
occurs at a different rate. As such the application of EIS across a range of frequencies in conjunction
with a suitable equivalent circuit model allows the identification of the behavior of steps in the
electrochemical process, for different electrochemical systems and in different conditions [172].

Additionally cycling was carried out with an urban profile (UP) test, this was initially tested on
‘reference’ cells from test group 9, before being utilised on cells with optical fibres from test group 11.
This test was employed to see how the optical signal responded to a more varied change in cell SOC.
The urban profile utilised has a charge and discharge cycle that is based on the FTP (Federal Test
Procedure) drivecycle, with the current magnitudes scaled according to the capacity of the battery
cell- this cycle provided a good real world example of a varied cycle. The cell was first charged in a
none linear way, before discharging the cell according to the UP (which discharged approximately
0.94A) and then a C/5 CC discharge to 2.5V, as described in Table 3-9. This was repeated 3 times, and
the detailed urban profile based cycle can be found in Appendix G.

Table 3-9- Cell cycling with urban profile cycle on discharge

Step Current/ Voltage Until limit
Constant current charge 280mA 3 hours or 4.2V
Rest 5 minutes
Constant current discharge 280mA 1 hour or 2.5V
Rest 5 minutes
Constant current charge 280mA 3 hours or 4.2V
cv 4.2V 2hours or 70mA
Rest 5 minutes
Urban Profile Cycle Discharge according to urban 5 hoursor 2.5V

profile cycle, see Appendix G

for full cycle details.
Rest 5 minutes
Constant current discharge 280mA 4 hours or 2.5V
Repeated above steps 2 more times
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3.4.4. Impact of temperature and pressure on optical signal
Experiments were designed to specifically isolate and test the impact of temperature and pressure on
the optical signal, particularly on cells in test groups 10 and 11 in Table 3-5. The cells were placed in a
small Binder chamber so that it was possible to control the ambient temperature of the cells.
Thermocouples were placed at the surface of each cell to monitor cell temperature and in the chamber
space to provide an additional ambient reference temperature. The cells in test groups 10 and 11 set
up in the chamber with thermocouples can be seen in Figure 3-20.

Figure 3-20- a) Cells in copper jigs and b) cells in acrylic jigs, with thermocouples (green and white cables)

The cells in test group 10 (cells in copper jigs) where cycled according to the to the conditions detailed
in Table 3-10. The optical signal behaviour was also recorded in the periods were the chamber ambient
temperature was being cooled down or heated up. The cells in test group 11 (acrylic jigs) were cycled
according to the same approach, except that the cycling temperatures were 35°C, 25°C and 15°C.

Table 3-10- Cell cycling at different temperatures to observe impact of temperature on signal

Testtype  Steps Current/ Voltage Limit
input

5 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or global time
charge limit (CC+CV) of 5 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 5 hours
at 25°C Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or global time
charge limit (CC+CV) of 5 hours
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Rest

and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 5 hours
at 12.5°C Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

Rest 1 hour

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or global time
charge limit (CC+CV) of 5 hours
and Constant Voltage (CV) Charge 4.2V First of 0.1mA or global time
discharge limit (CC+CV) of 5 hours
at 0°C Rest 1 hour

Constant Current Discharge 280mA (C/5) First of 2.5V or 10 hours

1 hour

Repeat above (5 cycles total)

Additionally the cells in test group 11 also had weights incrementally applied to observe the impact of
pressure on the optical signal, this can be seen in Figure 3-21. The cumulative weight added is shown
in Table 3-11, while the equivalent pressures are also given based on the force being spread across a

cell stack area of 39.8cm? (0.0519m x 0.0767m).

Figure 3-21- Brass block weights incrementally added on top of jigs, to observe pressure impact on optical signal, a)
12 blocks totalling 744g on cell, b) 21 blocks totalling 1302g on cell

Table 3-11- Table of weight added to and removed from cell

Incremental weight change

Cumulative weight (g)

Equivalent pressure (Pa)

0g added 0 0
186g added 186 458
186g added 372 917
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186g added 558 1375
186g added 744 1833
186g added 930 2292
186g added 1116 2750
186g added 1302 3209
186g removed 1116 2750
186g removed 930 2292
186g removed 744 1833
186g removed 558 1375
186g removed 372 917
186g removed 186 458
186g removed 0 0

3.5.  Forced Lithium Plating testing

3.5.1. Open cell

Adry (no electrolyte) commercial cell with graphite electrode was cut open to obtain graphite material
for an open cell lithium plating test. A strip of anode material was cut, and the graphite on the upper
half was wiped from the copper substrate with an alcohol wipe to provide a contact area to connect
the potentiostat channel with a crocodile clip. As a geometric proportion the anode material taken is
approximately 1.5% that of the total cell anode material. The total cell has a capacity of 1Ah therefore
the strip of material placed in the open cell has an approximate capacity of 15mAh. The graphite
electrode is placed in a 3-neck flask, with the optical fibre sensor adjacent to it and a piece of seperator
material holding the optical fibre sensor close to the graphite electrode. Then inside the glovebox a
lithium metal strip is added through another neck of the flask as the working electrode; an excess of
lithium metal is added to ensure that lithium plating can be achieved through overcharge. Finally
approximately 40 ml of 1M LiPFs in EC/EMC (3/7 v/v) electrolyte is added to the cell to cover the
electrodes on the flask, and bungs are placed on the flask necks to stop the electrolyte evaporating.

The open cell is charged at a C-rate of 3mA (C/5), with a high impedance expected due to the distance
of the two electrodes from each other in the electrolyte solution, as well as some additional resistance
due to the using crocidile clips to connect the potentiostat channel to the electrodes. The 4 wire
channel setup, with separate wires for current delivery and measurement, ensures the potentiostat
measurements are taken at the point just prior to the crocodile clip connections. The open cell setup
can be seen in Figure 3-22. The open cell is charged at 3mA for 8 hours to ensure lithium plating
through overcharge, and then discharged at 3mA for 8 hours or until a limit of 1.5V (Table 3-12), while
the optical signal is simultaneously recorded.
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Table 3-12- Open cell cycling parameters

-3mA (C/5)
3mA (C/5)

Constant current charge
Constant current discharge

8 hours

First of 8 hours or 1.5V

RS

DS

7
4
i
A

Figure 3-22- a) Open cell being placed into glovebox entry chamber, b) Open cell inside glove

A% Q
box, c) Open cell with
lithium electrode and electrolyte added, d) Open cell connected to potentiostat with 4-wire setup

100



3.5.2. Lithium plating in pouch cells

Initially the attempt was made to force lithium plate cells at room temperature, this group of four cells
contained three with fibre optics sensors and one without (test group 8). The approach adopted was
to charge the cell at a high c-rate, followed by a CV step, rest, and discharge at a slow discharge rate
(D/20) The experiment aim was to prove the occurrence of lithium plating by identifying a lithium
stripping peak on the rest and slow discharge part of the cycle [85], while simultaneously observing
the optical signal and if there was evidence in the optical signal of a response to the lithium plating (if
confirmed via electrochemical techniques and teardown). Initially the cell was charged at a slower C/5
rate (280mA) as a reference before carrying out faster 1.5C (2100mA) charging, the full cycling regime
is specified in Table 3-13.

Table 3-13- Forced lithium plating testing carried out at 25°C

5 cycles | Constant Current (CC) Charge 280mA (C/5) First of 4.2V or 10 hours
charge Constant Voltage (CV) Charge | 4.2V First of 70mA (C/20) or 2
and hours.
discharge Rest 1 hour

Constant Current Discharge 280mA (C/20) First of 2.5V or 30 hours

Rest 1 hour

Repeat above (5 cycles total)

2 cycles | Constant Current (CC) Charge 2100mA (1.5C) First of 4.2V or 1 hours

charge Constant Voltage (CV) Charge 4.2V First of 70mA or 4 hours

a|.1d Rest 1 hour

discharge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
Rest 1 hour

Repeat above (2 cycles total)

Subsequently the forced lithium plating method was tested on the ‘reference’ cells without fibres in
test group 9, this testing was carried out at low temperatures due to the availability of a small Binder
chamber that could be utilised, the intent was to see if the forced lithium plating experiment could be
carried out more effectively at low temperatures. One of the these cells also had a lithium reference
electrode inserted, the three electrode system allowing observation of the voltage across both
anodes; theoretically the anode can reach 0V versus lithium when lithium plated and this has been
utilised experimentally as a metallic lithium detection method [173]. The primary methodology
utilised to detect lithium plating is that of observing a plateau on the discharge cycle time-voltage
profile [85], which can identified more clearly as a peak through IC analysis. Additionally cell teardown
is also carried out to confirm if lithium plating occurred, as described further in Sections 3.6.2 and
3.6.3.

The cells were cooled to 0°C to encourage lithium plating by slowing the Li-ion diffusion kinetics, and
then cycled according to the cycles shown in Table 3-14. Note that the last three sets of 20 cycles was
only carried out on two cells, one of the cells (without a reference electrode) was torn down before
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that set of cycles to look for physical evidence of lithium plating from the prior cycling. The initial set
of 3 cycles was done at a very slow charge rate (C/40) to give a reference for the cell time-voltage
profile at that temperature, at a charge rate that should not cause lithium plating. The subsequent
higher C/2 charge rate was then designed to induce lithium plating, and the time-voltage profile could
be compared to that of the initial slow charge rate. Note that in this case the cycle went directly into
slow discharge after the constant current charge, without CV or rest steps, in order to try to more
effectively identifying any lithium stripping plateau on the discharge step.

Table 3-14- Forced lithium plating cycling of reference cells

Testtype  Steps Current/ Voltage Limit
input

3 cycles | Constant Current (CC) Charge 35mA (C/40) First of 4.2V or 60 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (5 cycles total)
5 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (5 cycles total)
20 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
apd Rest 1 hour
discharge
at 0°C

Repeat above (20 cycles total)
20 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (20 cycles total)
20 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (20 cycles total)
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A forced lithium plating experiment was additionally carried out on two cells with sensors (test group
10) placed in a chamber cooled to 0°C, and cycled at a high C rate. The optical signal is again analysed
to look for evidence of a response to lithium plating, while the cell will then be discharged at a slower
rate and IC analysis carried out to look for a higher voltage dQ/dV peak as evidence of the presence
of lithium plating [85].

During the high charge the cell will heat up, raising the temperature from the 0°C ambient. In order to
mitigate this copper plates were purchased and prepared to act as a ‘heat sink’ during the lithium
plating process, absorbing some of the heat and keeping the cell at a lower temperature. The copper
plates were drilled with four holes to fit on the battery jig, polished, and then sprayed with
polyurethane coating at the ends where the battery tabs will be to prevent a short circuit. The
prepared cells with fibre sensors are then clamped inside the battery jig between two copper plates,
before being placed inside a binder chamber and connected to the OU, potentiostat and with
thermocouples (shown in Figure 3-23).
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Figure 3-23- a) Prepared copper plates, b) cell being placed in jig, c) two cells in jigs with copper plates acting as heat
sinks (inside binder chamber, with thermocouples, optical sensors and potentiostat cables)

The cells were then cycled according the cycling regime set out in Table 3-15. Initially the cells were
cycled at a slower C/10 charge rate as a reference cycle, before being cycled at 3C to try to force
lithium plating. EIS testing was also then carried out to see if the lithium plating could be detected in
the EIS response. Subsequent lower charge rates of C and C/2 were then tried as 3C caused the cell
voltage limit too be reached with only a small amount of charge being transferred, and finally the cells
were cycled at C/2 for a high number of cycles to try to cycle them to destruction.
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Table 3-15- Cells in copper plates forced lithium plating cycling.

Test type

Steps

Current/ Voltage Limit

input

3 cycles | Constant Current (CC) Charge 140mA (C/10) First of 4.2V or 12 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (3 cycles total)
3  cycles | Constant Current (CC) Charge 4200mA (3C) First of 4.2V or hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (3 cycles total)
2 cycles | Constant Current (CC) Charge 4200mA (3C) First of 4.2V or hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (2 cycles total) followed by EIS (next

line below)
EIS Steps as set out in Table 3-8 in Section 3.4.3
5 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70maA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (5 cycles total) followed by EIS (next

line below)
EIS Steps as set out in Table 3-8 in Section 3.4.3
6 cycles | Constant Current (CC) Charge 1400mA (C) First of 4.2V or 1 hours
charge Constant Voltage (CV) Charge 4.2V First of 140mA or 10 hours
and Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
discharge Rest 1 hour
at 0°C

Repeat above (6 cycles total) followed by EIS (next

line below)
EIS Steps as set out in Table 3-8 in Section 3.4.3
20 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 70mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (20 cycles total)
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30 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 280mA (C/5) First of 2.5V or 8 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (30 cycles total)
30 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 280mA (C/5) First of 2.5V or 8 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (30 cycles total)
120 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 700mA (C/2) First of 2.5V or 2 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (120 cycles total)
120 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 700mA (C/2) First of 2.5V or 2 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (120 cycles total)

The forced lithium plating testing was also carried out on cells with fibre sensors (test group 11) in
acrylic jigs at 0°C. This acrylic jigs do not have the same capacity to regulate the cell temperature as
the copper jigs, but do not introduce the added variable of additional pressure on the cell. Forced
lithium plating attempts were carried out on these cells according to the cycling regime set out in
Table 3-16. The C/2 rate was selected having established from the testing on the previous cells, in
particular the testing on reference cells detailed in Section 3.4.2, that it is an effective C-rate to cause
lithium plating on this batch of cells at 0°C.

Table 3-16- Cycling for forced lithium plating on cells with fibre sensors in acrylic jigs, at 0°C

Rest

10 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 280mA (C/20) First of 2.5V or 30 hours
and Rest 1 hour
discharge
at 0°C

Repeat above (10 cycles total)
10 cycles | Constant Current (CC) Charge 700mA (C/2) First of 4.2V or 2 hours
charge Constant Current Discharge 280mA (C/20) First of 2.5V or 30 hours
and

1 hour
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discharge | Repeat above (10 cycles total)
at 0°C

3.6. Materials analysis

3.6.1. X-ray tomographic imaging of cell

High energy lab-based X-ray imaging of one of the 1.4 Ah pouch cells was performed on a Nikon XTH
225 instrument (Nikon Metrology, UK) using a W target and a 1 mm Cu filter, this testing was carried
out in the facilities of the University College of London. The scan of the cell with internal fibre sensor
was carried out using a voltage of 160 kV and a total power of 12.8 W. For CT dataset, 3185 projections
were obtained with an exposure time of 1 second to minimize the artefacts. The fibre was maintained
within the field of view (FOV) to obtain a spatial resolution with voxel size of ca.15 um. Reconstruction
of obtained projections was conducted using Nikon CT Pro 3D software (Version XT 4.4.4, Nikon
Metrology, Tring, UK) with three-dimensional visualisation of the dataset being performed using Avizo
2019. 4 (FEI, France). The resulting x-ray images show the position of the fibre within the cell as well
as the electrode stacks from different angles.

Figure 3-24- X-ray instrumentation (Nikon XTH 225, Nikon Metrology, UK) with sample cell, a) complete unit including
shielding, b) zoomed in image of scanner and cell sample in holder

3.6.2. Cell teardown

Cell teardown was carried out inside the argon atmosphere glovebox. Plastic scissors (which can’t
generate a spark and are not conductive to avoid a short circuit) are used to cut the sides off the cell.
The three edges off the pouch at the sides and bottom around the stack are cut off first, before cutting
the top edge with the tabs off. A plastic scalpel can also be used to aid with the initial cell incisions.
Rubber coated tweezers are then used to take off the top and bottoms layer of pouch materials and
start separating the cell electrodes, some of the remaining tab material may need to be further cut
from the electrodes to allow them to fully separate. The tape holding the separator together is
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removed with the tweezers to allow the separator and electrodes to be unrolled. The separator can
then be unrolled and the electrodes can be removed individually from the stack. When removing the
electrodes the anodes and cathodes must be separated from each other and out of contact, to avoid
any residual discharge- the unwanted anodes and cathodes are separated for disposal according to
local health and safety regulations, while any electrodes to be taken for material analysis are set aside.
The electrode material for analysis can then be processed accordingly, including preparing samples
for SEM and EDX and carrying out lithium plating testing with deionised water. Figure 3-25 shows
some images from the pouch cell teardown process.

Figure 3-25- a) after cutting the other 3 edges of the cell off the top edge of the cell with the tabs is cut with plastic scissors,
b) the cell is peeled apart, c) the separator is unwrapped and d) the electrodes are separated.
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3.6.3. Lithium presence testing

Physical lithium presence testing was carried out on some anode samples, from cell test group 9, as a
further check to confirm if the forced lithium plating attempts had been successful . After cell
teardown the samples were taken directly to a fume cupboard. De-ionised water was dripped onto
the surface of the anode to observe the reaction, a strong ‘fizzing’ reaction is indicative of lithium
deposition on the surface of the anode. This reaction is expected due to the easily displaced electron
of the reactive lithium ions reacting with water to form hydrogen gas (H,) and hydroxide ions (OH),
the creation of the hydrogen gas causes bubbles to form in the water.

3.6.4. SEM and EDX

Samples of the electrode and sensor fibres following teardowns were taken for microscopic analysis;
the morphology of the electrode samples and sensors after cell cycling are studied using scanning
electron microscopy (SEM, ZEISS Sigma 500) at an electron high tension (EHT) voltage in the range of
5 kV to 10 kV for electrode imaging and 1 kV for fibre siensors, using a secondary electron detector.
High magnification images of the samples are taken, ranging from 100x to 300x maghnification.

Material analysis of the sample materials composition is further carried out on the electrode and
sensors using Energy Dispersive X-Ray Analysis (EDX, Oxford Instruments). EDX determines the
chemical elements present in the sample and their distribution and quantity, via detection of the x-
rays released from the atoms when hit by a beam of accelerated electrons; however the method does
not detect low atomic number elements such as lithium [174].

The SEM and EDX analysis was utilised to analyse the impact of the presence of the fibre sensors on
the electrode material, to check for the presence of lithium plating in the experiments in which forced
lithium plating was attempted and to see what impact the cell cycling has on degradation of the fibre
sensor.

In total the following SEM and EDX analysis was carried out:

- Cell from test group 4, SEM and EDX on an anode layer

- Cell from test group 4, SEM on fibre optic sensor

- Cell from test group 8, anode and cathode electrode SEM and EDX after 150+ cycles

- Cell from test group 8, anode and cathode side fibre sensors SEM and EDX

- Cell from test group 9, forced lithium plated cell, SEM and EDX of anode

- Cell from test group 10, SEM and EDX of new design fibre sensors after many cycles, from
anode and cathode side of cells

- Cell from test group 11, SEM and EDX of new design fibres after many cycles, from anode and
cathode side of cells
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4. Results and Discussion

4.1. Sensor and Cell Characterisation

Characterisation of the sensor performance was undertaken by testing the response of the sensors to
electrolyte with different concentrations of Li-ion salts, as described in Section 3.2. In addition, as
described in Section 3.4, various cell characterisation tests were carried out to understand the
baseline performance of the batch of cells used in this study; cell characterisation data was gathered
as a baseline, to be able to measure the impact of the inclusion of the fibre optic sensors on the cell
performance and to assist in designing tests such as forced lithium plating. The results of the sensor
and cell characterisation testing are described in this section.
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4.1.1. Fibres response to Li-ion battery electrolyte
Sensor reading characterisation was initially established through observing the sensor signal response
to the electrolyte used in the cells, 15ml of 1M Lithium hexafluorophosphate (LiPFs) in Ethylene
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Figure 4-1- Sensor reading in electrolyte over time in enclosed space outside glovebox, a) sensor one, and b) sensor two

Carbonate/ Ethyl Methyl Carbonate (EC/EMC - 3/7 v/v) +2% weight Vinylene Carbonate (VC) placed
inside a glass three neck flask; the optical signal response of two plasmonic sensors to air as a
reference and then the electrolyte is illustrated in Figure 4-1. The most significant increase in light
extinction is observed in the 725nm region, indicating the strongest plasmonic response to the lithium
salt electrolyte solution is in that region (the detection range of the sensor is approximately 1000nm
with exponentially decreasing sensitivity across that range); it is expected that this is due to the overall
refractive index of the solution, rather than any particular element or compound adjacent to the
surface of the sensor. We can also see that the sensor signal deteriorates over time, although the

111



solution is inside a 3 neck flask with bungs, this is not a perfect seal and it is likely that moisture (H,0)
ingress is reacting with the electrolyte, forming corrosive substances such as hydrofluoric acid which
degrade the sensor.

A further experiment in which electrolyte was incrementally added to a pure solvent was carried out
inside a glovebox as described in Section 3.2.2, and the resulting optical signal reading can be seen in
Figure 4-2. The sensor reading in the pure solvent indicated a limited plasmonic response in the region
of 680nm. However, as the electrolyte with lithium salt was added to the mixture the profile of the
OU response began to change, creating a significantly stronger plasmonic response in the 725nm
region in line with prior test observations. Making the reasonable assumption of homogenous solution
distribution, this implies the refractive index of the pure solvent elicits a plasmonic response in the
680nm region, while increasing the lithium salt concentration alters the refractive index such that the
wavelength of the plasmonic response increases. As such, in testing utilising the sensors inside active
cells, the light count of the wavelengths in the region around 725nm are considered of particular
interest. This conclusion is supported by a similar study conducted into utilisation of plasmonic sensors
in prototype cells [169].
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Figure 4-2- Plasmonic sensor optical reading change as lithium salt (LiPFg) is added to solvent, experiment carried out inside
an argon atmosphere glovebox.

The proportionality of the light extinction with Lithium salt concentration increase at different
wavelengths can be explored further. Considering three discrete wavelengths, including the 725nm
wavelength for which the Li salt extinction peak is developing, and the 680nm wavelength for which
there is an extinction peak with pure DMC, the extinction at these wavelengths with increasing salt
concentration can be seen in Figure 4-3. At the 725nm wavelength the light extinction increases with
Li Salt concentration, however while it appears linear up to 25% concentration, it can be seen that
the gradient of change subsequently decreases with further concentration increases.
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Figure 4-3- The light extinction at different wavelengths plotted against increasing Lithium salt concentration

4.1.2. Baseline cell characterisation
In order to provide a baseline of cell performance, a number of unmodified cells (ie. without sensors
added) from the batch were put through cell characterisation testing. The cells used in this study have
21 electrode layers of 11 anodes and 10 cathodes, therefore the active surface area is 2 surfaces over
10 electrodes. The area of the electrode is approximately 48.5mm by 68.5mm, multiplied by 20
surfaces this equates to a geometric surface area of 664.5cm2. Given this geometric surface area, a
table of charge density of the cell at different C-rates is shown in

Table 4-1 for reference.

Table 4-1- Equivalent c-rates, currents and charge densities for cells

Current (mA) Current per unit area (mA.cm?)
C/20 70 0.11
c/10 140 0.21
c/5 280 0.42
c/3 466.7 0.70
c/2 700 1.05
C 1400 2.111
1.5C 2100 3.16
2C 2800 4.21
3C 4200 6.32
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The profiles of the formation cycles of the cell can be seen in Figure 4-4. The charge rate is C/20 as
described in the Methodology section, this slow charge rate encourages the formation of the SEl layer
and allows us to utilise the full capacity range of the battery cell within its safe operating voltage
window. We can see that the cells accept approximately 1450mAh of charge with consistent behaviour
between the cells on the first charge. Due to the irreversible process of the initial formation of the SElI
layer not all of this capacity can be discharged, additionally the cell is not fully discharged, being
discharged to a cut-off limit of 2.5V - below this range (2.5V in this case) the redox potential of copper
can be hit which causes dissolution of the copper from the current collector on the anode side,
repeated deep discharge also leads to gas generation (primarily carbon dioxide) and swelling of the
cells [78,175]. As such the experimental capacity of the cells are shown to be approximately 1250mAbh.
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Figure 4-4- Formation cycle of three reference cells, capacity-voltage profile

Subsequent rate testing provides cell performance characterisation data as shown in Figure 4-5. This
indicates the charge the cells will accept at different charge rates, charge rate limitations and the
impact of high charge current on the cells; the cells are inside a chamber set to a temperature of 25°C
as per the methodology described in Section 3.4.2. At the C/5 and C/3 charge rates the cell capacity
reached in each case is the same, and there is no deterioration with cycling, indicating the cells are
comfortable at C/5 and C/3 in these conditions (25°C). At C/2 we see both an approximately 5% drop
in capacity on the first cycle and further slight dropping of capacity with repeated cycling. A rapid
decrease in the discharge capacity can be observed after C/2 cycling, dropping by one third from the
C/3 to the 3C charge rates. On the 3C cycle cell 2 did not cycle correctly, and cell 1 only completed 3
of the 5 cycles, indicating that the cell was struggling to accept that rate of charge. Nonetheless, while
the cells are energy cells and not designed to accept the higher rates of charge, the subsequent C/5
and C/3 cycles only show a small capacity fade, indicating minimal irreversible damage and capacity
loss due to the higher cycling rates used. This cell characterisation gives a good indication of the charge
rate limitations of the cell; based on these results we can be confident cycling at C/5 will have minimal
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detrimental effect on the cell, while cycling at C/2 or above should be used to encourage forced lithium
plating.
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Figure 4-5- Waterfall test cell characterisation on reference cells, from C/5 to 3C charge rates

Considering the temperature behaviour of the cells during cycling, we can see the temperature
response at C/5 charge and discharge in Figure 4-6. The temperature does not deviate greatly from
the 25°C ambient chamber temperature, we see the cell temperature is typically at least 0.4°C greater
than ambient, peaking at 0.6°C greater during charge and 1.2°C greater during discharge. While the
internal cell temperature can be expected to be slightly greater than the surface temperature, we can
see that at this cycling rate the temperature increase in the cell is minimal; we can also note the
temperature change profile for comparison with the optical signal and consideration of temperature
effects on the optical signal.
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Figure 4-6- Pouch cell surface temperatures recorded during C/5 (280mAh) cycling in 25°C ambient

Temperature response to a range of higher C-rates (C/3 to 3C) during the waterfall test can be seen in
Figure 4-7 in which three cells are cycled according to the same cycling regime; of particular interest
is the peak temperature change at different cycle rates which indicates the thermal stress a cell will
be under at a given charge rate. The increase from the base temperature is approximately 1/3°C at
the C/3 charge rate, up to an increase of approximately 5°C at the 3C charge rate. All cycles are
discharged at a rate of C/5, reflected in an approximately 0.5°C temperature increase at the point of
maximum discharge across all cycles. The rest temperature should return to 25°C (set chamber
temperature), the difference in the measured and set temperature can be explained by the +1.5K
accuracy of the thermocouples. The data also shows the temperature change across the three cells is
consistent, while there is some minor variation across them which could be explained by
thermocouple accuracy, cell to cell variation or slightly different positioning or contact of the
thermocouples on the cells.
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EIS testing has also been carried out, as can be seen in Figure 4-8, to characterise the cells’ response
to the procedure in the fully charged and fully discharged states. This data can be compared to the
cells with fibre sensors and after lithium plating to help evaluate the impact of those events on the
cell kinetics, and indicates a series resistance value (where the imaginary resistance component is
zero) for the cells of approximately 0.019 ohms. The arc diameter is much larger for the discharged
cells, it is a known effect that the charge transfer resistance increases dramatically when the cell is in
the fully discharged state.
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Figure 4-8- EIS testing of the reference cells in the charged and discharged states after 10 cycles

4.1.3. Evaluation of impact of sensor presence on cell

While the ‘observer effect’ dictates that act of observation disturbs the physical system in question, it
is paramount we aim to minimise the effect on the system so it remains as close to original as possible.
Insertion of a foreign body — a fibre — into the cell further creates a risk that the cell could leak at the
point where the fibre is sealed into the cell pouch material. As shown in Figure 3-9 this part of the
process was tested by sealing fibre sensors in empty pouch material and filling the pouch material
with water- after leaving these items for one week no water leaks were found through the seal, which
provided some confidence that the sealing method was effective and the presence of the fibre was
not leading to leakage from the cell.

Subsequently, as set out in Sections 3.4.2 and 3.4.3, various characterisation tests were carried out
for cells with and without fibres, allowing a comparison of the impact of the fibre sensors on cell
performance. Formation cycles of three cells without fibre sensors compared to three cells with a
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single optical fibre sensor in each (from test group 4) are shown in Figure 4-9. The data shows that the

presence of fibre optic sensor has a negligible impact on the cell charge, capacity and voltage during
cell formation.
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Figure 4-9- Formation cycles capacity-voltage profiles of three cells with one fibre sensor in each and three cells without
fibres, for comparison

Longer term impact is evaluated in Figure 4-10, showing the coulombic efficiencies of three fibre
instrumented cells over 50 cycles compared to a benchmark cell without the sensor. The data indicates
that the presence of the sensor has little to no impact on the coulombic efficiency; this is significant,
as an ideal diagnostic method should not interfere with the measured process, while high coulombic
efficiency and long stable cycle life are required for commercially relevant applications. Deviation

observed around the 16™ and 28" cycles is due to test stop and restarts to allow adjustment of the
optical equipment integration time.
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Figure 4-10- Coulombic efficiencies of cells with one fibre optic sensor compared a reference cell

Subsequent cell teardown of a cell that has been cycled for 50 cycles shows a discoloration on the
surface of the anode that follows the line of the fibre, visible in Figure 4-11. This can be caused by
pooling of electrolyte around the fibre or uneven drying during cell disassembly. The gold coating on
the sensing area of the fibre also appears to have been delaminated or corroded in patches; this could
be due to deposition or corrosion and requires further study. This degradation is hypothesised to be
the cause of the increasing light extinction trend shown which is discussed further in Section 4.2.2.
SEM scans of an electrode sample from the centre of the anode, with part of the discolouration on,
are also shown in Figure 4-11. The SEM images suggest that the line of lighter patches aligned to the
fibre position on the electrode can be identified as lithium salt deposits . These can be explained as
appearing in a greater concentration in this area due to ‘pooling’ of electrolyte around the fibre sensor
during disassembly. While this creates a potential failure point for the cell, it has not been observed
to have a significant effect during this and subsequent testing.
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Figure 4-11- a) Autopsied cell with sensor fibre, opened after 50 cycles, b) SEM image of discoloured region on electrode
at x73 magnification c) SEM image at x566 magnification (enlarged section of figure b)

Additionally the data gathered with cells with two fibre optic sensors inside, one adjacent to an anode
and one adjacent to a cathode, can also be compared to the reference cell data. Figure 4-12 compares
the charge-voltage profiles during the formation cycles of reference cells and cells with two fibre optic
sensors in. The results show that the presence of two fibre optic sensors has no discernible impact on
the charging profile of the cells or their capacity, with the variation that is there within a normal level
of variation that can be seen from cell to cell.
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Figure 4-12- Formation cycle capacity-voltage profile comparison for reference cells and cells with two fibre optic sensors

Considering the longer term impact of the presence of the fibre optic sensors on the cells, coulombic
efficiencies of the cells with two fibre optic sensors versus reference cells over 150 cycles is shown in
Figure 4-13. The cycling regime of the cells with two fibre sensors can be seen, most cycles are carried
out galvanostatically at C/5, however some of the cycles are also carried out at C/3 and C/2, as well as
some CV and GITT testing- the reason for conducting a variety of testing on the same samples was to
allow the maximum data analysis from the available materials. The reference cells are
galvanostatically cycled consistently at C/5, which can be considered a less demanding cycling regime
overall. The coulombic efficiency data further indicates that the presence of the fibre optic sensors
has no degrading effects on the cell capacity over the longer cycling period, with both reference and
fibre cells retaining coulombic efficiencies of greater than 99.8% after 150 cycles and all cells being
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within an approximately 0.1% range. The anomalous coulombic efficiency data points that are a
consequence of the testing being stopped and restarted.
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Figure 4-13- a) Cycling carried out on 3 cells with two sensors in, with coulombic efficiencies for each cycle (the cycles with
efficiencies that deviate significantly from the mean are due to the testing being stopped and started) b) Comparison of
coulombic efficiencies of the cells with two sensors to a reference cell cycled at C/5 for 150 cycles, shown at higher resolution.

This data can further be plotted in terms of the discharge capacity on each cycle as shown in Figure
4-14, here we can see the discharge capacity variation after 125 cycles is approximately 5% not
including the cell with sensor two which is an outlier; this can be considered a consistent range for
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prototype cell manufacturing and accounting for additional potential assembly issues due to
assembling the cells with the sensors. The data demonstrates that over 150 cycles the presence of
two fibre optic sensors does not noticeably impact the coulombic efficiencies of the cells, this is further
important evidence that the presence of the sensors has negligible impact on the processes being
measured, at least in the initial period of cycling.
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Figure 4-14- Cycling carried out on 3 cells with two sensors in with discharge capacities for each cycle, compared to two
reference cells without fibres. The discharge capacities in the purple dashed circle deviate from the trend due to stopping and
restarting the cycling, to carry out other testing including higher C rate (C/2 and C/3) cycling, CV and GITT- all other cycles for
the cells carried out galvanostatically at C/5.
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As a further measure of the impact of sensors on the cells, EIS data after the first 10 cycles of reference
cells and cells with two fibre sensors is shown in Figure 4-15. In this instance EIS testing has just been
carried out in the fully discharged and fully charged states, to allow a comparison of the real resistance
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Figure 4-15- EIS response comparison for reference and fibre cells in a) fully discharged state and b) fully charged state

values and cell kinetics with and without fibre optic sensors. The EIS testing indicates a real resistance
value of approximately 0.019Q for both the cells with and without fibre sensors; the real resistance
value may be lower after accounting for the inductance element, although any adjustment should be
equally applicable to all cells due similar testing conditions in all cases. The RC semi-circle component
is different, with a higher frequency value at the peak of the semi-circle and longer semi-circles in the
case of the sensored cells, indicating lower responsivity and higher resistance respectively. However,
the magnitude of the differences can be attributed to expected cell to cell or experimental setup
variations.

An equivalent circuit model (ECM) was used to fit the EIS data, utilising two resistor and constant
phase element parallel pairs and a mixed kinetic and charge-transfer control model. In Figure 4-19
the ECM and EIS plots with fitting according to this model are shown for reference cell and fibre cell
one. In Table 4-2 the circuit element values are given according to this fitting; while there is some
variation in the values, as is expected using iterative EIS curve fitting, the values can be seen to be of
a consistent order of magnitude.
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elements (Q) and Warburg diffusion coefficient (W), b) Fitted ECM plot overlaid onto EIS data for reference cell 1 and fibre
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Table 4-2- Iteratively calculated ECM element values (BioLogic EC-Labs software), according to the ECM model and fitting

shown in Figure 4-16.

ECM element ECM element values Units
Ref Cell 1 Ref Cell 1 Fibre Cell 1 Fibre Cell 1
Charged Discharged Charged Discharged
L1 (Induction) 0.159%x10°® 0.166x10°® 0.140x10® 0.141x10° H
R1 (Resistor) 1.595x10°3 3.76x10° 2.598x103 4.548%103 Ohms
Q2 (CPE- constant 8.858x10° 2.43 2.79 3.518 F.sMaz-1)
phase element)
a; (time constant 0.999 0.999 0.999 0.999
for Q2 CPE)
R2 5.27x103 6.912x10°3 6.751x10°3 0.117 Ohms
Q3 0.018 0.016 0.016 0.017 F.s"(as- 1)
as 0.674 0.674 0.674 0.674
R3 0.300 0.101 0.113 0.332 Ohms
Q4 3.456 506.3 481.2 106.5 F.sMas-1)
EN 0.822 0.822 0.822 0.822
R4 0.107 0.209 0.045 0.120 Ohms
W4 (Warburg 0.016 5.186x103 1.007x10°3 0.030 Ohm.s”-1/2
element)
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Subsequent to this cycling the cells were autopsied and the electrodes and fibres observed with SEM
and EDX analysis to assess the impact of the presence of the fibres on the cells. Figure 4-17 shows that
there is a visible deposit on the anode electrode where the fibre optic sensor had been, however as
noted previously in the section this could again be ‘pooling’ of dried electrolyte in the area of the fibre
resulting in LiPFg salt deposits. The EDX data in Figure 4-18 further supports the proposal that this is
LiPFg salt, as consistent levels of fluorine and phosphorus are detected in the area. In Figure 4-19
images of the cathode adjacent to the fibre optic sensor can be seen, in this case there is no visible
evidence of the prior presence of the fibre optic sensor.

EDX analysis of the cathode sample shown in Figure 4-20 also reveals expected results, with nickel,
manganese and cobalt identified which are present in the cathode, fluorine and phosphorus detected
from the lithium salt left by the dried electrolyte, carbon present due to the binder and oxygen
detected from oxidisation on exposure to atmospheric oxygen. In this case EDX mapping has been
used rather than spectrum, to determine if there are any spatially related features that could indicate
disturbance caused by the presence of the fibre sensor, however no disturbance is apparent. The
presence of lithium is inferred as the presence of fluorine and phosphorus indicates LiPFs salt resulting
from dried out electrolyte, although EDX is not actually able to detect lithium due to the low atomic
number of the element. Both the anode and cathode material analysis indicates a negligible physical
impact on the cell materials due to the presence of the fibre optic sensors, further important evidence
of the non-invasive impact of the sensor technology.
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Figure 4-17- SEM images of anode from cell cycled for over 150 cycles with fibre optic sensors inside. Lithium salt
deposits can be seen in blue circles. a) shows section of electrode at 300 magnification, line of lithium salt deposit can
be seen where the fibre was previously. b) 3000x magnification of area of electrode that had visible deposits, where
fibre had been. c) 3000x magnification of area of electrode without visible deposits, where fibre had not been present.
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Figure 4-18- EDX analysis of section graphite anode from cycled cell with fibre sensors, including deposit in region of fibres.

a) SEM image of region- profile could be indicative of poorly mixed carbon black b) Carbon, oxygen, fluorine and potassium

detected by EDX c) Second SEM image of region d) Carbon, oxygen, fluorine and potassium distribution as detected by EDX
spectrum analysis of region in blue box in image c).
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Figure 4-19- SEM images of cathode adjacent to sensor, at 300x (a) and 3000x (b) magnification.
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Figure 4-20- EDX mapping of cathode area in Figure 4-16 b)

4.1.4. X-ray tomographic images of sensor in cell
X-ray tomographic imaging of shows the position of the fibre sensor within the cell and the layout of
the electrode stack. There is some evidence of small gas bubbles between the stacks which can be
attributed to gas formed during cycling, now free to move around the cell with the removal of the
compression plates. We can see that the sensor remains intact and in position within the cell, with no

Figure 4-21- a), b) X-ray of fibre in cell and c) cell stack X-ray side profile (5mm width)
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obvious deformation or damage to the cell in the region of the fibre sensor. The x-ray tomographic
images in Figure 4-21 show the position of the fibre within the cell as well as the electrode stacks from
the side view. This technique allows us to see that the sensor is unbroken and aligned as expected in
the cell.

4.2.  Optical signal correlation with cell cycling

Following on from establishing the sensor in cell assembly method, and the separate characterisation
of reference cells and optical sensor performance in electrolyte, experiments were conducted with
the optical sensors inside Li-ion pouch cells with the aim of testing the experimental setup and
gathering initial optical data that could be compared to changing cell state and analysed for
correlation. This section documents the optical response to changing cell state, looking initially at the
formation cycles and galvanostatic cycling, with fibre optic sensors placed adjacent to both anode and
the cathode electrodes. Data relating to the longevity of the sensors over time is also included, as well
as data relating to the impact of temperature and pressure on the optical signal.

4.2.1. Formation and initial cycling optical data

As described in Section 3.4.1 formation cycling was carried out consistently across all cells, at a c-rate
of C/20 (280mA). The data in Figure 4-22 shows the optical fibre signal during the cell formation cycle
(from test group 8), with the optical signal from the sensor adjacent to the anode in figure a) and the
optical signal from the sensor adjacent to the cathode in figure b). According to the findings in Section
4.1.1 the signal in the 725nm wavelength region is of particular interest, as such Figure 4-23 shows
the data from Figure 4-23 at the 725nm wavelength only rather than across the whole optical
spectrum. The technique of plotting the optical data at the 725nm wavelength only is subsequently
applied throughout this study for easier visual correlation of the optical data with electrochemical
data, allowing a 2D graphical form.
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Figure 4-22- Formation cycle optical spectra data from fibres adjacent to a) anode and b) cathode
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Figure 4-23- Formation cycle data with 725nm wavelength optical data from fibres adjacent to anode and cathode

There is a notable optical response upon the cell being charged to approximately 3.5V for the first
time, this can be observed on both the anode and cathode side fibres but with a much greater
response on the anode side. This is hypothesised as an optical response to initial lithiation of the cell
and the beginning of SEI layer formation, the optical signal shows considerably greater light extinction
on the anode side fibre than on the cathode side fibre over the two formation cycles. The optical signal
demonstrates responsiveness to the cell charge and discharge but with limited correlation at this
stage; as can be seen in Figure 4-24 the optical signal shows better correlation with cell state during
cycling after the cell settles following formation and the first approximately five cycles.

Figure 4-24 demonstrates the correlation of the optical sensor signal with cell state, showing optical
data from both the anode and cathode side fibres, in the first ten galvanostatic (C/5) cycles after cell
formation. As noted the optical signal is more erratic in the in the initial few cycles, particularly on the
anode side fibre, before settling into a more repeatable and steady correlation- the initial
unsteadiness can be attributed to the initial lithiation of the cell and SEl layer formation. The profile
of the anode signal is notably different in form and range from that of the cathode signal, with the
anode signal more closely following the voltage profile and showing greater responsiveness. The
sensor could measure Li-ion concentration change at the electrolyte- electrode boundaries, therefore
the signal profile difference can be attributed to greater charge transfer and Li-ion intercalation
resistance in the anode than the cathode, with Li-ion movement in the anode boundary layer being
the rate determining step.
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Figure 4-24- First 10 galvanostatic cycles (C/5) after formation cycles with 725nm optical signals from a sensor on a) the
anode side and b) the cathode side of the cell

Focusing on the 6™ and 7t cycles in which the optical signal shows a good correlation with cell state,
the full spectra data is shown in Figure 4-25, which represents the comprehensive broadband optical
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signal response over two cycles. The black line shows the indicative cell voltage (inverted), while the
coloured spectrum contains the optical light intensity data between 400 and 1000nm wavelengths at
1nm increments. The correlation is most discernible in the 700nm wavelength region, while a small
degree of correlation can be observed across the entire 400nm to 1000nm spectrum.
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Figure 4-25- Optical spectra of fibre adjacent to anode during 6t and 7t" galvanostatic cycles (C/5) of cell after
formation, with indicative inverted voltage plot in background.

Focusing specifically on the 725nm wavelength noted earlier, the correlation between the optical
signal and the measured cell voltage is displayed more clearly in Figure 4-26. This correlation is
strongest for the parts of the cycle above a full cell voltage of approximately 3.6V, where the profile
very clearly matches, while the profile correlates more loosely at the lower voltage regions of the
cycle, irrespective of the Ohmic potential drop. Notably 3.5 to 3.6V is the voltage at which lithiation
starts to occur in NMC versus graphite Li-ion batteries, which supports the hypothesis of the optical
response related to anode lithiation. Figure 4-26 also displays the cathode and anode voltages
respectively, obtained using the implanted reference electrode, allowing observation of the optical
signal relative to the separate electrode voltage profiles. Whether the light signal correlation is
stronger with the anode, cathode or full cell voltage is not immediately obvious visually, although it is
noted that light intensity change is positively correlated with the anode voltage change but inversely
correlated with the cathode and full cell voltage change.

136



I | 22000

4.2 a) AR, LT
Fa 24000
4 ”, ‘\‘ ," /\'”"«w \\
/ 26000
381 _’,/, /'/\""'"M,_ \\\ _(,/' / \.\ \\
| \ / \\ 28000
; \ . . N
= ; , o ; " 30000+
%.7]3_4 H S \\\-K“‘ 5 ' Y S
| i ! l Q
3 | g e P - 32000 ©
= 3.2 ,1," ,-’w" WV\:“M‘{ .l\ _‘EC-‘D
3 w”\/ H 34000 =
28} & 36000
20 ] ----Voltage 38000
| ' ——725nm wavelength|"
24 I 1 1 I 1 I 40000
2 4 6 8 10 12 14 16 18 20 22
Time (Hours)
4.5 T ] T T 1
[} - TN
g 4D a
p=3 { J‘
o 3.5 [ T T
g .
K . |
|
25 | | | | | | L L
2 4 6 8 10 12 14 16 18 20 22
Time (hours)
022} - T PN | I
g . / \
& 0.2 .
S
o 0.18 ™
el
Q AN
=
<016 ¢)
N — | I [ e I I
2 4 6 8 10 12 14 16 18 20 22

Time (hours)

Figure 4-26- a) 725nm wavelength optical signal and voltage profile during 6" and 7t galvanostatic cycles (C/5)
after formation, with corresponding electrode voltages at that stage of cycling for the b) cathode and c) anode

The mechanism by which the optical signal correlates to the cell voltage is hypothesized to be the
sensor responding to the changing lithium concentrations at the surface of the anode, supported by
the correlation of the impact on the optical sensor signal and the state of lithiation with increasing cell
voltage / dropping anode voltage. The fact that there is a correlated response across the entire
spectrum suggests that the optical sensor signal is also impacted by other measurands. Other variables
that could impact the sensors include temperature, strain and pressure; another study has
demonstrated that the sensor fibre signal is also sensitive to cell temperature and pressure [176]. The
complete signal response can therefore be a combination of effects. Understanding the effects and
mechanisms causing the correlation of battery state and optical signal and deconvolution of
measurands will be the subject of further work to enable wider application.

The hypothesis that Li-ion concentration is being measured by the sensor via refractive index change
has been put forward and is supported by findings in other studies. Plasmonic sensing has been used
to measure the Li-ion concentration in electrolyte in an aqueous battery [162], it has also been
demonstrated that attenuated total reflection can measure changes in Li-ion concentration in a liquid
electrolyte in a lithium metal anode half cell [76]. Optical scattering microscopy carried out on a Li-ion
NMC cell also allowed detection of the degree of lithiation during operando cycling; it was observed
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that the local dielectric properties of the NMC particles, which could be observed through the
measurement technique, were sensitive to and strongly dependant on the degree of lithiation of the
particles [177]. Due to the close relationship between dielectric properties and refractive index this
adds weight to the theory that the plasmonic based fibre optic sensors should be sensitive to Li-ion
concentration change via the refractive index change. The 3D plot of the optical signal of the cathode
side sensor 6™ and 7t cycles is similarly shown in Figure 4-27, and focusing on the 725nm wavelength
again allows the close correlation with cell state to be seen. As noted the profile and responsiveness
of the signal differs on the cathode side of the cell when compared to the anode.
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Figure 4-27- a) Optical signal light spectra for the 6t and 7th galvanostatic cycles (C/5) after formation, with the indicative
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4.2.2. Fibre optic sensor performance over repeated cycling

As has been noted previously the cell seems unaffected by the presence of the fibre sensor, however
Figure 4-28 illustrates that the fibre sensor signal deteriorates significantly as the cycling progresses,
with light count dropping significantly over a number of cycles. The cell was subsequently cycled for a
full 50 cycles, by the end of the which the light intensity declined asymptotically to 0. There is a slight
discontinuity in the data caused by the fact that 50 cycles were carried out in three runs, first 16 cycles,
then 12 more cycles, then a further 22 cycles. The light count has been normalised for the separate
runs by dividing the light intensity by integration time in each case.
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Figure 4-28- a) Light extinction of the fibre optic signal of the sensor adjacent to the anode over 50 cycles of galvanostatic
cycling (C/5) and b) A section of that cycling showing the behaviour of the signal when the cell was at rest.
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The trend of increasing light extinction as the cell cycling progresses can be due to factors such as
chemical corrosion of the sensor, internal battery changes such as SEl layer growth on the anode
and/or around the fibre, or even potentially penetration and alloying of the lithium ions with the gold.
Notably it can be seen in Figure 4-30 that the light extinction is apparent while the cell is cycling but
appears to stop when the cell is at rest after being discharged. This observation supports the
hypothesis of electrode processes during cycling causing the signal loss; possible mechanisms include
electrolyte decomposition and SEI growth around the sensor or lithium ion and gold alloying during
cycling.

Figure 4-29 shows the anode sensor and cathode sensor optical signal strength at 725nm during
cycling. Both signals demonstrate a qualitative correlation with cell voltage state during charge and
discharge. Notable differences include the anode side optical signal more closely following the profile
of the voltage, while also exhibiting greater light extinction over time. Greater anode side extinction
could be explained by SEI layer growth or electrical contact between the sensor and anode causing
lithiation of the gold at low voltages. The fact the sensor signal extinction is not as significant on the
sensor on the cathode side indicates that the extinction is not just a consequence of sensor
deterioration due to the corrosive environment in the cell.
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Figure 4-29-Optical signal strength at 725nm for optical fibres adjacent to an anode and cathode electrode during
galvanostatic cycling (C/5)

Optical imaging was carried out to gain further insight into the sensor degradation, Figure 4-30 shows
microscope images of the unused fibres, while Figure 4-31 shows SEM imaging of the same. This could
then be compared to sensors removed from the cells initially cycled for 50 cycles. Visual and physical
inspection of the fibre optic sensors on performing a cell teardown indicated that the sensors had
become much more brittle in the sensing area, with delamination of the sensor coating occurring. SEM
analysis of the sensor confirmed corrosion of the sensing region and delamination of the coating,
exposing the silica fibre underneath, this can be seen in Figure 4-32. The delamination and corrosion
is likely caused or at least exacerbated by the corrosive environment of the battery cell, including the
presence of hydrofluoric acid which can be generated as an unwanted and corrosive product of
parasitic reactions in the cell. This information was fed back to Insplorion AB who felt that a step in
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the coating process during manufacture could be contributing to this, the company subsequently
updated their manufacturing process and sent new versions of the sensors for testing.

Gold sensing region

Interface between gold sensor
and polyimide coating

Gold sensing region Polyimide coated

fibre

Figure 4-30- Microscope photographs of the a) middle and b) edge of the sensing region of an unused plasmonic based fibre
optic sensor, at approximately 10x magnification.
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This line on the sensor is
attributed to the coating
manufacturing method

Figure 4-31- SEM images of the sensing region of an unused plasmonic based fibre optic sensor, at magnifications of a) 66x,
b) 170x and c) 381x.
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Delamination of the sensing
metallic film and coating from
the fibre optic.

Coating
swelling
and
corrosion.

Figure 4-32- SEM images of sensing region of a sensor from the initial batch of sensors, after being adjacent to the anode of
a cell galvanostatically cycled for 50 cycles,at a) 100x magnification and b) and c) at 400x magnification.

The new fibre optic sensor design was utilised in test groups 10 and 11, and the data indicates that
the new method did improve the longevity of the sensors. The optical signal continued to be
transmitted even after 300 charge and discharge cycles on the cells, before subsequently
deteriorating. The condition of the anode and cathode side fibre optic sensors of a cell from test group
11, which had undergone 50 charge and discharge cycles including forced lithium plating attempts and
still had a good optical signal, can be seen in the images in Figure 4-33. The sensors on both the
cathode and anode side of the cell can be seen to still be in good condition, with possibly some signs
of corrosion or deposits on the surface of the anode side fibre. A notable feature however is that while
the cathode side fibre remained gold, the anode side fibre sensor had turned black- this could indicate
that the low voltages on the anode side of the cell and insufficient insulation of the metal film led to
the lithiation of the gold metal film.
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Cathode side

fibre sensor
remains in good
condition.

More indication of corrosion and/
or deposits on the anode side fibre
sensor- however this new batch
show much less deterioration.

Figure 4-33- a) Photograph of used cathode side (top) and anode side (bottom) fibre sensors prepared for SEM analysis, b)
SEM analysis of cathode side fibre sensing region at 582x magnification, c) SEM analysis of anode side fibre sensing region
at 582x magnification

4.2.3. Effect of temperature, pressure and impact on optical signal
As noted in Section 3.4.4 testing was carried out on the cells in test groups 10 and 11 to specifically
identify the impact of temperature and pressure on the optical signal. The change in the optical signal
was observed when the cells where heated and cooled in a steady discharged state, as well as being
cycled at different temperatures. The results show that as the chamber is heated the optical light
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count increases and conversely when the chamber is cooled the light count decreases. In the case of
the reference fibre the optical response to the changing temperature is immediate but then proceeds
at a steady rate, probably reflective of the fact that the air would take time to heat the fibre to the
same temperature due to the low thermal conductivity. In the case of the fibre in the cell the optical
signal is slower to respond to the temperature change but then responds more dramatically, with the
light count increasing by 6% as opposed to 4% over the period, this can be explained by the cell taking
time to heat up first, but then more rapidly heating the fibre up due to the greater thermal
conductivity. Cycling of the cells at C/5 at different temperature provides similar findings in terms of
higher light count at higher temperatures. Notably the profile of the optical signal is less well
correlated to the cell state when cycling at the higher 35°C temperature, but the reason for this is not
clear.

This data also shows us that while temperature has clear effect on the optical signal it is not dominant
when the cell is being cycled, for example Section 4.1.2 shows that during C/5 cycling the temperature
variation is just 1.5°C, which only equates to an approximately 0.5 to 1% change in the optical signal
according to the below figures- however at higher C-rates the temperature effect would be more
significant. With the cell at rest we can also see that the impact of the temperature change on the
optical signal is similar for the fibre on both the anode and cathode side of the cells, this is expected
as there is no electrochemical variation in this test. Another point which is also clear in these graphs
is that the fibre optic signal response to temperature change takes a longer period of time to reach
steady state than the thermocouple does, this can be attributed to the thermocouple being designed
to be responsive to temperature, while the silica fibre optics have low thermal conductivity and take
longer to heat.
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Figure 4-35- Cell cycled at C/5 at 3 different temperatures, with corresponding optical response

Also it is noted here that the fibre signal is highly sensitive to movement or impact that causes the
fibre to flex or bend, as shown in Figure 4-36. The blip in the optical signal was caused when the oven
door was opened and closed, causing a physical disturbance to the fibre optics, and smaller
disturbances caused by environmental effects such as the convection of air in the chamber caused via
the chamber fan could contribute to noise in the optical signal.
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Figure 4-36- fibre optic 725nm wavelength signal change due to physical disturbance
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As described in Section 3.4.4 weights were incrementally added to a cell at rest, that had previously
been through formation and initial cycling, to observe the impact of the pressure on the optical signal.
As can be seen in Figure 4-37 this has negligible impact on the optical signal outside of the typical
noise seen for the signal, there are some larger spikes in the signal but due to their random and
anomalous nature these are attributed to impact and bending of the fibres when adding and removing
the weights. Additionally however it is noted that only up to approximately 3kPa of pressure was
applied to the cell, while pressures of around 20kPa and higher have been reported in Li-ion based
cells (while these had silicon-graphite anodes which should reach a higher pressure) [178].
Furthermore measurements of pressure in a Li-ion NMC vs graphite-silicon cylindrical cell [179]
showed similar profiles in the pressure change during charge and discharge and the GITT tests as can
be seen for the optical signal during those tests, in Sections 4.2.1 and 4.3.1 respectively. A significant
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Figure 4-37- 725nm wavelength optical signal from a) anode side and b) cathode side of a cell during pressure testing

difference is in the IC analysis however, where the pressure changes seemed to be sensitive to anode
phase transitions, while the optical signal in Section 4.3.2. indicates much greater sensitivity to the
cathode phase transitions than the anode phase transitions. This could indicate that both signal are
influenced by linked mechanisms, for example if the optical signal is sensitive to Li-ion concentration,
this could also have a correlation to pressure as movement of Li-ions into the anode would cause
expansion and a pressure increase. As such, while this test indicates the impact of pressure on the
optical signal is minimal, further work should be done utilising a purpose built setup to test the impact
of higher pressure conditions on the optical signal and to understand the relationship of pressure and
the optical signal measurement, this recommendation is discussed in more detail in the further work
Section 6.

4.3.  Optical response to different cell phenomena and
insight into underlying mechanisms

As described in Section 3.4.3 a number of specific testing techniques were employed to gain insight
into the optical response to different cell phenomena and to gain insight into the working mechanisms
behind the optical response. In the following section the results of these tests are displayed and
discussed, including GITT testing, IC analysis, CV cycling and urban profile cycling.
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4.3.1. GITT test

GITT cycling was used to observe the reaction of the signal to the voltage pulses, to further evaluate
the correlation and relationship between cell state and optical signal and gain insight into the
mechanisms behind this relationship. Figure 4-38 shows the optical signal response to the GITT testing
at a range of different wavelengths. A Savitzky—Golay filter has been used to slightly smooth the signal
and reduce noise. A correlation between voltage and optical signal can be observed, however this is
‘masked’ somewhat by the trend of increase in extinction over time for the sensors on the anode,

particularly when the cell is at higher states of charge.
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Focusing in specifically on some of the earlier GITT pulses and the 725nm wavelength which is
considered to be the most responsive, Figure 4-39 shows the wavelength optical response over two
pulses. Again the OU signal has been filtered with a Savitzky—Golay filter to reduce noise without

distorting signal tendency.
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Figure 4-39- Cell voltage and OU response over two GITT cycles. The IR drop regions on the first GITT pulse are indicatively
identified, along with the voltage values that can be used in diffusion coefficient calculations. The difference between the
pulsed voltage and relaxed voltage is described as the overpotential and includes elements such as the electrical resistance
IR drop, and kinetic steps such as adsorption, mass transfer and charge transfer [180].

The light extinction increases as voltage and charge increase, but does so with a steady and lagging
response compared to the voltage increase. This indicates the signal does not directly correlate to the
applied and measured cell voltage, and is more likely to correlate to a secondary effect of the applied
voltage. Subsequently when the cell is at rest such that the charge is not increasing and the voltage
relaxes as the lithium diffuses more equally into the anode, we see a relaxation in the optical signal
with light extinction decreasing. This in turn demonstrates that the OU signal is not directly correlated
to charge voltage and is potentially responding to secondary electro-chemical effects within the cell.

A potential mechanism that could explain this response is that the sensor is measuring or responding
to lithium concentration at the surface of the anode. As the cell is charged the lithium concentration
at the anode surface is increasing, while when the cell is relaxing at rest the lithium is diffusing around
the anode and the concentration decreases at the surface. This supports the previous conclusion
about lithium concentration at the anode surface being the primary measurand.

We can further estimate the lithium diffusion coefficient with the data provided in the GITT charging
pulses. The diffusion coefficient can be found according to the relationship in Equation 9 if the current
pulse time and voltage change are sufficiently small [180]:

4 mgVy\? (AEs\* 12
D,:, =—|— P t —_
Li+ m( MpS ) (AEt) for {t <5
Where:

e 7= pulse duration (s)

e mg =host material mass (g)

e V3, = molar volume (cm®mol?)

e My =host material molecular weight (gmol™)

e S =area of the electrode electrolyte interface (cm?)
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o AEs = Es-E;= OCV steady state voltage change before and after pulse (values shown in Figure
4-39)

o AE; = E3-E>= transient voltage change after initial IR increase when pulse is applied (values
shown in Figure 4-39)

o t =testtime (s)

o [ =diffusion length (cm)

e D = diffusion coefficient (cm?s?)

Equation 9- Diffusion coefficient calculation, simplified form when current pulse time and voltage change is sufficiently small.

Equation 10 can be used to calculate electrode specific surface area if we make the approximation
that the electrode particles are perfect spheres:
3¢

a=
7AS

Where:
e a=specific surface area (m?/m3=m™)

e &= electrode porosity
e r.=mean particle radius (m)

Equation 10- Electrode surface area assuming particles are perfect spheres.

This component of Equation 10 * 22V
MpgS

is equivalent the volume of the host material divided by the

surface area, which if we assume perfectly spherical particles can then be replaced with % " as per

Equation 10. This leads to Equation 11, which allows the lithium-ion diffusion coefficient to be
calculated from the GITT pulse data and the mean particle size radius value.

4 1 \2 (Ey — E;\* L?
D”*_E(E) (E3—E2) for {t<g

Equation 11- Diffusion coefficient calculation in terms of GITT pulse data and mean particle radius.

The mean particle radius can be approximated at 4 micrometres, as per the SEM imaging in Figure
4-17. The value of T can be taken from Figure 4-39 as the length of time of the GITT pulse, which is
900 seconds. Taking the values for Ej, E3, E3 and E4 from the data points on Figure 4-39, the diffusion
coefficient values for the two pulses shown in Figure 4-39 are calculated as 1.57 x 10> m?st and 1.45
x 10> m2st respectively.

4.3.2. IC analysis and phase transitions

Incremental capacity analysis has been carried out on the prepared cells to identify phase transitions
during charge and discharge, and to determine if the optical response is similarly able to detect the
phase changes. Further to this IC analysis has been carried out on the three electrode cells prepared
with lithium reference electrodes, to identify the phase changes on the anode and cathode electrodes
separately. Full cell and individual electrode voltage profiles for a full charge and discharge cycle are
shown in Figure 4-40. The associated IC plots are also shown, for which the total cell charge has been
differentiated with respect to the respective voltages.

151



5000 T T T
S > b) ]
8 oS I
S g J
> ° J
> = oF--——-———-—-- —— . —
3 g e
O = N
] S N
> L
('8 L L L -5000 L L L
0 2 4 6 8 10 2.5 3 3.5 4 4.5
(0] T T T T
o > 5000 “
£ 4 M 1 S d) |
o °
> ° |
© 351 1 S 0 e
K o P
o Rt NS
S 3 | T <
© \ S
O . . I -5000 I 1
0 2 4 6 8 10 2.5 3 3.5 4 4.5
x10°
) 2 F H‘
g oz e / g, f) A
= 0.18 o1
[0) Eol 7 ~.
8 S QF-———-——————— ==
o c ~
c 0.16 <
< 1 L L -1k L 1 1
0 2 4 6 8 10 2.5 3 3.5 4 4.5
Time (hours) Full cell Voltage

Figure 4-40- Time- Voltage (T-V) and IC plots (solid blue line is charge, dotted red line is discharge) on NMC111 cell with
graphite anode and Lithium reference electrode cycles at 280mA (C/5); a) Full T-V plot, b) Full cell IC plot, ¢) Cathode Time-
Voltage plot, d) Cathode IC Plot, e) Anode T-V Plot, f) Anode IC Plot

The full cell IC plot has two clear peaks on the charge and the discharge cycles, indicating two
reversible phase transitions. This profile is closely matched by that of the cathode IC plot, indicating
that the phase changes are being measured at the cathode and that the cathode is the dominant
influencing electrode on overall cell voltage change during cycling. A third smaller peak can be seen
on the charge cycle but not the discharge cycle, this suggests an irreversible process and has been
attributed in other studies to SEI layer formation [181][182]. The cyclic voltammetry plots which are
discussed further in Section 4.3.3 similarly indicates the presence of two peaks. Notably the peaks
express a shift as compared to the IC plots. The greater polarisation can be explained by current
reaching up to 480mA in the CV scan, higher than the cycles under constant current of 280mA (C/5)
used for IC analysis.

Full cell IC plots obtained here match existing literature on cells with NMC111 cathodes and graphite
electrodes, with the same distinctive double peak on the charge and discharge cycles [181][51]. The
first peak is identified as the lithium intercalation into the graphite anode (Cs~>LiCy) and the second
peaks as the phase transition from a hexagonal to a monoclinic (H1 = M) lattice of the NMC
[181][182][51]. The author notes however that use of the reference electrode identifies that both of
these peaks are predominant on the cathode IC plot shown in Figure 4-40, this suggests either a
cathode phase transition is taking place at both of these peaks or that it is a secondary effect being
measured at the cathode.

Exploring this idea further, on NMC111 half cells with a lithium working and reference electrode the
there is only one clear peak instead of two [52,183,184], this supports the identification of the first
peak as a graphite anode phase change. Nonetheless, while the double peak is not clear in those
studies, the cyclic voltammetry plot in Figure 3b of Noh et al. [52] and diffusion coefficient during
cycling plot in Figure 5 of Frohlich et al. [183] do indicate a possibility of two peaks, with a smaller
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initial first shoulder peak within a larger second peak. Further to this, first principle calculations of the
expected charge compensation reactions are Ni?*/ Ni** and Ni** and Ni* as the lithium concentration
on the cathode decreases during charging [49][48]. Experimentally Yoon et al. investigated NMC111
at different charge states utilising X-ray absorption spectroscopy (XAS), concluding that Ni ions at the
surface are oxidized to Ni** during charge and Ni ions in the bulk are further oxidized to Ni* during
charge [47]. The observation of the cathode IC in this paper coupled with the above discussed
literature suggest that the two measured peaks could represent a two stage process of phase
transition in the NMC through the Ni**= Ni** and Ni**=> Ni* oxidation steps. Factors that could
influence this process include rate of charge, material of counter electrode and particle size of the
working electrode.

The anode IC plot demonstrates multiple small peaks within a larger peak, this suggests measurement
of lithium intercalation stages in the graphite anode. There are seemingly four features, that is
consistent with the literature in which there are the broader major LiCi;; and LiCs intercalation
compounds during cell charge, and within those the dilute stage 1’ and 4L to 2L group of phases, super-
seceded by stages 3, 2 and 1, in an inhomogeneous process with overlapping stages. Studies have
shown the graphite phase change process is not symmetrically reversible [54-59], which is also
reflected in the asymmetric IC curves for the anode from charge to discharge in Figure 4-40 f).

Considering now the measured optical data, both the anode and cathode side sensors seem to
respond in line with the two large full cell IC peaks, as shown in Figure 4-41 and Figure 4-42, an
interesting finding for this diagnostic method. The optical signal recorded is the 725nm wavelength,
previously identified as the most attuned to the analyte change of interest [185]. The reference cell
data shown in Figure 4-40 d) indicates these are phase changes occurring across the cathode, an
assumption that has some support in literature noted earlier but is not established. This suggests that
optical sensors in this study are responding to the diffusion coefficient changes caused by the phase
changes in the cathode.
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This IC analysis characteristics support the previously stated hypothesis that Li-ion concentration is
being measured by the sensors in a number of ways. The fact the sensors adjacent to both anode and
cathode respond most strongly to the full cell IC peaks suggest more sensitivity to a full cell
characteristic such as diffusion coefficient rather than individual electrode behaviour such as
electrode volume expansion. For example, anode expansion during charging has been measured at
6.1% by Stage 2 (LiCi12) and 13.2% by stage 1 (LiC¢) [59,60], while NMC111 cathode volume change
during cycling is typically ~1% [186]. As such, while the change in diffusion coefficient associated with
a cathode phase transition could change the rate of expansion of the anode, the expansion caused by
anode phase transitions should be more significant and therefore should be more strongly detected
by the optical sensor were it a dominant measurand.

The relationship between cell charge and electrode expansion is well documented, explained by
intercalation of lithium ions and corresponding changes in the electrode lattice structures [138].
Numerous fibre optic based sensor studies, utilising techniques such as FBG’s [94,137,140,187] and
Rayleigh Scattering [188] have demonstrated the relationship between cell cycling and strain. This
likely plays a role in the plasmonic based sensor fibre readings as well, however due to the fibre not
being mechanically adhered to the electrode, it is unlikely the sensor is responding to direct strain. It
may be responding indirectly to electrode expansion, bending the sensor slightly or pressing the
sensor more closely into the surface of the electrode. However it is noted that SEM images of the
electrodes after cell cycling do not show obvious visual signs of electrode deformation due to pressure
from the optical fibre [185]. Temperature effects should also be minimal, due to the slow rate of
cycling and controlled chamber temperature.

In Figure 4-43 the optical data for the cycling is shown with lesser filtering, this makes the peaks
associated with the full cell IC and cathode IC peaks less obvious, but demonstrates the volatility and
other features of the signal. The volatility could be related to noise factors or micro-scale behaviour
within the cell, but it’s also possible the other smaller peaks could relate to the anode phase changes
and a corresponding impact on Li-ion transport behaviour. Figure 4-43 also superimposes the optical
signal on the anode IC information obtained from a reference electrode on an equivalent cycle, it is
possible there is a correlation between the peaks but it is difficult to determine conclusively due to
the noisy nature of the optical signal. The start of the cycle is also shown including the initial clear
optical response to the start of the cycle after rest.
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4.3.3. Cyclic Voltammetry analysis
Cyclic voltammetry cycling was carried out on a number of cells, as set out in Section 3.4.3. This testing
type allows observation of peaks in redox reactions that occur when the current is at its maximum,
additionally the rection rate up until redox peak is controlled by electrode kinetics (the speed at which

Differentiated Anode OU Signal

Differentiated Anode OU Signal
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the redox reaction takes place at the surface), while diffusion mass transport is the limiting step after
that [69]. Cell cycling was carried out at two different scan rates, 0.1mV/s initially and then a slower
scan rate of 0.05mV/s, as shown in Figure 4-44. The faster scan rate indicates two redox peaks, which
typically aligns with phase transitions, however the first peak is not well defined and so the slower
scan rate of 0.05mV/s was used to increase the peak definition; slowing the scan rate decreases the
concentration gradient between the electrode surface and electrolyte bulk resulting in a lower peak
redox reaction rate and current. The presence of two peaks aligns with the IC analysis findings of two
phase transitions set out in Section 4.3.2.
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Figure 4-44- Cyclic voltammetry plots at scan rates of a) 0.1mV/s and b) 0.05mV/s

Comparing the optical signal with the CV plot can give further insight into the sensor capabilities and
detection mechanisms, as can be seen in Figure 4-45. The anode side fibre CV plot displays a sensitivity
to the redox peaks on the charge cycle, as corresponding peaks can be seen in the optical signal. On
the discharge cycle the redox peaks cannot be clearly identified, but there is a notable change in
gradient after a certain point in the cycle. The identification of the redox peaks in the optical signal on
the charge cycle could be due to the peaks corresponding to phase changes which correspond a
lithium transport rate change, influencing the lithium concentration at the anode surface while the
cell is in the diffusion mass transport limited stage. In the case of the discharge cycle the redox peaks
are not clearly detected, which could be due to the lithium-ion being able to intercalate back into the
NMC cathode more easily and not cause the same Li-ion concentration changes caused by the rate
limiting step of intercalation into the anode. A change in gradient of the optical signal can be observed
after the redox peaks on the charge and discharge cycles, this can indicate a change in the rate of Li-
ion concentration change when the reaction changes between being charge transfer limited and
diffusion mass transport limited.

The optical signal of the cathode side sensor displays much less sensitivity to the CV cycling with a
smaller range of light intensity change, thereby also attenuating the signal noise; the sensitivity to the
redox peaks is also reduced while there is a clear signal gradient change following the second redox
peak on the charge cycle and a possible but lesser response on the discharge cycle. The lesser response
on the cathode side can be explained by a lesser refractive index change in the NMC material and
lesser build up of Li-ions at the cathode surface due to Li-ions de/intercalating more easily in the metal
oxide than the graphite anode. Similarly the greater response to the redox peak on the charge cycle,
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as the reaction moves from being charge transport limited to mass diffusion transport limited, can be
explained by the charge transport step be more limiting at the anode than the cathode (ie. the cell
discharges more easily than it charges). There are also two anomalous spikes on the 1t discharge cycle
cathode signal that could be attributed to a physical disturbance or micro-event in the cell.
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Figure 4-45- Voltage- current cyclic voltammetry plots for a cell with two fibre optic sensors, one adjacent to an anode and one
adjacent to a cathode, at a scan rate of 0.05mVs1. On both graphs only one voltage-current cycle is shown representatively,
while a) includes the optical response of optical sensor adjacent to the anode over two CV cycles and b) includes the optical
response of optical sensor adjacent to the cathode over two CV cycles. Here we can see how the optical signal follows the cycle
profile including the redox peak. The green dashed arrows show apparently corresponding inflections between the CV cycling
profile and optical signal, including redox peaks. The green dashed circle shows an apparently anomalous response, possibly due

to a disturbance of the system.
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4.3.4. Urban Profile cycling

Varied charge profiles and urban cycling discharge profiles were utilised to gain further understanding
of how the optical signal responds to the cells state in more varying scenarios simulating real world
conditions. Figure 4-46 shows the 3 cycles of staggered charge followed by urban profile cycle
discharge, with a zoomed in section of the urban profile cycle discharge part of the second cycle. The
profile of the staggered charge cell voltage and optical signal seems to correlate well after an initial
adjustment at the start of the cycling. However, the optical signal of the urban profile part of the cycle
doesn’t seem to effectively relate to the minute cell discharge rate changes, as the variations are too
small to be picked up outside the normal volatility/ noise range of the optical signal
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Figure 4-47 focuses on just the urban profile region of the second cycle discharge, looking instead at
the optical signal alongside the cell SOC. As noted it is clear again that the step changes in the urban
profile cycle are too small to be able to see a reaction in the optical signal outside of the range of the
noise/ volatility of the signal. However it is also worth noting that the rate of SOC changes during UP
cycling discharge are marginal and difficult to distinguish from the overall trend, as such a high
resolution would be required to detect the adjustments, and the optical signal does still capture the
overall trend.
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Figure 4-47- Figure of optical signal and cell SOC during urban profile cycling discharge

This testing shows use that the optical sensor indicates correlation to varied charging cycles, and as
such has potential as an SOC measurement tool based on the extraction of internal cell data. The
limitations of this setup are shown by the inability to distinguish the much smaller change in discharge
rates in observed in the urban profile discharge simulation cycle. Nonetheless correlation to overall
trend can be observed in both cases, and both improved physical setup and signal processing could
increase the resolution of the optical signal. For example, the fibres are currently loose inside the
chamber, and as such could be oscillated by the fan in the chamber circulating the air leading to
perturbations in the optical signal- more rigidly fixed fibre could address this. Other elements of micro
oscillations in the signal could potentially be filtered out by suitable signal processing, but care must
be taken to filter out micro oscillations without distorting macro trends .

4.3.5. Optical signal behaviour at different charge rates
Through the high c-rate testing carried out on cell test group 10, with 3C charge followed by D/20
discharge for 3 cycles on cells that are at 0°C, it is possible to gain further insight into the mechanisms
influencing the optical signal reading. Figure 4-48 shows that when the cell is charged at 3C the 4.2V
limit is hit within seconds and negligible charge is passed into the cell, the lack of optical signal
response to this event confirms that the optical signal is not directly responding to voltage. Due to the
seconds long period of charge followed by a slower discharge step, the cell SOC is registered as falling
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by around 35mAh over the 3 cycles, and there is a general correlation with this in the optical signal, in
which a 10mAh drop in cell capacity approximately corresponds to 1% change in optical signal light
extinction. While Section 4.2 shows an interesting correlation in the profile of the optical signal and
cell voltage, this data is a further indication that there is a cell SOC component to the signal
measurement and it is not for example a direct measurement of the voltage. This is consistent with
the hypothesis that Li-ion concentration is being measured by the optical sensor.
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4.4.  Lithium plating detection with optical sensor

4.4.1. Open cell forced lithium plating
The lithium metal vs graphite open cell developed was charged at C/5 for a number of hours to force
lithium plating on the graphite. The optical response of the sensor which was adjacent to the graphite
anode can be seen in Figure 4-49, the data set indicates correlation to the open cell charge and lithium
plating. There is a notable optical response on initial lithiation of the graphite electrode, then a second
response which could be associate with the onset of lithium plating, followed by a gradient change in
the optical signal over time as the voltage tends towards 0V (an indication of lithium plating).
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Figure 4-49- Open cell charged at C/5, showing voltage profile of cell and optical signal at the 725nm wavelength

After cycling the open cell was disassembled due to the clear deterioration of the electrodes, the
pictures in Figure 4-50 show the degradation to the electrolyte, graphite electrode and optical sensor
after disassembly. The lithium electrode has lithium dendrites, pitting and a black deposits at some
parts of the surface and the part of the graphite electrode immersed in the electrolyte and closest to
the lithium strip delaminated from the copper strip upon removal. Sediment of lithium dendrites and
carbon particles that have broken off from the electrodes can be seen floating in the electrolyte. The
optical sensor has also deteriorated considerably, a small region of gold can still be seen on the fibre,
possibly this region of the sensor was above the level of the electrolyte, the rest of the sensor has
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either blackened (indicating lithiated gold) or delaminated completely revealing the silica fibre
underneath.

Blackened fibre
optic sensor.

Delamination of

graphite from
copper substrate.

Blackened
fibre optic
sensor.

Figure 4-50- Pictures of open cell materials after forced lithium plating and dendrite formation, a) The graphite in the
electrolyte delaminated from copper substrate, b) Fibre optic sensor blackened, c) Material deposits in electrolyte, d)
Additional picture showing damage to fibre optic sensor
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4.4.2. ldentifying forced lithium plating in pouch cells
In Section 3.5 the methodology to observe the impact of lithium-plating on the optical signal of a
sensor inside a full pouch cell was set out. To determine whether lithium plating has taken place, the
primary electrochemical approach used is to rapidly charge the cell and then slowly discharge it,
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Figure 4-51- Cells cycled at 25°C ambient, a) Cell cycled at C/5 charge and C/20 discharge for 5 cycles, b) Cell cycled at 1.5C
charge and C/20 discharge for 5 cycles, c) IC analysis of first cycle from Figure a, d) IC analysis of first cycle from Figure b

lithium plating during a cycle can then often be detected via an extra lithium stripping step on the
discharge cycle [85]. Lithium stripping is visible as an extra high-voltage plateau on the SOC-Voltage
or Time-Voltage plot, which can be made more apparent as a peak via IC (dQ/dV) or DV (dQ/dV)
analysis [85]. Initially this testing was carried out at room temperature, the cells in test group 8 being
charge at c-rates of 1.5C at room temperature before resting for 1 hour and then being discharged at
C/20. The IC plot of 1.5C charge rate is shown in Figure 4-51, compared to the same C/20 discharge
after a C/5 charge, where it can be seen that while the discharge curve is more irregular after 1.5C
(with the same signal filtering) there is not an obvious additional peak that could be associated with
lithium stripping. In the case of this testing a CV and 1 hour rest step was included before the
discharge, the rest step was also inspected for evidence of a lithium stripping dT/dV peak- however
there was no evidence of a peak, and it was determined to remove the CV and rest steps from future
lithium plating attempts, i.e. to go directly from CC charge to CC discharge.

To create more favourable conditions for lithium plating the testing was then carried out at 0°C,
causing the Li-ion movement and intercalation in the anode to be restricted, on reference cells in test
group 9 (one of which has a lithium metal reference electrode). The cells in these conditions are cycled
at C/40 charge (which should be a small enough c-rate not to cause lithium plating) before being
directly discharging at C/20, then cycled at C/2 before being directly discharging at C/20. The
comparison of the IC peaks in these two case can be seen in Figure 4-52, in which there is a distinct
additional high voltage IC peak on the discharge curve that is present in the C/2 cycle case but not the
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C/40 cycle case. This indicates that lithium-plating does occur at this temperature and in these
conditions at C/2 and that it can be detected via this method.
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Interestingly, lithium plating is not conclusively detected by the reference electrode in the cell; the
anode voltage did drop to around 0 volts but then subsequently recovered to a more typical voltage
range after a rest and further C/2 charge and C/20 discharge cycling, as can be seen in Figure 4-53.
This could be because the lithium-plating is not necessarily homogeneous, so while lithium-plating
may have occurred on some of the anode surface, subsequent stripping effects and incomplete
coverage may not be sufficient to drive the overall anode voltage to OV.
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Figure 4-53- Graphite counter electrode voltage, on further C/2 charge and C/20 discharge cycling.

Further confirmation that lithium- plating had occurred was nonetheless provided upon cell teardown,
physical inspection revealed there was visible lithium plating on some areas of the anode. On
application of de-ionised water this was a strong reaction as can be seen in the images in Figure 4-54,
this is strong evidence of lithium deposition on the surface and hence lithium plating. Many pouch
cells are reported to start plating in a narrow area near the cell's margin [86], however that does not
appear to have happened in this case, possibly due to greater anode overhang, or the lithium plating
locations may have been driven by scratches or other imperfections on the anode surface.
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Figure 4-54- a) anode from torndown cell with visible lithium plating (left), b) reaction to water indicating lithium presence

Due to the increase in temperature caused by high c-rate charging, particularly from 0°C conditions,
testing was also conducted with the inclusion of heat sinks. The cells are again in a 0°C environment,
in this case with copper plates compressing the cell and providing a thermal heat sink effect during
the temperature rise induced by fast charging. The cell is charged at a C-rate of C/2 (700mA, 0.933
mA.cm™) until a cut-off of 4.2V and discharged at C/20 (-70mA, -0.093mA.cm™).The time-voltage
profile of the cells over this cycling can be seen in Figure 4-55, as well as IC analysis of one of the cycles.
The IC analysis similarly reveals an additional high voltage peak on the discharge cycle that can be
associated with lithium stripping, indicating lithium plating on the charge cycle. The data suggests that
lithium plating has occurred in these conditions and that we can identify which cycles lithium plating
occurred on, data which we can then use to evaluate the corresponding optical signal with.
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Figure 4-55- Copper plate cells with C/2 charge and C/20 discharge, a) Time versus voltage plot of 5 cycles and b) IC plot of
the first cycle

In the case of the cells with the copper plate heat sinks it is interesting to investigate the impact of the
plates on the cell temperature, and the impact of the additional weight on the cell performance. Figure
4-56 indicates that the copper plates have a moderating effect on the temperature at the surface of
the cell, with a range of approximately 1.3 to 1.8°C on the cell with the copper plates compared to 0.5
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to 2.5°C on the cell in the acrylic jigs, in the same cycling conditions; however it should be noted that
the thermocouples have a tolerance of +1.5K and the internal temperature of the cell may not be as
moderated due to heat transfer limitations within the cell, so the results are not conclusive. The
capacity-voltage plots for the cells during formation cycling indicates the additional weight of the
copper jig does not affect the cell when compared to cells in an acrylic jig, with similar profiles in both
cases. However interestingly it seems that the EIS response has a notable difference in the case of the
cells compressed with the additional weight of the copper jig plates, the EIS response of the cells under
the heavier compression of the copper plates indicates a lower charge transfer resistance across the
electrodes and more responsive cells (lower RC value due to semi-circle peaks being at a higher
frequency); this could be test to test variation (slightly differently prepared cells and testing
environment), or a consequence of the increased pressure on the cell leading to a change in the cell
kinetics, possibly due to improved contact.
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4.4.3. Forced lithium plating cycles optical data analysis

After establishing the optimum cycling regime for forced lithium plating for these cells, and verifying
the occurrence of lithium plating through electrochemical methods and physical inspection, the
optical signal can be compared and inspected to determine if there is any responsiveness to the
lithium plating. Figure 4-57 shows the optical response of an anode side sensor to ten C/2 charge and
C/20 discharge cycles at 0°C, conditions which have been shown in Section 4.4.2 to cause lithium
plating within these cells. The optical response shows an increase in extinction on the first charge
cycle, followed by similar but smaller increases on subsequent charge cycles. There is also an initial
drop before the increase at the start of the cycle which has different potential explanations; this could
be a response to the initial temperature change, or the lithium concentration at the anode surface
could briefly decreasing as the lithium in the anode is pulled towards the current collector at high
charge rates, before further lithium arrives via diffusion mass transport and charge transfer. There is
an ongoing increase in light extinction throughout the cycling and the light extinction does not
decrease on the discharge cycles as is normally seen, this could be due to the accumulation of lithium
at the surface via lithium plating, but it is also possible that the sensor is damaged or degraded during
lithium plating.
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Figure 4-57- Cell at 0°C cycled at C/2 charge and then C/20 discharge, a) showing 10 cycles and b) zoomed in on 3 cycles,
with the voltage profile and optical signal response from anode side fibres at 725nm

At this stage, while the sensor signal exhibits different a different response during these cycling
conditions, it cannot be conclusively stated from this data that the response is directly due to lithium
plating. The effects of temperature are likely to be more pronounced due to fast charging at low
temperatures, and there it is also possible the sensors is suffering degradation. Nonetheless the
results show a response that could be associated with lithium plating, and further work can be carried
out to test this in different conditions and ideally with an internal temperature sensor to more
accurately deconvolute temperature impacts on the signal. A challenge with the approach taken in
this study to force lithium plating in a balanced cell, is that it requires high charge rates and low
temperatures which introduce additional variables into the measurement. A more effective way to
test the responsiveness of the sensor to lithium plating and deconvolute it from other variables could
be to build an unbalanced cell with cathode capacity in excess of anode capacity, and then overcharge
the anode until lithium plating is forced, this can be the subject of future work.
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5. Conclusions

This study has demonstrated the potential of plasmonic based fibre optic sensors as a technique
capable of extracting data from directly inside Li-ion cells in real time, providing an optical response
that correlates with changes in cell state and electrochemical events. Insplorion AB’s plasmonic based
fibre optic sensing platform has been shown to have promise as a lithium-ion battery diagnostic tool,
a novel use for this sensing technology, through the successful integration of the sensors into
production type Li-ion pouch cells. In addition to the learning around this specific sensing technique,
this work adds to the body of work around the methodology for the agnostic installation of fibre optic
based diagnostic sensors inside Li-ion cells.

We have demonstrated that the sensor responds to changes in Li-ion concentration in electrolyte
solution. Subsequently, through the installation of sensors in Li-ion pouch cells, we have then
demonstrated a correlation between the optical signal and cell state during simple galvanostatic
cycling, with differing signal profiles obtained by placing the sensor adjacent to the anode and cathode
electrodes. Further to this, the responsiveness of the optical signal to partial charge and discharge
cycles was shown. The hypothesis has been proposed that the sensors’ optical signal is responding to
Li-ion concentration in the electrode boundary layer, explaining the way in which the optical signal
profile approximately follows cell SOC but with features associated with the voltage profile that can
be explained by Li-ion diffusion kinetics.

Analysis of further cell testing techniques has further supported the working hypothesis of a sensitivity
to Li-ion concentration. GITT testing shows a peak and then relaxation of the optical signal in
correlation with the voltage pulses, while the redox peak identified during cyclic voltammetry is also
identifiable in the optical signal. The potential of the sensors to detect cell events is also shown, with
the IC analysis and the differential of the optical signal showing that the phase transition IC peaks are
detected. The phase transition analysis was further expanded with the use of a lithium reference
electrode, this allowed conclusions into which IC peaks can be associated with which electrode and
indicated that the cathode phase transitions had the greatest impact on cell kinetics as simultaneously
detected by the optical sensors.

The area of Li-ion plating has also been studied by observing the optical response to forced lithium
plating in both an open cell and pouch cells. In both cases promising optical responses are observed
that could be associated with the onset of lithium plating; while the data is not conclusive and other
possibilities must be ruled out, this invites further testing of this methodology in different conditions
and ideally with internal temperature sensors to deconvolute the temperature impacts of high charge
rate at low temperature. The recommendation is made to build an unbalanced cell with excess
cathode capacity and test the sensor responsiveness to lithium plating through overcharging, thereby
not introducing the high charge rate and low temperature variables required in the forced lithium
plating of a balanced cell as per this study.

Further observations have been made around the sensors longevity and the differing condition of the
sensors on the anode and cathode sides of the cell after cycling. Initially the sensor on the anode side
of the cell was lasting for approximately 50 cycles before the signal stopped transmitting and showed
signs of sensor delamination and corrosion under SEM analysis. Following feedback to the sensor
manufacturer (Insplorion AB) and a manufacturing change the longevity of the sensor increased to in
excess of 300 cycles. Nonetheless even after the sensor modification the sensors on the cathode side
of the cell showed less loss of light transmission after repeated cycling. Material analysis from a
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torndown cell showed that after 48 cycles of testing including forced lithium plating, the sensor on the
cathode side of the cell showed minimal physical deterioration, while the sensor on the anode side of
the cell showed signs of deposition or corrosion on the surface and the colour had turned from gold
to black. The blackened colour possibly indicates permeability or failure of the coating during cycling,
allowing the gold sensing film to be lithiated. While the sensors have shown robustness within the
corrosive environment inside the cell and the continued ability to extract data from inside the cell of
many cycles, and even with the improvement in sensor robustness seen within the project, further
work can be considered to further insulate the sensors from damaging electrochemical effects within
the cell.

Similar analysis of the cells and electrode materials has shown the sensors have negligible impact on
the performance of the cells over repeated cycling. Electrochemical analysis of the cells with and
without sensors present, including comparing formation cycling profiles, coulombic efficiencies over
150 cycles and EIS comparisons at the same point in life showed negligible difference between the
cells. Further to this SEM and EDX material analysis of the electrodes after teardown showed no
indications of the presence of the sensors on the cathodes, and only some indication of electrolyte
lithium-salt deposits on the anode where the sensor had been, likely due to pooling of electrolyte in
the area

More widely the combination of promising data and the fibres not negatively impacting cell
performance gives weight to utilising a variety of optical fibre based in-situ diagnostic techniques. This
also supports the concept of a fibre optic based battery management system rather than an
electrically based one, which can have the advantages of utilisation of cheap fibre optics, no electrical
interference and ability to obtain data from directly inside cells; while the cost of optical interrogator
equipment can be significant, this can be reduced by tailoring it to the specific required functions and
has the advantage that though multiplexing one interrogator can potentially support a multitude of
sensors.

Taken as a whole this study has demonstrated the novel use of a plasmonic sensing diagnostic
technique inside Li-ion pouch cells for the first time, testing the three hypotheses set out in Section
2.5. The data obtained from directly inside the cell suggests a direct insight into the cell kinetics and
has been shown to correlate with cell cycling and electrochemical events as externally detected by
highly accurate potentiostat equipment; additionally the cell performance has been shown to be
agnostic to the presence of two sensors. The promising findings in this study invite more research into
this diagnostic technique, adding to a limited number of cell research and diagnostic tools able to
obtain data from directly inside the cell, and an even more limited number able to do so using
unmodified commercial type cells.

173



6. Further Work

Further work to develop this sensing technique should include assembling multi-sensored cells, to
guantitatively deconvolute the temperature and pressure effects on the cell from the electrochemical
effects detected by the plasmonic based sensors. Effective data deconvolution could then support
further correlation analysis with a refined data set and a more quantitative approach to utilisation of
the optical signal to ascertain cell state. The sensors could also be placed inside a cell simultaneously
with bare fibre optic sensors to investigate the effect of possible Li-ion doping of the silica fibres, and
with ATR based fibre optic sensors to directly compare an ATR based response. The sensors have
shown robustness to the cell environment but additional research could be undertaken to further
insulate them from damaging effects within the cell, a sensor with longer term stability would have
better potential to monitor cell SOH by measuring material composition change (electrolyte
degradation) without distortion, unless the deterioration of the sensor itself could be correlated to
internal cell condition.

Furthermore the hypothesis of sensor sensitivity to Li-ion concentration could be tested via modelling.
Battery cells tested with the fibre optic sensors could be modelled using existing modelling techniques
to observe the predicted Li-ion concentration change in the anode boundary region in the same cycling
conditions. This data could be compared to the optical signal to see if it correlates and corroborates
the hypothesis.

The sensors are small by design (approximately 50mm in length and 0.1mm in diameter) and therefore
measure only a micro area of the cell surface, while battery materials and behaviour is known to be
heterogeneous at multiple scales. Sensors could be placed at multiple points along the cell surface,
using quasi-distributed sensing techniques to have multiple sensing points on a single fibre, and then
multiple fibres to form a grid of sensors. This could give better average readings and an indication of
the distribution of cell kinetics behaviour across the surface, although it has to be considered that the
more sensors are added the more potential interference there would be in the cell behaviour.

Further testing of the sensors responsiveness to forced lithium plating in different conditions should
be carried out, establishing if a consistent response is produced which can be associated with the
onset of lithium plating. The sensors can be further evaluated in cycling conditions that simulate real
world performance, understanding the resolution limits of the optical sensors and if that can be
improved through approaches such as signal noise reduction. Other different electrolyte types or cells
chemistries can also be explored, such as LFP and Na-ion. The data around the none interference of
the sensors on cell performance also provides support to the concept of an optical fibre based BMS,
rather than an electrically based one; a multi-sensored cell base on optical fibre diagnostics such as
TFBG’s could be developed as a proof of concept. The wider concept of fibre optics also opens up the
possibility of other ‘lab-on-fibre’ techniques, potentially techniques such as Ramen Spectroscopy and
colourimetry can be introduced into an unmodified cell through fibre optics.
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8.

Appendices

8.1. Appendix A- Specification and order of glovebox optical pass through

Order for optical pass through for glovebox, this part was customed designed as per the specifications
provided to the supplier to meet the requirements of this project. This unit enables the optical
equipment sensors to be used inside the glovebox, enabling their use in electrolyte testing and open

cell

based experiments.

Vacuum compatible
Include double vacuum packaging

oo Required Unit price Total line price
# Description quantity (EUR) (EUR)
2-Ch Fiber Optic Adapter Feedthrough
Interface: FC/PC (Female, wide key, SS 304L)
Fiber: MM 100/110/125 Polyimide, NA 0.28, 400-2400nm,
Silica/Silica, Optran WF
Flange: KF 40 (SS 304L)
10 1+ 730 730
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8.2.Appendix B- Formation step settings

Step Ois just a 10 second rest, to activate the equipment and software before starting the experiment.

The settings for the formation cycles steps 1 and 2 respectively are shown below.
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8.3.Appendix C- Galvanostatic cycling with constant voltage step settings
Examples of constant current with constant voltage cycling settings. Step 0 is a 10 second rest.
Top two images are C/5 steps 1 and 2, bottom two images are C/3 steps 1 and 2.
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IRange = 54 ~ |Fange = 54 ~
Bandwidth = | 4 w Bandwidth = | 4 ~
@ Rest for kg = |1 h o~ mn [00000 s @ Bestfar tg = |1 hfo~ mn [Dooon s
Limk |dE_/dtl < dEgZdt = [00 s Limit |dE /il < dER4dt = [an mith
Becord every dER = [10.0 i Becord every dER = [10.0 i
o dtg = [10.0000 = or dtg = [fooo00 s
Wi = o (AG > 3Gy e (£)7 i = Gow G Ay oo (407
‘@ lfEcell < EL = |pass W gulu@ ‘ ‘@ WEee » EL = |pass Y gutn@ ‘
(4) Gobacklo sea Net= [0 /SR ek fechaine (4) Gobackto seq Ngr= [T /RRR%ant sy’
farng = |0 timels] AP e i forng = 4 time(s) /A s syt
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8.4.Appendix D- Galvanostatic Intermittent Titration Technique test settings

Step 0 is a 10 second rest, the settings for steps 1 and 2 of the GITT test are shown below.

w oholg =

for at most k1 =
Limit Epe > E =
Becord every dEq =
or dty =

Hold Epg for by =
Lirit 1< Iy =

or Jdidt < difde [

Becord every d@ =
or dtg =

Lirnit | =
Limit [A01] > Al:lM

<=r AR . =
M

1ASoC] >

IW mé v ¥R cMoner v
[0 h[5 mn jpoooo s
[4200 ¥

[foo mv

[10.0000 s

o hjo mn |ooooo s
000 ma v
[oon mass v
[fjooo ah

1200000 =

0.000 méh v

.00

i

ass %

ERange = |0v:5Yy v

Farodasivr = Py

et || w~

to lg

for at most tq

240000 |mA v s | <Moner v~
] h 15 mn Jooooo s

IRange = 14 ~
Bandwidth = 4 -
B Bestiortm= [T h 5 o G000
Limit |dE,,. /dl <« dEgAdt = 00wk
Becord every dER = [0 mv
or dtg = [10.0000 ¢

fE e = T AL Alfgy o da @_f

Limit Ewe < EM = [2500 Y
Becord every dEq = 100 mdf
o dty = {00000 =
Hold Epq for kg = [0 hio mn [poooo s
Limit Il < Iy = [0.000 mi v
aor [di/d < dhi'dtf = [oooo s v
Becord every d@ = [1.000 Ah o~
ordtg = 1200000 =
Lirnit | A0 > AQ = 0000 mi.h v
<=> A::M = |0.ooa
1ASoC] > |pass b4
ERange = |0w. 5y .
Sty = FET il
|Range = 14 ~
Bandwidth = | 4 ~
@ Best for kg = [0 h[45 mn [00000 =

Limit |, /el < dE p /dt

Becord every dER
or db g

o mvh
10.0 i
100000 s

i = far (AG> AGyy vt ()7

G

WEwe < EL =

pass Y goto @

@

IfEwe > EL

pass W go ko @

Goback to seq. Mg =

formg =

1 O ek e
23 time(s] AR e sagaance

@

Gobackto zeq. Mg

for ng

] FRRIT At i
23 timefz]  ATAv e ragaaes’
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8.5.Appendix E- Cyclic Voltammetry test settings

The cyclic voltammetry test settings are shown below. The settings on the left are for the CV test

carried out at a scan rate of 0.1mVs?, the settings on the right are the test carried out at a scan rate
of 0.05mVs™,

L0 Tumn to OCY between techniques 17 | Tumn to OCY between techniques 1
SetBwe to Ej= [0.000 VM owe |Eoc v SetEwe to Ej = 0,000 W owvs |Eoo v
Scan E e with dEAE = [ 100 myde Scan E e with dEADY =[5 050 iy
to wertex patential Eq = [4.200 W ws | Ref e to wertex potential Eq = [4.200 YW oys | Ref ~
Reverse scan to vertex Eo = [ 5(Q Y owe |Ref  w Reverse scan to vertex E2 = [2500 W ows |Ref o~
Repest ng = |2 tinne(s) Bepeat ng = |2 timelz)
Measue <I3 averthe last [5p % of the step duration Measwe <l> overthe last |50 % of the step duration
Biecord <> averaged over N = [iQ voltage steps Record <|> averaged aver N = 10 wvaltage steps
ERange= |0v:5v v ERange= | 0v:5Y ~
Hasobaie = M Fovobaive = f gl
IRange =  Auto e IRange = Auto v
Bandwidth = | 4 w Bandwidth= | 4 w
Erndscanta Ef= [p.000 Yows Eoe v Endscante Ef= |0.000 W ows Eoo v
[dEAdt~ 100 v £ 1 2] [dE/dt~ 100 pv' /2 ¢
Farce E1/E2 [dEM ~ 1.0 riv) Foree E1/E2 [dEM "‘1:0 ]
[3400 points per cycle] [3400 points per cycle]
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8.6.Appendix F- Electrochemical Impedance Spectroscopy test settings

EIS test settings, set on BiolLogic EC-Lab software. 42 frequencies, average result taken from 3

measures per frequency.

Excitation signal mode | Single sine

EIS test frequencies (Hz)

0.010 000 38.491 591
0.014 816 57.029 238
Setlto lg=|0.000 mh v | ¥S <Moner v
for bjg= [0 hjo mn Jopoo s 0.021 951 84.494 663
[]Becord every dE = [0/000 i 0.032523 125.187 505
and dt= [0.000 3 0.048 187 185.478 122
0.071 393 274.804 853
Scan from Fi= 00000 kHz ~ r 0.105 777 407.151 561
to Fp= [10.000 mHz
with Ng= F— points | per decade 0.156 719 603.236 778
A —r oacis 0.232195 893.757 128
_ — 0.344 021 1324.192 809
amplitude la =+ = [70.000 e w 0.509 703 1961.927 397
wait for pee= (010 period before each frequency 0.755 177 2 906.796 567
average Mg = [3 meazure(s] per frequency 1.118 872 4 306.717 108
diift comection [] 1.657 724 6 380.842 902
Bepeat ne= [0 timne(s] 2.456 088 9 453.872 897
3.638 946 14 006.881 869
E Flenge = [10v, 10V L 5.391 472 20752.631 418
Pt = S AV 7.988 018 30 747.150 920
| Range= |14 w 11.835 068 45 555.056 160
Bandwidh= |4 9 17.534 866 67 494.485 819
[ 16mn30s / scan] 25.979 702 100 000.000 000
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8.7.Appendix G- Urban Profile discharge cycle

Time (s) Current (A)

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
720
740
760
780
800
820

-0.259
-0.189
-0.240
-0.240
-0.205
-0.190
-0.227
-0.244
-0.227
-0.201
-0.226
-0.234
-0.234
-0.200
-0.191
-0.190
-0.187
-0.201
-0.202
-0.209
-0.209
-0.203
-0.210
-0.243
-0.225
-0.240
-0.218
-0.213
-0.198
-0.194
-0.189
-0.177
-0.198
-0.217
-0.257
-0.265
-0.205
-0.192
-0.181
-0.203
-0.200
-0.222

840

860

880

900

920

940

960

980

1000
1020
1040
1060
1080
1100
1120
1140
1160
1180
1200
1220
1240
1260
1280
1300
1320
1340
1360
1380
1400
1420
1440
1460
1480
1500
1520
1540
1560
1580
1600
1620
1640
1660
1680

-0.195
-0.203
-0.194
-0.179
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.198
-0.217
-0.237
-0.257
-0.270
-0.273
-0.225
-0.233
-0.250
-0.251
-0.261
-0.230
-0.235
-0.238
-0.223
-0.235
-0.243
-0.251
-0.206
-0.218
-0.195
-0.183
-0.212
-0.249

1700
1720
1740
1760
1780
1800
1820
1840
1860
1880
1900
1920
1940
1960
1980
2000
2020
2040
2060
2080
2100
2120
2140
2160
2180
2200
2220
2240
2260
2280
2300
2320
2340
2360
2380
2400
2420
2440
2460
2480
2500
2520
2540

-0.233
-0.203
-0.203
-0.203
-0.203
-0.203
-0.209
-0.221
-0.209
-0.197
-0.179
-0.194
-0.199
-0.180
-0.248
-0.256
-0.227
-0.251
-0.243
-0.236
-0.230
-0.212
-0.211
-0.197
-0.182
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.185
-0.208
-0.227
-0.246
-0.266
-0.230
-0.240
-0.234
-0.214
-0.277
-0.264
-0.243
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2560
2580
2600
2620
2640
2660
2680
2700
2720
2740
2760
2780
2800
2820
2840
2860
2880
2900
2920
2940
2960
2980
3000
3020
3040
3060
3080
3100
3120
3140
3160
3180
3200
3220
3240
3260
3280
3300
3320
3340
3360
3380
3400
3420
3440
3460

-0.198
-0.188
-0.178
-0.173
-0.177
-0.189
-0.268
-0.266
-0.253
-0.238
-0.225
-0.210
-0.196
-0.181
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.192
-0.212
-0.231
-0.251
-0.271
-0.232
-0.243
-0.253
-0.255
-0.255
-0.247
-0.226
-0.232

3480
3500
3520
3540
3560
3580
3600
3620
3640
3660
3680
3700
3720
3740
3760
3780
3800
3820
3840
3860
3880
3900
3920
3940
3960
3980
4000
4020
4040
4060
4080
4100
4120
4140
4160
4180
4200
4220
4240
4260
4280
4300
4320
4340
4360
4380

-0.270
-0.218
-0.231
-0.233
-0.197
-0.209
-0.209
-0.190
-0.184
-0.220
-0.203
-0.178
-0.196
-0.196
-0.189
-0.201
-0.201
-0.201
-0.201
-0.201
-0.189
-0.207
-0.207
-0.220
-0.184
-0.189
-0.201
-0.201
-0.189
-0.189
-0.195
-0.199
-0.222
-0.237
-0.242
-0.251
-0.259
-0.241
-0.245
-0.230
-0.212
-0.203
-0.190
-0.177
-0.173
-0.173

4400
4420
4440
4460
4480
4500
4520
4540
4560
4580
4600
4620
4640
4660
4680
4700
4720
4740
4760
4780
4800
4820
4840
4860
4880
4900
4920
4940
4960
4980
5000
5020
5040
5060
5080
5100
5120
5140
5160
5180
5200
5220
5240
5260
5280
5300

-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.189
-0.203
-0.215
-0.233
-0.245
-0.254
-0.193
-0.205
-0.273
-0.220
-0.211
-0.189
-0.173
-0.181
-0.181
-0.179
-0.181
-0.234
-0.212
-0.180
-0.187
-0.188
-0.193
-0.212
-0.246
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5320
5340
5360
5380
5400
5420
5440
5460
5480
5500
5520
5540
5560
5580
5600
5620
5640
5660
5680
5700
5720
5740
5760
5780
5800
5820
5840
5860
5880
5900
5920
5940
5960
5980
6000
6020
6040
6060
6080
6100
6120
6140
6160
6180
6200
6220

-0.254
-0.245
-0.193
-0.178
-0.181
-0.203
-0.228
-0.213
-0.196
-0.180
-0.237
-0.252
-0.249
-0.248
-0.227
-0.203
-0.200
-0.192
-0.173
-0.183
-0.195
-0.192
-0.183
-0.183
-0.187
-0.208
-0.209
-0.193
-0.173
-0.178
-0.192
-0.205
-0.214
-0.189
-0.173
-0.206
-0.216
-0.227
-0.244
-0.226
-0.218
-0.208
-0.209
-0.210
-0.195
-0.184

6240
6260
6280
6300
6320
6340
6360
6380
6400
6420
6440
6460
6480
6500
6520
6540
6560
6580
6600
6620
6640
6660
6680
6700
6720
6740
6760
6780
6800
6820
6840
6860
6880
6900
6920
6940
6960
6980
7000
7020
7040
7060
7080
7100
7120
7140

-0.189
-0.189
-0.199
-0.215
-0.173
-0.177
-0.173
-0.208
-0.219
-0.215
-0.205
-0.200
-0.189
-0.176
-0.181
-0.198
-0.209
-0.220
-0.221
-0.228
-0.218
-0.208
-0.186
-0.173
-0.228
-0.226
-0.267
-0.254
-0.240
-0.226
-0.212
-0.197
-0.183
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173

7160
7180
7200
7220
7240
7260
7280
7300
7320
7340
7360
7380
7400
7420
7440
7460
7480
7500
7520
7540
7560
7580
7600
7620
7640
7660
7680
7700
7720
7740
7760
7780
7800
7820
7840
7860
7880
7900
7920
7940
7960
7980
8000
8020
8040
8060

-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.192
-0.212
-0.231
-0.251
-0.271
-0.232
-0.273
-0.271
-0.253
-0.215
-0.185
-0.182
-0.173
-0.200
-0.196
-0.196
-0.205
-0.253
-0.185
-0.248
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8080
8100
8120
8140
8160
8180
8200
8220
8240
8260
8280
8300
8320
8340
8360
8380
8400
8420
8440
8460
8480
8500
8520
8540
8560
8580
8600
8620
8640
8660
8680
8700
8720
8740
8760
8780
8800
8820
8840
8860
8880
8900
8920
8940
8960
8980

-0.205
-0.257
-0.209
-0.178
-0.209
-0.197
-0.229
-0.266
-0.227
-0.245
-0.264
-0.269
-0.269
-0.273
-0.256
-0.232
-0.250
-0.246
-0.257
-0.233
-0.272
-0.236
-0.228
-0.212
-0.220
-0.211
-0.227
-0.227
-0.227
-0.227
-0.243
-0.243
-0.269
-0.226
-0.227
-0.267
-0.277
-0.230
-0.272
-0.228
-0.238
-0.253
-0.251
-0.234
-0.226
-0.261

9000
9020
9040
9060
9080
9100
9120
9140
9160
9180
9200
9220
9240
9260
9280
9300
9320
9340
9360
9380
9400
9420
9440
9460
9480
9500
9520
9540
9560
9580
9600
9620
9640
9660
9680
9700
9720
9740
9760
9780
9800
9820
9840
9860
9880
9900

-0.242
-0.223
-0.250
-0.269
-0.226
-0.232
-0.273
-0.233
-0.275
-0.229
-0.268
-0.258
-0.238
-0.257
-0.257
-0.257
-0.257
-0.257
-0.248
-0.228
-0.227
-0.188
-0.205
-0.213
-0.230
-0.220
-0.238
-0.275
-0.257
-0.258
-0.249
-0.221
-0.211
-0.210
-0.209
-0.199
-0.269
-0.207
-0.233
-0.224
-0.223
-0.249
-0.258
-0.268
-0.225
-0.231

9920

9940

9960

9980

10000
10020
10040
10060
10080
10100
10120
10140
10160
10180
10200
10220
10240
10260
10280
10300
10320
10340
10360
10380
10400
10420
10440
10460
10480
10500
10520
10540
10560
10580
10600
10620
10640
10660
10680
10700
10720
10740
10760
10780
10800
10820

-0.232
-0.233
-0.253
-0.236
-0.273
-0.233
-0.255
-0.236
-0.198
-0.187
-0.264
-0.259
-0.189
-0.240
-0.240
-0.205
-0.190
-0.227
-0.244
-0.227
-0.201
-0.226
-0.234
-0.234
-0.200
-0.191
-0.190
-0.187
-0.201
-0.202
-0.209
-0.209
-0.203
-0.210
-0.243
-0.225
-0.240
-0.218
-0.213
-0.198
-0.194
-0.189
-0.177
-0.198
-0.217
-0.257
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10840
10860
10880
10900
10920
10940
10960
10980
11000
11020
11040
11060
11080
11100
11120
11140
11160
11180
11200
11220
11240
11260
11280
11300
11320
11340
11360
11380
11400
11420
11440
11460
11480
11500
11520
11540
11560
11580
11600
11620
11640
11660
11680
11700
11720
11740

-0.265
-0.205
-0.192
-0.181
-0.203
-0.200
-0.222
-0.195
-0.203
-0.194
-0.179
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.198
-0.217
-0.237
-0.257
-0.270
-0.273
-0.225
-0.233
-0.250
-0.251
-0.261
-0.230
-0.235
-0.238
-0.223
-0.235
-0.243
-0.251
-0.206
-0.218

11760
11780
11800
11820
11840
11860
11880
11900
11920
11940
11960
11980
12000
12020
12040
12060
12080
12100
12120
12140
12160
12180
12200
12220
12240
12260
12280
12300
12320
12340
12360
12380
12400
12420
12440
12460
12480
12500
12520
12540
12560
12580
12600
12620
12640
12660

-0.195
-0.183
-0.212
-0.249
-0.233
-0.203
-0.203
-0.203
-0.203
-0.203
-0.209
-0.221
-0.209
-0.197
-0.179
-0.194
-0.199
-0.180
-0.248
-0.256
-0.227
-0.251
-0.243
-0.236
-0.230
-0.212
-0.211
-0.197
-0.182
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.185
-0.208
-0.227
-0.246
-0.266
-0.230
-0.240
-0.234
-0.214
-0.277
-0.264

12680
12700
12720
12740
12760
12780
12800
12820
12840
12860
12880
12900
12920
12940
12960
12980
13000
13020
13040
13060
13080
13100
13120
13140
13160
13180
13200
13220
13240
13260
13280
13300
13320
13340
13360
13380
13400
13420
13440
13460
13480
13500
13520
13540
13560
13580

-0.243
-0.198
-0.188
-0.178
-0.173
-0.177
-0.189
-0.268
-0.266
-0.253
-0.238
-0.225
-0.210
-0.196
-0.181
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.192
-0.212
-0.231
-0.251
-0.271
-0.232
-0.243
-0.253
-0.255
-0.255
-0.247
-0.226
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13600
13620
13640
13660
13680
13700
13720
13740
13760
13780
13800
13820
13840
13860
13880
13900
13920
13940
13960
13980
14000
14020
14040
14060
14080
14100
14120
14140
14160
14180
14200
14220
14240
14260
14280
14300
14320
14340
14360
14380
14400
14420
14440
14460

-0.232
-0.270
-0.218
-0.231
-0.233
-0.197
-0.209
-0.209
-0.190
-0.184
-0.220
-0.203
-0.178
-0.196
-0.196
-0.189
-0.201
-0.201
-0.201
-0.201
-0.201
-0.189
-0.207
-0.207
-0.220
-0.184
-0.189
-0.201
-0.201
-0.189
-0.189
-0.195
-0.199
-0.222
-0.237
-0.242
-0.251
-0.259
-0.241
-0.245
-0.230
-0.212
-0.203
-0.190

14480
14500
14520
14540
14560
14580
14600
14620
14640
14660
14680
14700
14720
14740
14760
14780
14800
14820
14840
14860
14880
14900
14920
14940
14960
14980
15000
15020
15040
15060
15080
15100
15120
15140
15160
15180
15200
15220
15240
15260
15280
15300
15320
15340

-0.177
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.188
-0.193
-0.186
-0.204
-0.194
-0.193
-0.205
-0.228
-0.233
-0.231
-0.223
-0.220
-0.215
-0.221
-0.224
-0.218
-0.215
-0.204
-0.192
-0.188
-0.188
-0.188
-0.188
-0.188
-0.214
-0.197
-0.197
-0.173
-0.173
-0.179
-0.188
-0.188
-0.182
-0.205
-0.258
-0.245

15360
15380
15400
15420
15440
15460
15480
15500
15520
15540
15560
15580
15600
15620
15640
15660
15680
15700
15720
15740
15760
15780
15800
15820
15840
15860
15880
15900
15920
15940
15960
15980
16000
16020
16040
16060
16080
16100
16120
16140
16160
16180

-0.230
-0.216
-0.202
-0.188
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.173
-0.192
-0.212
-0.231
-0.245
-0.218
-0.217
-0.209
-0.181
-0.181
-0.196
-0.187
-0.181
-0.173
-0.178
-0.178
-0.173
-0.192
-0.184
-0.178
-0.173
-0.178

Total discharge of 0.94Ah over approximately 4 hours 50 minutes, maximum discharge of 0.275A.
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8.8.Appendix H- Forced lithium plating at room temperature settings

Example of settings used to try to force lithium plating at 25°C. Step O is a 10 second rest period, tteps
1 and 2 from a 2100mA charge (1.5C) with CV step and 70mA discharge cycle are shown below.

o012 o1z
(1) set]l  « olg= P10000 mh v ¥ Mones ~|| [(1) Setli v tols= [F0000  |mA& v vs | <Nones v
far st most k4 = 1 h |u_ mn 00000 £ far at most b4 = |30 h ID_ mn 0o00on  ®
Limit Evye > Ep = [4200 W Limit Eye < EW = [2500 W
Becord every dE1 = [10.0 iy Becord every dEq = [10.0 i
or dty = {00000 = o dty = {00000 s
Hold Epg for bpg = [4 hjo mn [00000 = Hold E for by = [0 hfd mn 00000 =
Limit Il < Iy = |70.000 m Lirnit Il < Iy = [0.000 i
or [diAdi < dI»"dtf = [0.000 il ~ or |dlAd < dIJdl[ = (0.000 méds e
Becord every d@ = [10.000 mi ke Becord every d@ = [1.000 Ak v
or dtq = 200000 = or dtq = [1200000 =
Limit |AQ)] » AI:IM = [oooo mih v Limit [AQ] » AIJM = |0.000 mih v
{= A::M = [oooo =2 AHM = |0.000
1a50C] > |pass # lASoC] > |pass 4
ERange= |0V 5v L ERange= |05y ~
Havakaawr = Jtqy Fovoksio = FEiixl
| Range = g ~ | Range = | 100 ma i
Bandwidth = | 4 ~ Bandwidth = 4 v
@ Rest far tg = i hfo mn 00000 = @ Best far kg = [1 hjo mn [ooooo s
Limit IdEWEa’dtI <dEgdAdt = |00 my'/h Lirnit IdEWEa’dtI <dEgAdt = |00 mt'/h
Becord every dER = [10.0 b Becord every dER = [10.0 '
or dbp = [1200000 = or dtg = [1200000 =
g = dor AP ALy i @j g = o JAGE > Ay e i @f
(3) HEpe ¢ EL= fpass ¥ goto (T) (3) FEwe » EL= [pass ¥ goto (1)
(4) Gobackto seq Mg = [T /@00t tviizay (4) Gobackto seq Ny = [{ /Rt dcimige
formg = [0 timels] /7 st cepasors/ forng = |1 time(s] /&7 s v’ segarcsl
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8.9.Appendix I- Forced lithium plating on reference cells at 0°C

Cell cycling of C/40 charge with D/20 discharge (top two images steps 1 and 2) for reference, followed
by C/2 charge then D/20 discharge (bottom two images steps 1 and 2), at 0°C.

+ = 0
- WP - 128
Expetiment

Safetpdidy. Settings
Cell Characteristics
Extemal Devices
Parameters Settings
L

1-GCPLE
2-GCPLE

3 =

+ = G E

40 VMP3- 128

Erperiment

Safety/Adv. Settings
Cell Characteristics
External Devices
Parameters Settings

g o= T =D

1-GCPLB
2-GCPLE

@ﬁl v| o lg = [3B000 |ma v |vs |<Nones ~
foratmostty = [0 hfo mn o000 s
Limt Ecey > EM = J2200 ¥
Becod every dE = [joo m¥
or dty = [T00000 =

Hold Ep for t = [0 h[§ mn 00000 ¢
Limit < I = [FO000 m&
o d/dl< diZdty = [GE00 mass v
Becod evey d@ = 10000 | mah v
ordtg = 00000 ¢

Limit |aQ] > AQ,, = [ooo
<=> Ax = |0,000
pass

1ASoCl » 4

ERsnge= [0v:5y -

Feavabainn = fTad!

|Range = |54 ~
Bandwidth = | 4 ~
@ Bestfwtg = [0 hJ0 mn [ooO00 ¢
Limk [ o/l < dEgAdt= [0 mivh
Eecord every dER = [10.0 i

odtg = [oooon s
Mg = o MG > AGyy ol @.f

|® IFEcel < EL = Jpass v 90t0®

(4) Gobackto sen Ny = [§ /R8st fecinime)
forng = [0 time(s) 7 onan rogaarad

@ sl | oty [ |ma v
foratmost by = [ h[20 mn [00000 s
Limit Ece) > EM = [4200 ¥
Becord every dEq = W i
o dtq = [ooodn s

Hold Epy for tg = 0 h o mn Jopion s
Limit < I = {40000 m& ~
or Wisdi< diddbe = 0000 mbie v
Becord every d@ = 10000 mhh
ordtg = [lo0ooo ¢

Limit |a0] » AI]M = |0.000 mih v
<= Axy = [0.000
|a50C] > |pass %
ERange= [0v;5Y ~

Fexatsv: = ¥ ol

<Noner

IRange = /A ~
Bandwidth = 4 v
@ Bestfotg= [0 hfo mn [poooo =
Limit 1dE /el < dERZdt= [0 mivsh

Record every dER = [100 i
o dtg = [loooon s
Fig =G JAG A8y o (£))

|® W Egel « EL = |pass W gnln@

@ Gobackto seq Ng' = [0 ARG e dalvaimast
forng = [0 timels] APt aagerins)

+ =
o ¥MP3-128

Experiment

Safety/bdv. Settings
Cell Characteristics
Extenal Devices

Parameters Settings

L
1-GCPLE
2-GCPLE

T =3

il
» WMP3-128

Experiment

Safetpdiddy. Settings
Cell Characteristics
Enternal Devices
Parameters Settings

g o= PR =0

1-GCPLE
2-GCPLE

‘@ [FEcel > EL = [pass W gutu@ |

(4) Gobackio seq My = [I /et i
farng = 2 timefg] AFAw s ragascsd

S B

Q) setl v tlg= [f0000  |mh v |ve | <Nones v

@ set)l v tolg- 70000 mA v |v | cNones
for &t mast by = [30 hfo™ mn 00000 s
Limit Ecefl < Em = [2500 W
Becord every dE1 = [10.0 v
o dty = {00000 s

HodEy for tg= [0 hfo mn jooooo s
Limit I< I = [FOO00 mé ~
o i< difdt, = [FO00 mass
Becod every d@ = 10000 mah
o dtg = [ioooon s
Limt |AQ1 > AQ = 0000 mAh ~
< axy = o0

1aSoC] > |pass ES

ERange= |av.5v ~

Fezksivr = 1wl

|Range = &5 ~
Bandwidth = 4 ~
2 Bestfortg= I h[d mn jooooo s
Limit [0E_ gl < dERJdt = [0 mish

Record every dER = [100 v
o dtg = [10.0000 s
(i = Gor JAGH> AGYy i (4)7

for at most b = [30 hjo~ mn oodon s
Limit Ecel < EM = [2500 v
Becord every dEq = [10D0 m¥
o dty = 100000 =

Hod E for tig = [0 h [0 mn [oooon s
Limit Il< Iy = FOO00 m&
o dl/d< dizde; = 000D mavs v
Becord every d@ = 10000 | mih v
ordtg = [looodo s
Limt A0 > AQ = 0000 |mbh v
<= AR = joooo
1a50C1 > fpass %

ERange= |0v.5v e

Fesodsiv = WRT i

| Range = Ha ~
Bandwidth = 4 ~
@ Bestfortg = 1 hfo mn [00000 s
Limit 14E . /dtl < dEgAdt = 00 mi/h

Eecord every dER = [10.0 i
o dtg = [10.0000 =
B = Bee JAG > ATy e ()]

|@ BEcel > EL= s ¥ oot (1) |

(%) Gobackw seq Mg = [ /fFenh oo’
forng = [4 time(s] 2P s seamaraner
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8.10.

+ = R
i MP- 128

Experiment
Safety/Adv. Settings
Cell Characteristics
Extemnal Devices
Parameters Settings
L

1-GCPLE
2-GCPLE

P =2

+ =%
5 VMP3-128

E #periment

Safetpiidy. Settings
Cell Characteristics
Extemal Devices
Parameters Settings

o= PR =0

1-GCPLE
2-GCPLE

Appendix J- Forced lithium plating on cells in copper jigs at 0°C
Top two images C/10 charge D/20 discharge, bottom two images 3C charge and D/20 discharge.

(0 setl o] tolg= [90000  |mh v vs |<None>
for at most b1 = 12 hjo~ mn [0oo0n s

Limit Ecep > EM = [2.200 W

Becord every dEq = W i

o dty = {00000 s

Hold Ep for t = [0 hjo~ mn [DO0000 =
Limit < 1y = |70.000 mh

or didti< dide, = 0000 mAks v
Record every dB = [l0000 | m&h ~
ordtg = 00000 ¢
Limt 1a01 > AR, = [A000  |mAh v

<> Amg o= 0000
1aS50Cl > |pass %

ERange= |0v.5Y ~

Fesabaiivr = NETa

|Range = 54 ~
Bandwidth = 4 ~
@ Bestfortg= [0 h[o mn [T0000 s
Limit 1dE /el < dERJdt = 3G mivvh
Becord every dER = [10.0 i
ordtg = {00000 s
e = Bor (A5 AGhy gt (47
|@ I Ecen < EL = [pass V¥ golo (1)
(4) Gobackto seq Ny = [i /0087 enk dsimey
formg = [0 timels) ATAv oo samaancal
0 1 2

®@| ~ o ls = [4200000 ma v ¥ <Mones
foratmost t4 = [0 h[30 mn [ooooo s
Limit Ecet > EM = 1200 ¥
Becord every dEq = 100 mv
o dty = [f00000 s

Hold Epq for by = [0 hfa~ mn [@0000 =
Limit < I = [0.000 mh

or |di/dH < dlldlf = |0.000 mis \/
Becord every dd = 1,000 mih v
ordtg = [1200000 =

Limit [AQ)] = AIJM = |0.000 mé.h
<= Axy = 0.000
1a5oCl > |pass %
EFRange= |0v:5Y hd

Feavpkaiive = Tl

|Range = 5a v
Bandwidth = | 4 ~
@ Bestfor t = [0 hfo~ mn [aoodo s
Limit |dE . /dtl < dEgAdt = |00 m’h

Becord every dER = [100 mt/
o dtg = [i00000
it = B JAGH > ATy a0 ()

@

[ Ege) < EL = Jpass W QUID®

(4) Gobacklo seq Ng= [ /200enks fsounr
formg = |0 time{s] 7 et couaennay

=%
5 YMP3-128

Erperiment
Safety/tdy. Settings
Cell Characteristics
External Devices
Parameters Settings
-

1-GCPLE
2-GCPLE

5 =3

i =

- MMP3 - 128

Experiment

Safety/ddy. Settings
Cell Characteristics
External Devices

Parameters Settings

g o= =D

1-GCPLE
2-GCPLE

() Setli | tolg= 70000 |ms v v
for at mast by = [30 hfo™ mn 00000 ¢
Limit Ecep < EM = 2500 ¥
Becord every dEq = [10.0 i
or dtq = 100000 ¢

Hold Epg for tw = i h[i mn [iom0 s
Limit Ml< Iy = 70000 m v
or [déd < difde, = D000 mads v
Becord every d@ = [10000 | mah v
ordtg = oo =
Limit 1201 > AQ, = [I000  mah v

<= AHM = |0.000
1ASoC] > |pass S

Favadativs = T

<Mone>

|Range = 54 ~
Bandwidth = 4 ~
@ Bestfortg= [ hfo mn [oojoo s
Limit |dE_o /el < dERAdt = [0 mish
Record every dER = [10.0 v

or dig = [inooog s
Wi =0 (A5 AGYy oo (407

‘@ HEcel > EL = Jpass v gOlO@ |
(4) Gobacktoseq Mg = [[ /et dumize/

forng = 2 timels] A7 et cagaaacal

(0 setfi o]t ls= [Fo000  |mb ~|vs [chones v
for st most k1 = [0 hfo~ mn ooooo s
Limit Ecell < EM = [2500 K
Eecord every dEq = W i
o dby = {00000 s

HodEy fort = o h[0 mn fooood s
Limit M¢ Iy = [0000  mt v
o Wi/d< difdt, = [a000 mass v
Becord every d@ = 1000 mih v
ordtg = 1200000 =
Limt Q) > AQ = [A000  |mah
<= Am = [oooo
1aSoCl » fpass %

ERange= 0% 5y ~

Hewctiivy = 70T al"

| Range = &§a ~
Bandwidth = 4 ~
@ Best for tg = fi hfg mn [aoooo s
Limit dE/dll < dEpZdt = [0 mh

Becord every dER = [10.0 oW
o dtg = 100000 ¢
AeE = for G > Ay oo @.f’

@ FEgell > EL = [pass W gntn@ |

(4) Gobackl seq Mg = [{ /@0 fervieniny’
forne = [2 timels] AFAwma sogasnal
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8.11. Appendix K- Typical cell safety settings

Devices

d = B E e
------ 2 P3 - 128
Experiment

Safetp/Ady. Settings
Cell Characternstics
Estermal Devices

FParameters Settings

g - =3
------ 1-GCPLG

Safety Limits

For t> [10.0 s
Ecell max

Ecell min
LN
113l
[ &nalog IN1 max
[(JanalogINZ - | max ~
[] Estack slave max
[ Estack slave min
Do nat start on E overload

Record
Ecens
P
[] &nalog 1M1 A
[1 Analog 1Mz

[430000 W
240000
DO00o0  ma
000000 mah
[Dooooo v
Y,
[Dooooo v
[

Fecord external devices on Analog IMH

Files

Electrode Connections
Modify on disconnected cells anly |

standard w

WEACHZ
refl £

WiE I

:
ol

RE /ref2

CE L]

refd ¥
CE/CAl ——

Drefault

Data Process

[ Online text export Confiqure

[IFiler =7 Edi

[ Smoath on [0 paits

H Create one data file per loop
[linked techniques only]

Cycles definition
(®) Charge/Discharge
() Discharge/Charge
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8.12.

Appendix L- Battery cell information

Battery Cell Composition

Setup

Cell type Full cell

Cell format Pouch cell

Cathode NMC111 (10 layers, coated area
33.22cm? per electrode face)

Anode Graphite (11 layers, same coated area

as above with 1 or 2mm overlap)

Cathode (composition
percentages by mass)

Active material and loading

94% NMC111 , theoretical loading of
277.9 mAh/g

Additive 3% Carbon black (C65)
Binder 3% Polyvinylidene Fluoride (PVdF)
Electrolyte 1M LiPF6 in EC/EMC (3/7 v/v) +2wt%VC

Current Collector

Aluminium

Thickness and mass

Thickness 116um (current collector
21um)

Mass 1.0749¢ for 33.22 cm? (current
collector 0.0052 g/cm?)

Anode (composition
percentages by mass)

Host material

Graphite 94%

Additive

C65 (carbon black) 3%

Binder

1.5% Carboxymethyl Cellulose (CMC)

1.5% Styrene-Butadiene Rubber (SBR)

Thickness and mass

Thickness 108um (current collector
9um)

Mass 0.8133g for 35.0 cm? (current
collector 0.0084 g/cm?)

Capacity

Theoretical capacity of 277.9mAh/g* cathode mass of 9.02g * 0.94 active material / total cell mass
of 38 grams= 62.0mAh/g for cell

Initial capacity (mAh/g)

62.0mAh/g

Capacity achieved (mAh/g)

1300mAh @ C/20 on cycle 1 = 1300mAh/ 38 grams = 34.2

mAh/g
Number of cycles tested 150
Capacity retention 89.5%
Testing temperature 25°C

Characterisation carried out on cell

Charge/ discharge tests

GITT

Incremental Capacity Analysis

Cyclic Voltammetry

Rate capability

EIS

SEM and EDX

X-ray Characterisation (CT scanning)
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8.13.

Appendix M- Copyright approvals for 3™ party figures utilised

The following figures have been reproduced from external sources, the copyright permissions
obtained to do so are detailed here. Any party wishing to reproduce these figures should seek

permission from the publisher of the original source.

Figure Source Copyright obtained

Figure 2-1 Reference 13 Reuse is authorised, provided the source of
the document is acknowledged and the
original meaning is not distorted.

Figure 2-2 Reference 22 Creative Commons 4.0 License

Figure 2-4 Reference 29 Creative Commons 4.0 License

Figure 2-5 Reference 51 Permission to reproduce obtained

Figure 2-6 Reference 62 Permission to reproduce obtained

Figure 2-7 Reference 64 Permission to reproduce obtained

Figure 2-8 Reference 68 Creative Commons 4.0 License

Figure 2-9 Reference 78 Creative Commons 4.0 License

Figure 2-10 Reference 67 Creative Commons 4.0 License

Figure 2-12 Reference 105 Creative Commons 4.0 License

Figure 2-15 Reference 118 Creative Commons 4.0 License

Figure 2-16 Reference 142 Permission to reproduce obtained

Figure 2-17 Reference 127 Permission to reproduce obtained

Figure 2-18 Reference 142 Permission to reproduce obtained

Figure 2-20 Reference 18 Creative Commons 4.0 License
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