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ABSTRACT

The aim of this thesis work is to contribute to the technological advancement
of energy storage systems, especially batteries, in terms of efficiency and safety.
The thesis to be demonstrated argues that on the one hand, the possibility of
testing electrode materials with a more performing and versatile system than
those present in the state of the art allows to reach a level of characterization
and understanding of the working behaviour of these materials higher than the
current state. On the other hand, the use of economic and at the same time
effective sensors makes it possible to improve the production process of elec-
trochemical cells and to monitor their state of health during their useful life,
ultimately achieving the desired high level of reliability.

The main activity of this work consists of three different experimental phases
aimed at improving the performance of an instrument for testing the elec-
trodes in rechargeable batteries, as well as the search for an economic and
high-performance sensor to detect electrolyte losses in the production process
of lithium-ion batteries and the study of an innovative sensor that can be in-
tegrated into the electrochemical cell that can closely monitor its stability by
intercepting any malfunctions.

The first phase of the work involved the study of a system for measuring the
volumetric expansion of the electrodes during the charge/discharge cycles: the
accurate choice of materials, careful design and the use of two temperature sen-
sors combined with the choice of a contact-less gauge for transduction of the
volume variation made it possible to obtain a compact system able to measure
the cell assembly expansion under different conditions of applied compression
force. The tests have been carried out at room temperature. However, subse-
quent characterization in the thermal chamber made it possible to validate the
measurement provided by the instrument in a temperature range from 10 to
60°C, finding the calibration characteristic that allows the instrument to work
correctly at different temperatures. This offers the opportunity to perform tests
on electronic materials in conditions closer to those of real applications on elec-
tric vehicles, in all portable applications or in stationary storage systems. Elec-
trochemical tests have validated the correctness of the measurements made with
the designed instrument. They have also highlighted the possibility of evince
phenomena that occur in the cell under test other than that of electrode ex-
pansion/contraction due to the insertion/deinsertion of the lithium ion in the
electrode structure. Finally, it was necessary to provide the instrument with a
sample holder for the ”half-cell” test, so as to be able to appreciate the contri-
bution to the dilation of only one electrode at a time. A second sample holder
has therefore been designed for this purpose.
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In the second phase a technology was identified that allows to detect the pos-
sible presence of dimethyl carbonate, the main component of the electrolyte in
lithium-ion batteries currently on the market. After the analysis of the state of
the art on sensors for the detection of gas, in particular VOC (Volatile Organic
Compounds), we selected the photoionization as detection technique. Labora-
tory tests were carried out using a commercial sensor based on the technology
identified and a machine layout was proposed to detect the possible presence of
coarse electrolyte losses.

In the third phase, a new approach was proposed for monitoring the state of
health of lithium-ion batteries: a new smart-sensor concept that can be inte-
grated into the electrochemical cell, based on the colorimetric measurement of
a chemical species at precise points in the cell. After the realisation of the first
prototype, the first laboratory tests were carried out using water-based coloured
solutions simulating the presence of transition metal ion salts. The electrochem-
ical test cells show how there is a correlation between colour variation and the
triggering of undesirable phenomena that degrade battery performance. The
encouraging results obtained leave plenty room for improvement both from the
point of view of the sensor principle and the miniaturisation of the prototype
device and the interface system between the sensor and the world outside the
battery, making it possible to integrate it into future batteries.



SOMMARIO

Scopo del presente lavoro di tesi & quello di contribuire all’avanzamento tec-
nologico dei sistemi di accumulo dell’energia, in particolare delle batterie, in
termini di efficienza e sicurezza. La tesi che si intende dimostrare sostiene che
da un lato, la possibilita di testare i materiali elettrodici con un sistema piu
performante e versatile rispetto a quelli presenti nello stato dell’arte consente di
raggiungere un livello di caratterizzazione e comprensione del comportamento
in opera di questi materiali superiore allo stato attuale. Dall’altro 1'utilizzo di
sensori economici ed allo stesso tempo efficaci consente di migliorare il proces-
so produttivo delle celle elettrochimiche e di monitorare il loro stato di salute
durante la loro vita utile, ottenendo in ultimo I’elevato livello di affidabilita au-
spicato.

L’attivita principale di questo lavoro consiste in tre differenti fasi sperimentali
rivolte al miglioramento della performance di uno strumento per il test degli
elettrodi nelle batterie ricaricabili, oltre alla ricerca di un sensore economico
e performante per rilevare le perdite di elettrolita nel processo di produzione
delle batterie litio-ione ed allo studio di un sensore innovativo integrabile nella
cella elettrochimica che possa monitorarne da vicino la stabilita intercettando
eventuali malfunzionamenti.

La prima fase del lavoro ha riguardato lo studio di un sistema per la misura
dell’espansione volumetrica degli elettrodi durante i cicli di carica/scarica: la
scelta accurata dei materiali, un’attenta progettazione e 'utilizzo di due sensori
di temperatura unito alla scelta di un misuratore contact-less per la trasduzio-
ne della variazione di volume ha permesso di ottenere un sistema compatto in
grado di misurare I’espansione della cella completa in condizioni di differente
forza di compressione applicata. I test sono stati condotti a temperatura am-
biente. Tuttavia, la successiva caratterizzazione in camera termica ha permesso
di validare la misura fornita dallo strumento in un range di temperatura da 10
a 60 °C, trovando la caratteristica di calibrazione che permette allo strumento
di poter lavorare correttamente a temperature diverse. Questo ha dato 1’op-
portunita di effettuare i test sui materiali elettronici in condizioni piu vicine a
quelle delle applicazioni reali sui veicoli elettrici, in tutte le applicazioni portable
o negli impianti di accumulo stazionari.I test elettrochimici hanno validato la
correttezza delle misure fatte con lo strumento progettato. Hanno evidenziato
inoltre la possibilita di apprezzare ulteriori fenomeni che avvengono nella cella
sotto test altra a quello dell’espansione/contrazione elettrodica dovuta all’in-
serzione/deinserzione dello ione litio nella struttura degli elettrodi. Infine si ¢
manifestata la necessita di predisporre a corredo dello strumento anche un porta
campione per il test a "mezza cella”’, in modo da poter apprezzare il contributo
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alla dilatazione di un solo elettrodo per volta.

Quindi & stato progettato un secondo porta campione a tal proposito. Nella
seconda fase e stata individuata una tecnologia che permette di rilevare 1'e-
ventuale presenza di dimetilcarbonato, il principale componente dell’elettrolita
nelle batterie agli ioni di litio attualmente in commercio. Dopo ’analisi dello
stato dell’arte dei sensori per la rilevazione dei gas, in particolare dei VOCs
(Volatile Organic Compounds), abbiamo selezionato la fotoionizzazione come
tecnica di rilevazione. Sono state condotte prove di laboratorio utilizzando un
sensore commerciale basato sulla tecnologia individuata ed & stato proposto un
layout di macchina in grado di rilevare I’eventuale presenza di perdite grossolane
di elettrolita.

Nella terza fase, & stato proposto un nuovo approccio per il monitoraggio dello
stato di salute delle batterie litio-ione: € stato quindi pensato un nuovo concet-
to di smart-sensor integrabile nella cella elettrochimica che si basa sulla misura
colorimetrica di una specie chimica in punti precisi della cella. Dopo la rea-
lizzazione del primo prototipo i primi test di laboratorio sono stati condotti
utilizzando soluzioni colorate a base acquosa simulando la presenza di sali di
ioni metallici di transizione. Quindi le celle elettrochimiche di test hanno mo-
strato come ci sia correlazione tra variazione di colore ed innesco di fenomeni
indesiderati che degradano la prestazione della batteria. Gli incoraggianti risul-
tati ottenuti lasciano ampi margini di miglioramento sia dal punto di vista del
principio del sensore sia per quanto riguarda la miniaturizzazione del dispositivo
prototipato e del sistema di interfaccia tra il sensore ed il mondo esterno alla
batteria, favorendone la possibilita di integrazione nelle batterie future.
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INTRODUCTION

Electromobility is undoubtedly the background to this thesis work. Electric
mobility is one of the phenomena that is redesigning the economic and social
order in recent decades and of one thing we can be sure: the evolution towards
electric mobility will be a revolution. Imagining the mobility needs of tomor-
row means taking into account multiple factors concerning energy, environment,
socio-economic, political and technological aspects, in a context of social trans-
formation that goes far beyond the automotive industry. We are facing with
a "new industrial revolution” on a global level that poses new challenges very
quickly. In an articulated context like the one we are going through, techno-
logical change is a key-feature, but other factors are also playing an important
role. The aim of this thesis work is precisely to contribute to the technological
advancement of some technical aspects of e-mobility.

E-Mobility

Before tackling the technological aspect, it is useful to make an overview of
the context in which we will move. It is now common opinion that the desired
goal of this transition is a sustainable and ecological society and for this reason
there are three flywheels that are moving: the ecological, economic and political
ones. From an ecological point of view, there are numerous studies that
highlight the environmental impact of fuel transportation. The transport sector
accounts for approximately a quarter of global greenhouse gas (GHG) emissions
and is one of the major sectors where emissions are still rising[35]. Within
the transport sector, road transport is by far the biggest emitter, accounting
for more than half of all transport-related GHG emissions. At the local scale,
transport activities cause urban air pollution, noise, congestion, water and soil
degradation, asthma, obesity, road deaths and social and urban fragmentation
[36]. At the international/national scale, mobility contributes to greenhouse
gas emissions, trans-boundary air pollution, and the depletion of oil resources.
Global greenhouse gas emissions from transport doubled over the 1970-2010
period to 7.0 GtCOs-eq, increasing at a faster rate than any other end-use
sector [37].

Unfortunately, the concentration of CO5 and gases in the atmosphere in the
modern era is constantly growing: the continuous fluctuations of the last 800,000
years (Figure 1), coinciding with the onset of ice ages (low CO3) and interglacials
(high COs) [1] and due to changes in the orbit of the earth around the sun
(Milankovitch cycles), are turning into a growing trend in recent centuries and
in particular in recent decades.

xvii
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Figure 1: Atmospheric COy concentration: global average long-term
atmospheric concentration of carbon dioxide (COj3), measured in parts

per million (ppm). Long-term trends in COs concentrations can
be measured at high-resolution using preserved air samples from ice
cores. Reprinted with permission from [1]. Available online at

https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html.
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Figure 2: Annual global mean temperature anomalies relative to the means dur-
ing 1961-1990 from the HadCRUT4 data set (produced by the Met Office Hadley
Centre and University of East Anglia Climatic Research Unit, in gray shaded,
the confidence intervals). Plots of the mean anomalies from two order data sets
(from NASA and NOAA) show similar patterns. Adapted from the Met Office
Hadley Centre (www.metoffice.gov.uk/research/monitoring/climate/surface-
temperature). Reprinted with permission from [2].
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What is frightening is not so much the fact that for the first time we go beyond
the average of the last 800,000 years (300 ppm), up to 400 ppm in recent decades,
but the speed of this increase: we have gone from thousands of years to a few
decades to assess the fluctuations in COy concentration. Moreover, the link
between CO2 concentration and the increase of the Earth’s temperature [38]
is not ”in phase”: given the delay between the increase of concentration in
the atmosphere and the increase of the Earth’s temperature (Figure 2), it is
expected that even if the CO5 concentration will stabilize now, the temperature
increase will continue for the next decades [39]. In this context, ecosystems and
species have no more or no time to adapt.

The effects of climate change on health (Figures 3) are very important, including:
direct effects such as prolonged exposure to high environmental temperatures[10];
effects mediated by natural systems (the transmission of diseases by vectors or
the influence of the concentration of carbon dioxide on cereal crops) or by so-
cial systems such as increased poverty [2]. Between 2030 and 2050 the WHO
(World Health Organization) estimated 250.000 deaths in the elderly due to
temperature rise, increased disease and disastrous climatic events [41].

Increasing Levels of Carbon Dioxide  Rising Temperature Rising Sea Levels Increasing Extreme
and Short-Lived Climate Pollutants Weather Events
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Figure 3: Major Health Risks Associated with Climate Change: examples of
potential health outcomes and exposure pathways linking climate change with
human health are shown, together with factors that can influence the magnitude
and pattern of risks. Reprinted with permission from [2].

In order to slow down climate change, it is now clear that in the short term it
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is necessary to strongly reduce greenhouse gas emissions and zero them in the
long term: it would be necessary to limit global warming to less than 2°C above
pre-industrial values [42], trying to avoid the unfavorable projections associated
with temperature extremes and occupational heat stress, air quality, undernu-
trition, and vector-borne diseases.The e-mobility represents one of the answers
to the above cited needs: but, as mentioned, the scenario is not yet complete.
It is therefore necessary to take into consideration another fundamental aspect
related to the climate issue, namely the political one.

From the political point of view there are two interesting aspects to consider:
what has been done by states to face climate change; moreover, what other rea-
sons can lead countries to favour development policies based on electric mobility.
An historical excursus of the main stages that have led to the political evolu-
tion of the states towards an environmental regulation in automotive industry
is shown in Figure 4: a

1960 Clean Air Act
1970 Foundation of EPA
Club of Rome - Limits of Growth
Oil crisis
Introduction of catalytic converter
1980 Brundtland Report
1990 Earth Summit
Kyoto Protocol
2000 Ratification of Kyoto Protocol
European Emission Standard
2010 EU CSR reporting obligation
Dieselgate
Sustainable Development Goals
Paris Agreement
IPCC special report on 1.5 °C global warming
Fridays for Future
2020 Penalties for exceeding COq emissions for passenger cars
COP26 to define global emission reduction commitments
6th Assessment Report of the IPCC

Figure 4: Important events that have been (or are expected to be) drivers
for the development of sustainability. EPA=Environmental Protection Agency;
CSR=Corporate Social Responsibility; IPCC=Intergovernmental Panel on Cli-
mate Change; COP26=26th United Nations Climate Change Conference.
Reprinted with permission from [3].

Beginning with the Clean Air Act, introduced in the United States by the
Environmental Protection Agency (EPA) in 1963 and amended several times,
which is the basic regulation of air quality [43], deforestation in Europe and
the appearance of smog in large cities in the United States of America due to
high NOx concentrations led the European Union (EU) and the United States
Environmental Protection Agency (EPA) to ban leaded fuels and forced OEMs
(Original Equipment Manufacturers) to use catalysts [44]. Subsequently the
United Nations Framework Convention on Climate Change of 1992 [15] and
the Kyoto Protocol [46], pushed the European Union (EU) to the introduction
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of COy for passenger cars [47]. In addition the European Measures of 2014
[48], the adoption of Paris Agreement [419] and the IPCC Special Report on
1.5°C Global Warming [50] led to thinking on the one hand about a long-term
strategy[51] and to increase the legal emission limits for passenger cars [52].
The ”Dieselgate” scandal of 2015-2016 that revealed the real non-compliance of
vehicles that were on the market has undoubtedly accelerated the change of test
procedure for emission measurements: we have moved from the NEDC protocol
(New European Driving Cycle) to the WLTP protocol (Worldwide Harmonized
Light Vehicle Test Procedure [53] to have a measured data closer to real data
of the vehicle on the road [54]. The need to adopt policies that lead towards
eco-sustainability and the protection of the environment and climate is evident.
It is even more evident if you look at the Figure 5 in which the Climate Action
Tracker, an independent scientific analysis that tracks and measure government
climate action, correlates COy emissions with the policies adopted by world
governments.
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Figure 5: 2100 Warming Projection: emission and expected warm-
ing based on pledges and current policies (data source from Climate
Action Tracker).  Reprinted with permission from [1].  Available at
https://climateactiontracker.org/global /temperatures/

In the absence of policies, global warming is expected to reach 4.1°C- 4.8°C
above pre-industrial levels by the end of the century. The emissions that de-
termine this warming are often called ”Baseline” scenarios and are taken from
IPCC AR5 Working Group IIT [55]. Current policies around the world are ex-
pected to reduce base emissions and lead to a warming of about 2.9°C above
pre-industrial levels. However, from these data it is clear that in order to reach
the ambitious target set by the Paris Accord, to limit the heating below 1.5°C-
2°C' compared to the baseline, urgent and rapid reductions would be necessary
to return the estimated curve in the right direction [56].

At present, the trajectories of the policies and efforts made are well above the
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Figure 6: Nitrogen Dioxide concentration over Italy: comparison between 2019
March and the same period in 2020. Reprinted with permission from [5].

emission paths consistent with long-term international targets [4]. In 2020, the
pandemic situation that involved the entire planet and the consequent block-
age of economic activities also had a partially positive impact on the climate.
The images of Italy provided by the satellite Copernicus Sentinel 5P speak for
themselves (Figure 6). Despite the sharp decrease in climate-altering emissions,
there was no immediate effect on global warming: the time period affected by
the drop in emissions was too short to have an effect on the long-term trend[57].
However, we will have gained real experience that the adoption and implemen-
tation of climate policies can have tangible effects on air quality, health and
global warming.

The political choices are fundamental in outlining the scenario of electromo-
bility and in this the differences between geographical areas are already evident:
if in Europe there is a strong push to consolidate and establish the EV (electric
vehicle) market by taking advantage of this push to raise a market in crisis, the
European automotive market, in the U.S. there is no strong national policy that
”sponsors” the use of EVs; on the other hand, many are the American states
that have independently set themselves targets to reduce emissions by push-
ing economically on EV. In Asia, there are countries like India with a concrete
strategy for the transition to electric mobility, promising to stop selling fossil
fuel vehicles by 2030. Japan has set 2050 as the year by which the domestic car
market will be fully electric [58]. And case in point it is China, an economy in
strong ascent to the global level that sees this transition as a huge opportunity.
On the one hand it aims to solve its ecological problems, due to the enormous
urbanization of industrialized areas, by launching a plan that prohibits the pro-
duction and sale of fossil fuel only cars and a fleet of fully electric vehicles by
2050; on the other hand it has the opportunity to consolidate the automotive
sector, accelerating with the production capacity of batteries and laying the
foundations for a global expansion of Chinese car manufacturers [59]. Lead-
ing countries are therefore looking for a new structure and new opportunities
from this transition; it is of interest that while historically the main driver for
more sustainable technological solutions has been politics, recent developments
in many areas show that we may have overtaken this policy-pull regime in favour
of a business-push system, where companies reveal their intrinsic motivation to
act to seize new opportunities from an economic point of view. In this context,



xxiil

even in a more sustainable way: in fact, the current ”electric car race” has al-
ready led to unprecedented investments in the automotive industry. [60]. The
economic aspect therefore plays a fundamental role and will redesign the global
car market structure in the decades to come.

Electric-driven Vehicle

Speaking of e-mobility, the electric vehicle must clearly be introduced. As
a low-polluting, oil-independent transport solution, the electric vehicle has an
extremely simple operating principle: an electric motor (instead of the inter-
nal combustion engine) powered by batteries (instead of the fuel tank) provides
propulsion to the vehicle, with greater overall efficiency and excellent accelera-
tion; when not in use, the vehicle can be ”recharged” by attaching the batteries
to a current source, possibly produced by renewable energy. Guaranteeing the
autonomy of the vehicle, the batteries (A§1.1) are managed by an auxiliary sys-
tem, the Battery Management System (BMS), which monitors the battery pack
of the vehicle during the charging and discharging phases. The parameters that
are monitored are the single cell and the pack voltages, the pack incoming and
outgoing current, the temperature of the pack. In addition to these parameters
the BMS provides the State of Charge, SoC (or DoD, Depth of Discharge, the
inverse concept of SoC) which in percentage provides the battery charge level
(SoC%=100-DoD%). Finally, the SoH (State of Health), another parameter
monitored by the BMS with various possible evaluation strategies evaluated by
the designer of the BMS [61]. As mentioned, one of the strengths of the EV is
undoubtedly the efficiency: the electric motor, generally mounted in direct drive,
has an internal efficiency of around 90%; after all, the best internal combustion
engine working with Diesel Cycle reaches 45% and no more. Considering that
in the electric vehicle there is no need for clutch and gearbox, it is clear that
the variable that determines the choice between EV and ICE is the capacity of
the battery pack or the autonomy of the vehicle [62].
Historically, contrary to what one might think, the electric motor was the first
solution adopted for the automotive industry and retracing the fundamental
stages of technological development, it can be seen that at a certain point, the
decision not to pursue its development was dictated by economic-political inter-
ests related to the promotion of oil development, neglecting the environmental
effects in the long term. In an excerpt taken from ”The history of the electric
vehicle”, the starting point of this technology is summarized [63]. ”Ferdinand
Porsche, founder of the sports car company by the same name, developed an
electric car called the P1 in 1898. Around the same time, he created the world’s
first hybrid electric car, a vehicle that is powered by electricity and a gas engine.
Thomas Edison, one of the world’s most prolific inventors, thought EVs were
the superior technology and worked to build a better EV battery. Even Henry
Ford, who was friends with Edison, partnered with Edison to explore options for
a low cost electric car in 1914. Yet, it was Henry Ford’s mass-produced Model
T that dealt a blow to the electric car. Introduced in 1908, the Model T made
gasoline-powered cars widely available and affordable. By 1912, the gasoline
car cost only $650, while an electric roadster sold for $1,750. That same year,
Charles Kettering introduced the electric starter, eliminating the need for the
hand crank and giving rise to more gasoline-powered vehicle sales.”



xXxiv INTRODUCTION

Here are some fundamental dates of the beginnings of the electric vehicle:

1836: Birth of the electric motor car

e 1853: Invention of the internal combustion engine

1881: Electric car diffusion in France and Germany

1897: Whole fleet of cabs in New York electric cab fleet

1898-1909: Invention of Porsche car manufacturer and patent of hybrid-
parallel propulsion and later hybrid-series propulsion

Therefore, at the end of 1800 the circulating car fleet consisted of steam,
electric and gasoline cars. Subsequently:

o 1912: Electric car boom in USA

e 1920: Decline of the electric traction due on the one hand to the reduction
of the price of the gasoline and the discovery of new oil fields in Texas; on
the other hand, to the strong reduction of the cost of the gasoline engine
due to the introduction of the assembly lines designed by Ford and the
invention of the electric starter [64].

In the last 20 years it is observed that in advance of emissions policies, some
car manufacturers have started to introduce some electrically driven models on
the market. It should be emphasized that the first models with electric traction
were immediately derived from homologous models with thermal engine: they
were therefore technologically deficient projects, because the derivation from
models born with different design philosophies, necessarily implied technical
compromises, which reduced efficiency. [65]. Since 2015, automotive manufac-
turers have been showing an impetus to offer various models of electric vehicles.
Recent studies show a growing market potential for EV vehicles, not only passen-
ger cars but also buses and other passenger transport vehicles, light commercial
vehicles (LCVs) for goods transport, and heavy vehicles for construction and
construction sites. In addition, electrification will also invest in air transport
(electric aircraft) and maritime transport (electric vessels) [66]. Vehicle cost,
way of using the vehicle, battery weight and autonomy, type of battery pack
charging and related infrastructure are some of the main factors that will influ-
ence the growth and diffusion of electric vehicles.

Before taking a look at the EV market it is necessary to briefly list the main
types of electric vehicles available (Figure 7).

There are 3 main categories of electric vehicles, classified according to how
much electricity is used as primary energy for propulsion:

o All-electric vehicles (AEV): a vehicle using electric power as only sources
to move the vehicle. Currently, AEV have six types of power transfer con-
figurations, but only three types are famous for use by an auto-maker. The
vehicle configuration for BEV or FCEV is similar [6]. Battery Elelctric
Vehicles (BEV): more frequently called EVs, they are vehicles without
petrol engine, fully electric and with winged rechargeable batteries: these
power the vehicle’s electric motor and all the auxiliary electronics on



XXV

Vehicles
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- Plug-in Hybrid Electric Vehicle (PHEV)

Figure 7: Classification of the vehicle. Reprinted with permission from [6].

board. BEVs are recharged with electricity from an external source. There
are 3 types of recharging, based on the speed at which the batteries are
recharged: level 1, the most common one currently uses a standard domes-
tic socket (120 V) to connect to the electric vehicle and requires more than
8 hours to recharge the average battery pack of an EV. Level 2 recharg-
ing requires a specialized station that provides 240 V power with half the
charging time compared to Level 1. Finally, level 3 recharging, or fast DC
recharging, can be done in dedicated EV charging stations with extremely
short times. Fuel Cell Electric Vehicle (FCEV): the fuel cell (it is not a
rechargeable battery) in the vehicle is fed by hydrogen stored in a special
tank. The advantage of this system is that it has zero emissions, since the
only waste product is water vapor. However, pollution is not completely
eliminated because of the way the hydrogen is produced [67].

Hybrid Electric Vehicle (HEV): these are vehicles in which the energy for
propulsion comes from two sources, one of which is abattery. Unlike a
pure electric vehicle, a hybrid electric vehicle does not require an external
battery charging system, so it can be independent of the charging infras-
tructure: in fact, the electric energy that recharges the battery comes
from ”regenerative braking”, i.e. in which the electric motor contributes
to the braking of the vehicle by recovering that part of the energy that
is normally dissipated in brake heat or by the ICE like the recharge of
SLI lead acid batteries occurs. Depending on the levels of ”hybridization”
(power of the electric engine compared to the total installed power), can
be distinguished: Micro-hybrid, i.e. with start/stop system and regen-
erative braking, power supply at 12-48 V and the power of the electric
motors installed on board the vehicle, which generally does not exceed
10 kW; Mild-Hybrid, can also operate with electric power supply during
the start and departure of the vehicle and accommodate batteries with
a higher voltage from 100-200 V and a power of the electric motors of
about 20 kW; finally, Full-Hybrid, in which the vehicle is driven by the
electric motor, the thermal motor or both depending on the driving speed.
Usually batteries are used with a voltage between 200-300 V and an elec-
tric motor power of over 50 kW. [68]. Speech apart it could be done for
Plug-in Hybrid electric Vehicle (PHEV): vehicles in which the traction
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is entrusted to the electric motor until the energy of the battery pack
is exhausted, or to the internal combustion engine. The batteries can be
recharged by connecting to an external source, as well as recovering energy
from the vehicle’s braking. The battery pack installed is larger than HEV
vehicles. The three PHEV configurations, PHEV series, PHEV parallel,
PHEV series/ parallel are shown in Figure 8.
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Figure 8: Electrified vehicle type powertrain (a) EV, (b) Series PHEV, (c)
Parallel PHEV, (d) Series/ Parallel PHEV. Reprinted with permission from

[7].

Therefore, new technologies available and new challenges to the design of
structures with new requirements; above all, new opportunities for creativity: a
new vehicle concept (Figure 9) [3].
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Figure 9: Example of a) dismantled conventional vehicle compared to the b)
analogous electric one. Reprinted with permission from [3].

From numerous studies it is clear that in addition to technological changes other
factors will shape the growth of the EV market, such as: economic reasons
(countries are competing to build the next high value-added industry clusters;
car manufacturers and large fleet operators are increasingly taking GHG emis-
sion reduction targets seriously), ecological reasons (urbanization continues its
steady march around the world, leading to growing concerns about congestion
and urban air quality, and changing consumer preferences) and policies (pol-
icy makers are pushing the automotive market towards low-carbon options and
greater fuel efficiency) will drive its growth. According to Bloomberg, in its an-
nual report EV0O2020 (Electric Vehicle Outlook 2020) [10], which photographs
the current state of the EV market and provides a forecast of how the EV market
will evolve, more than 7 million road passenger vehicles are electric so far and
electrification is spreading to other road transport segments. (Figure 10): over
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500,000 electric buses, nearly 400,000 electric vans and trucks and 184 million
electric mopeds, scooters and motorcycles on the road globally (Figure 11).
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Figure 10: Cumulative BEV and PHEV sales by market. Reprinted with per-
mission from [9].
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Figure 11: Current fleet of electric buses, vans, trucks and electric two-and three
weelers. Reprinted with permission from [10].

Compared to the 2019 sales forecast [11] (Figure 12), the current global pan-
demic is bound to leave its mark (Figure 13): global sales are expected to fall
by 23%, an event recorded for the first time in the modern era.

The market recovery estimated for 2021 is not expected until 2025 at the earli-
est. Commercial vehicle sales will also decline, but will recover by 2022 due to
increased e-commerce and growing demand for freight in China and emerging
economies. The growth of the PHEV market is confirmed and a market share
related to fuell cells (FCEV) will appear.

In the long term, the EV market will remain good (Figure 14): in 2025 electric
vehicles will reach 10% of global passenger vehicle sales, growing to 28% in 2030
and 58% in 2040.

It is expected the price parity between EVs and ICEs around 2025, with signif-
icant variations dependent on vehicle type and geographical area. In addition
by 2035 (Figure 15) the global share of EV vehicles is expected to be equal to
the global share of ICE vehicles sold.

It is appropriate to mention the study of Deloitte Insight [12] which, in addition
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Figure 12: Global long-term passenger vehicle sales by drivetrain. Reprinted
with permission from [11].

Million
100 » Internal

- combustion
g m Fuel cell
40 Plug-in
|| I ‘ ‘ .
20
= Battery
o MALNNNECSsal] II I Il | I electric

2015 2020 2025 2030 2035 2040

Figure 13: Global annual passenger vehicle sales by drivetrain. Reprinted with
permission from [10].

to confirming Bloomberg’s forecasts, specifies that the growth of the EV market
in the coming years will be dictated by the corporate strategies of car manufac-
turers that promise to increase the supply of car models; no less, it will depend
on ”consumer sentiment” (Figure 16) i.e. how they welcome the adoption of an
electric vehicle.

As it is easy to think among the key factors for the growth and affirmation
of the EV market, in addition to policies (e.g. government incentives for the
purchase of electric vehicles) adopted and public investment (e.g. the construc-
tion of charging infrastructure (Figures 17) and private (economic efforts by car
manufacturers to expand the offer of EV models (Figures 18) there is battery
technology.
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Figure 14: Global long-term EV share of new passenger vehicle sales by region.
Reprinted with permission from [10].
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Figure 15: Global share of total annual passenger vehicle sales by region.
Reprinted with permission from [10].

The importance of batteries in the growth of the electric vehicle market is
linked to their ability to store energy and make it available during vehicle use.
The commitment of the global scientific community to the improvement and
evolution of this technology is tangible: in Europe in particular (§1.4) there
are several medium to long term initiatives aimed at consolidating know-how
and production lines in the old continent. The technological evolution of energy
storage systems (§1.1) and the different battery configurations available (§1.2.1)
show that especially in the last decades enormous steps have been taken with
regard to performance, reliability and safety of these systems. Thanks to their
technological maturity, lithium-ion batteries (§1.2.3) play a central role in elec-
tric vehicles: the core of this work is to enhance the study and monitoring
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permission from [9].



XxXX1

reliability of these energy storage systems. Therefore, there are two paths that
simultaneously pursue the goal, on the one hand by improving the performance
of laboratory systems that measure the expansion of electrode materials during
the charge and discharge cycles of the electrochemical cell; on the other hand,
by first proposing a system for the industrial monitoring of leaks on the bat-
tery packs of the vehicle and then, a sensor that goes to monitor the health
of the electrochemical cell closely. From the point of view of materials testing
then, after a brief analysis of the state of the art (§2.3.1), a new test bench
has been proposed to measure the expansion of electrochemical materials dur-
ing the electrochemical cell cycling, with features that improve its reliability
and give the experimenter the opportunity to test the materials in conditions
closer to real conditions (§4.1). The single battery, Lithium ion for example,
is the basic element of an articulated system that stores energy and provides a
certain autonomy to the electric vehicle, the battery pack. In the automotive
industry, during the various assembly operations of the battery pack, i.e. from
the closing of the single cell to the closing of the complete pack, it is crucial
to verify the tightness (§2.3.2) of all the cells that compose it and of the whole
assembled pack. This verification must be done in a time consistent with the
cycle times of the automotive production lines, so often it is necessary to give
up the classic laboratory systems to detect gas leaks, also depending on the
typologists of the leak test you need to find the right sensor to apply. After an
overview of the types of industrial sensors (§2.3.3) and the techniques for mon-
itoring the health of batteries (§2.1.1) the two contributions of this work are
presented. First, we describe the application of a PID sensor for the detection
of leaks in batteries and battery pack. Then, we present a new idea of a sensor
for monitoring each individual cell that makes up the battery pack of an electric
vehicle (§4.2). For all the proposed contributions, the results of laboratory tests
are also presented, offering ideas for future developments: laboratory tests on
electrochemical dilatometer show not only that the proposed instrument is able
to measure the expansion and contraction of electrode materials in charge and
discharge cycles, but also show how the presence of the proposed new features
such as the regulation of the force acting on the sample under test are actually
of interest to collect useful information to predict the real behavior in the elec-
trochemical cell. The tests with the PID sensor, show how it is able to detect
the presence of dimethyl carbonate leaks and then highlight how with a proper
design of the test system, you can conduct leak tests in line at a lower cost,
compared to the costs to be incurred for the purchase of a mass spectrometer,
for example. The results of the preliminary tests on the new sensor for the
monitoring of the single electrochemical cell during its entire life cycle, validate
the new proposed idea of using color as a significant signal of a possible internal
cell malfunction and leave open new development scenarios for this sensor.
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1. BATTERIES

Non mi preoccupo mai del futuro,
arriva sempre abbastanza presto.
Albert Einstein

1.1. OVERVIEW

The adoption of the electric vehicle intended as a vehicle for passenger trans-
port inevitably passes from the capacity of the battery pack to accumulate
enough energy to be able to give a certain autonomy to the vehicle, compara-
ble or even greater than that of the vehicle with internal combustion engine.
Batteries are therefore a key element to exploit this type of mobility and in the
panorama described in the introduction chapter considerable efforts are made
to increase the technological knowledge and quantity/quality of these devices.
In order to analyze battery technology it is necessary to briefly introduce the
most generic energy storage systems. An energy storage system consists of a set
of devices and equipment that, coordinated according to a management-control
logic, absorbs and releases electrical energy. Electrical Energy Storage (EES)
refers then to a process of converting electrical energy from a power network
into a form that can be stored for converting back to electrical energy when
needed [69]. Storage technologies for electricity then be classified by the form
of storage [70]:

e Electrical energy storage: (i) Electrostatic energy storage including capac-
itors and supercapacitors; (ii) Magnetic/current energy storage including
SMES.

e Mechanical energy storage: (i) Kinetic energy storage (flywheels); (ii)
Potential energy storage (PHS and CAES).

e Chemical energy storage: (i) Electrochemical energy storage (conventional
batteries such as lead-acid, nickel metal hydride, lithium ion and flow-cell
batteries such as zinc bromine and vanadium redox and unconventional
one such as metal-air betteries); (ii) thermochemical energy storage (solar
hydrogen, solar metal, solar ammonia and solar methane dissociation-
recombination).

e Thermal energy storage: (i) Low temperature energy storage (Aquifer-
ous cold energy storage, cryogenic energy storage); (ii) High temperature
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energy storage (sensible heat systems such as steam or hot water accumu-
lators, graphite, hot rocks and concrete, latent heat systems such as phase
change materials).

EES is characterized by energy and power density, energy efficiency in charge
and discharge, self-discharge, charging and discharging times, behavior in differ-
ent conditions of state of charge, life time (Table 1.1). In addition, depending
on the application, the type and consequently the materials used, the costs to
be incurred, the time of realization and eventual disposal / recycling is chosen
appropriately .

Storage Power Efficiency Life Time Total Capital
System (MW) (%) Time (y) Cost (USD/
EW)
CAES 15-400 54/76/88 35 600-750
PHS 250-1k 87 30 2700-3300
Li-ion 5 90 (CC) 15 4000-5000
Lead Acid 3-20 75-80(CC) 4-8 1700-2500
70-75(CA)
NaS 35 80-85(CC) 15 1850-2150
VRB Flow Cell 4 75-80(CC) 10 7000-8200
63-68(CA)
ZnBr Flow Cell 0.04/0.1-2  75-80(CC) 20 5100-5600
60-70(CA)
High Power Flywheels  0,75-1,6 93 20 3700-4300
ZEBRA < 10 80-85(CC) 1500 (cyc.) 1500-2000
Fe/Cr flow Battery <10 50-65 20 200-2500
Zn/Air 0.02-10 40-60 hundreds cyc. 3000-5000
SMES 1-3 90 > 30,000 380-490
Supercapacitors 10 90 500K cyc. 1500-2500

Table 1.1: Different storage systems for power grid applications comparison
(Source: IEA, International Energy Agency).

Below, a brief description of the mentioned energy storage technologies [71].
Pumping Hydroelectric plant (PHS): technology suitable for daily, seasonal

and grid support storage, in each plant there are two basins located at different
altitudes: the water transferred from one basin to another allows the storage
or release of energy. In the discharge mode, the water is conveyed from the
upper basin to the turbines, generating electricity. In charging mode, the same
turbines pump water upwards. For the application of this technology, morpho-
logically suitable locations are required; moreover, the energy storage capacity
of these plants can vary from 100 MW (small-scale plants) to 3,000 MW.

FlyWeels: suitable for short-term storage of a high amount of energy and are
ideal for network services that require very fast response times, the flywheels
have an electric motor that turns a rotor up to 100000 rpm. This technology is
not suitable for medium-long term storage due to the rapid performance degra-
dation (-15% of the stored energy after about 1 hour).

Compressed-air energy storage (CAES): used sometimes open seasonal stor-
age both as a support to the electricity grid, these plants use underground caves
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for the storage of compressed air. In charging mode, the air is compressed and
can be stored underground at high pressure for several months. Once released,
the air expands into a turbine to regenerate electricity.

Liquid Air (LAES): liquid air energy storage is an economical form of stor-
age, as plants are built using standard industrial components. There are only
a few plants on a normal scale. Air is cooled until it liquefies, after which it is
stored in an insulated tank. To reverse the process and generate electricity, the
air is expanded so that it drives a turbine. Its low efficiency, less than 50 %,
compared to 75 / 90 % of batteries, limits its use.

Thermal Storage: electric water heaters for domestic use can be used as
a storage device: the heat can be stored in an insulated water tank, offering
homes the possibility to store energy for a few hours. Cold storage is also pos-
sible, through the use of chilled water or ice. Alternatively, for solid-state heat
storage, radiators filled with bricks heated with cheap electricity are used. The
heat is then released as required. Storage in wells uses heat pumps connected to
a borehole for underground heat storage for a seasonal or large scale duration.

Molten Salt Storage: In this form of thermal storage, electricity or solar
energy is used to heat a container filled with molten salt. This storage medium
reaches a temperature hot enough to generate steam; at this point, steam tur-
bines can be used to generate electricity from the stored heat. Combined with
concentrated solar energy, this system allows daily storage of electricity from
photovoltaic solar energy. The molten salt storage currently accounts for 75 %
of the world’s thermal storage capacity.

The electricity storage systems until used in a vehicle are briefly described below.

Supercapacitors: a form of short-term energy storage that absorbs and re-
leases large amounts of electricity very quickly. A supercapacitor consists of two
layers of conductive material separated by an insulating layer. The electricity
is accumulated by generating an electrical charge between the two conductive
layers.They require minimal maintenance and are installed to provide network
services as well as components of braking and acceleration devices. They are
characterized by extremely long cycle-life; on the other hand, this technology
shows much lower energy density than batteries.

Superconducting magnetic energy storage (SMES) is a technology through
which it is possible to store energy in the magnetic field created by a direct
current flowing in a superconducting coil when cryogenically cooled. Power can
be available immediately and a high power output can be provided for a short
period of time. Their high cost strongly limits any commercial application.

Batteries can store energy through electrochemical reactions. When the bat-
tery is charged, electrical energy is converted in chemical energy and when is
discharged, the chemical energy is converted back into electrical energy. There is
a wide range of technologies used in the fabrication of electrochemical accumula-
tors and their main assets are their energy and power densities and technological
maturity. Used both for portable devices and stationary use batteries have as
a sore point their duration, i.e. the number of charge-discharge cycles they can
withstand.

From an economic point of view the storage systems can allow to store energy
produced at low cost (or purchased at low price) at the time not needed, and
then deliver it to the need, avoiding to pay more at a later time for the purchase
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or production. Moreover they are expressly designed to cope with the ”intermit-
tent” nature of many renewable energies (solar, wind, marine, etc..)..Peak load
problems could be reduced, electrical stability could be improved, and power
quality disturbances could be eliminated. Indeed, the energy storage plays a
flexible and multifunctional role in the grid of electric power supply, by assuring
more efficient management of available power [69].

It is important to note that the charge/ discharge time (Figures 1.1) is par-
ticularly significant because it determines the applicability of an energy source
and a specific storage system.
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Figure 1.1: Discharge time vs. energy stored for various energy storage tech-
nologies. Reprinted with permission from [13].

1.2. BATTERIES

A Dbattery, or electrochemical cell, is a device able to directly converting
chemical energy into electrical energy. Together with super (or ultra) capaci-
tors, they are considered the most suitable systems for storing electricity and
powering modern systems. In fact from this point of view the technological
advancement (Figure 1.2) is oriented towards obtaining small and equally light
devices able to power everything that is "portable” and ”transportable” [13].
It is possible to compare battery systems from the state of the three main com-
ponents (Figure 1.3): the electrode A and the electrode B, i.e. the ”chemistry”,
and the electrolite. The electrodes usually are solid phases, but they also can be
liquid (catholyte and anolyte), as well as the electrolyte can be liquid, plastic,
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Figure 1.2: Various electrochemical systems in a plot of specific volumetric

energy against gravimetric volumetric. Reprinted and modified with permission
from [13].

or solid phase. This is crucial because certain interfaces are difficult to handle
[14]. Not all possible combinations are realized, because although they may be
interesting from the point of view of energy density, they may present difficulties
with respect to their realization, cost or ease of application. Electrochemical
cells are generally identified as ”primary”, i.e. not rechargeable, or ”secondary”,
i.e. rechargeable. The most common ones are reported in Table 1.2.

Aqueous Cell Nonaqueous Cell
Primary Battery =~ Manganese Dry cell Metallic Lithium battery
Alkaline Dry cell
Magnesium cell
Secondary Battery  Lead-acid battery
Ni-Cd battery Li-ion battery
Ni-MH battery

Table 1.2: Classification of Batteries [13]

Through particular architectures inside the battery, the flow of electrons pro-
duced by the internal oxidation-reduction reactions (redox) from one material
to another through an electric circuit, is conveyed and used to power electrical
loads. In the case of a rechargeable system, the battery is recharged by a rever-
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Electrolyte

Solid State Battenies

Figure 1.3: The three main components of electrochemical cells. Reprinted with
permission from [14].

sal of the process [72]. In this conversion the efficiency is high and far superior
to machines that convert thermal energy into mechanical energy through the
Carnot cycle: ICE vehicles lose their energy through friction on a moving part
and heat loss from total energy in fuel (Figurel.4).
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Figure 1.4: Typical energy flow of conventional internal combustion engine ve-
hicle. Reprinted with permission from [0].

While the term ”battery” is often used, the basic electrochemical unit being
referred to is the "cell”. A battery, consists of one or more of these cells,
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connected in series or parallel, or both, depending on the desired output voltage
and capacity.
The cell consists of three major components:

1. The anode (the reducing electrode) which gives up electrons to the external
circuit and is oxidized during the spontaneous electrochemical reaction. It
is selected with the following properties in mind: efficiency as a reducing
agent, high coulombic output (Ah/ g), good conductivity, stability, ease
of fabrication, and low cost. Practically, metals are mainly used as the
anode material.

2. The cathode or positive electrode (the oxidizing electrode) which accepts
electrons from the external circuit and is reduced during the spontaneous
electrochemical reaction. It must have efficiency as oxidizing agent, be
stable when in contact with the electrolyte, and have a useful working
voltage. Most of the common cathode materials are transition metal ox-
ides.

3. The electrolyte (the ionic conductor) which provides the medium for trans-
fer of charge, as ions, inside the cell between the anode and cathode. The
electrolyte is typically a liquid, such as water or other solvents, with dis-
solved salts, acids, or alkalis to impart ionic conductivity. Some batteries
use solid electrolytes, which are ionic conductors at the operating temper-
ature of the cell.

The two solid electrodes could be completely immersed in the electrolyte or,
more often, are separated by a layer of electrically insulator material called
separator so as to avoid internal short circuits. The separator is soaked with
the electrolyte and in addition, to physically separating the electrode materi-
als, is permeable to the ions so as to maintain ion conductivity and good ion
balancing. The cell architecture can take different configurations and shapes:
prismatic, cylindrical, button-shaped, flat among the most common. Once as-
sembled the cell is sealed to prevent leakage and dryness. The type of active
materials used and their quantity, determines the maximum theoretical energy
that can be supplied by an electrochemical system: while the cell voltage is
given by the nature of the active electronic materials; their amount determines
the cell capacity (Ah). The presence of the electrolyte and other non-active but
necessary materials, which increase the weight and volume of the cell, decreases
the theoretical energy performance of the cell: in practice, the actual available
energy of a real cell is 25-35% of the theoretical one [72].

1.2.1. MAIN BATTERY TECHNOLOGIES

In recent years, various electrochemical storage systems have been developed
and applied for applications both in electric vehicles and for stationary systems
in electrical networks. Below, a brief description and the range of specific power
and specific energy for different battery technologies in Figure 1.5.

Lead acid battery: it is the most common and cheapest battery used by a
conventional ICE vehicle; with a low specific energy, typically between 20 and
40 Wh/kg [73]. The application of this battery is more preferable when weight
is least concern (a range of 200 km would necessitate about 150 kg of lithium-
ion batteries but more than 500 kg of lead acid cells [74]).Moreover,it is not an
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Figure 1.5: Specific energy and power of the main battery technologies.
Reprinted with permission from [6].

environment-friendly battery and being a mature and well known technology,
the feasibility for its improvement is low.

Nickel Metal Hydride battery (Ni-MH): recently used in hybrid vehicles and,
it is considered a mature technology, that has reached its best potential, both
in cost reduction and characteristics. Its energy density is between 60 and 80
Wh/kg [75] and it is considered as insufficient for the needs of BEVs. It is not
suitable to use in high charge/discharge rate like automobile application but it
performs well under rigorous working conditions.

Lithium batteries: there are different types of lithium batteries, which differ
from each other due to the different electronic and electrolytic materials used.
The common element is the charge carrier, i.e. the lithium ion, Lit. They are
generally divided into two main types:

e lithium metal batteries: having lithium metal to the anode, they can have
solid or liquid electrolyte; they have advantages from the point of view of
the high specific energy because lithium possesses both the highest elec-
trochemical potential and a low equivalent mass but, being the lithium
metal very reactive, they have had a difficult commercial diffusion re-
lated to safety aspects. The problem that is mostly found in this type
of accumulators is the formation of dendrites, or protuberances, due to
the inhomogeneity of the Li plating at the interphase lithium/electrolyte
(SEI), which can cause an internal short circuit [76]. This family includes
lithium metal polymer batteries: at present the only strategy pursued to
avoid dendrite problems. However, the volume variation of all solid com-
ponents of the cell would lead to the loss of contact at the interphase and
its deactivation.

e lithium ion batteries (Li-ion): this is one of the promising energy storage
devices due to its light weight, high specific energy, high specific power
and high energy density [77]. It has high efficiency and a long lifespan
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and its potential to improve is considered as very high [78]. In addition,
lithium batteries have no memory effect and do not have poisonous met-
als, such as lead, mercury or cadmium [6]. The main disadvantage is that
lithium ion batteries require high production cost. But as already high-
lighted, the trend towards decarbonisation and related policies have also
had an impact on the battery market: in fact, as we see in Figure 1.6,
volume-weighted lithium-ion battery pack prices have fallen 87% in the
last ten years and forecasts give a price around 60 dollars around 2030,
manufacturing capacity set to quadruple by 2025 (Figurel.7). This family
includes lithium ion-polymer batteries [76]: they can have the electrolyte
gelled in a polymeric matrix (for example PVDF) or consisting of a poly-
meric matrix, laminated in thicknesses of 30-50pum, and assembled at the
same time as the electrodes or before cell forming.
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Figure 1.6: Lithium-ion battery pack price (real 2019 % (USD/kWh)).
Reprinted with permission from [9].
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Figure 1.7: Lithium-cell manufacturing capacity forecast. Reprinted with per-
mission from [9].

Currently on the market there are three different cell structures: cylindrical,
prismatic and pouch (Figure 1.8)cells. The cylindrical cell remains one of the
most widely used packaging architectures for primary and secondary batteries,
given their ease of fabrication and good mechanical stability characterised by
the fact that their tubular body can withstand high internal pressures without
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deforming. Cylindrical cells, whose dimensions generally follow the commercial
standard 18650, have a volumetric energy density about 20% higher than their
prismatic and pouch counterparts: this is because are wound with a higher
tension. Introduced in the early 1990s, the prismatic cell satisfies the demand
for thinner sizes. Prismatic cells make optimal use of space by using the layered
approach. These cells are predominantly found in mobile phones, tablets and
low-profile laptops ranging from 800mAh to 4,000mAh. No universal format
exists and each manufacturer designs its own. The pouch cell makes more
efficient use of space and achieves 90-95% packing efficiency, the highest among
battery packs. Since its introduction in 1995, the pouch has improved several
aspects and offered new opportunities in the battery world: the elimination
of the metal casing reduces weight, but the cell needs support and space to
expand into the battery compartment. Pouch packs are used in consumer,
military and automotive applications. There are no standardised pouch cells;
each manufacturer designs its own. Where the application has high requirements
in terms of the volume occupied by the batteries, prismatic and pouch cells can
be preferred in favor of cylindrical cells [15], although this is not always the
case: Tesla Motors(© is emblematic in this respect, having chosen cylindrical
cells over pouch cells or prismatic cells (BMW(©i3) from the outset, focusing
on greater energy density and retaining the advantage of being able to support
a greater number of recharges, thus extending their life.
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Figure 1.8: Three representative commercial cell structures: (a) Cylindrical-type
cell. (b) Prismatic-type cell. (c) Pouch-type cell. Reprinted with permission
from [15].

1.2.2. BATTERY PACKS

Based on the requirements of cost, energy, power, weight and volume of the

vehicles, the most suitable chemistry can be chosen for the cells that will power
it. Lithium-ion technology is well suited to meet these requirements compared
to older lead and nickel-metal hydride chemistry due to its higher specific energy.
It is worthwhile to briefly well on the assembly of the cells in the battery pack,
describing its main features.
The assembly of the cells forms the module; the assembly of the modules forms
the battery pack (Figure 1.9). This seemingly simple sequence actually requires
a good engineering, as several mechanical, electrical and thermal requirements
must be met.

From the mechanical point of view, the battery packs, which are the result
of module assembly and often contain electrical and thermal control hardware
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Figure 1.9: Rechargeable lithium ion battery cell, cell frame, module and larger
system. Reprinted with permission from [16].

and software, must be integrated into the existing structure of the vehicle, so as
to be safe in normal use of the vehicle, i.e. with respect to vibrations and in the
case of random accidents such as road accidents. Depending on the model of
the vehicle there are different strategies for the positioning of the battery pack
(Figure 1.10) [17] : typically a favorable area in this regard, taking advantage
of the structural parts already present in the chassis, is between the semi-axles
of the vehicle and inside the part of the chassis called ”"rocker panels”; after
all, it is possible to choose other areas, but considering the need for structural
reinforcements that add weight, volume and costs. The battery pack container
is one of the most critical components in the design of electric propulsion: in
fact, it must meet many requirements including being water and dust tight. In
addition, depending on the chemistry of the batteries it contains must provide
a safety valve that intervenes in case of strong overpressure inside the battery
pack due to malfunctioning.

The sealing issue will be discussed in more detail in paragraph .

Equally precise are the electrical requirements, which allow the battery pack,
through appropriate control electronics, to remain in normal operating condi-
tions when it delivers the power needed to propel the vehicle. Through a series of
contactors, the battery pack is self-connected to the vehicle as soon as it changes
from off to running condition. In addition, the battery pack is equipped with
manual service switches to exclude, for example, a module for any maintenance
operations (Manual Service Manual Disconnections, DMSs). For added safety,
battery packs often contain high-voltage interlock circuits (HVIL) which, in the
event of a breakage, signal to the vehicle a possible loss of insulation. The volt-
ages and currents of the pack/module/cell are measured and controlled by the
battery pack management system (BMS): according to the strategies and algo-
rithms implemented within it, which we will talk more specifically in the specific
paragraph , the BMS imposes the limits of voltage/current and energy/power on
the battery pack. It also communicates with other vehicle control systems the
status of the battery pack contactors, HVIL, MSD, and provides temperature
information. It also manages the charging interface and the internal charger in
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Figure 1.10: Examples of current (H)EVs and their batteries. (OEM: original
equipment manufacturer, EREV: extended-range electric vehicle). Reprinted
with permission from [17].

those vehicles where it is possible to charge the pack from outside. As far as
the thermal requirements are concerned, each battery pack must have a ther-
mal management system designed to keep the temperatures of the cells within a
normal operating range and provide for uniform temperatures across the entire
battery pack. Having a uniform temperature of all cells in the pack minimizes
the risk of cell voltage variation due to internal resistance variation. Moreover,
since self-discharge is highly temperature-dependent, it allows to have a uniform
charge level on all cells. The ideal temperature range is generally determined
according to the type of cells that make up the pack; in practice, the battery
pack tends to work in a range between 10 °C' and 40 °C', in which the best com-
promise between available energy and delivered power is obtained. Regardless
of the various levels of complexity, the cooling systems that serve the battery
packs fall into three categories: passive air, active air or liquid cooling [79]. Pas-
sive air cooling, i.e. natural convection cooling, involves the entry of air from
outside or from the passenger compartment to the battery pack. The simplicity
and low cost, makes this system suitable to be used in the most common electric
commercial vehicles. This system has the advantage that it does not need any
openings or channels in the battery pack, so it does not affect the level of sealing
of the pack itself. Sometimes, however, it is not able to dissipate all the heat
necessary to bring the pack back into the desired temperature range: therefore,
forced air cooling systems are adopted. Depending on the vehicle model, you
can find systems that use the car’s air conditioning system,or , systems that
have an air conditioning system dedicated to the battery pack. Due to the ad-
ditional weight, volume and cost of a dedicated air conditioning system and air
ducts, the active air approach is much less common than the passive approach.
Liquid cooling is undoubtedly the most effective from the point of view of heat
dissipation from the battery pack: it uses a heat exchanger that through a cool-
ing circuit in which a mixture of water and ethylene glycol flows (50 / 50 %),
removes excess heat from the cells. Unfortunately, although it is advantageous
also from the point of view of the occupied volume, it is more expensive, heavier
and more complex than the air one; consequently it is used where there is the
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actual need for a higher degree of thermal control. [7].

1.2.3. LI-ION BATTERIES: THE ROCKING-CHAIR BATTERY

Li-ion batteries, as one of the most advanced rechargeable batteries, have
been attracting much attention in the past few decades. They are currently
the dominant mobile power sources for portable electronic devices, exclusively
used in cell phones and laptop computers. Li-ion batteries are considered the
powerhouse for the personal digital electronic revolution starting from about
two decades ago, roughly at the same time when Li-ion batteries were commer-
cialized [19].

The history of lithium-based chemistry starts far back: after lithium discov-
ery by Berzelius and Arfwedson in 1817 and its isolation by Brande and Davy in
1821, research on lithium-based batteries materialized in 1912 when G.N. Lewis
began to explore its electrochemical properties: it soon emerged that, given its
excellent physical properties such as its low density (0.534 gem™3), high specific
capacity (3860 mAhg~!), and low redox potential (-3.04 Vvs.SHE), lithium
could be an excellent candidate for the electrochemical cell anode [30]. Since the
late 1960s nonaqueous lithium cells, especially the 3-V primary systems, have
been developed. In early 1958, Harris examined the solubility of lithium in vari-
ous non-aqueous (aprotic) electrolytes, molten salts, and inorganic lithium salt.
He observed the formation of a passivation layer that was capable of preventing a
direct chemical reaction between lithium and the electrolyte while still allowing
for ionic transport across it, which led to studies on the stability of lithium-ion
batteries. These studies also increased interest in the commercialization of pri-
mary lithium-ion batteries [80], such as lithium-manganese oxide (Li//MnOs)
cells commercialized by Sanyo in 1975 and lithium-iodine (Li//(P2VP)I,) cells
that has been used to power more than four million cardiac pacemakers since its
introduction in 1972. During this time the lithium-iodine system has established
a record of reliability and performance unsurpassed by any other electrochem-
ical power source [13]. However, an aqueous electrolyte limits the voltage of
the cell and, therefore, the density of electric power a battery can deliver [31].
Simultaneously, advances in the understanding of the intercalation of lithium in
different materials gave birth to rechargeable (secondary) lithium-ion batteries.
Indeed in the early 1970s, research was rekindled in the area of the intercalation
reactions of an ion, atom, or molecule into a crystal lattice of a host material
without destroying the crystal structure: Armand suggested to use two different
intercalation compounds as a positive and negative electrode, the lithium ions
being transferred from one side to the other during the charge / discharge pro-
cess in the so called rocking-chair battery [13, 82]. The first rechargeable Li-ion
batteries with cathode of layered TiS, and anode of metallic Li was reported
by Whittingham while working at Exxon in 1976. Exxon subsequently tried to
commercialize the Li-ion batteries, but was not successful due to the problems
of Li dendrite formation and short circuit upon extensive cycling. Dendritic
growth brught to short circuits with the related safety concerns [83, 84]. To
overcome these safety problems two solutions were proposed: on the one hand
a solid electrolyte was proposed, instead of the liquid one, less reactive with
lithium and more resistant to dendritic growth; this solution brought recharge-
able lithium metal batteries in solid state [85]. On the other hand, an attempt
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was made to replace the lithium anode with another material capable of receiv-
ing lithium ions reversibly, thus paving the way for batteries called lithium-ion
batteries. In 1976, Besenhard proposed to reversibly intercalate Lit ions into
graphite and oxides as anodes and cathodes, respectively [19]. The year of the
turning point was 1980, when Scrosati and Lazzari demonstrated the concept
of lithium ions rocking between the two electrodes [86]. In the same year for
the first time is demonstrated the possibility to design Li-ion batteries with
specific energy even four times higher than lead batteries, which at that time
were the most common ones: a cobalt oxide is able to accumulate charge in
a reversible way and exchange lithium ions at the same time; so it is possible
to think about the two electrodes of the battery that accumulate energy by
exchanging lithium ions in one direction and then release energy by exchang-
ing lithium ions in the opposite direction. Hence the concept of ”rocking-chair
battery”, i.e. with lithium ions passing from one electrode to the other [37] has
consolidated. This type of battery can also have the electrode materials close
to each other and separated by a thin polymer membrane. This arrangement
makes it possible to bend and overlap many layers of these materials in order to
confine a large amount of energy in a small space. Interestingly, layered LiCoO4
did not attract much attention initially. However, this concept has gained re-
newed attention following the success of Japanese industries that with Sony
(1985) and Sanyo (1988) started to apply new electrodes materials following the
fundamental researches of Goodenough in Oxford and of Armand and Touzain
in Grenoble, who evidenced the fast motion of lithium ions in layered host struc-
tures (named as lithium intercalation compounds). This battery design enabled
the large-scale manufacturing of Li-ion batteries in the early 1990s [13]. Thanks
to the discovery of carbonaceous intercalation materials for negative electrodes,
in 1991 Sony put on the market the first “modern” lithium ion batteries: these
materials solved the problems of low rechargeability of lithium metals due to
the formation of dendrites and mossy lithium metal deposits [38]. It also greatly
increased the safety aspects of the high-energy battery system [39].

Reversibly intercalating ions into host materials for electrochemical energy
storage is the essence of the working principle of rocking-chair type batteries.
The most relevant example is the graphite anode for rechargeable Li-ion batter-
ies which has been commercialized in 1991 and still represents the benchmark
anode in Li-ion batteries 30 years later [90]. The typical lithium-ion battery
(LIB) configuration is as shown in Figure 1.11:

e a graphite anode with a stratified structure in which Lithium ions can
intercalate, thus preventing dendritic growth.

e a lithium metal oxide cathode, in the typical LiMOs form with M a generic
metal, e.g. LiCoOs.

e a polymeric separator

e a liquid electrolyte composed of a lithium salt typically dissolved in a
mixture of organic solvents

The negative electrode is a graphitic carbon that holds Li in its layers,
whereas the positive electrode is a Li-intercalation compound (usually an oxide
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Figure 1.11: Schematic of a LIB. Reprinted with permission from [18].

because of its higher potential) that often is characterized by a layered struc-
ture. Both electrodes are able to reversibly insert and remove Li ions from
their respective structures. In the first state, i.e. when the cell is completely
discharged [note: the commercial cells are typically assembled in discharged
state. The discharged cathode materials (e.g., LiC0O4, LiFePQO,4) and anode
materials (e.g., carbon) are stable in atmosphere and can be easily handled in
industrial practices|, the lithium ions are found in the positive electrode mate-
rial (cathode,layered oxide compound in Figure 1.11 ). In addition, lithium ions
are present in the electrolyte. In the first moments of the charging phase, elec-
trons present in the cathode migrate to the anode (negative electrode) through
an external conductor; the cathode oxidizes and the anode reduces. To ensure
charge balance, lithium ions leave the cathode, migrate through the electrolyte
and intercalate in the anode (graphite layers in Figure 1.11). In this first cy-
cle,part of the charge is consumed and the following deintercalation of Lit does
not recover the full charge, but only about 80-95%.The charge consumed in
the first cycle is due to solid electrolyte interphase (SEI) formation at the elec-
trolyte/cathode and anode/electrolyte interfaces, and to reactions like LiyCg
[91]. This thin layer, insulating for electrons but very conductive for lithium
ions, stops further decomposition of the electrolyte allowing lithium ions to in-
tercalate. It is generally made up of a mixture of compounds (mainly lithium
compounds) which clearly depend on the components used in the electrolyte,
temperature and voltage [92]. That interface is very complex with a structure
generally in layers parallel to the electrodes, not homogeneous, which can lead
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to an uneven distribution of the lithium ion flow and therefore to the forma-
tion of a gradient of current density. For this reason,electrolyte additives have
been studied, which form a homogeneous solid interphase, with optimal ionic
conductivity and flexible to absorb volume variations of the intercalation elec-
trodes [93]. After the formation of the SEI, the de-intercalation of lithium ions
to the cathode and the intercalation of lithium ions to the anode continues. The
described process is reversed during cell discharge, i.e. the lithium ions leave
the anode and return to the cathode through the electrolyte. The intercala-
tion compounds are often thermodynamically unstable in organic electrolytes.
Therefore, passivation films like SEI protect their surfaces, which exposed to
the electrolyte, and guarantees the reversibility of the cell cycles. This charge
loss is irreversible and leads to a cell capacity reduction. The cycleability of
lithium-ion systems mainly depends on the dimensional stability of the inter-
calation materials during insertion/de-insertion of Li* ion. Indeed, mechanical
stress occurring during charge/discharge cycles can crack the electrodes, lead-
ing to contact losses between active material and possible oxidation/reduction
phenomena on current collectors [91]. We report as an example the complete re-
action that takes place in a cell, considering the graphite anode and the cathode
of LiCoOs:

6C + LZCOOQ — LZxOG + L’Ll — ICOOQ

As these equations show, during the charge process, lithium is inserted into
the graphite. Using LiC'0oO5, reaction reversibility is obtained only with a value
of x lower than 0.5, thus keeping the degree of lithium insertion no lower than
0.5 because the stability domain of lithiated cobalt oxide Li(1 — x)CoO, lies
between x = 0 and 0.5. If more than half of the Li ions is extracted from the
cathode, a permanent structural modification occurs, blocking ion intercalation
in the material and following oxygen release. Oxygen can react with the elec-
trolytic organic solvents with important risks of fire and explosion. Thus, the
charge voltage in a Li(1 — x)CoOs cell has to be limited to 4.2V in order to
keep the threshold value of 0.5 [94].

As already mentioned, the components of the electrochemical cell are the elec-
trodes (anode and cathode), the separator and the electrolyte: the latter is
usually in the liquid state and impregnates the separator. Electrodes are ”com-
posite” materials. Graphite anodes are composed of the active material (about
90%) and a polymeric binder such as polyvinylidene fluoride (PVdF) (less than
10%) and carbon black. The cathodes are composed of the active material
(about 85%), a polymeric binder (less than 10%) and a small quantity of car-
bon black as conductive carbonaceous additive [25]. The main features of the
individual Li-ion cell components are briefly listed below.

Electrolyte: usually is composed of one or more polar organic solvents in which
one or more lithium salts such as LiPFg, LiAlCly, LiAsFg, etc. are dissolved.
It has been noted that the conductivity of lithium ions, under the same con-
ditions, cell configuration, salt used, is always considerably higher using pairs
of solvents (usually one with high dielectric constant and the other with low
viscosity) compared to the use of single solvents. The solvent must be polar to
dissolve lithium salt and must be stable (not decompose) over the entire range
of voltage and current used: it generally belongs to one of three families of or-
ganic products, such as alkyl carbonates, esters and ethers [25]. Commonly used
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solvents are Ethylene Carbonate (EC), Propylene Carbonate (PC), DiMethyl
Carbonate (DMC). Several lithium salts can be used in the lithium-ion cell:
Lithium hexafluoro phosphate, (LiPFg), it is the most used salt because of
its high ionic conductivity and electrochemical stability with EC. But it must
be treated in an extremely controlled environment because it could easily de-
compose, reacting with water, forming hydrofluoric acid,extremely corrosive. It
is also very sensitive to temperature. The choice of solvent and salt should be
weighted according to the type of electrode, temperature and stability of the two
electrodes in the voltage range in which the cell should work. In the electrolyte
there are various types of additives, each having a specific function: from those
that promote the formation of SEI, to those that stabilize the salt avoiding its
decomposition; others that in case of excessive temperature increase polymerize
blocking the ionic conductivity and acting as intrinsic safety. There are also
additives that prevent the corrosion of the carriers and the precipitation of the
lithium ion [13].

Anode: is generally composed of graphite or carbon or, more rarely, another
insertion material or lithium metal alloys. These compounds all have the char-
acteristic of being able to accept (insert) lithium ions within their structure.
Usually graphite is used because of its low cost, high capacity to intercalate
lithium ions up to a maximum ratio of 1 Li™ per 6 carbon atoms and potential
close to those of lithium metal. Its theoretical specific capacity is 372 mAh/g,
much lower than Lithium metal, but graphite is much more stable for safety
issue and its potential is higher than that of Lithium only of about 100 mV.
Lit ions intercalate between graphene plates, slightly deforming the layer struc-
ture. Volume changes during cycles are about 10-15 %. For Li-alloy anodes, the
volume variation between the lithium alloy and the corresponding lithium-free
matrix metal could reach 300% as in the case of Sn or Si. After few cycles,
the alloy becomes fragile, strongly limiting cycle life. A ”zero strain” material
is LisTi5012 (LTO), which displays very small volume changes during cycles.
Moreover, lithium insertion potential is about 1.55 V (vs.Li/Li") and this fea-
ture prevents Li plating on the anode surface leading to dendritic growth, even
at high currents. Finally, LTO displays very fast charge acceptance and excel-
lent cycle performances. However, it displays low voltage when coupled with
cathodes such as LiMO,, i.e. 2.5V, strongly limiting the energy density of the
cell [33].

Cathode: generally as cathodic materials transition metal oxides and sul-
fides suitably lithified, having a lamellar structure, are used, as for example
Li(l — x)MO; (where M is one or more metals such as Co, Ni, etc.) or
Li(1 — x)MnyOy or lithiated iron phosphates Li(l — x)FePO4[95]. Lithium
ions can be inserted /de-inserted in the host structure over a wide range of po-
tentials (3-5 V) [76]. Many cathodic lithium-ion materials have been synthesized
(Table 1.3).

Among the best known:

e [iC005: is the most used cathodic material so far for its stability and
high capacity. It has not a very high thermal stability and besides being a
toxic and expensive material, geographic and ethic concerns about mining
are the driving force to limit its use in the next generation of batteries.

e LiFePQO4:with three-dimensional structure, has a potential lower than the
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Material Theoretical Theoretical Average Cost
Gravimetric Gravimetric Practical
Capacity Capacity Gravimetric
based on Capacity
degree of insertion
(mAh/ g) (mAh/ g) (mAh/ g)
LiCoO5 274 137 120 high
LiNiOy 275 275 220 medium
LiMnoOy 148 148 120 low
LZCOOQN’L()gOQ 274 247 180 medium
LiFePOy 170 170 150 low

Table 1.3: Cathodic materials for lithium-ion batteries. [33]

above mentioned materials but it is interesting because of the low cost,
non-toxicity, long cyclic life and good resistance to high temperatures.

Separator: he has two essential functions, i.e. prevention of short-circuit
between electrodes and ionic conduction throughout its porous structure. The
choice of the separator is generally made according to the composition of the
materials used, the solvents present in the cell, the estimated operating tem-
perature and its mechanical characteristics. Among the characteristics of this
membrane, the porosity has a primary role, for the passage of lithium ions. Usu-
ally, these membranes are constituted microporous films of polyethylene (PE)
or polypropylene (PP) or a combination of these.

Current collectors: the role of current collectors (usually about 10 ?m thick)
is to conduct electrons from the active materials to the electrode terminals and
then to the external circuit. Aluminum foil is typically used for the cathode,
while copper foil for the anode .

1.3. FUTURE SCENARIOS FOR BATTERIES

To meet the future needs of our society, a huge improvement in the perfor-
mance of batteries is a key factor. In many cases, and certainly for e-mobility
batteries, this means simultaneously fulfilling a number of criteria, such as high
power and high-energy density, long autonomy, long life, low cost and excellent
safety, while also minimising their negative environmental impact, for example,
by ensuring that they are easy to re-use and recycle and based upon abundant
and sustainable resources. At present, no battery ticks all these boxes [96].
Therefore, active research is continuing in all aspects of batteries, from anode,
cathode, separator, electrolyte, safety, thermal control, packaging, to cell con-
struction and battery management. The electrode materials selected are critical
to the performances of Li-ion batteries, as they generally determine cell voltage,
capacity, and cyclability [19]. There are a number of potential alternative elec-
trode materials (Figure 1.12): a large number of anode candidates that could
dramatically increase the specific capacities, in particularly, with highly attrac-
tive Si— and Sn— based anodes; also, since the capacity of the cell is mainly
influenced by the capacity of cathode, development efforts have long focused on
these materials.
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Figure 1.12: Voltage versus capacity for positive and negative electrode mate-
rials presently used or under considerations for the next generation of Li-ion
batteries. Reprinted with permission from [19].

This issue should be creatively addressed, most likely by nanotechnology and
nanocomposites. The future low-cost cathode materials could be Mn— and /
or Fe—based: in addition Ni— Co— Mn—based cathodes are highly attractive,
especially from industrial prospective but in the next future cathode materials
should try to avoid the use of either Co or Ni, or other toxic elements, from envi-
ronmental perspectives [19]. The safety concern,which will be briefly described
in the following paragraph, is another challenge that needs to be properly ad-
dressed. Additionally, future batteries research start with life cycle assessment
(LCA) to evaluate whether the batteries are truly green or not: in this regard,
the issue of lithium supply and recycling (less than 1% of lithium is currently
recycled [77]) for mass production of Li-ion cells is undoubtedly of primary in-
terest. [17]. There are still several types of new generation lithium-ion cells
whose environmental impact is unknown (impact in terms of production that
could lead to large volumes of waste and contaminated places where agricul-
tural production will not be possible and where air quality is poor, to use and
to disposal) [97].Then, it is still challenging to develop electrode materials with
low carbon footprint, or the so-called ”green batteries” [938]. The trend (Figure
1.13) is to arrive at new generation batteries that are smaller and smaller but
perform better than the state of the art.

Among the most promising reliables technologies of the future are Li — S
cells (Figure 1.15) and Li — O cells (Figure 1.14).

With a theoretical energy density even five times higher than that of Li-ion
cells, close to that of fossil fuels [99], the Li-air cell uses Li as the anode and
a cathode consisting of a porous conductive composite, usually carbon and a
catalyst, that is flooded with electrolyte. Oxygen from the atmosphere dissolves
in the electrolyte and is reduced. On discharge, Li ions pass through the elec-
trolyte and react with the reduced oxygen. The process is reversed on charging.
Either aqueous or nonaqueous electrolytes could be used. For the former, a
Li-ion conducting solid electrolyte separates the metallic Li from the aqueous
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electrolyte [21].

The rechargeable Li—.S cell operates by reduction of S at the cathode on dis-
charge: during the reaction, lithium metal is oxidized at the negative electrode
to produce lithium ions and electrons. The lithium ions produced move to the



1.4. EUROPEAN CONTEXT FOR BATTERIES 21

discharge charge

e e

Sulfur particle

° L]
«.® Carbonadditive
L]

2 Polymer binder

Figure 1.15: Schematic diagram of a Li — .S cell. Reprinted with permission
from [22].

positive electrode where sulfur is reduced to produce lithium polysulfides and fi-
nally lithium sulfide by accepting the lithium ions and electrons. The backward
reactions will occur during charge. Such cells have many attractive features, in-
cluding: the natural abundance and low cost of S; and high theoretical energy
storage [100].

However, despite recent scientific progress, the promise of a device with
greater energy storage and a longer life cycle than lithium-ion cells has not yet
materialised. And it may not materialise for the next ten years.

1.4. EUROPEAN CONTEXT FOR BATTERIES

Driven by the current transition to clean energy, demand for batteries will

increase rapidly in the coming years, making this market increasingly strate-
gic worldwide. As can be seen in the Figure 1.16, the gravity centre of cell
production capacity is in Asia, particularly in China.
In this context, the European Union has strategically proposed a plan of actions
with the aim of becoming a world leader in the production of eco-sustainable
batteries: the consequences of these actions affect politics, the economy and the
environment. Mainly, the EU aims at energy independence and to become a
major player in the EV automotive sector [101]. In support of this ambitious
goal, the European Commission launched the European Battery Alliance (EBA)
cooperation platform [102] in October 2017 and endorsed a Strategic Action
Plan on Batteries in May 2018 as part of sustainable mobility initiatives. The
Action Plan [103] aims to put Europe on a firm path towards leadership in this
key industry, supporting jobs and growth in a circular economy, whilst ensuring
clean mobility and an improved environment and quality of life for EU citizens.
As part of a ”circular economy”, sustainability is promoted along the entire
battery value chain, from materials, design, use and recycling and disposal.
The clear negative impact on the environment of incorrect disposal of batteries,
whether in landfills or even worse in incinerators, leads the EU to address this
problem by issuing a Battery Directive [104]:

e encourages the study and adoption of new chemistry for the composition of
batteries, so as to minimise the use of hazardous or poisonous substances.
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Figure 1.16: Flow of LIB cells between major trading partners (dark shades
represent exports, lighter shades represent imports). Reprinted with permission
from [23].

e establishes a regulatory framework with which it guarantees the correct
management of batteries at the end of their life, encouraging their recy-
cling

In the more general context of the European Strategic Energy Technology
Plan [105], the EU has included a specific action on batteries, underlining the
key role it intends to give to this technology. This plan is dedicated to pro-
moting the competitiveness of EU industry in the global battery sector as a
contribution to the development and deployment of low carbon technologies.
This is achieved by coordinating national research efforts and contributing to
project funding. Considered as fundamental, in electric mobility and in energy
transition in general, batteries play a key role in global and particularly Eu-
ropean investment initiatives. From a practical point of view, the European
Union, in response to the Asian overwhelming power over electromobility and
batteries, has established a well-structured and organised network with very
specific objectives (Figure 1.17).

To address the issue synergistically, the network created embraces all levels
of technology (TRL, Technology Readiness Level): therefore starting from the
highest, European Battery Alliance (EBA) launched in October 2017, gathers
the European Commission, interested EU countries, the European Investment
Bank, key industrial stakeholders and innovation actors with the objective to
create a competitive manufacturing value chain in Europe, promoting industrial
projects with sustainable battery cells at its core [106]. Therefore, for lower level
TRL, we find Batteries Europe the European technology and innovation plat-
form of the European Battery Alliance (EBA), lauched in 2019: this platform,
jointly managed the European Commission and stakeholders in the battery in-
dustry, has the operational aim of accelerating and organising the creation of
a globally competitive European battery industry, guiding the implementation
of the battery related research and innovation actions of the Strategic Energy
Technology (SET) Plan and the Strategic Transport Research and Innovation
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Agenda [107]. The Strategic Energy Technology Plan (SET-Plan) is a central
pillar of EU energy and climate policy. With its ten key actions, one of which is
dedicated to batteries, it sets out the strategy for pursuing the objectives out-
lined by the European Community. As far as batteries are concerned, several
research and innovation activities have been planned with the aim of making
the battery value chain in Europe more competitive. At the same time, some
Member States are collaborating on important projects of common European
interest (IPCEI) on battery research and innovation [108].
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Figure 1.18: LIB cell chemistries generations. Reprinted with permission from

[23].

In terms of basic research, Battery 2030 is the long-term programme (10
years) by which the European Union aims to close the technology gap with
Asian manufacturers on the batteries of the future (Figure 1.18) by developing
new battery that can store more energy, have a longer life and are safer and
more environmentally friendly than today’s batteries. The programme, coordi-
nated by the Swedish University of Uppsala, is divided into three macro areas:
the first, aimed at developing a platform that uses algorithms and AI to help
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model the complex reactions present in a battery; the second concerns sensors
that, integrated in the cell, examine the state of health of the battery and saw
malfunctions in real time; the third, finally, focuses on the search for self-healing
materials able of extending the life and reliability of batteries [109]. Recycla-
bility, Producibility, Sustainability: these are the key words to build the future
vanguard of energy storage systems in Europe.
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2.1. LI1-ION BATTERIES SAFETY ISSUES

Lithium ion batteries have a high energy density: this feature, which leads to
weight and volume savings (approx. 70%) in transport vehicle applications com-
pared to lead-acid or Ni-MH batteries, makes lithium-ion cells very attractive
[13]. Secondary elctrochemical cell are rarely used individually (Figure 2.1): in
fact, with the exception of mobile phones and small consumer electronics devices
powered at 3.7 V they are usually connected (in series and\or parallel) to ob-
tain the supply voltages requested by the application in which they are used i.e.
electric vehicle or stationary system. An assembly of individual cells in the same
container is called module. Usually for each module there are some sensors, for
example temperature, voltage and current sensors, a load/discharge balancing
system of the cells and a thermal management system of the module itself that
through a cooling system keeps the set of cells within ideal temperature limits.
A set of modules, connected to each other in series and/or in parallel, makes
up the battery pack: inside it there is a management system called Battery
Management System (BMS) which electronically monitors, through different
management strategies, the correct functioning of the battery pack and inter-
venes in case of malfunction. Moreover, the BMS interfaces the battery pack
with the external apparatus in which it is mounted, for example the electric ve-
hicle [25]. To summarize, a cell (C) is an energy storage device composed of at
least one cathode and one anode, and other necessary electrochemical and struc-
tural components; a module (M) is the grouping of interconnected cells in series
and/or parallel into a single unit; a pack (P): is made of interconnected modules
including all auxiliary subsystems for mechanical support, thermal management
and electronic control [27].

The high energy density and high power achieved in industrial applications
has therefore brought the issue of battery safety to the forefront, sometimes
limiting its use on a large scale. There are in fact well-known episodes in which

25
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Figure 2.1: Progression from cell to module to pack. Reprinted with permission
from [25].

batteries, both large and small, have caused dangerous or even disastrous situa-
tions [110]. Therefore, safety is a fundamental aspect, which must be addressed
from the cell level to battery pack level. From a certain point of view, it is im-
portant to understand that batteries contain both oxidant agents (cathode), a
reducing agent (anode) and a fuel (solvent) in a sealed container. Under normal
operating conditions, the reductant and oxidant agents convert chemical energy
into electrical energy with minimal heat and negligible gas. In the event of a
malfunction or accident or short circuit they can react chemically generating
heat and gas. Unfortunately, once started, the chemical reaction will probably
proceed to completion due to the intimate contact of electrodes and the pres-
ence of flammable solvent. Failures at cell level can quickly degenerate into
much more serious failures at a module or pack level [111]. Since it cannot be
evaluated with a single parameter, safety must be a priority in every phase:
from the selection of electrode materials, to the design of cells/modules/packs,
to the design of electronic controls monitoring the operating parameters.

2.1.1. KEY FACTS OF SAFETY

The safety issues associated with LIBs may arise underl abuse conditions.
Abuse operating conditions may have different causes. Some environmental fac-
tors, for example, present in the application of the battery or battery pack,
including ambient temperature, (external) pressure or vibration conditions, can
lead to abuse conditions: in this regard it has been suggested that the temper-
ature of the battery should be kept below 50 °C for safe operation [112]. When
designing the battery packs, the natural vibration frequencies close to those of
the vehicle suspension system, the sprung mass, the powertrain (driveline and
gearbox) and the chassis must also be cut to avoid resonance phenomena po-
tentially harmful to the life cycle of the battery pack (i.e. all frequencies from 0
to 40 Hz) [113]. Moreover, situations involving the vehicle in an accident with
consequent deformation of the battery pack can produce risks in terms of safety
and reliability: episodes are known, especially in the initial phase of diffusion
of electric vehicles for passenger transport, in which manufacturers (Tesla, GM,
Boeing i.e) were forced to withdraw their products from the market [114]. It is
also reported that the causes of malfunctions can also arise in the production
process of cell, module and battery pack. The most important are chemical fac-
tors, such as impurities, and assembly procedures, i.e. material processing and
cell closures, either hermetic or crimp [115]. In addition to these, electrochem-
ical factors can be considered, which in the same way can trigger inefficient,
or even worse, dangerous situations: they range from a possible ”failure” of an
electrochemical cell component (electrodes, separator, current collector or elec-
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trolyte) to a higher level of malfunction involving the entire storage system, for
example in conditions of overload/discharge, dendritic growth, short circuits.
Schematically, therefore, the conditions of abuse can be summarized [116]:

e mechanical abuse (crush, nail penetration, drop, vibration etc.)

e clectrochemical abuse (overcharge, overdischarge, short circuits of full or
half charged batteries, gas generation etc.)

e thermal abuse (external heating, flame attack, hot combustion gases from
a fire etc.)

Regardless of the starting abuse condition, this could lead to the thermal
runaway (Figure 2.2). The thermal runaway (TR) at single cell level, both in
EV and stationary systems, would cause reactions to chains propagate to the
entire battery pack, resulting in a catastrophic effect. Therefore, it is vital to
understand the factors that can potentially lead to TR in the individual cells
and avoid that this phenomenum occurs [26].
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Figure 2.2: Three stages in battery thermal runaway. Ts=safe work temperature
(for battery); T.= temperature for people to escape. Reprinted with permission
from [26].

There are three phases in which the TR can be divided, depending on the
degree of internal short circuit or the speed of heat generation: in the first stage
overheating starts due to small short-circuits caused, as an example, by den-
dritic processes. If the heat generated melts the dendrites, the process self extin-
guishes. If the heat generation process continues (Stage 2) the anode/electrolyte
interphase could break contributing to unwanted exothermic reactions between
electrode and electrolyte and also to the melting of the separator. In the stage
3 an uncontrollable overheating is reached, with an average heat increase rate
of 10°C'/min and the formation and leakage of flammable gas.
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Beyond the combination of factors leading to TR, it is commonly believed
that improving or solving the safety aspects of Li-ion batteries is necessary:

e developing materials that make the cell safer (electronic materials, elec-
trolytes i.e.)

e increasing the safety requirements in the design of the casing and battery
packs.

e developing systems for the thermal management of cells, modules and
battery packs

Since the risks associated with a given battery technology are highly de-
pendent on the materials that make up the cells, it is important to consider
all these components relevant from the safety point of view: for electrode ma-
terials, the cathode LFP (lithium iron phosphate) has proved to be thermally
stable and non-toxic; the anode LTO (lithium titanate) has attracted a lot of
attention thanks to its long cycle life without producing significant structural
changes and its thermal stability and high potential that prevents the formation
of dendrites. The electrolyte has a great weight in the safety evaluation: in fact
generally the most used ones are mainly based on highly flammable organic sol-
vents. In case of uncontrolled temperature increase the electrolyte decomposes
leading to the formation of gas with consequent internal overpressure and prob-
ability of breakage. The presence of fluorinated compounds in the electrolyte
represents an additional risk because in case of thermal runaway toxic and cor-
rosive hydrogen fluoride (HF) is released. The addition of ”flame retardant”
additives has produced the so called "non-flammable electrolytes”; moreover
the use of high lammability point electrolytes or ionic liquids at room tempera-
ture is considered, which have a high electrochemical and thermal stability and
low volatility. In addition, the use of solid polymer electrolytes is considered to
be intrinsically safer because their state of the matter hinders leakages. Of fun-
damental importance is the choice of the separator, which physically avoids the
short circuit between the electrodes. Among the solutions proposed, we cite an
exotics solution proposed by Liu’s group, which develops a separator from the
regenerated egg membrane, with excellent mechanical properties, thermal and
ability to avoid the formation of dendrites. [117]. A compromise is necessary in
the choice of the components of a cell according to the application and must be
found among the issues of safety, performance and cost [27].

As far as design aspects are concerned, optimization at all levels has the
best impact in terms of improving safety. Thus, it ranges from a smarter vehi-
cle design considering the positioning of the battery pack away from the most
dangerous areas in case of an accident [114], to considerations related to the
choice of cell casings. In fact, cylindrical cells have high energy density, good
mechanical stability and cheaper in terms of production costs compared to pris-
matic cells. However they have a low packaging efficiency and in case of over-
pressure they could have damaged the roll of internal components before the
opening of the vent valve. From this point of view prismatic cells are more
advantageous because they are more efficient in packaging and have a safety
vent in their casing in case of overpressure (in case of blocked vent valve the
risk of explosion increases). A different point is that of the pouch cells, which
have a higher energy density than the other two versions, their manufacturing
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cost is not very high and they are much lighter. However they tend to swell
during abnormal operation and in their classical configuration they do not have
an output mechanism in case of internal overpressure. Moreover, due to their
”soft” construction, they need a more robust case when assembled to form the
battery pack [118].

As regards the management systems, the safety of the batteries goes from
designing systems that can control the stored energy and can monitor the entire
battery pack. These systems can be internal systems within the cell, module
or pack, or external systems. Internally, voltage, temperature, current and
pressure are usually controlled. Then, through electronic architectures, these
internal parameters are detected, which, suitably processed, allow the Battery
Management System (BMS)(§2.2.1) to monitor and manage the entire battery
pack. Given the high importance of the thermal aspect on the safety of Li-ion
batteries, it is necessary to give a brief description of the systems that allow to
keep the cells in an adequate temperature range during their operation (§2.2.2).

In order to facilitate the use of lithium ion batteries in efficient and safe
conditions, a multitude of regulations and standards have been drawn up at
the international, national and regional level, from the experiences of indus-
try, academia and regulatory bodies. These regulations and tests, summarily
summarized in Figures 2.3, are performed to identify the battery’s weaknesses
and vulnerabilities under real-life and abusive conditions (e.g., a car accident
or thermal shock). Many of the tests presented in this review are dedicated to
the evaluation of the consequences of a short circuit, which could be followed
by a thermal runaway, as this is one of the scenarios that can create a great
risk, both for the occupants of the vehicle and for first aiders. [27]. The final
aim of the tests is to evaluate the safety level and the field of application of the
different types of batteries: following the SAE J2464:2009 standard, the tests
are carried out both at cell, module and package level [27].

2.1.2. SAFETY AT CELL LEVEL

Generally in the rechargeable batteries commonly used for mobile devices
there are mechanical or electronic safety devices that intervene before the cell
reaches critical and unstable conditions, ”disabling” the battery. Safeguards
must be included to control charging to prevent damage to the battery due to
abusive charging. Proper control of the charge process is critical to the ultimate
life and safety of the battery. The two major considerations to be addressed
include:

e Voltage and current control to prevent overcharge

e Temperature sensing and response to maintain the battery temperature
within the range specified by the battery manufacturers

The controls for voltage and current during charge for most batteries are
contained in the charger. Protective devices are installed within the battery to
stop the charge in the event of an unacceptable temperature rise. Below is a
list of the main protection devices on the cell [72]:

e Thermal fuse: Most of the circuits for battery charging incorporate a ther-
mal fuse, wired in series with the cell stack. It opens the circuit when a
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Region of applicability International EU and USA Korea India China
further
countries”
Test Section SAE SAE 1S0 12405- 150 IEC 62660-2 UN/ECE- UL 2580 USABC FreedomCAR KMVSS 18- AIS-048 QC/T 743
J2464 J2929 1(2) 12405-3 (3 [70,71] R100.02 [62] [63] [721 [65] (2005) 3 [73] [74] [7s1%
[61] [66] [67,68]° [69T (2011 (2013) (2013) (1999) (2009) (2009) (2006)
(2009) (2013) (2012) (2014) (2016))
Mechanical Mechanical 3.1.a CMP CMPV P P C CMPV CM"P MP MP M
shock
Drop 3.1.b P P cP P P P C
Penetration 3.1.c CMP CMP CMP cM cP
Immersion 3.1.d MP P P MP MP MP P
Crush/crash 3.1.e CMP PV PV C CMPV CMP CMP CMP CcP
Rollover 3.1.1 MP P P MP MP M
Vibrati 3.1.g CMP P P C CMP CMP CM'P CMP M P
FElectrical External short 32.a CMP P P P c CMP CMP CMP CMP P CMP CP
circuit
Internal short 3.2.b C
circuit
Overcharge/ 3.2.c CMP P P P C CMPV CMP CMP MP P CM P cp
overdischarge
Environmental Thermal stability 3.3.a c C c CMP CMP P cp
Thermal shock 3.3.b CMP CMP P P C CMP CMP CMP CMP
and cycling
Overheat 33.c MP P CMPV MP
Extreme cold 3.3d CMP
temperature
Fire 33.e MP P PVt CMPV CMP CMP CMP P
Ch 1 E 3.4.a CMP P CMP CMP CMP
Flammability 3.4.b CMP P CMP CMP CMP

“ Norway, Russia, Ukraine, Croatia, Serbia, Belarus, Kazakhstan, Turkey, Azerbaijan, Tunisia, South Africa, Australia, New Zealand, Japan, South Korea, Thailand and Malaysia.
" Yehicle body may be induded,

© Also possible at battery pack subsystem: representative portion of the battery pack (energy storage device that includes cells or cell assemblies normally connected with cell electronics, voltage class B circuit, and overcurrent shut-off device,

ineluding electrical interconnections and interfaces for external systems,
d Applicable to the LIB cell and pack whose rated voltage is 3.6 V and nx3.6 V (n: quantity of batteries), respectively.
© At the module level for those electric energy storage assemblies intended for use in applications larger than passenger vehicles, The module level testing shall be representative of the electric energy storage assembly.
f Overdischarge not at pack level.
® Overdischarge not performed.

Figure 2.3: Overview of tests in standards and regulations applicable to lithium
ion batteries in automotive applications. Test level is indicated as C: Cell, M:

[;

Module, P: Pack and V: Vehicle. Reprinted with permission from
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predetermined temperature is reached. Thermal fuses are included as a
protection against thermal runaway and are normally set to open at ap-
proximately 30-50°C above the maximum battery operating temperature.

e Thermistor: intervenes by switching off loads to lower the battery temper-
ature, in the event that excessively high temperatures are reached during
the discharge.

o Temperature Cutoff, TCO: this device operates at a fixed temperature and
is used to cut off the charge (or discharge) when a preestablished internal
temperature is reached inside the battery. TCOs are usually resettable.
They are connected in series within the cell stack.

e Positive Temperature Coefficient (PTC): This is a resettable device, con-
nected in series with the cells, whose resistance increases rapidly when a
preestablished temperature is reached, thereby reducing the current in the
battery to a low and acceptable current level.

2.2. BMS AND BTMS

For the safe use of devices powered by one or more energy storage ele-
ments, cell phone batteries, battery packs in an electric vehicle or stationary
energy storage systems from alternative intermittent sources, the safety aspect
is equally important as the energy efficiency aspect in order to avoid the abuse
situations previously described and summarized in Figure 2.4. In the case of
Li-ion batteries, safety is generally declined in, monitoring and management of
electrical parameters and monitoring and management of thermal parameters.
The Battery Management System performs the first task. The Battery Termal
Management System is used for thermal management. In the next two para-
graphs we will briefly describe the two systems according to the state of the art.
After all, the systems for monitoring and control evolve at the same speed as
electrochemical systems. This implies a strong push of innovation in this field.
And it is precisely here that the research contribution of this work is inserted.

External abuses Battery incidents

Incidents inside the battery Incidents outside the battery

Electrical abuse

* Forced overcharge
* Over discharge
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circuit

Figure 2.4: A chain of reactions after abusing a Lithium-ion battery. Reprinted
with permission from [28].
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2.2.1. BATTERY MANAGEMENT SYSTEM (BMS)

To ensure the wide acceptance of electric vehicles and expanded the market
of Li-ion battery powered vehicles, automakers should invest significantly on
the battery management systems to enhance safety of the huge battery packs in
vehicles. According to ref.[119] , the basic task of a Battery Management System
(BMS) is to ensure that optimum use is made of the energy inside the battery
powering the portable product and that the risk of damage inflicted upon the bat-
tery is minimized. This is achieved by monitoring and controlling the battery’s
charging and discharging process. Beyond the architecture and strategies that
it implements internally to pursue the desired requirements of the application
for which it is built, BMS generally serves the ultimate purpose of protecting
cells, modules and packages from all forms of abuse and damage, maximizing
battery life and ensuring that it is always ready for use in optimal conditions.
An overview of the BMS controls can be seen in Figure 2.5.

Current technologies Future technologies
Measure Diagnose Monitoring
- Thermal control -Internal resistance
= -Voltage :
A -Current “ -Cell eontrol “ -Cell capacity
5 -Temperature - Defective sensors
© -Cell fault
- Thermal protection
-Fail safe

t

Current technologies Future technologies
Monitoring Estimate Estima‘te
B _Voltage -State of charge (SOC) “ -State of function (SOF)
E (T -State of power (SOP) -State of safety (SOS)
o - Temperature - State of health (SOH) -Sensors for fault
£ -Thermal management -Isolate fault
-Cell balancing - Cell capacity
-Thermal protection

$

Display
- Charge remained
- Charge/discharge control

Figure 2.5: Functions of the BMS in cell and pack level for the current and
future technologies. Reprinted with permission from [28].

The BMS equipped inside the battery pack is mainly used to protect the bat-
tery from overloads and excessive discharges in order to extend its life cycle:
in case of overload in charge or over-discharge it could generate heat that if
accumulated or uncontrolled would probably lead to thermal runaway and the
consequent unstable and sometimes disastrous phenomena. Anomalous charges
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and discharges can induce imbalances in some cells, and consequently limiting
the usable capacity of the battery pack and reducing its energy. In this sit-
uation the BMS acts by re-balancing the energy in the battery pack through
passive techniques (dissipation of energy in access through a resistor) or more
effectively through more sophisticated techniques that actively redistribute the
charge over all the cells in the pack by increasing operating time and reducing
the heat generated. The BMS integrated at the level of the single cell, on the
other hand, balances its energy and monitors its temperature and communi-
cates with external devices such as displays, battery chargers and data logger
[28]. Along with controlling the charge and discharge of the cells and balancing
them and intervening in case of malfunctions on the battery pack, the BMS, in
order to avoid potentially dangerous situations, determines certain parameters,
including:

e Depth of Discharge
e State of Charge

o State of Health

o State of Power

e State of Function

Below is a brief description of the listed variables. For further information please
refer to the specific literature starting from [120-122].

Depth of Discharge (DOD: is an indication of the amount of charge (also
indicated as capacity) already extracted from a battery in relation to its initial
(nominal) capacity. It’s given by:

fot iDchg(t)dt

DOD =
Qnom

(2.1)

[94]

The depth of discharge is the complement of state of charge: as one increases,
the other decreases. The DOD is usually expressed as a percentage.

State of Charge (SOC): is an indication of the amount of charge still available
in a battery in relation to its capacity in given conditions of discharge past and
future. It’s given by:

Qav

nom

SOC = —=1-DOD (2.2)

The SOC is associated with a chemical energy. Therefore, it can be used to
evaluate the remaining available energy [94].

State of Health (SOH): is an indication of the state of aging or failure of
a battery. It can be evaluated as the amount of charge measured during a
complete discharge in relation to the nominal capacity. It’s given by:

SOH — @Dehs (2.3)

nom
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Thus, this parameter characterizes its degradation over the course of its use.
The SOH is usually expressed as a percentage [94].

State of Power (SOP): is defined as the ratio of peak power to nominal power.
According to literature, under the designed voltage, current, SOC, and power
constraints, the maximum power that a battery can persistently provide for ¢
seconds is defined as the peak power [123]. SOP is used to evaluate whether the
battery pack has sufficient power to meet the starting, acceleration or climbing
demand of EVs. In the braking state, SOP can help to determine the maximum
power recovered by the battery and thus avoid overcharging. On the other hand
SOP contribute to optimization of power distribution between the engine and
the electric motor in PHEVs and HEVs [124].

State of Function (SOF): recently introduced, gives an account of the ability
to render the service for which the secondary battery was intended. This state
needs to be defined on the basis of the application. Depending on the applica-
tion, the definition may be binary or analog. A battery may no longer be able
to properly drive an electric vehicle (EV) because of an increase in its internal
resistance and/or a decrease in its capacity but may be given a second lease
of life in domestic storage (where power peaks are not required or a decreased
energy is acceptable) [94].

The assessment of all the above parameters implies that the battery man-
agement system communicates with the rest of the vehicle: the communications
function of a BMS may be provided though a data link used to monitor the
performance of vehicle, log data, diagnostics or set system parameters.

2.2.2. BATTERY THERMAL MANAGEMENT SYSTEM (BTMS)

The Battery Thermal Management System (BTMS) regulates the temper-
ature inside the battery pack by cooling or heating, and ensures temperature
homogeneity throughout the battery pack, keeping it in the optimal operat-
ing range. This prevents overheating and optimizes the electrochemical perfor-
mance of the battery pack. In automotive applications, the BTMS is chosen and
designed to be effective in the monitoring described; also aspects such as relia-
bility, low cost, ease of maintenance, light weight and volumetric compactness
are considered. According to [125] BTMS functions are:

e cooling: battery cells will not only generate electricity but also heat during
it’s work. Thus, a cooling function is required in order to remove this heat
from the battery pack when battery temperature reaches the optimum
temperature or even in advance.

e healing: a heating function, such as PTC heater, is required to assist
the battery pack to reach the proper temperature range, when battery
pack temperature probably falls below the lower temperature limit, in
cold climates, .

e ventilation: is required to exhaust the hazardous gases within battery
pack.

e insulation: to prevent battery fall or rise out of proper temperature range
due to temperature difference between the inside and outside of the bat-
tery pack, in extreme cold or hot weather. Good insulation is needed
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because can slow down the falling or rising of battery temperature, es-
pecially when the vehicle is parked outdoors (most Lithium-ion batteries
cannot be charged quickly at a temperature below 5°C and cannot be
charged at temperatures below 0°C).

There are different technologies for the heating and cooling of the battery pack;
in this work we just list some of them, referring to the specific literature for
further information.
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Figure 2.6: Air and liquid thermal management systems (a) layout of the surface
cooling by using a cold metallic plate for cylindrical batteries, (b) arrangement of
serpentine channels in a pouch and prismatic batteries, and (c) tab and surface
cooling of Lithium-ion battery. Reprinted with permission from [28].

Some methods of cooling/heating, according to [126, 127], are (Figure 2.6):

air-cooled, natural or forced with the use of a fan

with liquid, with cooling fluids, such as oils, water, glycerol, etc., in direct
or indirect contact. The liquid flows inside pipes or cavities that lap the
cells; the system is more effective than the one using air because of the
greater heat exchange capacity of the liquid compared to air; the risk is
that of loss of coolant in case of failure of the refrigerant circuit, which
can lead to short circuits of the battery pack.

with phase change materials
with heat pipe systems

combined systems
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Regardless of the system used, a logic is integrated in the BTMS that regulates
the operating parameters of the system, such as the air flow rate in the case
of forced air cooling. The BTMS, besides being intrinsically effective, is all the
more effective the more the battery pack has been designed and positioned cor-
rectly inside the vehicle. Some years ago, new approaches emerged and studied,
including thermoelectric coolers, thermoacoustic refrigeration, magnetic refrig-
eration, or combining the advantages of different techniques. Therefore, different
are the operating strategies of the temperature control system applied at all lev-
els of the storage system. At the same three levels generally also safety devices
are installed, depending on the application, which we briefly list: Thermal fuse,
to protect against overcurrents; Positive Temperature Coefficient (PTC), also
to protect against overcurrents due to external short circuits or other potential
Thermal Runaway triggers; Current Interrupt Device (CID), which protects
against excessive internal overpressures; Safety Vent, very important that inter-
venes to release dangerous gases that can form inside the storage system before
the housing breaks down [23].

2.3. BATTERY DIAGNOSTICS: TESTS AND METHODOLOGIES

In addition to the management of the cells, modules and packages made on
the electric vehicle or in stationary systems in which secondary electrochemical
cells are used, in particular Li-ion, a piece of the final safety of these devices
is attributable to the design and preliminary testing phase. In fact, if on the
one hand the growing demand for energy storage systems has pushed towards
obtaining cells with high specific energy, light and compact, at the same time
the preliminary test systems have evolved, useful for the engineering of a new
electrochemical system that combines a high storage capacity and reliability and
safety for its entire life. Starting from the already mentioned quantities (§2.2.1)
that provide the ”dynamic” operating state, those that from the ”static” point of
view characterize an electrochemical cell are the capacity, index of energy stor-
age; the internal resistance, index of the delivered current; the self-discharge,
indication of the mechanical integrity of the cell. Of undoubted usefulness are, in
the prototyping phase of an electrochemical system, all the mathematical mod-
eling techniques that through more or less structured algorithms [128] simulate
the behavior of the cell in various configurations, estimating its characteris-
tic properties [25, ]. Then through various experimental techniques, which
from time to time examine the chemical/physical/electrochemical behavior of
the cell under study, the theoretical results obtained with the simulations are
validated. Some parameters that are usually considered in the main experimen-
tal procedures are reported in a summary way; then we list the main types of
experimental tests [130], referring to the specific literature for the right insights:

o Voltage: Battery voltage reflects state-of-charge in an open circuit condi-
tion when rested.

e Internal Resistance: identifies corrosion and mechanical defects. There
are various methods to measure the internal resistance depending on the
type of battery and the quality of the measurement we want to obtain,
including the ohmic measurement in which the battery receives a short
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discharge lasting a few seconds and at the same time a voltmeter measures
the voltage drop and Ohm’s law calculates the value of the resistance [131].

o Voltage Efficiency: defined as ratio of cell during discharge and charge
processes; it’s given by:
_ VDchg

= 2.4
Vo, (2.4)

nv
where Vpcng= average voltage during discharging and Vgp,= average
voltage during charging.

o Coulombic Efficiency: defined as ratio of total electrical charge withdrawn
during discharge () pchg, discharge capacity) versus the charge stored after
charging (Qcng, charge capacity) ; it’s given by:

_ Qpeng

Qong (2.5)

Ule]

e Discharge capacity fade over long-term cycling: important metric in eval-
uating the stability and robustness of a particular system in delivering
the desired output current density; takes into account the degradation of
various cellular components, any unwanted side reactions and the precip-
itation of electroactive species.

Below is a short list of the most commonly used diagnostic techniques [130]:

e Galvanostatic Charge/Discharge (cycling): the most widely-used method
for basic characterization of battery performance is constant-current dis-
charge and charge. When charging and discharging curves are executed
in series, cycling performance can be assessed.

e Polarization curves: illustrate the relationship between cell voltage and
charging or discharging current.

e Cyclic voltammetry (CV): used to evaluate the cur- rent response to a
linear voltage sweep.

e Current interruption (CI): is an in-situ technique used to relate the tran-
sient voltage response from a current interruption event to cell parameters,
most commonly ohmic.

e Electrochemical impedance spectroscopy (EIS): EIS requires a small volt-
age/current perturbation signal of known amplitude and frequency to the
cell, forcing the cell to deviate from equilibrium by a very small magnitude.
Over a spectrum of frequency, the amplitude and phase of the resultant,
measured signal is recorded.

A reliable analysis of an electrochemical system that characterizes its per-
formance and identifies its critical points is not easy; on the contrary, it requires
a lot of efforts and different approaches, especially in a panorama as evolving
as that of today’s batteries, passing from the current generation to the follow-
ing ones.It is definitely appropriate the comparison between a battery and the
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human body by Buchmann [131]: “battery testing and monitoring is far more
complex than outsiders perceive it. As there is no single diagnostic device that
can assess the health of a person, so are there no instruments that can quickly
check the state-of-health of a battery. Like the human body, batteries can have
many hidden deficiencies that no single tester is able to identify with certainly”.
In the following paragraphs we focus on a useful technique from the point of
view of testing the materials that make up the cell, with particular reference to
electrode materials.

2.3.1. BEHAVIOR OF ELECTRODE MATERIALS: in sttt DILATOMETRIC ANAL-
YSIS

Issues related to battery safety and reliability are of primary importance in
the current scenario where there is an exponential growth in demand for energy
storage systems as a result of the trend described in previous chapters. The
electrochemical cell is a complex system characterized by main parameters and
aspects that appear to be secondary but which in reality are not subsidiary.
In this paragraph we will briefly talk about one of the techniques [132], the
dilatometry analysis that allows to analyze and understand the behavior of the
electrodes in an electrochemical cell, in particular a Li-ion cell. While the ma-
jority of the electrode material investigations have been focused on electrical
and electrochemical properties [133], the mechanical properties, including elas-
tic modulus, maximum allowable deformation, tensile strength and mechanical
failure behavior are equally important [134, ]. As it is well known, the vol-
ume variation of the active electrode material in Li-ion batteries is one of the
most critical factors for battery stability and can reflect what occurs inside the
battery during utilization and aging [136]. In fact, cyclic expansion and con-
traction due to lithium ion intercalation in the electrodes during charge and
discharge cycles can ultimately cause structural damage to the electrode with
possible fragmentation of electrode particles; this can potentially be an impor-
tant cause of battery capacity fade, and thermal runaway.[137]. On the one
hand, the study of the materials that make up the electrodes and determine
their electrochemical-mechanical performance is investigated through modeling
techniques and mathematical simulation. [138, ]. An important contribu-
tion to the study of these materials under working conditions is made using
the dilatometric technique: dilatometric experiments provide information on
the thickness change of a single electrode during lithiation and delithiation, as
the separator is fixed in position. In literature there are some variants of this
technique that take into account the fact that the electrode material by vary-
ing its volume provides information that can be measured in three dimensions.
Hence, it is possible to study only one or more components of this variation
[140]. Moreover, this technique can be applied to the whole cell, i.e. taking
into account the expansion of all the components of the cell (anode, separator,
cathode), or to half a cell, i.e. considering the variation of only one electrode
(which will be called working electrode, WE) and keeping the other electrode
(also called counter electrode, CE) and separator out of the expansion measure.
The volume variation due to the expansion/contraction of the electrode materi-
als can be measured with different technologies: it goes from the simple one-way
measurement obtainable with a comparator to 2D measurements obtained with
laser scanner or with interferometric techniques [141]. Before proceeding with
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the review of some of the devices that have been built for this type of test, a
short historical excursus is presented.

The first measures of thickness variation, of a pyrographite electrode in con-
tact with boron trifluoride in thioxyethane, date back to 1977 [142]: the at-
tention to the time was turned to the study of the intercalation behavior of a
certain species in graphite and on the consequent dilatation. Subsequently, the
poor resolution of the device used by Metrot in 1977, was improved in Biber-
acher’s studies. With the system described in [143], they arrive up to 25 nm.
The measurement of the thickness variation is based on the resonance frequency
shift of an oscillator circuit whose inductors is constituted by a ferrite coil. This
system, schematized in Figure 2.7 was also used for the study of the intercalation
of lithium ions in graphite at the industrial level [29].
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Figure 2.7: Electrochemical Dilatometer layout. Reprinted with permission
from [29].

An important development of this instrument was conducted at the Paul
Scherrer Institute in the Riidiger Kotz group [30, 144]. Here, the overall change
in volume (i.e. thickness, since it is measured only in the direction orthogonal to
the sample surface, neglecting the effects in the other two directions) of the cell
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is measured by an inductive displacement transducer. The sample cell consists
of a fixed lower electrode acting as a counterelectrode (CE), a separator and an
upper electrode acting as a working electrode (WE) and free to move against a
constant load (20 N) applied by means of a spring (Figure 2.8). Currently, the
instrument described above, in its latest version, is marketed by the company
EL-Cell GmbH.
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Figure 2.8: Dilatometer in the full cell configuration. Reprinted with permission
from [30].

In its latest version the system supplied by EL-Cell (Figure 2.9) the cell
sample under test is hermetically sealed in a electrochemical sample holder by
external environment. The stack of materials contained in the sample holder
consists of a working electrode (WE) which, through a current collector, is
connected to a mobile piston and through a membrane to the height transducer.
A constant load is applied on the WE through the application of a weight. On
the opposite side, to complete the electrochemical cell there is the CE, separated
from the WE by a rigid separator called T-frit: it is made of a material that has
all the characteristics to work as an electrochemical separator (i.e. to allow the
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ionic contact, but prevent the electrical contact) and in addition, being rigid, it
separates the contribution of thickness variation of the WE from that of the CE,
thus allowing to transducer only the expansion of the upper working electrode.
Moreover, given the chemical compatibility characteristics of the fabrication
materials (including steel and polyether ether ketone PEEK) and the small size
of the system, it is also possible to test all materials that require handling in a
controlled atmosphere, e.g. in absence of oxygen or water. The preparation and
setup of the test can be done in a glove box with controlled atmosphere. Then,
after the sample is assembled and sealed in the cell, the test can be carried
out in ambient atmosphere or in a climatic chamber. The measurement of the
thickness variation of the sample under test is transduced through an inductive
displacement transducer (Linear Variable Displacement Transducer, LVDT).
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Figure 2.9: Electrochemical Dilatometer: working principle. The principle il-
lustrated is taken from the documentation of the EL-Cell instrument.

Depending on the material that makes up the sample tested, there may be
variations of several percentage points. A full Lit intercalation in graphite
(ideally up to LiCg) produce a variation of about 10 % of the initial thickness
[145] andthe lithiation of LiFePO, to Li, FePO, produces a variation of about
6.5 % [146].

The system just described is on the one hand the point of arrival of an
engineering process that started at the end of the seventies and on the other hand
the starting point of the contribution of this thesis work to the improvement
of investigation techniques for materials that make up batteries. In addition,
there is a plethora of "home-made” systems that are conceptually similar and
that meet the needs of the experimenter but do not have all the engineering
characteristics of a measuring instrument. Referring to the specific literature
for further information, some examples of these home-made systems can be
found in ref [147-149].

It is evident at this point that a deeper understanding of the behavior during
cycling of the materials that make up the electrodes allows the design phase of an
electrochemical cell. The correct choice of the anode/cathode/separator limits
problems that would negatively affect the final level of reliability and safety.

In the following chapters we will describe the dilatometric test setup that
has been developed in this thesis.
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2.3.2. LEAK TEST

Both in the prototype and in the production-industrial phase of a battery,
there are numerous tests oriented to obtain a high level of efficiency and relia-
bility according to the specifications and standards required by the application.
Among the various tests, the leak test is one of those that can be carried out at
several levels, from single cell to the whole battery pack. A loss of electrolyte
at the cell level due to mechanical damage could bring to degradation of perfor-
mance in terms of capacity, to direct contact with humans and trigger several
phenomena, including short circuit with consequent increase in temperature and
risk of thermal runaway. Moreover, considering that most of the components of
the electrochemical system are reactive in the presence of oxygen and water, a
possible breakage or perforation of the casing would put in contact with the ex-
ternal environment with high risks of fire. In addition, reactions lead to internal
gas evolution. These aspects could bring the level of fire/explosion risk to un-
acceptable values. The problem is more considerable for big packs, for example
in stationary systems [118]. The issue of losses is of primary importance and
leakage tests more articulated than the one that is described in this paragraph.
Some general aspects of this type of control will be reported below, which are
closely related to the controls carried out industrially on the series production
of electrochemical cells, modules and battery packs, as well as on the related
cooling circuits and plates.

In order to guarantee the widest possible useful life and constant and uni-
form performance on all cells of the same type, it is necessary to keep under
control many production phases of the cells themselves: from the design phase,
in which suitable and stable materials are chosen in the appropriate temperature
range; to the prototype phase, in which the resistance of the cell in repeated
charge/discharge cycles is verified. Once the type of cell has been identified,
therefore, all strategies can be adopted to make it work correctly: then a suit-
able cooling system will be designed, for example, and all the safety precautions
mentioned in the paragraph §2.1.2. What is more difficult to predict and there-
fore requires a specific control method is the occurrence of ”statistical” anoma-
lies during the production process. These anomalies may concern, for example,
impurities entering the cell, local defects in the material of which the cell casing
is made, unwanted air ingress during the closing of the cell casing or module
or battery pack, or electrolyte loss. | ]. Some defects may also occur
immediately or in the short/medium period after the cell has been activated,
while others may have their effect over long-term. This aspect considerably
complicates the investigation of the defect. Finally, considering that the mere
presence of a defective cell in a battery pack can compromise the functioning of
the entire battery pack in which it is installed, it is easy to guess that consid-
erable efforts have been invested in finding effective methods to detect defects
in the production phases of cells, modules, packages and accessory systems, in
particular leak test systems that identify any leaks. Some other considerations
should be made:

1. difference between coarse leaks and moderate/small leaks: it is obviously
not possible to establish a priori what will be the amount of the loss that
will be found, so on the one hand it is necessary to think of a system that
is able to identify both the "big” and the "small” leak. In the state of the
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art of the leak test techniques there are different methods of investigation
preferable according to the entity of the loss (Figure 2.10) [153]:

e in the range of the "big leaks”, i.e. between 102 e 107! (scc/s,
standard cubic centimeters per second)), Bubble Test or the Pres-
sure/Flow Drop Test can be performed.

e in the range of ”industrial leaks”, (those most likely to be found in
industrial production), i.e. between 1072 e 10~7 scc/s, the Pres-
sure/Flow Drop Test can be performed up to 1073, Bubble Test up
to 10~ and leak test with Helium from 1072 to 10=7 scc/s.

e in the range of ”small leaks” that is from 1077 to 10710 scc/s and
beyond, the Helium leak test is mostly used.

(
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small leaks : industrial leaks : big leaks
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/

Figure 2.10: Leak Testing Methods. Leak flow in (scc/s)

An in-depth look at leack test techniques can be found in the literature
and technical pages of the companies [154, 155] that develop these test
systems, for example http://www.tecnasrl.com

Master Leak concept, i.e. defining a known leak to be taken as ”reference”
so that the leak detection system can be calibrated. For example, as
for linear measurements there is the reference sample with the classical
characteristics of accuracy, repeatability and reproducibility as well as
time stability, it may be necessary to have the same to report gas or liquid
leakage. This is a major technical problem that sees numerous studies [150]
and prototypes underway by companies: on the one hand because it is not
easy to create a ”calibrated” leak with the characteristics of a ”sample”; on
the other hand because the sample must have the characteristics just listed
in the measurement range of interest for the application being developed
(therefore it must meet the control requirements of the customer who
requires it). In this regard, in the field of electrochemical cell controls,
the leakage investigation range goes from 1072 to 1077 scc/s. As far as
leakage checks on modules and battery packs are concerned, the range
goes from 10° to 107* scc/s. Therefore, creating a sample leak in certain
measuring ranges complicates its realization quite a bit. The bubble test
is not suitable for testing EV battery components.
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3. statistical unpredictability of the type of loss: if it is true, as already
stated, it is not possible to determine with certainty the amount of the
loss that will be detected by the system on the part under examination
and it could happen that the system built to detect it is inadequate. For
example, to detect the small losses of a cell, in a control station of the
production line downstream of the closure of the casing whatever it may
be, a method has been implemented that is based on mass spectrometry:
therefore the heart of the system is made up of a suitably calibrated spec-
trometer (therefore the system has been calibrated in a range of scc/s) on
the most probable type of loss that is reasonably thought to be found. If an
object with a leak outside the calibration range were to appear completely
randomly, the spectrometer would present problems of ”poisoning”, pro-
viding an incorrect reading of the leak and therefore an incorrect check of
the sample under examination. Moreover, it would be necessary to restore
it with consequent ”downtime” of the control station. It should be clear
at this point the importance of designing a leak detection system that
minimizes the possibility of error in the check, ensuring the highest level
of effectiveness and reliability.

Part of the work done in this thesis contributes to increasing the reliability
of a system like the one just described in the example.

Marposs S.p.A, the company that hosted this thesis, offers a rather rich
range of solutions for the leak testing of automotive EV components. Be-
low a quick overview of the tests offered, please refer to the technical pages
(www.marposs.com) for further details.

Leak test at Cell level

The integrity of the cell casing is at the basis of the life of a battery: it
prevents unwanted and harmful interactions between electrolyte, containing a
fluorinated lithium salt and water vapour (hydrofluoric acid can be formed).
Preventing the electrolyte from escaping from the case and preventing moisture
from entering the case are the fundamental requirements of cell level control.
To check the integrity of the cell casing it is necessary:

e the case check, before electrode assembly.

e the inspection before filling and sealing the cell.

e the inspection after filling, before and after sealing the cell
This series of control tests are mostly performed using helium as gas tracer and
a mass spectrometer as the analysis unit [157].
Leak test at Battery Module & Packs level

Sealed modules and battery packs prevent short circuits deriving from un-
wanted moisture entry and permit to contain within a certain overpressure any
dangerous gas that is formed in case of malfunction. The typical leak rates
are defined in order to guarantee the IP67/68 compliance. In case of module
huosing,the tests are usually conducted without tracer gas by measuring the
absolute pressure decay, or differential pressure, or air flow rate. For battery
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pack and its components, it’s usually requested to guarantee IP67/68/69K seal-
ing conditions. The tests are done on the housing alone and once the package,
with the modules inside, is sealed. To test the battery tray alone the pressure
drop or flow test is used with air where possible [154, , ], or with helium
in vacuum chamber tests [154, ]. To test the complete assembly, i.e. the
battery pack with the modules inside, a probe is usually used to detect local
leaks along the entire sealing perimeter of the battery pack.

Leak test at Cooling Circuits and Plates level

In the modules, in the packs and in the power control system there are cool-
ing circuits or plates for heat exchange with a fluid, keeping the temperature
in the correct operating range. A loss of refrigerant fluid, usually a mixture of
water-glycol or refrigerant gases, would lead to an uncontrolled rise in tempera-
ture with the triggering of potentially disastrous phenomena. Moreover, it could
lead to short circuits. In this case, for the test of the plates and components
of the circuit, it is possible to use either the measurement of pressure drop or
flow drop with air, or the test with helium tracer gas if the refrigerant fluid is
a gas. In the latter case the test is done in a vacuum chamber [158] using a
mass spectrometer as analyser [154]. Once the refrigeration system has been
assembled, it is possible to check the tightness of the entire circuit using probes
that sniff near the joints: in this case any leaks are detected, in the order of
1073 to 1075 scc/s, checking for the presence of previous helium injected into
the refrigeration system.

2.3.3. INDUSTRIAL SENSORS FOR GAS DETECTION

Identification and quantification of traces of substances in small quantities
is of particular importance in various technical fields. As mentioned in previ-
ous chapters in today’s revolution in the automotive sector energy harvesting is
a crucial issue that at least at this stage, denotes the outlines of this epochal
transition from ICE (Internal Combustion Engine) to EV (Electric Vehicle).
Lithium-ion batteries, in all the variants currently on the market, are the most
”precious” parts to take into consideration and for this reason are the objects
that technically must have the highest possible performance and require a care-
ful control of its manufacturing process. Often a drop in battery performance
is certainly linked to a leak of electrolyte and this can occur both during the
production process and during use: therefore detection of electrolyte leaks could
optimize the production process minimizing of process waste. Furthermore leak
detection during use of the single battery or battery pack could provide a diag-
nostics giving alarms in order to control efficiency or avoid event failure. Recent
researchs show that human health is significantly endangered by the exposure to
harmful gases, explosives or Volatile Organic Compounds (VOCs) causing res-
piratory diseases, skin diseases and SBS (Sick Building Sindrome) [160]. This,
in addition to the growing sensitivity to environmental pollution, consolidates
the importance of having more or less integrated and integrable systems that
are able to detect potential dangers where our senses do not reach us. Gas
sensing also plays a crucial part in fire detection, drug delivery, food safety,
environmental monitoring, and national defense security [161, ]

The aim of this paragraph is to illustrate sensors, developed as an extension
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of the human senses, that can be used for the detection of leak electrolyte or
rather detect VOCs from the leaking electrolyte, both in portable or stationary
applications [163].

Gas Sensors: state of art

Given the extensive scientific and technical literature, an attempt will be
made to provide an insight, probably not entirely exhaustive, into the main
technologies that detect gases, starting with those of more industrial use.

A gas sensor is a device which detects the presence of gases, which might be
harmful to humans or animals. The development of gas sensor technology has
received considerable attention in recent years for monitoring environmental
pollution. It is well known that chemical gas sensor performance features such
as sensitivity, selectivity, time response, stability, durability, reproducibility, and
reversibility are largely influenced by the properties of the sensing materials used

[164].

1. Industrial Gas Sensor

Several classifications of gas sensors have been made: Liu et al. [162] has
classified the gas sensors based on their sensing methods and divided them
to two groups: (a) methods based on variation in electrical properties and
(b) methods based on variation in other properties. Materials like Metal
Orides Semiconductor (MOS), carbon nanotubes and polymers are able to
sense gas based on variation in electrical properties. The other variations
are optic, acoustic, gas chromatographic and calorimetric. Comini [165]
classified the gas sensors according to the measurement methods as: (1)
DC conductometric gas sensors (2) Field-Effect-Transistors (FET) based
gas sensors (3) Photoluminescence (PL) based gas sensors. Interesting is
also the analysis made by Korotcenkov [34] which compares different types
of sensor according to certain basic parameters (see Table 2.1).

According to Hooker [166], you have:

o Catalytic Combustion Gas Sensor: the operating principle of a cat-
alytic combustion sensor is based on the oxidation of the combustible
gas in contact with a surface covered by an electrically heated cata-
lyst compound. The oxidation causes an increase in the temperature
of the sensitive element (pellistor), generally consisting of a resistor
or of the same heating element, depending on the concentration of
the gas detected. The resulting change in resistance of the sensitive
element can be determined and the control electronics calibrated to
provide concentration or alarm measurements. Among the positive
aspects of this sensor are its long life, high precision, quick response
and versatility. However, for operation it requires a minimum oxygen
content and is subject to the poisoning phenomenon [167].

e Semiconductor Gas Sensor: the operation of a semiconductor sen-
sor is determined by the conductivity variation of a semiconductor
element (SnOs), caused by the chemical absorption of the gases in
contact with the porous surface of the electrically heated semicon-
ductor at a predetermined temperature. The temperature of the
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Parameters Types of

Gas
Sensors
SMO Catalytic Electro Thermal Infrared
Gas Combustion Chemical Conductivity Absorption
Sensor Gas Gas Gas Gas
Sensors Sensors Sensors Sensors
Sensitivity E G G B E
Accuracy G G G G E
Selectivity P B G B E
Response E G P G P
Stability G G B G G
Durability G G P G E
Maintenance E E G G P
Cost E E G G P
Suitability E G P G B
to portable
instruments

Table 2.1: Comparison of various types of gas sensors. (E=excellent; G=good;
P=poor; B=bad). [34].

sensitive element (depending on the type of gas to be detected be-
tween 100 and 450°C') is a determining parameter for sensitivity /
selectivity. Positive aspects of this sensor are the low cost, long life
and versatility [161, 168].

e FElectrochemical Gas Sensor: the operation of an electrochemical sen-
sor is determined by the variation of the electrical parameters of
two electrodes immersed in an electrolyte solution. This variation is
caused by the reactions of the gas in contact with the surface of the
electrodes. This type of sensor is widespread to detect toxic gases.
The advantages of this sensor are the low power consumption and
versatility. Unfortunately, it has a long response time and requires
frequent calibration operations [169].

e Infrared Gas Sensor: the operating principle of an infrared sensor
is based on the absorption of energy in the infrared spectrum by
the gas analyzed and on the consequent variation of energy absorbed
by an infrared receiver chosen for a specific wavelength band. This
band corresponds to a specific gas which the sensor is most sensitive
to. Therefore the infrared sensor is by its nature selective. Long
life, low response time and stability are among the main features of
this sensor. Nevertheless it is very sensitive to the environmental
conditions [170].

o Thermal Conductivity Gas Sensors: the detection principle of ther-
mal conductivity sensors is based on a known temperature difference
wich is maintained between a “cold” and a “hot” element. Heat is
transferred from the “hot” element to the “cold” element via thermal
conduction through the investigated gas. The power needed to heat
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the “hot” element therefore is a direct measure for the thermal con-
ductivity. Heat loss due to radiation, convection and heat conduction
through the sus- pensions of the “hot” element need to be minimized
by sensor design [171]

2. Laboratory gas sensors

Among the traditional techniques of molecule analysis it is necessary to
mention the most widespread, that is:

e Mass spectrograph

e Raman spectroscopy

Referring to the specific literature for further study,for example [172, 1,
it is undoubtedly true that both are very effective on a wide range of gases
with excellent selectivity. However, they are difficult to use in an industrial
environment, unless they are ideally suited for their use. They are also
expensive.

. Nanostructured gas sensors: chemical gas sensor performance can be eval-

uated in terms of sensitivity, selectivity, time response, stability, durability,
reproducibility, and reversibility. It is worth noting that the sensitivity of
chemical gas sensors is strongly affected by the specific surface of sensing
materials. Higher specific surface of a sensing material leads to a higher
sensor sensitivity, therefore many techniques have been adopted to in-
crease the specific surface of sensing films with fine structures, especially
to form nanostructures, taking advantage of the large specific surface of
nanostructured materials. One of these techniques, among the most smart
nanotechnologies that allows the use of polymers, semiconductors, organic
/ inorganic composites is electrospinning [174-176]. Therefore, using an
electrospun material as a sensitive element, an increase in sensitivity and
response time is expected. Since 2004 this type of sensor is an excellent
alternative, albeit still in a laboratory scale, to gas sensors with a flat film
sensitive element. Given the versatility of the technology, different sensing
techniques can be implemented [177]. Below are the main ones:

e Resistive Gas Sensor: there are two types of these: the first is based
on the use of conductive polymers, in which the charge carriers are
free to move along the polymer chain (conductivity). These sensors
are suitable for the immobilization of gas molecules (chemical selec-
tivity) and are reversible. The tested gases are: N Hs, H2O, acetone,
ethylacetate. The second one is based on metal oxides: nanowires
(starting from oxides and precursors through annealing) or compos-
ite nanofibres (polymer + metal oxide, eg TiO3, SnO2). Tested gases:
NO3, CO, methanol [178, ]

e Photoelectric Gas Sensor: They are based on the variation of con-
ductance of zinc oxide. The traditional ones (not nanostructured)
operate at high temperatures, and require a very high temperature
for their activation, so they are difficult to use. Tested gases: Os.

[164, 180]
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e Optical Gas Sensor: the nanofibers are used to increase the sensitiv-
ity of FTIR equipment (Fourier Transform Infrared Spectroscopy):
the absorption spectrum of a particular substance is measured, and
nanofibers (composite nanofibers) increases the sensitivity of the mea-
surement [181, 182].

o Acoustic Wave Gas Sensor: The nanofibers are laid over a QCM
(Quartz Crystal Microbalances), increasing their sensitivity: the nanofibers
of a certain material interact with the gas by varying its weight. In
output there is a variation in the resonance frequency of the quartz
crystal proportional to the quantity of gas.Tested gases: N Hs, H>O,
H,S, CH3, SH, benzene [177, ].

Carbon Nanotubes & Conducting Polymers as Gas sensors

Among the characteristics that make CNTs excellent candidates for the re-

alization of sensitive elements of gas detection sensors are certainly the excellent
electronic properties and the high surface-volume ratio (after all, they are fre-
quently processed through the electrospinning technique) [184]. Moreover, the
good mechanical and chemical stability and the ease with which they can be
combined with other materials, such as polymers, make them extremely sensi-
tive as sensors for several gases[185].
Conductive polymers, Polypyrrole (PPy), Polyaniline (PANI), Polythiophene
(PTh), Poly(3,4-ethylenedioxythiophene) (PEDOT), are equally attractive ma-
terials: given their structure, they offer wide margins of customization that
allow to calibrate the response of the sensitive element made with these mate-
rials towards the specific response of the gases to be detected [186]. They are
therefore particularly useful for the detection of organic vapours [187].

Metal Oxide Gas Sensors

Among the gas detection sensors, Metal Oxide Semiconducors (MOS) are
those that have found many industrial applications due to their simplicity.
Numerous materials have been reported to be usable as metal oxide sensors
including both single (e.g., ZnO, SnO2, W03, TiOz, and Fe203) and multi-
component oxides (BiFeOs, MgAlO4, SrTi0O3, and Sri_,Ca,FeOs_) [188] .
The strength of this technology is that besides being simple it can be use a wide
range of materials as sensitive elements, allowing the fabrication of sensor with
precise characteristics and with good selectivity. [162]. The mechanism for gas
detection in these materials is based, in large part, on reactions that occur at
the sensor surface, resulting in a change in the concentration of adsorbed oxygen
[189]. Oxygen ions adsorb onto the material surface, removing electrons from
the bulk and creating a potential barrier that limits electron movement and
conductivity. When reactive gases combine with oxygen, the height of the bar-
rier is reduced, increasing conductivity. This change in conductivity is directly
related to the amount of a specific gas present in the environment, resulting in
a quantitative determination of gas presence and concentration. Most sensors
of this type are produced through deposition process. In this technique (Figure
2.11), multiple layers (including the sensor material itself) are deposited onto
rigid substrates and heated to a relatively low temperature to partially densify
the sensor. These substrates are then integrated into modified electronic stacks.
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Figure 2.11: Metal-oxide substrate construction. Reprinted with permission
from [31]

An interesting application of this type of sensor concerns the integrity ver-
ification of a Lithium-ion cell: Wenger et al. [190] detect volatile organic com-
pounds (VOC) from the leaking electrolyte, whereas standard cell monitoring
methods can only detect a leak indirectly over premature cell performance degra-
dation.

Photoionization Detectors

Photoionisation is an established detection method originally developed to
be used with high-performance, laboratory-sized gas chromatographs (GCs).
Photoionisation detectors (PID) of interest to this thesis work are implemented
in portable instruments suitable for field detection being battery-powered. They
provide a direct response to a wide variety of organic and some inorganic com-
pounds. In particular, they are suitable for detecting VOCs in concentrations
that are typically in the range of 0.01 to 10000 ppm (parts per million), with very
accurate measurements down to about 2000 ppm. They work very well in appli-
cations where, for example, catalytic sensors are at the limit of their effective-
ness and where, for example, FID (Flame Ionization Detectors) are too bulky.
From their first industrial applications in the early 1970s in soil monitoring and
fumes in environmental remediation operations, PIDs have evolved. With the
advent of microelectronics and high-power portable batteries, they have become
miniaturised and have been integrated on-board into portable equipments. This
development has favoured the widespread of PID in industrial hygiene, where,
a wide range of chemicals can be detected by simply inserting a correction fac-
tor (found experimentally by calibrating the sensor in the laboratory against
isobutylene gas) which allows the instrument to be calibrated against the chem-
ical species to be detected. The technical evolution of these sensors has recently
made it possible to detect organic compounds with resolutions from 1 to 10
ppb (parts per billion), confirming them as powerful tools for measuring ambi-
ent levels of organic vapours even in indoor environments such as offices. This
need is increasing as regulatory agencies begin to include total VOC limits in
their indoor air quality guidelines [160]. Other emerging applications for this
type of sensor include the detection of drugs, chemical warfare agents, and the
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localisation of microbiologically generated VOCs such as mould in buildings[32].
Working Principle

The PID sensor (Figure 2.12) consists of a short wavelength ultraviolet (UV)
lamp shining on a small cell containing the gas sample.

Positive electrode (bias)

©
©)
(8 ®® UV lamp POWER

detector SUPPLY

vapor enters the PID (8
detector d@ (D

oD

(8(8 Negative electrode (collector)

unchanged vapor C8
exits the PID C@

detector 5

Figure 2.12: General schematic of a PID sensor. Image reconstructed from [32]

Inside the cell are two electrodes with an applied electrical potential. The UV
light photo-ionises all organic compounds eventually present in the sample, but
not the air, resulting in the ejection of electrons and the formation of positively
charged molecules. The electrons and positive ions are attracted to the elec-
trodes and the resulting current is proportional to the concentration of gas or
vapour. Theoretically, any compound with an ionisation energy (IE) lower than
that of the lamp’s photons can be detected, with virtually instantaneous re-
sponse times (in the order of milliseconds) in the applications mentioned above,
which depend heavily on the speed at which the sample is brought into contact
with the sensor. [32].

The application of this sensor in a control system for a battery production line
will be proposed and described in the following chapters.

Towards the future: Smart Sensors

For all that has been said so far, there can be no doubt that safety is the
aspect on which we must concentrate our efforts: batteries will certainly be used
more and more intensively, that is they will require higher performance. They
will also be used more and more ”extensively”, that is by more and more people
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and in an increasing number of applications. It is therefore necessary to be
familiar with available and to know their limits. In the last decade, with the be-
ginning of the spread of the electric vehicle, the level of reliability of the systems
that monitor energy storage systems has increased considerably. However, these
systems mostly operate ”from a remote location”. As an example, we consider
the temperature a potential trigger of disastrous phenomena: it can be detected
either during the design phase of the cell, i.e. in the laboratory, by means of
thermocouples or pyrometers. Even if the measurements were precise and the
tests replicate as much as possible the real operating conditions of the cell, thery
are still laboratory tests. The temperature of the remaining part near the cell
can also be measured by the systems installed on the battery pack: these mea-
surements, calculated by the control logic of the Battery Management System
(BMS), have the intrinsic defect of being punctual, i.e. not fully representative
of all the cells that make up the pack. It is clear that in order to overcome the
intrinsic characteristics of current control systems and significantly increase the
level of safety, it would be necessary read the temperature as close as possible to
the cell during actual operation. In recent years the trend has been to integrate
sensors into the battery, aiming at the creation of an ”intelligent battery” able
to communicate its internal state and interface with the outside world.
Considering not only temperature but also deformation as a monitoring pa-
rameter of the correct functioning of a cell, there are several studies in recent
years in which these quantities are measured and monitored using in situ op-
tical fibre sensors. Bae et al. [191] have embedded Otical Fiber Bragg Grating
(FBG) within Li-ion battery pouch cells in order to monitor the internal elec-
trode strain during cycling. Thermocouples are difficult to integrate inside the
electrochemical cell, so its ”sensing” takes place in the laboratory on a sample
that is often partially disassembled [192, . Alternatively, thermocouples,
FBG sensors and other sensors like distributed optical fibres (DFOS) based on
Rayleigh diffusion [194] are placed on the external surface [195] and the mea-
surements help the validation of mathematical models that predict the evolution
in temperature of the cell during repeated charge/discharge tests. In other in-
teresting studies, both FBG (which translate variations of different nature into
deformations) [196] and small sensors such as thermocouples [197, 198] or Re-
sistance Temperature Detector (RTD) [199] are integrated in a less invasive way
in cells prepared ad-hoc in the laboratory. The integration of FBG, thermocou-
ples or other sensors within the battery structure [200, |, be they cylindrical,
prismatic [202], pouch or coin, certainly indicates that the technological efforts
that need to be made are aimed at obtaining a monitoring as close as possible
to the phenomena that occur inside the cell, whether electrochemical, thermal,
mechanical or other, because only in this way can you really grasp the state of
operation of the system by intercepting malfunctions at the origin.

This trend has been the one that the European Community has deliberately
indicated in the aforementioned initiatives (§1.4). It is worth mentioning a
number of existing projects that in the next few years will establish Europe
both from a technical and economic point of view as a world nerve centre for
the production of new generations of batteries. INSTABAT, project focused
on embedded physical and virtual sensors and coordinated by CEA, Commis-
sariat a ’Energie Atomique et aux Energies Alternatives, France, through in
operando reliable monitoring of key parameters (i.e., temperature and heat flow,
pressure, strain, LiT concentration and distribution, COy concentration, abso-
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lute impedance, potential and polarisation) and an enhanced BMS algorithms,
allow us to improve the safety and the quality, reliability and life of batteries
(https://battery2030.eu/research/research-projects/instabat) [203]. SENSIBAT,
coordinated by the Ikerlan technology centre in Spain, aims to create tempera-
ture, pressure, conductivity and impedance sensors inside the batteries to moni-
tor their operating status and extend their life (https://battery2030.eu/research/research-
projects/sensibat) [204]. SPARTACUS, supervised by the Fraunhofer Insti-
tute in Wiirzburg, Germany, will develop integrated acoustic-mechanical and
thermal sensors for the diagnosis of reactions leading to battery degradation
(https://battery2030.eu/research/research-projects/spartacus) [205]. BAT{EVER,
led by Vrije Universiteit Brussel, is studying a new type of electrochemical cell
that uses self-healing polymers made of silicon anodes, nucleo-shell structured
cathodes and electrolytes; the desired objective is to compensate for internal
micro damage due to repeated charge/discharge cycles by increasing the ca-
pacity and durability of the battery (https://battery2030.eu/research/research-
projects/bat4ever) [200].

The experimental activity carried out in this thesis work, which will be described
in the next chapters, certainly takes its inspiration from the last paragraphs of
this chapter with the ultimate aim of contributing to the generation of more
efficient and safe energy storage systems, such as batteries.
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3. MATERIALS, TECHNIQUES AND
EXPERIMENTS

Il valore di un’idea
sta nel metterla in pratica.
T.A. Edison - inventore

In the following section a deep overview of the materials, techniques, and
experiments adopted in this work is presented.

3.1. DILATOMETRIC BENCH

In the design of an electrochemical dilatometer with advanced functionalities,
able to effectively measure the expansion/contraction of the electrode materials
in an electrochemical cell during charge/discharge cycles, it is necessary to define
a series of specifications that will guide the choice of materials and geometries
that will constitute the instrument. Below are the starting specifications:

e the system must be able to measure a variation in thickness. This variation
is on average 10 % of the initial thickness of the sample to be measured.
The typical thickness range for this type of material is from 30 pm to 100
pm for anode and cathode and from 100 pum to 250 pm for separator.

e the measurement of the thickness variation could be made on a sample
consisting of the complete cell (anode-separator-cathode or an half-cell
(electrode-separator). This sample must be able to be measured in the
correct direction in order to appreciate the maximum contribution of this
variation (it actually has three components). The possibility of further
implementing the system in order to also allow the measurement of single
electrode expansion ias been considered.

e the materials making up the sample cell to be tested must be circular
in diameter: @15 mm for the anode and cathode and ¢20 mm for the
separator.

e sample preparation must be possible in a controlled environment, such as
that of a dry box; the sample holder must also be able to ensure perfect
separation of the active materials in the cell from the external environ-
ment, given their reactivity in the presence of oxygen and moisture.

%)
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it must be ensured that the holder materials have a good degree of chemical
resistance to the electrolytes used, i.e. that the latter can be contained and
separated from the external environment, avoiding undesirable reactions
due to leaks in the liquid or vapour phase.

the sample under test must be able of being subjected to a compressive
force during repeated charge-discharge cycles; the range of compressive
force is from 10 N to 100 V. The possibility of designing a force applica-
tion system that is able to vary the range of force values available in the
initial setup phase is not excluded.

the electrochemical cell under test must be able to undergo the normal
charge-discharge cycles set by existing laboratory equipment, without un-
wanted short circuits occurring.

the system will be used in a temperature-controlled environment, guaran-
teeing a variation of + 1°C; however, the possibility of performing tests
from -10 °C to 60 °C must be guaranteed.

activation of the sample cell inside the sample holder will be done by
adding liquid electrolyte, that could be aqueous or non aqueous.

the tests carried out with the instrument will have a duration that may
vary from a few hours to a few weeks. During the tests it will be necessary
to acquire the thickness measurement (or rather its variations) with an
acquisition frequency that varies according to the needs of the experiment,
as well as the internal and external temperature values. The data collected
during each test shall be saved in a file for further processing.

MATERIALS

Following the listed requirements, the materials chosen to make the dilatome-

ter are:

X30 Crl3, EN10088 , corrosion-resistant stainless steel, supplied by In-
teracciai S.p.A for the structural frame of the instrument and the current
collectors between which the sample cell will be assembled.

ASTM B265 6AL-4V Grade 5, high strength and toughness titanium alloy
with good welding and fabrication characteristics, provided by Alloy Wire
International, for the sample holder structure.

Ketron® 1000 Peek, polyetheretherketone resin with high toughness and
impact strenght, high dimensional and temperature stability, supplied by
Quadrant Engineering Plastic Products (QEPP), for electrical insulation
parts and those in direct contact with the electrolyte.

EN AW 6082 Anticorodal 100, high-hardness aluminium alloy, supplied by
CO.ME.F.I. Metalli s.r.1, for the locking ring nut of the specimen holder.

NBR rubber (50SH), supplied by Stampaggio Gomma s.n.c., for the ex-
ternal gasket.
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e perfluoro elastomer DuPont™ Kalrez® Spectrum™ 6375, highly resis-
tant to chemicals in the electrolyte, provided by DuPont™, for the gasket
inside.

3.1.2. TECHNIQUES

The proposed equipment provides several improvements over the state of the
art:

e avoids moving components with friction, minimising its magnitude where
relative movement is unavoidable.

e is equipped with an adjustable test pressure system in the specified range.
A load cell with a measuring range from 0 to 0.5kN, supplied by Burster,
is used to calibrate a graduated scale to be mounted on the instrument and
which can be read and acquired with the same frequency as the main mea-
surement of the bench (thickness variation), providing an instantaneous
reading of the force applied to the sample under test.

e has a layout in which the specimen holder can be temporarily separated
from the rest of the bench for the necessary setup and recovery operations,
which certainly require a suitable controlled atmosphere environment.

e uses a measuring system with adequate resolution with respect to the ex-
pected phenomenon (resolution of at least 0.1 wm). In this regard, the use
of an inductive meter with sealed measuring head (to avoid contamination)
is envisaged, among those available in the Marposs S.p.A. catalogue.

e includes two temperature sensors: one measuring the temperature of the
environment around the bench, type Pt100 Marposs with a maximum
error of £ 0.5°C ; the other positioned inside the sample holder very
close to the cell under test, type Pt1000 ohm with ¢3x30mm, supplied by
Italcoppie Sensori s.r.l, which measures any temperature variations of the
sample during charge/discharge cycles.

e for the acquisition and recording of measurements over time, the system
is equipped with a purpose-built hardware consisting of: four Marposs
DigiCrown2™ modules for transducers acquisition (inductive gauge, ther-
mocouples and load cell), power supply and E9066E™ Marposs industrial
PC running the Quick SPC™ package for Windows ® for data logging
(manual or automatic) and saving.

In addition at the beginning of the test the distance measurement on the sam-
ple itself could be set to zero, after which all subsequent measurements will be
recorded as variations of the initial recorded thickness. However, for the cal-
ibration of the bench during testing, the use of calibrated ”master” thickness
gauges is envisaged.

For this, PTC Creo ® 4.0 was used, software for 3D modelling and for the
drawing of all the parts that make up the dilatometer. For the production of the
parts, after the design process, the well-established CNC machining techniques
were used, starting from raw materials in various forms or from semi-finished
products. For the assembly and the final adjustment phase before testing, all



58 CHAPTER 3. MATERIALS, TECHNIQUES AND EXPERIMENTS

good mechanical workshop practices were used, involving the orderly assembly of
sub-assemblies and groups and the subsequent assembly using synthetic grease
and Prussian blue respectively for the connections and for any interferences to
be eliminated manually.

3.1.3. EXPERIMENTS

Several tests were carried out in order to validate the proposed equipment.
Firstly, routine functional checks were carried out to validate the assembly
phase: a check-up of all the assembled bench units was carried out to verify
their actual functionality. Next, the transducers were tested, namely:

e load cell calibration (Figure3.1): by applying a known weight to the load
cell, it is verified that the value of the reading corresponds, in tolerance,
with the expected value corresponding to the master weight.

LOAD CELL

Figure 3.1: Schematic layout of the setup used for load cell calibration.

In the event of a mismatch, a correction is made by entering appropriate
coefficients in the transducer software interface.

e calibration of the Marposs temperature sensor, by means of an internal
calibration procedure (the Pt1000 thermocouple from Italcoppie sensori
s.r.] is supplied already calibrated and ready for use).

e calibration and thermal drift of the inductive transducer used to measure
the change in volume of the sample under test (Figure3.2). This step is
necessary in order to verify the thermal stability of the inductive gauge,
which will probably have to take a measurement at a certain frequency
throughout the duration of the test (even several days). The objective is to
find the coefficients which correct the value measured by the gauge when
it is in an environment which, although the temperature is controlled, has
a certain thermal drift. For this, the inductive gauge under considera-
tion and two other comparator gauges, an LVDT (Linear Variable Dis-
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placement Transducer) and an HBT (Linear Variable Displacement Trans-
ducer) are rigidly mounted on a static C-shaped support (Figure3.2(a))
and connected to the acquisition electronics so as to record their read-
ings in a predefined time range in which the temperature may vary. The
holder with the transducers is placed in a thermal chamber, ClimeEvent
C/600/40/3, purchased from Weiss Technik Italia Srl(Figure3.2(b)). By
recording the temperature and measurement trends for each transducer
and monitoring the temperature of the substrate on which the transduc-
ers are mounted, it is possible to verify the correctness of the measurement
and, if necessary, correct it by entering the appropriate coefficients.

C-SHAPED TOOL

(a) C-shaped rigid tool
with mounted transducers:
a)inductive  transducer;
b)LVDT transducer;
¢)HBT transducer.

THERMAL DRIFT CHAMBER

Y

(b) Thermal drift chamber and setup for transducer drift test.

Figure 3.2: Transducers calibration.

Once the calibrated transducers have been definitively tested by connecting
them to the electronic hardware, the thermal drift test of the entire instrument
is carried out: the aim is to check its behaviour within the temperature range
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declared in the specifications, i.e. -10 °C' to 60 °C' in order to guarantee the
correctness of the measurement as the temperature changes. Also in this case,
several thermal drift cycles are performed in the climatic chamber. Once the
whole measuring system has been placed internally, (Figure3.3) the drift cycle
is programmed and the test is started. At the same time, with a certain fre-
quency set on the electronics connected to the dilatometer and placed outside
the thermal chamber, the values of all the transducers on the instrument are
acquired.

THERMAL DRIFT CHAMBER

LY

T

Figure 3.3: Schematic layout of the setup used for dilatometer thermal drift.

In performing the test, it is taken into account that:

e no sample is inserted in the sample holder of the instrument, so the starting
condition is with the two current collectors in contact.

e it is necessary to record the temperature at which the sample holder is
closed: this is because during the closing process a certain volume of air
is trapped inside. As the temperature changes, this volume of air will
expand or contract with the temperature according to the perfect gas law.
This must be taken into account when calibrating/testing the instrument.

e it is necessary to verify the behaviour of the instrument as the applied
force varies in addition to the temperature variation. Therefore applied
compression force, temperature and transducer measurement value are the
three variables to be correlated.

One of the most important parts of the designed instrument, which requires
great attention, is the electrochemical chamber inside which the under test is
assembled and sealed. Once the sample electrochemical cell is hermetically
sealed inside, this volume must be isolated from the external environment. For
this reason, a leak test of the sample chamber alone was carried out using Helium
as a tracer gas (Figure 3.4(a)).

Helium is injected into the hermetically sealed sample chamber and the con-
nections between the two parts of the chamber are inspected using an INFICON
portable helium detector to detect any leaks from the designed seals. (Fig-
ure 3.4(b)). Considering that helium is the gas with the smallest molecular
mass after hydrogen, helium leakage test can detect very small losses of up to
10~'mbarL/s. This should ensure tightness in the presence of gaseous phases
derived from the electrolytes currently used in batteries.
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(a) Setup used for the helium leak (b) Seal inspection with portable sniffer.
test: using a tube, helium con-

tained in a tank is injected at a

certain pressure into the sample

chamber.

Figure 3.4: Helium leak test on sample chamber.

In the next chapter, the results of the tests just described will be illustrated.

Once the functional test phase was completed, the dilatometer was given to
the researchers of the Laboratory of Electrochemistry of Materials for Energetics
at the Department of Chemistry ” Giacomo Ciamician” of the University of
Bologna, so that they could test the instrument in its real conditions of use.
The tests conducted were essentially of two types:

1. functional tests in the laboratory: i.e. suitable dimensions compatible
with the equipment present (dimensions of the sample holder compatible
with the glove-box, total dimensions of the dilatometer compatible with
the internal volume of a common laboratory oven).

2. electrochemical tests: i.e. repeated charge/discharge cycles on real sam-
ples consisting of anode-separator-cathode-electrolyte of which the change
in volume due to the intercalation/deintercalation of lithium ions is to be
measured.

We refer the description of the materials and equipment, as well as the
dilatometer, used to carry out these tests to the relate publication [207], but we
would like to point out that after the first tests and their results, which will be
summarily illustrated in the next chapter, it was decided to start the design of
the sample holder for single-electrode (or rather, half-cell) tests, in which only
the contribution of volume variation of the working electrode alone is measured.
The results of this new design part will be explained in the relevant section of
the next chapter, describing the technical measures taken.
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3.2. PID SENSOR

The use of a PID sensor, as described above,(§2.3.3) is proposed for the
leakage detection in coin cells by setting up a control station in the production
line: the aim is to find an alternative way to the established use of spectrometric
techniques (§2.3.2). It has been planned to proceed step by step, i.e. first of
all to combine this control with that carried out with the mass spectrometer:
consequently, the detection of "small” leaks is carried out by the spectrometer,
while ”big” leaks are detected by the PID sensor. In the next chapter, only
the part relating to basic experimentation will be reported, i.e. that aimed at
validating the use of the PID sensor for detecting electrolyte leaks. In addition,
the proposed layout of a control station on a coin cell production line using PID
technology for detecting defective batteries downstream of the sealing process
will be described.

3.2.1. MATERIALS

A commercial PID sensor integrated into a VOCs detection instrument was
used for initial testing activities, mod. FALCO Diffused 1-3000 ppm , purchased
by ION Science. The instrument has an integrated PID sensor with Krypton
(10.6 V) lamp and provides an accuracy of &+ 5 % with respect to the calibration
point (isobutylene gas as reference). The samples used for testing consist of small
amounts of dimethyl carbonate (Sigma-Adrich, >99%), which are poured into
a metal vessel and placed in the detector inlet hole.

3.2.2. TECHNIQUES

Preliminary tests are conducted using an instrument that works under 'static’
conditions, i.e., exploiting the natural diffusion of the substance in the air. In
addition, the use of a system such as a penstock with a pump or fan, which al-
lows the molecule to reach the instrument’s nose more quickly, thus minimising
the sensor’s response time, is immediately considered.

3.2.3. EXPERIMENTS

Tests are conducted under various experimental conditions (Figure 3.5), in-
cluding:

e sample in air, at different distances from the instrument inlet hole con-
necting the PID sensor to the external environment (Figure 3.5(a)).

e sample inside a closed cup and sensor connection pipe (Figure 3.5(b)).

e sample consisting of a coin cell on which a hole is drilled with a diameter
of 0.3 mm (Figure 3.5(c)).

3.3. SMART COLORIMETRIC SENSOR

Following the European trend of improving the degree of efficiency and safety
in batteries, an innovative approach is proposed to monitor the proper function-
ality of a Li-ion cell, e.g. as part of a battery pack for electric vehicles. The
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(a) PID open-air test (b) PID closed-chamber (¢) PID closed-chamber
setup. test setup. with coin cell.

Figure 3.5: PID tests setup.

focus is on this application despite the fact that in theory the new sensor con-
cept is also perfectly suited to stationary applications for example. In addition,
although the concept is developed and tested from a lithium-ion cell, it theoreti-
cally also applies to subsequent generations of batteries. Thus, two fundamental
aspects must be considered:

1. a system must be created that monitors the quantities as close as possi-
ble to the electrochemical cell so as to give a warning signal in case of
malfunction in a shorter time than the current systems used in electric
vehicles (e.g. BMS, Battery Management System); to increase the level
of security, a monitoring and control system with a shorter response time
than the systems currently used would certainly be needed.

2. both in the Li-ion batteries, currently the most used, and in those of future
generations, the normal electrochemical reactions that occur at the two
electrodes are flanked by secondary reactions that potentially pose a risk
to the efficiency and safety of the battery. These secondary reactions give
rise to reaction products that, harmless and tolerable within certain limits,
negatively affect the operation of the cell if present in large quantities.

The aim is to prove that by monitoring the concentration of molecules by colori-
metric technique in particular areas inside the cell (Figure 3.6), it is possible to
determine the amount of reaction by-products and thus intercept malfunctions
much earlier than with current systems. The goal is to create a system able to
detect the presence of chemical species at one of the two electrodes of the cell,
fully integrable within the cell and reversible, i.e. able to switch from the initial
state to the activated state and vice versa, more than once.

Insertion materials used in lithium-ion batteries, change their color upon
electrochemical insertion of lithium ions [208]. On this basis, it is attempted to
construct a sensor which will intercept the colour in the vicinity of the electrodes,
or in other areas inside the electrochemical cell which may vary their colour. It
is highly probable that the positioning of such a sensor will change depending
on the type of cell and its materials. In any case, the basic architecture of the
proposed sensor is simple (Figure 3.7(a)). A miniaturised commercial RGB sen-
sor detects colour variations that are highlighted by a micro-LED placed close
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Figure 3.6: Colorimetric sensor ”idea”: possible layout inside the cell.

to the RGB sensor: the RGB sensor and micro-LEDs, mounted on a support
and encased in a material that chemically protects them from the substances
contained in the electrolyte, transmit any detected colour variations to the out-
side world that can be traced back to malfunctions or their initial stages. If the
colour change is small and possibly undetectable, or if the reaction compounds
are weakly coloured, it is proposed to integrate an ’amplification layer’ into the
sensor (Figure 3.7(b)) consisting of a material that colours itself in the presence
of reaction compounds. This material could be a thin layer of nanometric fibres
’doped’ with appropriate additives that are sensitive to the expected reaction
compound and that become strongly coloured in its presence, causing the sensor
detection.

3.3.1. MATERIALS

A colorimetric sensor prototype, as outlined in Figure 3.7, has been realised
using ISL29125 digital RGB color light sensor with IR blocking filter, purchased
by Renesas; an evaluation board, ISL29125EVAL1Z, purchased by Renesas, was
used to interface the sensor with a PC so that information from the sensor could
be displayed and recorded. In order to provide light to the sensor, which would
otherwise remain in the dark once inserted into the cell, an LED TOPLED
E1608, mod. KW DELPS2.RA, purchased by Mouser Electronics has been
mounted on the RGB sensor holder close to it. A transparent encapsulant from
DOW®) was used to isolate the sensor and protect it from chemicals once inside
the battery, the SILGARD™ 184 Silicone Elastomer, purchased as two-part
liquid component kits.

The first laboratory tests were performed using coloured aqueous solutions
consisting of:



3.3. SMART COLORIMETRIC SENSOR 65

“colored” reaction
products

“colored” reaction
products

® ®
PP P
® ®
@ @
P @ P P
® @ ®
¥ @ ¥
R €
% <
®F ®B
COLORIMETRIC @ COLORIMETRIC @
SENSOR SENSOR
ELECTRODE smpifeaten ‘ayevELECTRODE

(a) Conceptual layout of the col- (b) Layout of the colorimetric
orimetric sensor. sensor with amplification layer.

Figure 3.7: Colorimetric sensor setup.

e Nickel(IT) acetate tetrahydrate 99.0+% (Sigma Aldrich, Germany) in dis-
tilled water (green solution).

e Copper(II) acetate monohydrate 99.01+% (Sigma Aldrich, Germany) in
distilled water (blue solution).

e rose bengal dye content 95.0% (Sigma Aldrich, Germany) in distilled water
(purple solution).

Finally, the sensor was tested inside an electrochemical cell that was specif-
ically build to accommodate the sensor. The cell was constructed using:

e Silgard ™ 184 for resining and attaching Microscope slides
e Container: hermetically sealed glass chamber

e the cell was assembled in a dry box (LabMaster SP, MBraun) with ar-
gon atmosphere (Hy0 <0.1 ppm, Os <0.1 ppm), with LNMC working
electrode (80% of Li(Niy/3Mny/3C01,3)O2 (Gelon), 10% polyvinylidene
difluoride (PVDF) , 10% Super P on Al current collector) and lithium
metal as counter electrode and reference electrode.

e the electrolyte was 1 M LiBF, (> 99%, Fluka) in propylene carbonate
(PC, > 99%, Fluka) and the two electrodes were separated by a Teflon®
spacer. The electrochemical tests were carried out with a multi-channel
VMP (Perkin Elmer, Waltham, MA, USA) potentiostat/galvanostat.

e the electrochemical characterization started with three charge/discharge
cycles between 2.8 and 4.6 V vs Li™ /Li, with a charge at C/5 constant
current (CC).
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3.3.2. TECHNIQUES

In the sensor prototyping phase, the LED is first soldered to the board on
which the light RGB sensor is mounted (Figure3.8(b). The resulting assembly is
then connected to the main board using a 6 mm pentapolar cable, approximately
25 cm long, to allow the sensor/illuminator to be used close to the sample cell
3.8(a).

LED light
illuminator

RGB light
detector

MAIN BOARD

(b) Connection of pentapolar cable on main board side and sensor
side. Detail of RGB sensor and LED illuminator.

Figure 3.8: Colorimetric sensor assembly phase.

The assembly is then encapsulated in the silicone-based encapsulant using a
polypropylene mould (Figure 3.9).

(a) Mould for casting encap- (b) Casting assem-
sulant. bly.

Figure 3.9: Colorimetric sensor moulding phase.

After 12 hours, the dried encapsulant has perfectly encapsulated the support
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where the RGB sensor and illuminator are mounted (Figure 3.10).

Figure 3.10: Encapsulated and dry assembly.

For the electrochemical cell test, a container is constructed with the colori-
metric sensor at its base (Figure 3.11(a)). Once assembled, the container was
brought inside the dry box and the electrochemical cell safely assembled inside
the container. When the cell is mounted inside the container, the whole assem-
bly is sealed inside a glass cylinder with a sealed cap that allows the passage
of cables for charge/discharge tests and for connecting the sensor to the main
board (Figure 3.11(b)).

(a) Assembled ”tumbler” (b) Glass container and sensor assembly.
with colorimetric sensor
at base.

Figure 3.11: Experimental setup with electrochemical cell and colorimeter sen-
SOr.
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3.3.3. EXPERIMENTS

In a first step, tests are carried out using coloured aqueous solutions: the
aim is to investigate the behaviour of the sensor in a non-aggressive environment
such as the inside of an electrochemical cell. Aqueous solutions were prepared
by dissolving a certain amount of dye in water Figure 3.12. Different colour gra-
dations were obtained to investigate the behaviour of the sensor under different
conditions.

(b) Colorimetric sensor immersed.

Figure 3.13: Colorimetric sensor tests with coloured aqueous solutions.
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First the test is carried out by placing the sensor close to the container with
the coloured solution (Figure 3.13(a)). Then repeat the test by immersing the
sensor in the coloured solution (Figure 3.13(Db)).

In the second step, the prototyped sensor is tested in a real electrochemical
cell. The system Figure 3.11 allows the assembly of the cell and the sensor
to detect the colour changes during cycling. Sample electrochemical cell is
assembled (Figure 3.14(a))and placed inside the container (Figure 3.14(b)).

'

(b) Full cell sample assembly.
Figure 3.14: Electrochemical cell tested with colorimetric sensor.

After the assembly phase is completed, the glass container is sealed (Fig.
3.15(a)) in order to isolate the electrochemical cell inside the external environ-
ment. In order to create the right test conditions, we close the glass container
inside a box (Figure 3.15(b)), preventing light variations during the test from
influencing the measurement of the colorimetric sensor. At this point, having
closed the box and connected the main board to the PC, it is possible to set the
parameters for repeated charge/discharge cycles.
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(a) Final sealed assembly

colorimetric sensor

(b) containment box for isolating the sensor from
external light

Figure 3.15: Electrochemical cell test setup with colorimetric sensor.
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One cannot plan for the unexpected.

Human curiosity, the urge to know is a powerful force

and is perhaps the best secret weapon of all

in the struggle to unravel the workings of the natural world.
A. Klug - chimico e biofisico

4.1. DILATOMETRIC BENCH TESTING

Following the specifications introduced in §3.1, a bench for measuring the ex-
pansion of electrode materials during charge/discharge cycles has been realised
(Figure 4.1), with the following main features:

Figure 4.1: Dilatometric Measurement Bench.

e possibility of applying a compressive force to the sample under test, even
during the test, from 10 N to 100

e possibility of changing the range of force applied, during the retooling of
the instrument.

71
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e possibility of conducting ” whole cell” (anode-separator-cathode) (Figure
4.2(a))or ” half cell” (only the working electrode, WE)(Figure 4.2(b)) tests.

UPPER CURRENT

COLLECTOR
L0£D
( - J WORKING
v ELECTRODE (WE)
SENSOR
N ‘// SEPARATOR

—~— A~ > COUNTER
S, - ELECTRODE (CE)

LOWER CURRENT
COLLECTOR

)

* UPPER CURRENT
COLLECTOR

WORKING

‘ - /‘ ELECTRODE (WE)

RIGID

N ’// SEPARATOR

COUNTER
ELECTRODE (CE)

REFERENCE
ELECTRODE —* [y
(REeF)

SN——— LOWER CURRENT

COLLECTOR

(b) ”Single cell” test working principle.
Figure 4.2: Test configurations available on the bench

The designed measurement bench (Figure 4.3), consisting of:

Figure 4.3: Main parts of the measuring bench.
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1. a frame consisting of a base and two support: the vertical development

of the measuring bench makes it possible to respect Abbe’s Principle
[209, 210], one of the fundamental guidelines for the design of measuring
instruments. This principle states that "to improve measurement accu-
racy, the target and the scale of the instrument must be aligned in the
direction of measurement”. In this case it is possible to have both the
measuring device (scale) and the sample to be measured (target) verti-
cally aligned. When designing an instrument that works on a laboratory
bench, it is important to consider weight and size as binding aspects: for
this reason a main frame (Figure 4.4(a)) is designed with three support
planes necessary to support the sample holder (lower plane support), the
lower part of the system that imparts the force on the sample (intermedi-
ate plane support) and the upper part of the system in which the applied
force is adjusted (upper plane support).

Gauge frame

C-shaped frame

slot gauge support frame

. insertion point

(a) Parts of bench main frame. (1: support of (b) Gauge frame (pink) and resulting
electrochemical chamber; 2: suppport of lower C-frame

part of load adjustment system; 3: support of

upper part of load adjustment system; 4:ground

support with electrical insulation;)

Figure 4.4: Frame of measuring bench

Various parts of the frame have been lightened to minimise weight while
maintaining mechanical rigidity: in particular, the two slots on the base
not only act as lighteners but also allow the instrument to be gripped from
below. It should be noted that the frame supporting the measuring system
is connected to the main frame in only one area, that of the lower plane: as
this is the most rigid, a mechanically stable support for the gauge frame
is guaranteed; furthermore, as the latter is not linked to other parts of
the main frame, the best condition for correct operation of the measuring
system is achieved, i.e. the ”C” support (Figure 4.4(b)), such as that of
the micrometers for external diameters.
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2. a non-contact measurement system so as not to influence the natural di-

lation of the sample during the tests. Among the gauges that can be used
for this application and that are available in the Marposs S.p.a. catalogue,
a non-contact one is chosen. In fact, if a phenomenon such as electrode
expansion is resolved in a few microns, it is expected that the use of a
contact measuring system, with a measuring head that physically touches
the sample to be measured, could negatively affect the metrological per-
formance of the system. The gauge used is an inductive magnetic sensor
that measures a linear variation by calculating the magnetic reluctance of
an air gap formed between the gauge and a target made of a ferritic mate-
rial (Figure 4.5). The measuring range is 500 pm, the resolution 0.01pm
and the maximum non-linearity error 0.1 pm.

target

S~ 1=f1)

electrical
winding

Figure 4.5: Inductive magnetic gauge working principle.Lp: leakage inductance
;B:form factor ;t: air gap.

Each linear measuring device must also be placed ”in the field”, i.e. in the
centre of its measuring range. This is why the designed measuring system
has a manual adjustment ring nut (Figure 4.6) with which the relative
position of the measuring device in relation to the reference can be varied
during measurement setup.

Figure 4.6: Measuring system assembly on the dilatometer bench.(1: contact-
less, magnetic inductive gauge, connected to E9066 Marposs electronics; 2:
gauge adjustement ring; 3: gauge fixture ; 4: room thermal probe; 5: frame.

In addition, a Marposs Pt100 ambient temperature probe is positioned close
to the gauge: this allows us to monitor the temperature of the environment
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in which the bench is working but also to have a precise temperature
reference close to the gauge. On the other hand, the designed bench will
give the best response in stationary temperature conditions.

. an electrochemical chamber composed of an upper electrical contact, a

lower electrical contact and an electric and chemical insulation system.
The chamber receives the sample to be tested and can be transported in
glove-box for assembly and setup operations of the samples to be tested
(Fugure 4.7).

Figure 4.7: Sample holder

Given the importance of the component, as it accommodates the sample
to be tested, quite a lot of work was carried out, starting with:

- choice of materials, particularly in the part in contact with the cell
sample. The adoption of materials with a high chemical and electrical
resistance allows a safe containment of the sample to be analysed. In
addition, being a component of the bench, it must fit into it in a
repeatable manner so as to guarantee the correct positioning of the
sample under the measuring system. Also in this case, the choice
of material has made it possible to create a rigid object, with solid
reference parts and at the same time with a limited weight (about
1.5 kg).

- definition of the geometries. Specifically, the one that allow the cou-
pling of the sample holder to the static part of the bench, the one
of the internal components, and the one defining the final external
dimensions. To ensure rapid and repeatable coupling of the sample
holder to the main frame of the instrument, a star-shaped coupling
was chosen, which allows repeatable positioning and secure tighten-
ing in two movements (Figure 4.8). To avoid accidental electrical
contact, the internal components were shaped to create an isolation
”shell” between the powered cell and the external structure. Finally,
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the optimisation of the external geometry was aimed at achieving
a footprint suitable for the dimensions of the access chambers, the
smallest of the glove-boxes usually used in laboratories.

Figure 4.8: Unmounting chamber from bench

The resulting structure of the sample holder is compact and suitable for
easy handling. In the setup phases of the experiment (Figure 4.9) it can
be easily introduced into the glove-box.

Figure 4.9: Sample holder setup operation.

Here, through simple operations, the sample holder can be opened, allow-
ing the preparation and assembly of the sample inside; each internal part
can also be disassembled for cleaning and restoration. Once preparation is
complete, the sample holder can be closed and sealed, isolating the sample
from the external environment.

The technical details described are purposely hidden in the images for
reasons of intellectual property.

In order to enable the instrument to test in the two modes described in
Figure 4.2, two sample holders with the same geometry and external di-
mensions were designed. In designing the sample holder for ”single cell”
tests, particular attention was paid to the choice of the material of the
rigid separator. In addition to all the characteristics of a conventional
separator, it must be non-deformable under the action of the compression
force applied to the sample, allowing only the expansion of the working
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electrode to be measured. Another important aspect has been considered:
in single-electrode dilatometric measurements, it is necessary to have a
reference electrode inside the sample cell which allows to evaluate the
electrode potentials (WE-reference and CE-reference). For this purpose,
a reference electrode integrated in the rigid separator has been developed,
the technical details of which are omitted due to intellectual property
issues (patent application pending by Marposs S.p.a).

4. a force regulation system which allows tests to be carried out at different
pressing force on the cell. The peculiarity of the force regulation system
(Figure 4.10) is that it has a "variable range”.

Figure 4.10: Load Setting System

While in the manufactured version the compression force on the sample
can vary from 10 to 100N, which can be adjusted manually by means of a
ring nut, by reconfiguring a part of the system it is possible with almost all
the same components to deliver a compression force in a different range,
for example from 50 to 150N or from 5 to 10N.

Following, a brief description of bench working principle. After setting the elec-
trochemical sample chamber in position, the two current collectors, one for the
upper electrode (WE) and one for the lower electrode (CE) are electrically con-
nected to the potentiostat, with the reference of teh potentiostat short circuited
with the CE. Then adjustement ring are used to lead the desired load above the
electrode stack. The value of the load applied can be read from the graduated
scale placed near the ring nut or, as an option, by reading the load cell through
the dedicated electronic module. Once the desired load has been reached, the
test can start and the gauge, connected to dedicated electronic will monitors the
expansion. During the charging and discharging cycles of the cell, the measure-
ment system will rise and fall following the cyclic expansion of the electrodes in
the sample under test, without adding force components that would alter the
measurement.
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Sample volume variation measurements are acquired and recorded together with
ambient temperature, sample temperature, and applied compression force val-
ues through the Marposs E9066, a configurable industrial computer for logging
data from the gauges. Acquisition of the probes on the instrument can be either
frequency-set or one-shot.

The aim is to correct any errors in the response of the test bench to changes in
temperature. Although the test should be carried out under static temperature
conditions as specified, i.e. away from transients, a tolerance must be associated
with the set temperature value, within which the true value may vary: therefore,
understanding the behaviour of the measuring bench at temperature is funda-
mental to achieving a good level of reliability of the measurement obtained from
the test. The results obtained during the thermal validation tests for both the
linear gauge (Figure3.2) and the full bench (Figure 3.3)are summarised below.

4.1.1. THERMAL DRIFT TEST ON INDUCTIVE MAGNETIC GAUGE

In this section a full description of what happens when the inductive gauge
works in an environment where the temperature varies is presented. As ex-
plained in the previous chapter, the inductive gauge is used as the main trans-
ducer in the designed bench and according to the specification, should work
at constant temperature T £ 1°C. Despite this, the test was carried out in
the air-conditioned room of the Marposs test laboratory, where a maximum
temperature range of +2°C' is guaranteed.

The temperature variation and measurement variation curves from the ther-

mal drift test are detailed presented in Figure 4.11.
In Table 4.1 the metrological-thermal parameters extracted from the curves are
listed. From the tests carried out it has been observed that all three transducers
have good temporal stability characteristics, and that the variations in the mea-
surement are mainly due to the variation in temperature. In fact, comparing
the trend of the three transducers with the trend of the temperature probe, it
can be seen that there is good consistency between the curves.

Temperature IMG LVDT HBT
Probe (°C)  (um)  (um)  (um)

max-min 4.1 0.75 0.6 0.3
thermal drift
(um/°C) 0.18 0.15 0.07

Table 4.1: Gauge thermal drift test.

The IMG transducer is, of the three tested, the one with the greatest thermal
drift. It must be considered, however, that placing all the transducers at the
centre of the measuring field, different conditions are obtained between IMG
and the differential transducers: while LVDT and HBT at the centre of the
field are in the position where the thermal drift has the least effect as they have
an electrical zero due to the way they are constructed, the magnetic inductive
transducer does not have an electrical zero and is placed in the middle between
the most favourable zone (beginning of the field) and the most unfavourable zone
(end of the field). The thermal drift test of the magnetic inductive transducer
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Figure 4.11: Gauge thermal drift test: A) Inductive Magnetic Gauge (IMG)
variation vs. Temperature variation. B)LVDT variation vs. Temperature vari-
ation. C) HBT variation vs. Temperature variation.

alone was then repeated, no longer in the thermal chamber but in air at room
temperature, monitoring the daily temperature range with a thermal probe.

As can be seen in the Figure 4.12, the trend of the measurement variation
curve follows with good approximation the temperature variation curve. This
variation (Table 4.2) also reflects what was found during the stability test. By
compensating for the temperature variation, excellent thermal stability results
are obtained (green symbols in Figure 4.12).

Temperature IMG IMG comp.

Probe (°C)  (um) (nm)
max-min 6.7 1.1 0.5
thermal drift
(um/°C) 0.17 0.08

Table 4.2: Daily thermal drift test: the effect of compensation.
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Figure 4.12: IMG daily thermal drift test. Temperature Variation deltaT (blue
line); Gauge drift (orange line); Compensated gauge (green line)

It is confirmed that the gauge chosen to transduce the measurements on the
dilatometer bench is suitable for working even in conditions of slight thermal
transient, all the more so in a temperature controlled environment within the
limits already specified.

4.1.2. THERMAL DRIFT TEST ON WHOLE BENCH

This section shows the results of the drift tests performed on the measur-
ing bench with the aim of verifying the behaviour of the measurement as the
temperature changes over the specified range. In the first part of the experi-
mental campaign, although a certain deviation of the measurement due to the
expansion of the instrument components was expected, an unexpected result is
found.

Figure 4.13, the drift cycle set in the thermal chamber. In Figure 4.13(A),
the blue line represents the temperature and the green line the thickness. In
proximity of the temperature rise from 30 to 60°C' and from 60 to 40°C there
is an anomalous trend of the measurement given back by the IMG: there is an
asymptotic growth of the measured value up to a saturation. An equally unusual
trend is that of the compression force recorded by the load cell. In this case too,
in addition to the normal drift of the measurement caused by the temperature,
something unexpected is added, always in the same temperature range (Figure
4.13(B)). In consideration of the results obtained from the tests on the gauge
alone, the cause of this ”strange” drift is to be found in the mechanical aspects
of the bench. Other tests are repeated which, both with the same thermal cycle
and with different sequences of thermal jumps, confirm this anomaly. After
ruling out settlements due to the coupling of the various parts that make up the
instrument frame, the conclusion is reached that the cause of the unexpected
phenomenon has to be found in the sample holder.

The air trapped inside the sample holder following the closing of the upper part
on the lower part (this operation is necessary as it allows the battery sample

AT[°C]
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Figure 4.13: Thermal drift test on the whole bench: the anomalous trend of
the measure (green line) is evident in the stretch circled (A).In (B), load cell vs
temperature trend.

to be isolated from the external environment), expands and contracts as the
temperature varies (Figure 4.14). As a result, at a certain temperature, the
trapped air expands, causing the entire measuring crew to rise and the resulting
loss of electrical contact between the electrode and the upper current collector.
A careful analysis of the problem revealed that:

e The volume of gas trapped inside the sample holder should be minimised,
thus reducing the unwanted phenomenon. This consideration offers certain
insights for future design phases but is hardly feasible in the immediate
future.

e The expansion/contraction of the gas inside the sample holder is not re-
lated to the temperature value at a given time but to the difference be-
tween the temperature at which the sample is prepared and the tempera-
ture at which the test is carried out.

e The only force that opposes this phenomenon is the compression force
that the operator manually imposes on the cell under test.

For this reason it has been decided to overcome the problem by correcting the
value of the applied compression force in order to counteract the phenomenon
linked to the internal gas. In order to find the relationship that links the tem-
perature jump between the sample preparation temperature T}, and the test
temperature Ti.s; to the variation of the compression force, we plan tests at
different temperatures in which we note:
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LOAD
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Figure 4.14: Expansion/contraction of the gas trapped inside the sample holder:
this is the cause of the anomaly in the measurement result on the bench.

1. the closing temperature of the sample holder Tj,.cp,.
2. the temperature at which the test will be carried out, Tiest.

3. the compression force at which the electrical contact between the two
current collectors, initially in contact, is lost.

Using the thermal chamber set at a constant temperature, the bench is allowed
to reach thermal equilibrium. Initially, the applicable compression force is ad-
justed to its maximum value. Then, the force is varied by moving the adjustment
ring and the value of the force at which the electrical contact between the lower
and upper current collectors is lost, is simultaneously measured with a digital
multimeter(Figure 4.15).

LOAD F $

SENSOR

Figure 4.15: Schematic representation of the test for compensation of the com-
pression force value.

By correlating the values obtained from the various tests carried out (Figure
4.16), a coefficient K., is obtained which allows the correct compression force
to be set on the battery to be tested, knowing the sample preparation and test
temperatures.

The relationship between the above quantities is as follows:

Fset = PO + FN - (KezAT (41)
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Figure 4.16: Detachment force vs. temperature. Interpolating the experimen-
tal values gives the correction coefficient of the force to be applied during the
dilatometer tests.

were:
F,.;= value of the force to be set on the instrument

Py= weight of unloaded measuring system, constant

Fn= value of the nominal force to be applied during the test
AT= Ttest‘Tprep

Some tests are conducted in order to verify the effect of compression force com-
pensation. Below, an example of the results obtained, conducting the tests in a
thermal chamber with different thermal cycles set.

As can be seen:

e the temperature trend (blue curve) and the gauge trend (orange curve)
are now consistent.

e at temperature transients the response of the measuring device varies.

e at constant temperature the response of the meter varies within the de-
clared tolerance range.

e the green curve represents the response of the gauge, corrected taking
into account the imposed temperature variation. The formula for this
adjustment, which is necessary for the instrument to function correctly and
which will be included in the control software supplied with the measuring
station, is as follows:

Meomp = Mraw — (kyATy) (4.2)
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Figure 4.17: Thermal drift test on complete instrument, with compensated
compression force.

were:
Mcomp= adjusted transducer measurement
M, .4,= raw transducer measurement

ky= bench compensation coefficient, (um/°C)
AT,= temperature variation during the test

As can be seen, the measurement deviation due to temperature fluctuations
is reduced once the correction is applied. It can be noted that this is not
perfectly evident in the extreme zones of the graph, i.e. at the beginning and
at the end of the imposed thermal cycle: this is due to the fact that at the
beginning and at the end of the tests the acquisition was started /stop before the
thermal stabilisation of the bench was completed. Therefore, for the purposes of
evaluating the instrument’s corection strategy, these zones were not considered.

4.1.3. LEAK TEST ON SAMPLE HOLDER

In this section the results obtained from the leak test on the instrument
sample holder are presented. The leak test was conducted using helium as a
tracer gas as described in §3.1.3. The starting value of the helium overpressure
to be injected into the sealed sample holder is obtained by knowing:

e free volume inside the sample holder, calculated by CAD, 5.25 - 10~%m3.

e theoretical maximum pressure due to the expansion of the trapped air, cal-
culated from the equilibrium of the forces acting on the sample holder and
considering the maximum temperature drop, AT,,q. = 70°C, 1167.78mbar.

e overpressure in relation to atmospheric pressure P, = 1013.25mbar,
154.53mbar.

Table 4.3 shows the values of internal overpressure and leakage detected by the
sniffer during the tests.



4.1. DILATOMETRIC BENCH TESTING 85

Temperature Internal Detected leakage
helium overpressure
°C) (mbar) (mbar - 1/sec)
21 150 not detected
21 160 not detected
21 500 1-1077
21 750 1-10°°

Table 4.3: Results of helium leak test on sample holder

The helium test shows a good seal of the sample holder: this result confirms the
use of the sample holder as a safe and reliable ”container” for the assembly of
cells with materials sensitive to air and moisture.

4.1.4. FUNCTIONAL AND ELECTROCHEMICAL VALIDATION TESTS

In this section the results of the tests performed at Laboratory of Electro-

chemistry of Materials for Energetics at the Department of Chemistry ” Giacomo
Ciamician” of the University of Bologna are summarized and discussed. For a
more detailed description of the test activity carried out for the electrochemical
validation of the instrument, please refer to the related publication [207].
For the experimental validation of the measuring bench, it was chosen to use
graphite as working electrode, since this material is widely used in lithium-
ion batteries and therefore widely studied. For this reason it can be taken
as "model” electrode and comparison of the characteristics obtained with the
measuring bench. The chosen working electrode is studied in two different
electrochemical systems,in order to have different answers of the instrument:

1. IM LiPF6 in EC (ethylene carbonate):DMC (dimethyl carbonate), 1:1
w%:w% (known as LP30).

2. 1M LiTFSI in PC (propylene carbonate); the PC as solvent was selected
as a bad example of solvent to graphite.

EC-based electrolytes are well-known for their good compatibility with graphite.
EC shows excellent filming capabilities that ensure the formation of a good and
stable SEI and DMC decreases the viscosity of the solvent mixture. EC-DMC
containing LiPF6 salt is a standard electrolyte (LP30) due to the broad elec-
trochemical stability and high ionic conductivity. On the contrary, the coin-
tercalation of PC with lithium ions in graphite leads to an exfoliation of the
electrode that occurs at less than 0.9 V vs Li+/Li without wrecking the bulk
structure completely but bringing progressive changes in surface structure. This
degradation makes this electrolyte unsuitable for most graphite-based LIBs.

The cell used for the test is made up as follows:

e WE: 90 wt% graphite MAGE (Hitachi), 7 wt% PVDF-Solef (Solvay) S130
(Solvay), 2wt% Super C-65 (Timcal), 1 wt% SF66L graphite (Timcal);
(active material= 35 um)

e Separator: Whatman GF-A (thickness= 184 um)
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o CE: 83,9 wt% carbon PICACTIF (2315 m?2/g), 4.6 wt% of carbon Super P
(Erachem Comilog N.V.), 4.8 wt% of carboxyimethylcellulose sodium salt
(Na-CMC, Sigma-Aldrich), 6,7 wt% PTFE suspension in water (Teflon®,
DuPont, 60.2 wt%),500 pL absolute ethanol (Sigma-Aldrich, <99,8 wt%).

The electrodes and separators used for the electrochemical measurements were
cut into discs of 9 mm for the electrodes and 10 mm for the separator by roll
punching and were dried under dynamic vacuum in an oven at 120 °C' for 12 h.
Two experimental setups were carried out: the first one, performed in order
to record the potential of the single electrodes versus an internal lithium metal
reference electrode and the potential of the whole cell, a Teflon™ T-shaped cells
(BOLA, Bolehnder GmBH) and a multimeter was used, as usual in laboratory
tests. The recorded values were taken as reference for the dilatometer tests, to
first elucidate the electrochemical potential of the processes.

Results of preliminary tests performend in a T shaped cell are following reported
Figure 4.18. The test performed with DMC-EC electrolyte show that the open
circuit potentials (OCP) was -40 mV that corresponds to 3.40 V vs Li* /Li for
the WE and 3.433 V vs Li, /Li for the CE, then the potential limit value for
the measurements with dilatometer, is set to -4.00 V.

3L . . . s . .
-40 -35 -30 -25 -20 -15 -1.0
E (V)

Figure 4.18: Preliminary CV experiment in a T-shaped cell in LP30 at 2 mV s~}
in two electrode mode.

The voltammograms was acquired with a scan rate of 2 mV - s~! using the
graphite as WE and a capacitive electrode as CE. The electrode potentials were
checked with a multimeter vs a lithium metal internal reference electrode. The
electrode potential values recorded during CVs in PC-1M LiTFSI are very sim-
ilar.

In the second setup, the dilatometer was used. The dilatometer cell as-
sembly was performed under argon atmosphere in an MBraun Labmaster SP
dry box (HoO and O2 < 0.1 ppm) and the measurements started 2 h after
the assembly. Omnce this time has elapsed, the dilatometer was connected to
a Solartron SI 1255 frequency response analyser interfaced with the PAR273A
potentiostat/galvanostat, and the tests were performed. In the potential window
identified with the previous tests the dilatometric measurement was conducted
under a force applied of 10 N (157 kPa for 9 mm disc and 127 kPa for 10 mm
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disk) by adding LP30 electrolytic solution or PC-1 M LiTFSI (150 uL for the
full cell and 75 pL for the cell components) and the and the results are as fol-
lows. In Figure 4.19(a), 4.19(b) are reported the thickness variation (red) and
the current (grey) during the first two CVs with the cell voltage on the top
axis. The grey vertical lines indicate the cut-off voltages of the CV. The dilato-
metric profile is characterized by small expansion/shrinking peaks (less than 1
um) originated from the reduction/oxidation of the graphite electrode and the
corresponding insertion/deinsertion of lithium ions within the graphitic layers.
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(a) Tickness variation (red) and current (grey)
during the first two CVs of the graphite CE in
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(b) Thickness variation (red), voltage (black) and temperature (blue) during
10 continuous CVs of the graphite CE in dilatometer cell (2 mV s~1).

Figure 4.19: Dilatometric experiment plot during the during the first two CVs
cycles in LP30 electrolyte system. WE: graphite, CE-RE: activated carbon, sep-
arator Whatmann: GF/A, 150 uL LP30.

The thickness of the different cell components under the same conditions as
above was also monitored (Figure 4.20).

Under the applied pressure, all the materials respond with a deformation that
leads to a fast decrease of thickness in the first 2 h. The separator and the
CE showed the smallest thickness decrease around 13.0 pm (-9.2%) and 2.6
um (-0.7%) after 14 h, respectively. This behaviour was expected for CE. The
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Figure 4.20: Percentual deformation of cell components and of the whole cell
under 10 N force with LP30 electrolyte.

selection of a CE based on activated carbon, indeed, was done on the basis of
its capacitive properties. It accumulates charge without ion insertion in the
electrode bulk active mass, limiting the electrode deformation. On the other
hand, the graphite electrode showed higher deformation that stabilizes after 14
h (-123% with respect to the dry electrode). Such a high thickness variation
could be justified by the increased thickness of the wet electrode taken as starting
reference value. The electrode wetting and related thickness change deserve
further investigation. In LP30, indeed, both DMC evaporation and graphite
deformation act on swelled materials. The cell deformation (52 pm, -9.2%)
was smaller than the sum of the variation of the individual components. It is
reasonable that the stress induced by the applied force was distributed on the
varous components and causes the deformation mostly on the weakest material.

PC-based electrolyte tests was also conducted and results summarized below
(Figure 4.21). The potential window of the electrode materials in 1 M LiTFST in
PC has been set by monitoring the electrode potentials vs Li reference electrode
in the same configuration reported above and the values were very similar to
those reported for LP30.
The experiments in PC-1 M LiTFSI were performed in two different potential
ranges with the lower graphite potential limited to 0.9 V vs Li*/Li to restrains
the exfoliation of the graphite, or set to & 50mVwvsLi™ /Li for reaching the exfo-
liation condition. Figure 4.21(a) demonstrates the thickness variation (red) and
the curent (grey) during the first two CVs with the cell voltage on the top axis.
The dilatometric profile shows bigger expansion/shrinking peaks than those in
LP30. The expansion/shrinking peaks aligned with the insertion/deinsertion of
lithium-ion in the layered material are reversible in accordance with the imposed
cell voltage that prevents the complete exfoliation of the material. The progres-
sive decrease of the baseline observed (Figure 4.21(b) retraces the temperature
variation (blue line) during the experiments carried out at room temperature.
As in the previous experiment with the LP30 electrolyte, the change in thickness
of the whole cell and individual components is monitored. (Figure 4.22).

In PC-based electrolyte, the less deformable materials (after 14 h) were
again the separator and the CE with 3.7 um (2.9%) and 7.3 pm (1.8%), and
the graphite electrode showed the highest deformation, around 11.8 pm(25%).
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(b) Thickness variation (red), voltage (black) and temperature (blue) during
10 continuous CVs of the graphite CE in dilatometer cell (2 mV s~1).

Figure 4.21: Dilatometric experiment plot during the during the first two CVs
cycles in PC electrolyte system. WE: graphite, CE-RE: activated carbon, sepa-
rator Whatmann: GF/A, 150 uL PC- 1 M LiTFSL

The thickness variation observed in LP30 electrolyte compared with that of the
same components in PC suggests that the recorded compression could depend
both on the deformation of the materials and on the presence of DMC that
evaporates, evidenced by salt traces in the cell holder. Indeed, in the PC-based
electrolyte, the magnitude of the deformation of all materials is three up to five
times lower. With the PC-based electrolyte, it is possible to assume that the
response observed is entirely due to the compression of the examined materials.
The highest deformation in graphite results also predictable if correlated to
the softness of the materials itself due to the weak m — 7 stacking interactions
between the graphitic layers.

Some tests was also conducted at a different level of force imposed on the
instrument, with the aim of seeing that it actually responded consistently with
the level of increasing force imposed and also to test the ability of the designed
instrument to detect other phenomena that occur during the tests such as those
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Figure 4.22: Percentual deformation of cell components and of the whole cell
under 10 N force with PC-1 M LiTFSI electrolyte.

related to gas formation.

Referring to the cited publication ([207]) for the results of a chronoamperomet-
ric test conducted to assess the sensitivity of the instrument to two levels of
applied force (10 and 20 N) on a sample that develops a certain amount of hy-
drogen when cycling, the following are the results of the application of the two
mentioned force levels on graphite sample in PC-1 M LiTFSI.
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Figure 4.23: Thickness variation (red) and cell voltage (black) during electro-
chemical experiments under (a) 10 N and (b) 20 N applied force. WE: graphite,
CE-RE: activated carbon, separator Whatman: GF/A, 150 4L PC-1 M LiTFSI.

Graphite was then tested in PC-1 M LiTFSI in exfoliation condition with 10
N and 20 N applied. The dilatometer cell underwent a linear sweep voltammetry
experiment from -0.1 V (open circuit potential) to -4 V. The cell was discharged
later and after a few hours underwent three CV cycles. The thickness variation
was continuously monitored during the whole experiment as shown in Figure
4.23. At the cell voltage of -2.5 V (~0.9 V vs Lit /Li) co-intercalation of Li™
(PC),, occurs. The dilatometric curve records a large expansion in electrode
thickness (10-12 um) that represents a 35% change in thickness upon interca-
lation. This variation, consistent with the co-intercalation of Li™ (PC),, and
contemporary PC degradation, that leads to the formation of propylene gas,
causes crack and exfoliation of the graphite layers. The resultant dilatometric
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curve (Figure4.23a) is given by the combination of the exfoliation and the gas
evolution. The force adjustment system and the control of the applied pressure
allow to get insight into the contribution of the gas formation during the expan-
sion as shown before for Hs evolution, and Figure4.23b displays the thickness
variation of the cell operating in exfoliation condition with 20 N applied force.
The expansion decrease was observed, as expected. The first cycle expansion
corresponds to 13 um and 8 pwm for 10 N and 20 N experiments, respectively.
The pore volume filled by the evolved gas is smaller when external high force is
applied and, in turn, the recorded expansion. To support the mechanism of in-
teraction between graphite and PC just explained, the SEM images of graphite
in the three states tested with the instrument, i.e. virgin, after cycling in LP30
and after the experiment with the PC, are shown in the Figure 4.24.

Figure 4.24: SEM images of (a) pristine graphite electrode, (b) graphite elec-
trode cycled in LP30 and (c¢) graphite electrode cycled in exfoliation condition
in PC-1 M LiTFSIL

It is easy to see the state of the graphite following the interaction with the
PC under exfoliation conditions. Tests carried out under different conditions
of force applied to the test specimen show the good response of the instrument
and that the force is an interesting parameter to keep monitored.

4.1.5. RE-DESIGN OF SAMPLE HOLDER

The intense use of the instrument in the electrochemical laboratory tests,
has highlighted the need to measure the expansion of the individual materials
that make up the battery.

So to complete the series of tests that can be done with the instrument it
has been decided to design a new sample holder able of measuring the volume
variation of the working electrode individually, without the influence of the
other materials making up the cell under test. In Figure 4.25, in which some
internal parts have been deliberately hidden for intellectual property reasons,
is represented the result of the design of the new sample holder for ” half-cell”
measurement.

Having succeeded in redesigning the internal part that includes a rigid separator
necessary to measure only the single electrode, maintaining the same external
dimensions, the instrument has the same functionality and usability already
tested in the ”whole cell” experiments. So both sample holders can be easily
removed from the instrument and introduced in glove-box for restoration and
maintenance operations.
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Using a non-deformable separator, you can separate the
variation contribution of the two electrodes and measure
it separately.

Figure 4.25: ” Half-cell” measurement sample holder.

The design and construction of the new layout of the sample holder will un-
doubtedly make it possible to extend, improve and complete the electrochemical
characterisation of the instrument designed: in fact, while experiments carried
out using silicon and sulphur, for example, which are materials with large vol-
ume variations over time during charge-discharge cycles, could have produced
more significant results from the point of view of measurement, it should be
borne in mind that with the current configuration of the dilatometer ( whole-
cell sample holder), it would in any case have been difficult to attribute this
variation to the electronic material alone. For this reason it was decided to
postpone tests with this type of material to future experimental campaigns,
when the new ”half-cell” sample holder will be available.
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4.2. PRELIMINARY EVALUATION OF THE PID SENSOR

In this section, the results of preliminary tests for the detection of dimethyl
carbonate using PID technology are presented. As explained in the chapter §3.2,
this technology is of interest in combination with the analysis made with a mass
spectrometer that detects "small” losses: in this configuration the PID sensor
acts as a "fuse” for the spectrometer, avoiding poisoning problems caused by
gross leaks.

The results of the qualitative survey conducted with the commercial PID
sensor (Figure 4.26), are shown in Table4.4. The test configuration is the same
as already shown in Figures 3.5.

(a) PID commercial sensor. (b) PID sensor during pre-
liminary tests.

Figure 4.26: PID VOCs sensor by ION Science.

Configuration Detection Time Temperature

Test
(sec) ¢0)
Figure 3.5(a) 10 22
Figure 3.5(b) 60 22
Figure 3.5(c) 180 22

Table 4.4: Results of helium leak test on sample holder

Preliminary test results indicate:

e the capability of integrating this technology within in-line battery control
systems

e the importance of an accurate design in the integration process. In fact
it can be easily deduced that for an on-line control a detection time of 10
seconds is certainly not very advantageous.
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For these reasons, we propose an architecture for an in-line control station
for battery production, e.g. coin cells, in which a PID sensor works close to a
mass spectrometer (Figure 4.27).

MASS SPECTROMETR
[ \ detector

Check Station !

Figure 4.27: PID integration in a in-line control station.

If a leak is detected that exceeds the detection range set on the mass spec-

trometer, the PID sensor triggers an alarm and closes an inlet valve upstream
of the spectrometer, thus protecting it from poisoning.
As a further step in the development of an in-line control based on PID tech-
nology, the design of a multi-sensor system was considered: a matrix of sensors
mounted on a grid support that "floats” on the battery production line (Figure
4.28).

to mass
spectrometer

PID sensors
array

e e®r

S — —  —  —
—

Figure 4.28: Alternative layout of the control station on the battery production
line control station.

This solution could partially solve the sensor response time problem in a
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system where the gas to be detected moves by natural diffusion. Details of the
engineered solution layout are omitted for reasons of intellectual property.
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4.3. COLORIMETRIC SENSOR: FIRST EVALUATIONS AND ASSESS-
MENTS

In this section a full description of the results of validation tests of the
working principle of the colorimeter sensor shown in §3.3 is presented.
The purpose of these preliminary tests is to demonstrate the feasibility of an
alternative method for battery monitoring based on a colour sensor.
It should be taken into account that:

e The tests carried out are ”"comparative”, i.e., the signals coming from the
sensor are compared with a sensor signal taken as a reference. The colour
detected and transduced in RGB coordinates does not claim, at least at
this stage, to be the absolute exact colour detected. What underlies this
preliminary assessment is the colour variation and not the colour itself.

e The colorimetric sensor is uncalibrated, i.e. it has no definite response
when compared to the fundamental reference colours Red, Green and Blue.
Although there is a standard calibration procedure for this type of sensor,
it is chosen to bypass it as this stage evaluates the relative response of the
sensor, i.e. the colour change from an initial reference state.

e the illumination coming from the led mounted next to the colorimetric
sensor is not adjustable at this preliminary stage: this definitely alters the
response of the sensor as the best conditions are not created to obtain the
most precise response from the sensor.

The evaluation of the potential of this new survey method can disregard the
aspects listed, leaving all observed improvements to the next development phase.

4.3.1. TESTS WITH AQUEOUS SOLUTIONS

For sake of clarity purposes, the test methods performed, shown above in
§3.3.3, are once again schematized (Figures 4.29).
Table 4.5 presents the composition of the tested solutions and below are the
signals detected by the sensor in the two experimental sessions: in Table 4.6
those of the Figure 4.29(a) test and in Table 4.7 those of the Figure 4.29(b)
test.

Solution Content Concentration
g/L  mol/L
1 Nickel Acetate (NA) 23 0.01
2 Copper Sulphate (CS) 35 0.03
3 Bengal Rose (BR) 15 1-1073
4 (BR) #3 diluted 1:30 0.5  3-1075
5 (BR) #4 diluted 1:15 30 2.2-107°
6 (BR) #5 diluted 1:10 3 2.2-107¢
7 (BR) #6 diluted 1:10 0.3 2.2-1077
8 (BR) #7 diluted 1:10 0.03 2.2-1078%

Table 4.5: Summary of solutions tested.
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Figure 4.29: Setup of tests with aqueous solutions.

Vial n°

Coordinata RGB

Red
1 268.82
2 252.78
3 268.04
4 267.8
5 275.32
6 258.95
7 258.2
8 253.2

Green
344.52
323.44
332.85
334.15
344.12
325.78
325.57
320.15

Blue
196.78
156.04
182.58
178.68
194.97
163.71
162.85

154.5

Table 4.6: RGB coordinates relative to the test with sensor positioned outside

the vial at a distance of 2 mm

Vial n° Coordinata RGB
Red Green  Blue
1 78.13 238.73 334.13
2 96.93 227.86 226.5
3 60.86  69.83  24.33
4 130.7  154.76  236.46
5 142.56 210.93 298
6 99.7 185.33 211.56
7 126.8 223.63 281
8 108.76 186.06 212.26

Table 4.7: RGB coordinates relative to the test with sensor immersed in vial

The data shown are the average of 7 measurements made on the same aqueous
solution. The graphs in Figure 4.30 represent the three RGB coordinates for
the two experiments conducted.

It is therefore clear that the best configuration is the one with the sensor im-
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Figure 4.30: RGB coordinate graphs

mersed in the aqueous solution, as it is able to distinguish the differences in
colour (Figure 4.30(b). Moreover, it is easy to understand how, in the config-
uration with the sensor close to the vial (Figure 4.30(a)), the colour detected
by the sensor is affected by reflection phenomena due to the presence of the
glass layer of the solution container. The thickness of the glass acts as a filter,
smoothing out the colour signal arriving at the sensor. This configuration has
to be avoided because, although tests are carried out by comparison, it does not
give the opportunity to discriminate small variations in colour.
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4.3.2. TESTS WITH ELECTROCHEMICAL SAMPLE CELL

The experimental setup used is shown in Figure 4.31.

SEALED
A/ZHAMBER
ANODE

SEPARATOR
ELECTROLYTE

micro-led
illuminator

SMART
COLORIMETRIC
SENSOR

Figure 4.31: Experimental test setup with colourimetric sensor and battery
sample

After assembling and closing the cell inside the glass container,as described in
§3.3.3, the terminals are connected to the potentiostat and proceed with the
charge/discharge test as described above, programming the acquisition of the
signal from the sensor. The graph in Figure 4.32 shows the results obtained.
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Figure 4.32: Colour variation during the battery test: acquisition of RGB coor-
dinates at the beginning and end of the test

There is a clear transition of the colour coordinates from the initial to the final

state. This is also confirmed by the final state of the battery after the test
(Figure 4.33).
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(a) Cell still assembled. (b) Disassembled lithium elec-
trode.

Figure 4.33: Sample battery at the end of the test.

The detected colour variation corresponds to the observed lithium oxidation,
caused by exposure of the lithium electrode to air, which probably entered the
glass container. The response of the sensor is consistent with the observed
phenomenon: there is a decrease in the intensity of the colour, i.e. a change
from a lighter to a darker colour.

Although the recorded colour change is not related to the formation of secondary
reaction products but to a test failure, it is nevertheless a noteworthy result
that provides a preliminary validation of the colorimetric approach proposed
for monitoring the integrity and proper functioning of an electrochemical cell.

4.3.3. FUTURE DEVELOPMENTS: INTEGRATION IN A REAL ELECTROCHEMI-
CAL CELL

Although preliminary, the tests conducted and reported above support the
case for developing this system. Obviously, development work is in its infancy
here, and will certainly require more detailed modelling of the operation of such
a detection method under different conditions and at different points in the
electrochemical cell space. The ambition is first of all to develop an effective
communication system between the inside and outside of each cell in which the
sensor will be installed; in this respect, the extremely small size of the sensor in
itself lends itself to favourable integration within the various cell architectures
currently present. Once the system for translating the signal from all the cells
that make up the battery pack of a vehicle, for example, has been designed,
it is necessary to implement this information in the architecture of the BMS:
one possibility, for example, is that when a signal from a single cell exceeds
the set thresholds, the BMS is able to know which cell is working in abnormal
conditions in order to ”disable” it, preventing all the other cells from being
affected by this anomaly. The tests of this sensor planned for the near future
will certainly outline its potential and limits.



5. (CONCLUSION

To non ho fallito 5000 esperimenti.

Ho avuto successo 5000 volte,

gli insuccessi mi hanno insegnato che
quei materiali non funzionavano.

T. A. Edison - inventore ed imprenditore

The overall aim of this dissertation is to understand how to improve the effi-
ciency and safety of a Lithium-ion cell. The relevance of batteries is increasing
day by day even in everyday life and many efforts have been made to improve
their performance. In the last decades, energy storage systems have assumed
a central role in all states with a booming economy as the trend is to reduce
greenhouse gas (GHG) emissions in favor of clean energies such as renewables:
undoubtedly the implementation of cleaner fuels and passenger vehicles can
bring significant health benefits, with positive impacts on the overall quality
of life of citizens. However, for effective use of energy from the sun and wind,
stationary storage systems are needed. The advancement of consumer electron-
ics has also favored the spread of portable devices powered by batteries, which
must therefore be increasingly high performance. The battery has thus become
an object of daily use and although there are considerable efforts to improve its
efficiency, some aspects still need to be improved: one of the most important is
safety. In order to face this problem, many researches have been carried out and
the most promising approaches concern the use of different combinations of ma-
terials for the construction of electrodes and the use of alternative electrolytes
to those currently used. From the point of view of the monitoring and control
systems of the batteries, considerable efforts are made to improve the efficiency
of the Battery Management System (BMS) and to find alternative ways that
lead to the intelligent battery of the future. In this context, this thesis work
was carried out with the aim of contributing to the advancement of battery
safety.

The purpose of the work was achieved through 3 steps:

1. the design and validation of an instrument for measuring the expansion
of electrodes during charge/discharge cycles. Three main features charac-
terize the designed dilatometer: the ability to vary the compression force
acting on the sample under test according to the experimental needs; the
possibility to test the electrode materials in a wide temperature range,
from -10 to 60 °C’; the capability to change the test configuration on the
instrument, i.e., test on "whole cell” or "half-cell”. Each feature plays

101



102 CHAPTER 5. CONCLUSION

its own role in the success of the test. Preliminary activities validated
the design of the instrument, both from a mechanical and electrochemical
point of view, to ensure the best possible measurement with this system.

2. the preliminary investigation into the use of a commercial photoioniza-
tion detector (PID) for leak testing on batteries. Simplicity and low cost
are from the industrial point of view the most attractive features of this
technique for the detection of wvolatile organic compounds (VOCs). The
experimental work explored the potential reliabilityof this approach for
detecting dimethyl carbonate electrolyte leakage in the battery produc-
tion line. In addition, a possible working strategy of a PID sensor in
combination with a mass spectrometer has been indicated.

3. the proposal of an innovative method for monitoring the integrity and
health of Lithium-ion batteries. We explore the possibility of transducing
the goodness of electrochemical processes occurring within a cell through
a color signal. Preliminary experiments evaluated the opportunity to de-
velop a sensor based on this principle, fully integrable into the cell that
can monitor the state of the cell throughout its useful life.

Each steps lead to important considerations, summarized in the following.

5.1. DILATOMETRIC BENCH DESIGN

The process that allowed the design of the instrument has revealed the im-
portance of many aspects that contribute to the realization of a system capable
of measuring correctly: from the choice of materials, able to provide the right
stiffness and stability over time and at the same time to resist the chemical
agents of the cell samples under test, to the mechanical and thermal testing
phases. Through an accurate process of calibration of the force applied on the
sample and correction of the thermal drift, it is possible to test the samples
in a wide range of temperatures. The thermal drift tests have highlighted the
points that can be improved in the future: for sure, the optimization of the dead
volume inside the sample holder that represents a drawback when testing at a
temperature different from the sample preparation temperature. After all, to
obtain the maximum precision from the measurement it is necessary to carry
out the test in static temperature conditions, providing a time of ”thermostat-
ting of the instrument” before starting the test. The electrochemical validation
phases have confirmed that the instrument is able to measure the phenomenon
of expansion of the electrodes due to the insertion/deinsertion of lithium ions
into the structure of the material. However, the difficulties that emerged in the
attribution of this phenomenon to each of the components of the battery tested
with the "whole cell” sample holder initially available, has allowed to expand
the range of tests that can be performed on the instrument. Starting from the
whole cell sample holder, it was designed a second one able to perform the half-
cell test. Finally, the instrument is equipped with two sample holders for two
different tests on the same instrument. In addition to this, it is also possible
to vary the compression force range applicable on the sample battery, during
the retooling of the measuring bench. In the planned development activity the
improvement of the measuring equipment will be considered in order to make
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it as light as possible, giving the opportunity to apply a compressive force in a
lower range than currently possible also through retooling.

5.2. PID LEAK TEST METHOD

It is evident from preliminary tests that a sensor based on this technology
is able to detec electrolyte leakage. However, the high response times, at least
if compared with those that can be expected in a production line, suggest the
need to design a more complex system than the simple sensor facing the leak. In
this regard, the concept that is proposed is to design a control station in which
a PID sensor can work in combination with a mass spectrometer. While the
latter detects small leaks, the PID intercept gross leaks in order to prevent mass
spectrometer poisoning and the consequent downtime to restore the instrument.
During the dissertation some aspects related to the development of the system
based on this technology have been omitted for intellectual property issues since
an architecture like the one described could be implemented in a real control
station on a battery production line. The development will be planned in order
to minimize the response time of the system, for example building a penstock
that sucks the volume of air to be analyzed and brings it quickly to the sensor.

5.3. SMART COLORIMETRIC SENSOR

The experimental activity carried out in this area has permitted to con-
sider an alternative way of battery monitoring techniques starting from their
weaknesses. Thinking about a sensor that could be integrate inside the electro-
chemical cell, we try to solve the problem of the response time of the battery
management system that, in some cases, is too high to prevent degradation phe-
nomena or potential danger of battery packs. Having proposed the monitoring
of the coloration in some internal points of the electrochemical cell, preliminary
tests have been conducted to validate this approach. The results obtained are
encouraging, in fact both in the tests with colored aqueous solutions and in
those on sample battery, the response of the proposed sensor has been consis-
tent with that expected.

Also from the results it emerges that:

e the best way to detect a color change proportional to the concentration
of secondary reaction products, indicative of a malfunction, is by putting
the sensor in intimate contact with the battery components.

e although the results give the impression that a control made with the
proposed sensor is entirely qualitative, the adjustment of the light that
allows the sensor to detect colors and a robust initial calibration procedure,
lead with good probability to a quantitative and accurate measurement of
the concentration of these reaction products. As a consequence we could
also think to set trigger thresholds that if exceeded send an alarm signal
to the BMS that at that point intervenes, protecting the cell individually
or the set of cells where the defective battery is inserted.

e the time of detection and intervention by the security systems that inte-
grate this sensor, is likely to be lower because the onset of an unwanted
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phenomenon is more easily detectable by an in situ sensor able to de-
tect electrochemical phenomena rather than by a macroscopic and exten-
sive physical quantity such as voltage, current or temperature of the cell
recorded by BMS.

In any case, the results obtained are preliminary. Consequently, an intensive
development phase is planned leading to:

e quantify the signal coming from the sensor in an absolute way.

e managing the parameters that affect the response of the sensor, such as
light intensity.

e engineering the hardware of the sensor with the aim of miniaturizing it,
obtaining the maximum integrability inside the batteries.

e Identify the strategic points of insertion of the sensor inside the electro-
chemical cells.

e investigate an effective system of signal transduction that avoids the use
of cables.

e design a system to manage the signals coming from the sensors of the cells
that compose a battery pack.

e implement the sensor within the architecture of current management sys-
tems.

e Make the colorimetric sensor useful in all types of batteries currently on
the market and in those of future generations.

5.4. CONCLUDING REMARK

At the end of this work, let me make some considerations with respect to
the issues addressed. From the materials point of view, the development and
engineering of the dilatometer offers the opportunity of a more accurate investi-
gation of the behavior of the materials that constitute the electrodes, recreating
more easily the real working conditions. In addition, the accessories provided
with the instrument, i.e. the two types of sample holders and the possibility of
retooling are unique in the state of the art of this inspection technique.
Moreover, from the sensor point of view, at the current state of the art there is
no control on the battery production line based on photoionization technology;
this certainly demonstrates the wide margin for improvement in this area of
technology and the gap that currently exists between the aspect of efficiency
and that of safety.

The same is true for the proposed colorimetric sensor: in this case, the gap
between the object to be monitored and the monitoring system is even wider.
This is confirmed by the numerous initiatives being promoted and funded by
Europe and by all the Countries in recent years. The study of the colorimetric
sensor fits perfectly into this research trend and offers undoubtedly food for
thought for the exploration of increasingly intelligent monitoring systems that
aim to obtain safer systems for energy storage, safe and efficient electric vehicles
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and ultimately a better quality of life and the environment in which we live.
In the very end, this work successfully achieved its goals and some interesting
steps were taken in the process of improving battery control and monitoring
techniques.
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