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Kurzfassung

Reichweite, Kosten und Lebensdauer sind zentrale Herausforderungen bei der Entwicklung von
Lithium-lonen-Batteriesystemen fur Elektrofahrzeuge. Nur mit einer ausreichend laHgébarkeit

der Antriebsbatterie lassen sich teure Batteriewechsel wahrend der Fahrzeuglebensdauer
vermeiden. Um dies zu erreichen, ist eine genaue Kenntnis des Alterungsverhaltens von
Hochenergid_ithiumlonenBatterien in Elektrofahrzeugen notwendig.

Bei der Nutzng eines Elektrofahrzeugs lassen sigipischerweise drei Betriebszustande
unterscheiden: Inaktivitatsphasen, Laden und Fahrbetrieb. Zu jedem der drei Zustande prasentiert
diese Arbeit umfassende experimentelle Alterungsuntersuchungen, die dominierende
Alterungsmechanismen aufzeigen und die Sensitivitditen der Batteriealterung hinsichtlich ver
schiedener Einflussfaktoren, wie beispielsweise Ladezustand oder Temperatur, analysieren. In den
Alterungsstudien werden kommerzielle HochenerBiendzelleruntersucht die Graphit als Anro
denmaterial und LithiunNicketKobaltAluminiumOxid (NCA) als Kathodenmateh&inhalten

Fur die Untersuchung der im Elektrofahrzeugbetrieb auftretendlalendarische Alterung und
Zyklenalterung werden mehrer®iagnoseverfahren zuzerstérungsfreia Alterungsdetektion
eingesetzt. Diese umfassen neben Kapazititd Widerstandsmessungen auch die Auswertung der
Spannungsableitung mittels Differential Voltage Analgsigieeine neu entwickelte Coulometre
methode, das sog. Coulorilvacking. Ziel der Verfahren ist es, Alterungsvorgange an einzelnen
Elektroden zu identifiziererohne die Zellen 6ffnen und somit zerstdren zu mus3déithilfe der
eingesetzten Diagnoseverfahren lassen sich auch Mechanismen identifizieren, die zu einer
Regenerationder BatteriezellerwahrendlangererRuhephasen fihren.

Die Untersuchungen zur kalendarischen Alterung zeigen auf, welche Arten von Nebenreaktionen in
der Zelle ablaufen und in welchem Umfang diese zu einem Verlust von zyklisierbarem Lithium, eine
Degradation der Aktivmaterialien und zu einem Anstieg der Innenwiderstande fuhren. Fir das Laden
einer Elektrofahrzeugsbatterie werden klassische Ladeverfahren und Schnellladeverfahren
untersucht. Es bestétigt sich, dass LithiRhating insbesondere beinSchnellladen einen
dominanten Einfluss auf die Batteriealterung hat. Die Untersuchungen machen auch deutlich,
welche Auswirkungen eine verringerte Zyklentiefe infolge einer reduzierten Ladespannung oder
einer erhéhten Entladeschlussspannung auf die Zy&bemsdauer hat. Die Alterungsstudie zum
Fahrbetrieb basiert auf einem reprasentativen, dynamischen Belastungsprofil und fokussiert sich
auf den Einfluss der Rekuperation auf die Batterielebensdauer. Es werden bis zu 200.000
Fahrstrecke in der Alterungtidie nachgebildet und der Einfluss des Ladezustands, der Temperatur
und der Zyklentiefe umfassend untersucht. Zudem wird die dynamische Fahrbelastung mit einer
Konstantstrombelastung vergleichen. Erstmals wird auch der schadigende Einfluss niedriger
Batterietemperaturen getrennt fir den Ladand fir den Entladevorgang gezeigt.

Basierend auf den Erkenntnissen der einzelnen Alterungsstudien werden Empfehlungen fir einen
lebensdaueoptimierten Betrieb von Lithiuslonen-Batterienin Elektrofahrzeugen abgetet. Die

Arbeit zeigt, dass bei moderaten Betriebstemperaturen bereits mit den heutigen Zelltypen die
erforderlichen Batterielebensdauern erreicht werden konnen. Der Betrieb bei niedrigen
Temperaturen von 10°C und darunter stellt jedoch noch eine Herelefong dar, die durch
verbesserte Zelltypen und Maflinahmen zur thermischen Konditionierung geldst wenales



Abstract

Range, cost, and battery life are the central challenges fodtheslopment of lithiumion battery
systems for electric vehicle# sufficiently long battery lifds necessary to avoidostly battery
replacements during the vehicle life. To achieve this, a profound knowlefite aging behavior
of highenergy lithiumion batteries in electric vehicles is essential.

For the operatiorof an electric vehicle, three operating conditions can typically be distinguished:
inactivity periods, charging, and driving operation. For each of the three operating conditions, this
thesis presents extensive experimental aging studies, which reveahdatraging mechanisms and
analyze the sensitivity of battery aging to differenfu@ncing factors, such as statécharge(SoC)

or temperature. The aging studies examine commercial-Biggrgy cells of format 18650, which
contain graphite as anode matal and lithium nickel cobalt aluminum oxide (NCA) as cathode
material.

To investigate the calendaand cycle aging of lithiurion batteries used in electric vehicle
applications, several analysis techniques for nondestructive aging diagnostics aredapplie
addition to capacity and resistance measurements, the derivative of voltage curves is analyzed by
Differential Voltage Analysis and a novel coulometry technique, named Coulomb Tracking, is
introduced. The purpose of these methods is to identify ageagtions at the individual electrodes
without opening and destroying the cells. They also enable to identify mechanisms behind recovery
effects of the cells, which occur during longer idle periods.

The investigations on calendar aging disclose the tgfesde reactions occurring inside the cells
and also the extent to which they lead to a loss of cyclable lithium, a degradation of the active
materials, and an increase of internal resistances.

Forchargingan EV battery, standard charging protocols aasi-Eharging protocols are examined
The results confirm that lithium plating has a dominant impact on battery aging, particularly for fast
charging. The study also presents thiects of a reduced cycle depth by either decreasing the
charging voltage adecreasing the discharging voltage.

The aging study on driving operation bases on a representative, dynaadiglofile and focses

on the impact of regenerative braking on battery aging. The study reproduces up to 260060
drivingto thoroughly exarme the impact ofSoC temperature, and cycle deptin addition to that,
dynamic load profiles and constaotirrent discharging are compared. Furthermore, the
detrimental impact of low battery temperatures is shown separately for charging and discharging.

Based on the findings of the different aging studies, recommendations for optimized operational
strategies are derived which enable a long battery life. This thesis demonstrates that at moderate
operating temperatures, the required battery life can alrgdzke achievedavith the stateof-the-art
battery types. However, operating at low temperatures of 10°C and below remains challenging.
Improved types of lithiumon cells and constructive means of thermal conditioniraye to be
developedto overcome thecyde life limitations at low temperature
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1 Introduction

Loweringemissionsin the automotive passenger transportation secieran integralpart of the

global attempt to reducgreenhouse gaéGHGgeneration With anelectrification2 ¥ 0 KS @SKA
powertrains, a reduction of fossil fuel consumptiand GHG@enerationcan beachieved Figurel
illustrates theamount of C@generated per driven kilometer for different conventional and electric
vehicles (EVsit also illustrates kectrification pathwayswhich providethe possibility to drivesHG
emissions towarazero[1]. Hybrid electric vehicles (HEVin whichan electric motorand a small

battery assistthe conventional combustion enginguring acceleration andecover energy by
regenerative braking can reduce CQ emissiors by approximately one third, compared to
conventional gasoline or diesel vehicl&®r even lowelCQ emissions, durther electrificationof

the powertrainis necessarjo reduce the consumption of fossil fue[4]
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Figurel. Wellto-wheels greenhouse gas emissions for various propulsion types and fuel sources for a
compact passenger cgReproduced from Refl] with permission from The Royal Society of Chemistry.)

Figurel comparestwo battery-based EVsan extendedrange EV (EREV40), which contaires
battery for an electric drivingange of 6&km @0 miles) and an additional combustio®ngineto
generateelectricity forlonger driving distancess well as pure battery EYBEV100), where the
battery provides a driving range a60km (100miles). These tweexamplesiemonstrate thatCQ
emissions can be reducedth a higher share of kilometers in EV mode. However, overalttorell
wheek emissions depenthrgelyonthe energysources used for electricifyroduction EVs caonly
reduce GHGemissionssubstantially when theshare ofenergy produced by burning coat other
fossil fuelsis low[2,3]. Fuelcell electric vehicles (FCEVs)nghydrogen for energy storagare a
viable alternative to batterybased EV§1]. Theycantypically provide a highedriving rangebut
suffer from lower efficienciedVith the current energy mix in the EU, FCEMsproducenigher CQ
emissionghan combustion enginedue to the energydemanding electrolysis procegsgurel also
illustrates that ly operating EVs witlelectricity from renewable sourceenly, their CQ emissions
during operationcan be reducedoward zero



Motivation

1.1 Motivation

Currently pure battery EVs appedo be the most promising approach for the introduction of
sustainablemobility. The performance adheseE\sis largely determined bthe traction battery.
Lithiunmion batteries are typically used in EVs due to their high energy density and specific energy
compared to other commercial battery technologieslsq the costof an EVdepends strongly on

the traction battery, as its the most expensive component of the vehideiving range and cost

are the two major concerns of potential customers that have todwercometo achieve a
widespread adoptiof EVH4].

To obtain asufficientdriving range at reasonable co#ite first generations oEVsased on lithium
ion batteriesare typically equipped with higkenergybattery cells containing graphite as anode
material andlithium nickelmanganeseobaltoxide (NMC) olithium nickel cobalt aluminuroxide
(NCA) as cathode materi&]. However, higkenergy batteries tend to age faster than highwer
batteries, as chargdischarge cyclingxertshigher stresson the thicker ad less porous active
materialstypically used in this type dfatteries[6]. Typically not the entire nameplateapacity of
the battery is utilized, as certain safety margsnaredefined toward the fully charged and fully
discharged state of the battery. These margins are expected to prolong battery lifaranéten
regarded asging reserveo buffer capacity fadeWhen the battery fie is shorter than the ehicle
life, additional cost hato be consideredipon purchasdor a battery replacementTo preventan
excessive total cost of ownership, replacemesitthe EV traction batterjrave tobe circumvented
Thisis also reflectedn the development target®f the United States Advanced Battery Consortium
(USABOpr commerciaEV batteriesn 2020: The USABC goals from 2014 for advanced EV estteri
contain a battery life of 1§ears and 1000 cycl¢g].

As further advancesn energy densit of lithium-ion EV batteries appear to be limitg@], it is
important to improvethe utilization of available energy storage technologies. To achieve this, better
knowledgeof the aging behavior of lithiuaon EV batteries is essential. Thidl helpto improve

the design of future battery systemsna to optimize operational strategies, whiaecreases
degradation and prolongs battery lif§Vith more experiencen the reatworld aging behavior of
lithium-ion batteries in EVs, safety reserves can be reduced and a larger portion of the battery
capacitycan be utilized in the vehicle application, while still reaching the lifetime requirendnts

the battery. As suchthe driving range increases without enlarging tregtery, which always entails
higher cost

1.2 Purpose

Investigating the degradation of lithivmon batteries in pure battery EVs is the focus of this thesis.
Hence the aging ofhigh-energy lithiumion battery cellsis examined under representative
operating conditiongo gain an extensive knowledge of theedominant degradation mechanisms

As there are differenbasicoperatingscenari® for the traction batteryof an EV such as driving
periods, charging periods, and nonoperating periods, these operating conditions have to be
examined separately for a thoogh understanding of the ongoing aging mechanisms. For each
operating conditionyarious influencing factorsuch asSoC, temperature, and amperagsfect
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the degradation behavior. This leads to complex interdependencies andsaantialvariety of load
conditions thatneedto be examined andcompared.

Since knowledge rolithium-ion battery aging under complex load conditions has not yet been
available to such an extent that simulation models can predict the precise &fééctarying
individual operatilg parameters, experimental studi@sth representative load scenariage the
preferred way to obtain reliable and meaningful insights on battery aging uggderalEV operating
conditions. As the aging behavior of a lithiiom battery system is mainiyeterminedby the aging
behavior of the individual cells, this thesis investigates battery aging by examining the degradation
of single lithiumion cells which are tested under a variety of different operating conditions.
Additional aging effectooriginating from the system designsuch as thermal gradients or
inhomogeneous current distributionare beyond the scope of thihesis, but can be deded from

the findings on cell level. Furthermore, atiects fromelectronics, such as the battery management
system, onboard and offboard chargers, or power electrofiiosn the electrified powertrairare
examined This thesis concentrates on the aging processe<cell level, whicloriginate from
electrochemical and mechanical processesde the cells

To exanme alargevariety of operating conditions, aging studiesre conducted with commercial
lithium-ion cells othe 18650 format. These small cylindrical cells are available from many renowned
manufacturers with mature manufacturing processes. Furthermore, the small cell size eases the
requirements on the test infrastructure, as tlieemandfor the charging and dischamng power is
substantially lower than for prismatic hardcase cells or pouch cells, which typically havetetout
times the capacity of the small 18650 celllsing 18650 cellsnables this thesito examine a large
number of test conditions for identicaklls under comparable test conditionihe objective of this
thesis is to examine wariety of test conditions far beyond datasheet measurements of dbié
manufactuers andtypicalaging studiepresented irthe literature. Thepurposeof this thesis iso
provide comprehensive insighitsto battery degradation under typical EV operating conditiand
identify the mainagingdrivers

For the degradation monitoring and aging analysis, noninvasive and nondestructive analysis
techniques were employed. Senal diagnostictechnigquesare presented in detailand further
developed to provide a precise picture of thattery degradation processes. This thesatains
several approaches to determine the contributions of the individual cell componesttsout the
need foropening the cells for inserting reference electrodes or performing-puosttem analyses.

The results of the experimental studies are discussed and compared withtrentstate of battery
agingknowledgeto confirmresultsfrom preceding studis and topresentnew findingson battery
agingunder EV operating conditionBased on these resultsirategiesfor reducing battery aging

in EVs areleduced. The results wiBupport the design and operation of future EV battery systems
to maximize battery life and reduaeverallcost
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1.3 Outline

Figure?2 illustrates the structure of thishesis which examines the agingf lithium-ion batteries

under EV operating condition¥he operating conditions of an EV battery can be categorized into
three operating states: nonoperating, charging, and driving. In all three states, the aging behavior
differs substantiallyAs suchthree aging studies related to the different operating conditions of an

EV battery are presented. To obtain maximum comparability of results, the studies were performed
with the same type of lithiumon cell. In total, more ltan 200 test conditions with numerous
parameter variations of influencing factors, such as temperature, SoC, charging current, discharging
current, and cycle depthwere examined. Checkup procedures under identical environmental
conditions were used to amgze the degradation of the cells.

Chapter22 to 3 provide the fundamentals for ththree experimental aging studies, whiébllow in
Chapters4 to 6. Based on the findings of the aging studi€hapter7 presentsstrategies for
reducingEVbattery aging.

Chapter 7:
Strategies for
maximizing battery life in electric vehicles

Chapter 4: Chapter 5: Chapter 6:
Battery aging Impact of Battery aging
in nonoperating charging protocols under
periods on battery aging driving operation

/il

Chapter 3: Analysis techniques for noninvasjyendestructive degradation monitoring:
Fundamentals, advancements, and practical application

Chapter 2: Fundamentals of lithiunion battery aging

Figure2. Structure of thishesison the aging of lithiumon batteries in electric vehicles

For the general analysis and interpretation of battery degradation, Chaptgresents the

fundamentalsof lithium-ion batteryaging Degradation mechanisms airgroduced and discussed
for the individual cell component3his overview focuses on graphiteths anode active material
and NCA athe cathode active material, as these were the electrode materials of the lithaum
cells examined in the experimentstudies of this thesis.

Chapter3 presents he lithium-ion cells examined and thanalysis techniques for degradation
monitoring that were applied in the three experimentajing studiesBased on the current state
of-the-art in battery testing techniques for noninvasivand nondestructive aging diagnostiésr
lithium-ion batteries are introduced Extensiveanalysesof measurement techniques and
identification of individual aging contributionsfrom both electrodes are provided for
Hectrochemical Impedance Sectroscopy (EIS) andifferential Voltage Analysis (DVA).
Advancements for aging diagnostics areegented anda novel coulometry methodtermed
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oCoulomb Tackingg is introduced which allows identification of side reactions during storage
periods

As battery aging during nonoperating periods plays an importantinaiee life ofEV batteries, two
calendar aging studies are presented in Chagtethe capacity fade and resistance increases of
cellsthat were stored at different temperatures and SoCs are analyzed. By combining several
methods of aging diagnostics, such as c@ganeasurements, DVA, Coulombadking, ElSand

pulse measurements at different SoCs, the root causesdaivihg forcesof capacity fade and
resistance increase are identified. Moreover, projections for the calendar liftheofexamined
batteriesare made.

Chapter5 containsthe first cycle aging studyin which the impact of the charging protocol on
battery aging is examined. Extensive parameter variations are presentedofwtant current
constant valage CCC)charging which is the most common charging strategy for lithHon
batteries.In addition, charging protocols combining different chargingenis are examined. The

impact on chargingime and capacity utilization is analyzed. Moreover, bajtlife is analyzed by
capacity measurements, EIS and pulse measurements, as well as DVA. This demonstrates the strong
impact of charging current and cycle depth on battery aging. Lithium plating is confirmedao be
criticalissuefor fast charging.

In Chapter6, the impact ofEV drivingconditions on battery agings investigatedin a second cycle
aging study based orepresentative dynamic load profileSpeciically, the effect of recharging
sequences related to regenerative brakisgxamined. For different temperatures, SoCs, and cycle
depths,cycle aging is presented and compared to calendar agiegults from longerm testing
representingup to 200,00km, are presented.Aging under dynamic load conditions asso
compared to constant current discharging, whishtypically found inthe aging literature.Low
temperature degradation, which can cause a substantial reduciiorycle life, isexamined
separately for charging and dischargifgVA is used to identify the origins of temptenae-
dependent degradation anthe utilization ofCoulomb Tacking enablsidentification of the root
causes of capacity recovery after letegm operation athigh SoC.

The conclusion of each of the three aging studies is presented at the end of the respective chapter.
Based on the findings and conclusions from the three preceding main chapters, Chaletéves
strategies for improving battery operation in an EV to maximize batteryTlifis. demonstratethat

by optimized operating strategies, a battery life equathe life of a typical passenger vehicle can

be achévedalreadytoday at moderate temperatures. This avoids costly battery replacements and
as suclcan reduce the total cost of ownership, which is an essential prerequisite for a widespread
adoptionof EVsHowever, lowtemperature performance is still aitcal issueandhas to befurther
improved.Thisthesis ends with a brief outlook on further reseambrk that arisesfrom the results

of this thesis.

Although the studies presented in this thesis examine one specific type of Itioliroell, the
generalaging trends and degradation mechanisms also apply for otherdmghgy lithiumion cells
containinggraphite anodes and NCA or NMC cathode materials. Howevegxthat of aging owing
to aspecific degradation mechanism can vaofablyamong diferent cell types.






2 Fundamentals dfithiumlon Battery Aging

Although less rapid than other battery technologies, lithion batteries exhibit a deterioration of

their performance over time, which comprises a loss of available energy and f@wehis results

from a capacity fade and resistance increases. The capacity fade can originate from a loss of
electrode active material, from a loss of cyclable lithium, or from increasing internal resistances
which cause an earlier termination of the charging or discharging pr¢tedsl]. Furthermore, the
increasing cell resistances reduce the power capability and decreasavéti@bleenergydue to

higher losses during discharging.

The specific degradation mechanisms which leadat@apacity fade and increasing internal
resistancesre presented in this chapter. Moreover, the concept of calendar and cycle aging as well
as the end of life (EoL) of a lithidion traction battery in arEV are covered.

2.1 Components of a Lithiwton Battery Cell

As illustrated inFigure 3, lithium-ion battery cellsconsist of two composite electrodes and a
separator inbetween. The anode, which represents the negative electrode, typically consists of a
copper current collector foil coated with carbonaceous active material. The cathode, which
represents the positiveelectrode, typically consists of an aluminum current collector foil coated
with transition-metaloxide active material, such as lithium cobalt oxide, lithium nickel oxide, lithium
manganese oxideor compositions thereqgfanother widely used cathode mataliis lithium iron
phosphate(LFPJ12].Ly (2RI @ Q& $9es, NNQNdndNQARreuged asathdd& materials

due to the high energy density of these lithiion cell chemistrie§13,14]. The separatorof a
lithium-ion cellis typically a porous polymer foil. The pores of the active materials and the pores of
the separator are filled with electrolyte, whidonsistsof organic solventsa conducting sajtand
additives [15]

Negative Positive
Terminal Terminal

Organic Electrolyte

Current Anode Separator Cathode Current
kCoIIector Collector j

Figure3. Components of a lithiuaon battery cell
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During charging, lithiunstored in the cathodes oxidized anddeintercalated. Thdithium ions go
into the electrolyte solutiorand move from the cathode to the anoda¢hile electrors arereleased
to the exterral current path at the positiveerminal of the cell. Via the negativierminal of the cell,
electrorns from the external current patleachthe anode active material, where lithium isfrom
the electrolyte are intercalated into the active material whileeing reduced to neutral lithium
atoms. During discharging, this process is rever$eal

2.2 Degradation o€ellComponents

The different components of a lithiumon cell are all subject to degradation. This section describes
the major degradation mechanisms of the anode active matethal cathode active materiathe
electrolyte, the separator, andthe current collectors.As the experimental studiethat are
presented in this thesis were performed with lithidion cellscontaininga graphite anode and an
NCA cathodethis sectionfocuses particularly on the degradation mechanisms diese electrode
materials.

2.2.1 AnodeActive Material

Graphite is the prevailing material fahe negative electrode dahe lithium-ion cells that are used

in EVs[5]. The aging effects at graphite anodes can be mainly attributed to changes at the
electrode/electrolyte interface, where the growth of passivating surface films and metal lithium
deposition are the major degradation mechanisfhg]. In addition to that, mechanical degradation
can be observeth the graphite structure and the surface films

2.2.1.1 SurfaceHIm Formation:Solid Electrolyte Interphase

Asthe graphite anodes of lithiuaon cells are operated beyond the thermodynamic stability of the
organic electrolytes,decomposition reactions occur alongwith lithium intercalation. These
reactions include the reduction of the electrolyte solvent and the decomposition of the conducting
salt. The resulting reductionproducts formpassivatingfilms at the surface of the anode active
material, the soecalled stid electrolyte interphase (SEJ)L8,19]

The composition and structure of ¢hSEI depends largely on the active material, the solvent,
conducting salt, and additives used in the electrolyte, and the formation prd2€g23]. Typical
reaction products of the deomposition of carbonatdased electrolytes (e.g., EC, EMC, DMC) with
LiPk as conducting salt aredQ, ROCgLI, (CHOCQLIY, and LiF19,24¢26]. The SEI is often
described with a bilayer structure: A dense inner lagentaining inorganic saltend a soft outer
layer, mainly based on organic reaction produf26¢28].

An ideal SHias a low electrical conductivity amslpermeable fotithium ions, but impermeable for
other electrolyte omponents[17,29]. Thus, the SElhibits further eletrolyte decomposition and
anode degradation17,26]. Moreover, an ideal SElalR a unifom morphology and chemical
composition to ensure homogeneous current distribut[@8]. The formation and growth of the SEI
consume cyclable lithium which leads to an irreversible capacity, faaigicularly during the initial
charging of the cell and the first few cyc[&8,30]. On a long time scale, the SEI penetrates tho
pores of the electrode and in additionay also penetrate into the pores of the separatamich
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may result in a decrease of the accessible active surface area of the eleftid€hisreduces the
capacity and increases the internal resistances of the battery cell.

The growth of the SEI can also be affectecagingreactions at the cathodethe corresponding
mechanismof transition metal dissolutiorwill be described in the section ocathode active
materialdegradation

2.2.1.2 LithiumPlating

When charging a lithiuaon battery, lithium plating can take plackithium plding describes the
reduction oflithium ions, which are dissolved in the electrolyte, to metalilith at the surface of

the anodeactive material. This reaction takes place instead of the regular intercalation of lithium
into the lattice structure of theactive material[31]. It can originatefrom limitations in charge
transfer or lithium solid diffusiof82,33]. Lithium platingcan occur when the anode potential drops
below the standard potential of LifL[i32]. Some of the plated lithium later reacts irreversibly with
the electrolyte and forms insoluble side produ¢®8%,35]. This leads to a growth of the anode
surface films, which can also betdcted by an increasing thickness of the ¢86,37]. The side
products can also fipores of the active material and the separator and insulate certain electrode
regions[38]. Excessive lithium plating can be identified by a specific plateau in the cell voltage at
higher SoCs, as illustratedfigure4. This plateawcan be observedfter the charging process and

it disappears again during a subsequent rest pef8t41] or when the battery is dischargdd?2].

Small amounts of lithium plating can be detected through calorimetry or high accuracy
measurements ofhe coulombic efficiency43,44].

42
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Figured. Cell voltage of four lowurrent discharging sequences at 10°C of a-kigergy NCA lithiurion cell
with a capacity of 2.8h after charging with low and high charging currents

Although plated lithium dissipates during rest periods after the chargaggence and leads to an
intercalation into the anode active materid5], parts of the deposited lithium react with the
electrolyte. The reaction of deposited metal lithium with the electrolyte consumes cyclable lithium
and,thus NB RdzOS a (i K S[46D &ragdhie &anodes$ drdlveyi pilode to lithium platihge to

their low equilibrium potential, particularly a& high state of charge (Sof2)/]. As a general trend,
lithium plating increases with higher SoC, higher charging current, and reduced temperature
[32,48]. Furthermore, thicker electrodes with larger partickesd a lower porosityare more prone

to lithium plating than thinner electrodes with smaller partickesd a higher porosit{34,49]. High
energy cells are particularly susceptible to lithium plating and cdmbé lithium plating already at
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25°C and charging rates of only @fH0]. As shown by Schuster et 1], aged cells can become
more suscephle to lithium plating. Overall, metallic lithium plating can be considered as a parasitic
side reaction during charging, whitdads to a consumption ayclable lithium and thus reduse

the capacity[17].

2.2.1.3 MechanicaBress

The intercalation and deintercalation of lithiuionsinto graphite leds to volume changeas the
active material The distance between parallel graphene layers expands by up todL@itg
intercalation[52]. The changes in the thickness of grapluggtery electrodes typically amount to
about 5%throughout the cycling processs the anodsg arenot fully utilizd [53,54]. Thevolume
changescan causecracks in the SElyeaken particleto-particle contacts, and leatb structural
damageof the graphite anode material owing to lareakage of € bonds.These effects are
described in the following paragraphs.

It is widely believed that the graphite expansion and contraction duryaing results inracks in
the SElparticularly for cycling at higher rateAt the cracks, bare active material comes newly in
contact with the electrolyte and new SEI is forn{&8¢60]. Thisintensified SEI growtbausesan
increasedconsumption of cyclable lithium.

For graphite anodes cycled at a low lithium content of tass 10%, the relative volume changes
are largest and, thushe stress oo the graphite structure isnore severghan in regions of higher
degrees of lithiation, where the relative volume changes are considerably [6The local stress
at the edges of the graphene laydasssupposed ta@ausea breakage of €€ bondg61]. Further
structural degradation is ascribed to graphite exfoliation owing to solvenhisrcalation[59,62].

All this leals to a loss of active material, resultingaicapacity fade.

In addition to cracks in the SEI and structural damadge volume changeshroughout charge
discharge cycling can weakéhe electricalcontact betveenthe particlesof the active materiahnd
can also cause a delaminatidrom the current collector[60,63]. This increases the internal
resistances of the cells.

2.2.2 CathodeActive Material

The degradation of the cathode active maternigldriven by structural changes during cycling,
dissolutionreactions and surface filnfiormation [64]. In this section, thelegradation mehanisms
are presented with special focus on NCAtteslithium-ion cells examined in this thesis contained
NCA cathodes.

2.2.2.1 Structural Changeand Mechanical Degradation

Structural changes and phase transitioascurring with theelectrochemical delithiatin and
lithiation of the cathode active materiaare origins ofirreversiblecapacity fadeg65]. Structural
disorderingin lithium nickel oxideswhere nickel atoms occupy sites of delithiated lithilewyers,
can be reduced by a certain substitution of nickel by cobalt and by a depihgluminum [66].
The most commonly usecbmpositionfor NCA cathodes is LINC@.15Ab.0sO2 [12]. Althoughthis
material compositionprovides substantial improvements in the structural stability, there is still a
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certain cubic roclsalt layer emergingt the particle surfacewhich is several nanometers thick and
has a low lithiurdon conductivity [67]. The formation of this subsurface rocksalt byer is
accompanied by oxygen release and electrolyte oxidation, which contributes to an increasing
cathodeimpedance[68]. Furthermore, a high degree of delithiation of NCA cathodesczarse
irreversible phase transitions. Above cac668% delithiationdepending on the composition of the
NCAactive material,an irreversible distortion of the lattice structure occumhich leads taan
irreversible capacity fadg9,70]. Hence, an overcharging of the cells has to be avoided.

At high and low So®Gf the lithium+ion cells volumetric change®f the cathodeoccur during
intercalation and deintercalation of lithium intine NCAparticles which cause mechanical stress
for the active material[69,70]. The resulting mechanicatlegradation of theactive material
structure, which is typically accompanied bysabstantialimpedance increasayas identified as
dominant degradation mechanisnn several aging studiesncreasing microcracks and smaller,
fragmentedNCAparticles were bserved after cyclinfs9,71,72]. The impedance increase of aged
NCA cathodeappeaedto be strongly affected by theontact losdetween the NCA patrticles and
the conductive matriX73]. Thick electrodes of higanergy lithiumion cells were shown to be more
sensitive to mechanical stress and exhibited faster degradation than thin electfodle3 ypically,
the impedance increase afgedgraphite/NCA lithiurAon cells origins mainly from the cathode
[38,75,76].

2.2.2.2 TransitionMetal Dissolution

Cathode active materialsof lithium-ion cellsoften suffer froma dissolutio of transition metas,
such asmanganesecobalt, andnickel which occurs particularly at high cathode potentials and
aggravates with higher temperaturg6,77¢79]. Transition metal dissolution occurs most
pronouncedly for manganese spiregthode material$80,81].

The dissolved metal ions migrate to the anode, where they aggravateStiegrowth, which
consumes cyclable lithium and leads to a capacity {82e83]. AlthoughNCA electrodesare less
prone to transition metal dissolution than mangandsasedcathodes, a certain amount of nickel
and cobaltcan still be foundncorporated into the SEI of aged anodes of lithiilam cells with
graphite anodsandNCA athodes[67,71].

2.2.2.3 SurfaceFilm Brmation Solid Permeable Interface

Electrolyte decomposition and the formation of surface fiiat the electrode/electrolyte interface
occurs not only at the anode but also at the cathode of a lithiamcell Several studies repastl
surface filns on the cathodes of aged lithiuaon cells[75,84¢86]. The surface film at the cathode

is often referred to as solid permeable interface ($81). The SPI of NCA cathodes is composed of
organic speciesfrom electrolyte solvent oxidation andnorganic species fromconductive salt
decomposition88]. As described above, oxygen is released when Idtfiée structures transform
into rock-salt type Thisaggravate®oxidation reactiongnd leads to a growth of the JBF,89]. The
compositionof the SPI exhibitsimilaritiesto the outermost layer of the SIR4]. Yet,Abraham et

al. [89] demonstratedthat the SPis created by reactions at the cathode amino result of SEI
componentsmigratingfrom the anode to the cathode.
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2.2.3 Electrolyte

As presented above, the electrolyte is involved in decomposition reactions leading to surface film
formation at both electrodesDay et al[90] demonstrated by differential thermal analysis that a
considerable amount of conductive salt is decomposed durindingyoperation As the
concentration of the conductive salt determiséhe ionic conductivity between both electrodes,

the decomposibn reactions affect th@hmicresistance of the lithiurion cell[91,92].

The electrolyte reduction at th@anode consumes cyclable lithium and leads to apacity fade
[56,93]. By contrast, the electrolyte oxidation at the cathatdtees not consume cyclable lithium and
lead to a capacity fade; instead, gausesa reintercalation of lithium into the cathode, which
represents a reversible selischargg94,95].

Both types of electrolyte decompositiocan beaccompanied by a release of gaseous reaction
products and increase the internal cell pressi®,97]. Furthermore, theongoing electrolyte
decomposition carresult in a local drying out of the lithiumion cell [98,99], which leads to
inhomogeneous current disbution anda further acceleration athe degradatior{100].

2.2.4 Separator

Although the porous separatmf a lithiumion cellis electrochemically inactive, it caffect the
performance ofthe lithium+ion cell considerably Aging studies revealed that deposits from
electrolyte decomposition clppores of the separator, which leads to an increasing ionic impedance
and may also result in a decrease of the accessible active surface area of the eleflih8ék
Furthermore, mechanical stress calter the porosity and tortuosityof the separatorMechanical
compressionand viscoelastic creemay lead to pore closure, which in turn reduces the ionic
pathway and results in an increased higbquency resistancgl01,102]

Pore cloggingcan lead to an inhomogeneous current distribution, as pore closure acts as an
celectrochemical concentratér creating locally high currents and overpotentials in the adjacent
electrodeareas, which increaethe risk of lithium plating46,103]. A directimpact of compression

on lithium plaing was alsaeported by Bach et al[104], where local lithium plating was observed
together with alocal damage of the separator.

2.2.5 Current collectors

Thee are two maindegradationmechanisnsrelated tothe current collectorf a lithiumion cell.

On the one hand, the currerollectors can corrodelectrochemically This occurs particularly at

the aluminum current collector of the positive electrode when acidic species, such as HF, are present
and lead to an increasing contact resistance between the current collector foithendathode

active materia[65,105] The copper current collector of the nedad electrode can dissolve under
overdischarge conditions when the anode potentiaés to1.5V vs. Li/li[65].

On the dher hand, mechanical stress can deform the current collefdds. Particularly for high
current cycling of cells with wound electrodes, the volume changes of the actiteriada due to
the intercalation and deintercalation of lithium cause h@ghd inhomogeneous mechanicsttess
that canlead to a local deformation of the jelly r¢ll06]. This canveaken the contacbetweenthe
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electrodes and the separat®o that certain regions can no longer contribute 6% OSft f Qa Ol
[106,107]

2.3 Calendar Aging and Cycle Aging

In addtion to the classification of aging mechanisms by cell componewts categoriesof aging
conditions are usuallyemployedto classify aging reaction ilithium-ion batteries Agingunder
nonoperating conditionswhich istypically referred to as calendaging, andcycleaging under
charging and discharging operatif$}. Whilecycle aging generally comprises the aging mechanisms
that damage the materials reversibilityalendar aging results mainly from interactions betwées
active materials anthe electrolyte[108].

Calendar agings strongly linked to electrolyte reduction and oxidation and the growth of surface
films on the active materials. $trongly depends on time&oCand temperaturgf109]. Cycle aging
comprisesalsothe mechanisms ao$tructural and mechanical changeghe battery componentsit

is substantidy more complex than calendar aging addpendsalsoon a variety ofadditional
parameters, such asharging and dischargingurrents, cycle depth,and charge throughput
[110,111]

Usually calendar aging and cycle aging are considered as adfid} In practicalagingstudies

where the cells are cycled continuougsilyis not possible to measuthe individual contributions of
cycle and calendaraging as calendar aging also occurs durthg periods of chargealischarge

cycling Typically the concept of superpositiors appliedwhich assumeshat calendar and cycle
agingadd linearly{111,112]

2.4 Endof Life

The EoLof a battery is reached when the energy content or the power capability is no longer
sufficient forthe particular applicationFor battery aging studies, standardized EoL criteria would
be beneficial However standardson ctest specifications for lithiusion traction battery packs and
systems of electrically propelled road vehiélésSO 12404, 1SO124052) do not include EoL
criteria. The standard on théperformance testing o$econdary lithiurdon cells for the propulsion

of electric road vehiclés (IEC 6266Q) also contains no EoL criteria. This is particularly
demonstrative, as there is a similar standard éperformance and endurance tests of secondary
batteries(except lithium)for the propulsion of electric road vehicke8EC 61982) which fiees the
EoL as 80%f the nominal capacityThedUSABC Electric Vehicle Battery Test Procedures Manual
[113] from 1996 defined two EoL criterithe net delivered capacity is less th80% of therated
capacity otthe peak power capability is less th@80% of the rated power at a depth of discharge of
80%. Howeverthese criteriahad not beenincorporated into binding standardset.

Overall, it appears to be difficult or unwanted to define standardized EoL criteriamighs result
from divergent requirements on the performancat the EoL of the batterywhich can vary
substantially among different vehesand user needd-or EVs with large and small battery systems,
aloss of 20% in capacity supposed tdave a different impact on the usability of the vehidier
an EMvith a larger battery systenmore capacity fade and, thug, highedoss of driving rangimight
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be tolerable than for an EWith a small battery systepuntil the EVis no longer able to provide the
driving range required by the customer

In many publicationghe Eolfor the lithium-ion traction battery of arEVis assumed as a remaining
capacity ofless than70%80% [114¢118]. In this thesis, a capacity fade of more than 20% is
considered as the EoL. Yet, cycling procedures were not automatically stopped when a capacity fade
of 20% was reachesb that thecells were often cycled beyond this point.

2.5 Limitations ofAging Studies Presented in the Literature

In general, the aging studies of lithivion batteries published in the literature investigated
individual electrochemical effects with only a small set of parameters varied. As the lithiucells

differ amongthe many aging studies, no direct comparison of the results is possible. Furthermore,
the test conditions and methods for degradation monitoring vary substantidily. obtain
comparable resultdor different operating conditions with different pdominant degradation
mechanisms aging studies performed with the same type of lithkiom cell, identical test
conditions and similarmethods for degradation monitoringre required.

The operating conditions of an EV battery can be categorized into the following three operating
states: nonoperating, charging, and driving. In all three states, the aging behavior differs
substantially. As the agirgjudiespresented in the literatureisually did not examinelynamicload
profiles like they occur whemperating an EV explicit agingstudies related to the different
operating conditions of an EV battery arecessaryo obtain a thorough understanding of the aging

of lithium-ion batteries inEVs.

To overcome the abovmentioned limitations, experimental aging studies on nonoperating
periods, charging protocols, and driving operatiare presentedin this thesis which were
conductedwith the same type of lithiurdon cell,under comparablgest conditions and with similar
methods for degradation monitoringThe methods and results are presented in the following
chapters.
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All experimental aging studies presented in this thesis followed an identicaldtasgure. At first,

the cells underwent an initial characterization. Then, the cells were aged under the respective
operating conditions. In periodic intervals, checkup meamaets under identical environmental
conditions were performed tamonitor the degradation of the cells. The checkup procedures
contained varioussequencesof electrical characterization for noninvasive and nondestructive
analysis of battery degradation.

The core objective of the experimental aging studiegas to identify the predominant aging
mechanismdor the different operating condition®f an EV batteryTo achieve this, appropriate
methods for degradation monitoringvere required Capacitymeasurements, [Ectrochemical
Impedance ectroscopy (EIS), and current step response analysis represent commonly used
techniquesfor degradation monitoringwhich were also applied this thesis

In addition to the abovementioned standard techniques,ifizrential Voltage Aalysis (DVAand
coulometry wereused.DVAenables the separation @fging contributions from anode degradation,
cathode degradation, and shifts in the electrode balancing without opening the cells and performing
postmortem analysesMoreover, a new coulometry technique is presented in this section which
enables the identification of anodic and cathodic side reactions in calendar aging studies.

As a detailed knowledge of the different techniques is required for an optimal applicatidrior

the correct interpretation of the results, the fundamentals of the various techniques are introduced
and discussed in detail in this sectidime explicit implementation of each analysis techniqubes
describedn the respective chapter of ehcstudy.

Beforepresentingthe different analysis techniquea,general sectioprovides basic information on
the experimental work, which is of relevance for all subsequent chapters presenting the aging
studies and their results.

3.1 Basic Information on thEéxperimental Work

This section introduces the lithition cells examined in this thesis and the technical equipment
used. Moreover, it provides some general definitions and considerations.

3.1.1 Lithiumlon Cells Examined

In the experimental calendar and cyd®ing studiepresented in this thesis,oecnmercial 18650
cells from a welestablished manufacturer with mature production processesre examined.
Stable production processes were expected to guarammble results withoutconsiderable
variation from production. High-energy lithiumion cells of type Panasonic NCR18650PD arith
NCA cathode and a graphite anode were examined in this th€aisle 1 lists characterisc
properties of this cell type. The cells hadagpacity otta.2.8Ahand an openingf the cells disclosed

the lengthsand widthsof the coated electrode areas. This helped to estimate the areal capacity of
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Basic Information on the Experimental Work

3.65mAh/cmz2 which was necessary to obtaimgearable current densities for measurements with
coin cells fabricated from the electrode materials of the commercial 18650 cells.

For the NCR18650PD cells, the manufacturer statéthh specific energy of 228h/kg, a high
energy density of 57@/h/l, and alow internal resistance of abo0Y K[119]. Acapacity utilization

above 95%at an elevated dischaiigg current of 10A anda good discharging performance at low
temperature, even below 0°@Jso qualify these celfer EVapplicationg119]. Moreover, the cells
exhibit similarities to those cells used in the Tesla Model S, which confirms the practical relevance
of selecting this cell type for investigating the aging behavior of litimmbatteries in EVSs.

Tablel. Characteristic properties of the lithition cells examined in this thesis

Manufacturer Panasonic

Type NCR18650PD

Nominal capacity (datashegtlueg Minimum: 2.75Ah, typical: 2.9 Ah

Nominal capacity(y used in this thesis) 2.8Ah

Maximum voltageVmay) 4.2V

Nominal voltage\(n) 3.6V

Minimum voltage Vmin) 25V

Highestcharging current presented in datasheet 1.375A

Highestdischarging current presented in datasheet  10A

Weight 45¢

Anode material Graphite

Cathode material LiNICoAIQ(NCA)

Coated cathode area inner sideof electrode 667 mm x 57.5 mm 383.5 cm2
outer side ofelectrode 667 mm x 57.5 mm 383.5 cm?2
total (A) 767 cnt

Coated anode area inner side oklectrode 715 mm x 58 mms 414.7 cm?
outer side ofelectrode 661 mm x 58 mnx 383.4 cm?
total (As) 798 cm?

Areal capacity (GJ/ A) 3.65 mAkem®?

*related tothe coated @thode area asit is slightly smaller than the anode area

In the aging studies, more than 250 cells were examined and tesiiddifferent load profiles

under different operating conditions. The cells were all of the same type but stemmed from two
different production lots. The cells from the first lot were used in the first calendar aging study and
in the cycle aging study odriving operation; the cells from the second lot, produced about six
months later, were used in the second calendar aging study and in the cycle aging study on charging
protocols.

To facilitate cycle life testing, most of the cells were equipped with standardizsuledluster
terminals. As shown iRigure5, strips of Hilumin (nickegdlated steel) were used for the contacting

of the cells, onto which power and sense leads from the luster terminal were soldered before the
strips were spotwvelded onto the poles of the celigureba shows the uncontacted cell afigure

5b exhibits the contacting version of the first lot of cells. In this first contacting version, therpow
and sense leads were located at the same end of a can [®ng Hilumin stripFigure5c exhibitsan
optimized contacting version, where the power and sense |leag® located at opposite ends of a
substantially shorter Hilumin strip. This reduced the voltage drop measured by the sense lead since
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the path from the tip of the sense lead to the welding spots was no longer within the path of the
current flow from the pwer lead to the welding spots. Thus, additional resistance contributions
from the Hilumin strip were minimized. This optimized contacting was used for the cells of the
second lot which were tested in the cycle aging study on charging protocols. Thecetlsefrom

the second lot, tested in the second calendar aging study, remained unconta€tedthe
measurementsthese cells were placed in cell hold&rith spring loaded contact probder power

and sensat eachend. Differences in the ohmic resistans®wing to the contacting methodsere
revealed by the initibcharacterization measurements and will presented in Sectio.2.

(a) (b)
%"ll“: .\
o
. L
4 U] i )

Figureb. Contacting of the cells with Hilumin strips spatlded onto the poles and-gole luster terminals.

(a) Uncontacted cell, (b) cell from the first lot, where povaad sense leads were soldered onto the same
end of a Hilumin strip; and (c) cell from the second lot with optimized contacting, where power and sense
leads were located at opposite ends of the Hilumin strip.

The general dependence of the cell performammce amperage and temperature is illustrated in
Figure6. Figure6a shows the discharging behavior of the cells for different discharging currents,
obtained from own measurement¥/hen discharging with B, the available capacity is ca. 7% lower
than for discharging with a low current of 0.25As illustrated irFigure6b, the performance of the

cells depends strongly on temperature. With lower temperatures, the voltage drop owing to the
internal resistances increases and the avddatapacity diminishe§.he temperature dependence

is also a critical issue for degradation monitoring, as varying measurement temperatures lead to
fluctuations in the capacity and resistance measurements. To avoid such distortions, all checkup
measuremens were performed in thermal chambers at 25°C.

@) T=25C  025A (b) I=-3.0A ——40°C
4 S ——-1.0A 4 ——30°C
——3.0A 20°C
——-50A 10°C
S S 0°C
3.5 357} —-10°C
> g ——20°C
S =
S p
3r 3r
25¢ . . . . . .25 . . . . . .
0 05 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Capacity (Ah) Capacity (Ah)

Figure6. (a) Discharging curves for different currents at the same temperature of 25°C and (b) discharging
curves forg3 A at various temperatures
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3.1.2 Technical Equipment Used

For the nitial characterization of the cells, a Hi&kT3562ester was used to determine thekHz

AC resistance. The subsequent experiments were conducted with BaSyTec CTS battery test systems,
which provided multiple independent\B+5A test channels. For Bi®asurements, a Gamry G750
galvanostat/potentiostat was usedhe EIS measurements were performed in galvanostatic mode
without DC offsetlgc. =0 A) and the cells were typically tested at 58%C. In the control software

of the galvanostat, the excitatioaurrent is always defined as theot mean squareRMS value

and not as the amplitude of the sinusoidal current signal. Hence, all excitation current values
presented in this thesis represeht msvalues. The examined frequency interval ranged frorkH9

to 10mHz.As the measurement duration is mainly determined by the low test frequencies, the
frequency points per decade and their repetitions were reduced with increasing frequencies. The
explicit frequency and repetition values are lisiad'able Al in the appendix. The total duration of

one EIS measurement was ca. . In the second calendar aging study, a multiplexer was
available, which allowedutomatized EIS measurements without a manual disconnection and
reconnection of the cells.

As the behavior of lithiuron batteries is highly temperaturdependent, all measurements were
performed in thermal chambers. Several dalilt chambers were usedyhich provided different
constant temperatures. These chambers contained resistive heaters, Peltier coaleds
Wachendorff UR3274U5 PID temperature controllers with a PT100 temperature sensor. The
temperature calibration of these chambers was performadth a Fluke 1524 reference
thermometer and a Fluke 56225 PT100 probe. These thermal chambers were able to reduce
temperature variations to less than 0.2°C and they were used for measurements at 25°C, 40°C, and
55°C. There were also two thermal chambesith simple onroff controllers for temperatures of

10°C and 60°C which exhibited larger temperatures variationg;®TCL For tests with dynamic
temperature changes, a Votsch VT4021 climate chamber was used.

3.1.3 GeneraDefinitions and Considerations

For areproduction of the experimental aging studies and for a correct interpretation of the results,
the following definitions and considerations have to be regarded.

Conventions for the Current Flow

In the entire thesis, the current flow is defined in suchaywhat discharging always represents the
direction of the current flow that occurs when both poles of a cell are interconnected by an ohmic
resistor. This definition is particularly important when comparing -balfs and fukcells, as
differences betwea the current flow and the flow of the lithiusons arise. This means that in the
half-cells, graphite or NCA is delithiated during charging and lithiated during discharging. In-the full
cell, NCA is delithiated during charging whereas graphite is lithia#é®d vice versa during
discharging. Thus, the direction is opposed for graphite in thecélill

The sign of current values is defined so that charging currents are represented by positive values
discharging currents are represented by negative valaaalogously, positive or negative ampere
hour values express charged or discharged amounts of charge, respectively.

18



Analysis Technigues Used for Degradation Monitc

Absolute Current Values instead ofRates

For all checkup and diagnosis routines, the charging and discharging currents were specified as
absolute amperevalues. As explained in Rgfs20]and[121], identical abstute current values lead

to a better comparability than identicak@tes when testing cells of identical volume.

When comparing different cell types, the objective is to obtain similar current densities. Typically,
the coated electrode areas of higiower 18650 cells with about Ah capacity and highnergy
18650 cells with about Bh capacity differ far less than their capacities. The differences in capacity
origin mainly from a different thickness and porosity of the active material coatings. Thuscaden
absolute amperevalues lead to more homogeneous current densities than identicat&s for cells

of identical volume but different capacif§20]. Furthermore, in practical applications using cells of

a specific form factor, such as tlglindrical18650 formator the prismatic and pout formats
presented in the DIN/VDA SPBX252 the number of cells in the battery system is often
predetermined by the construction space available. Consequently, the load per cell is also
predefined and, thus, independent from tlexplicit capacity valufL21].

As many cell types of format &80 ¢ which have virtually the same volungevere investigated at
the Institute for Electrical Energy Storage Technology at the Technical University of Munich (TUM),
the aging studies presented in this thesis also used test protocols based on absoletd values.

Equivalent Full Cycles

As cycle aging often exhibits a strong dependency on the charge throughput, equivalent full cycles
(EFC) are used for a better comparability of cells cycled with different cycle depths. To compute EFC,
the charge throughput is divided by the nominal capaciBy of the cells, which is 2.8h for the cells
examined in this thesis. For the computation of the charge througlpuhe combination of JAh
charged and Ah discharged is counted as a charge throughputAhIThs is represented by the
following equation for the integration of the battery currehtio computeQ:

0 ™t  $QQ0o 1)

Resistance Definitions

To distinguish between results from impedance measurements in frequdoayain and cell
resistance measurements in time doma randRic_ were defined respectivelyrac srepresents a
resistance value derived from a frequency domain measurement at a specific freqhielhdg
defined as the real part of the impedancethe frequencyf. With this definition, theRuc 1kHzvalues
measured by the HiokBT3562tester and by the Gamry G750 potentiostat/galvanostat are in
excellent agreement. For measurements in time doméhe, resistanceRy,_ is derived from the

voltage response corresponding to a current step, which is evaluated for the pulse durdiems
is the resistance value obtained for a pulse duration 0§10
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Constant Current Constant Voltage Capacity Measurement

3.2 Constant Current Constant VoltaQapacityMeasirement

Theactualcapacityof a batterycellis the most prominent value to evaluatiee agingprogress It is
usually determined by discharging a yukkhargedcell with a constant curren{CC)until the
minimum voltage is reachetiowever, reaching theninimum voltage level does not mean that the

cell is completely discharged. Typically, concentration gradients inside the cells equilibrate and the
cell voltage rises agaatiter a certain pauseanother short discharge period becomes poss[t@2].

This effect occurs more pronouncedly for lmég discharging currents. Thus, a low discharging
current has to be used tdetermine the maximum storage capability of a c&lb circumvent
unnecessarily long measurement durations, a constant current constant vqltag@\uischarging
procedurecan beused This combines a CC discharging sequence and a constant voltage (CV)
sequence at the minimum voltage level until the amperage of the discharging current loztps

a predefined cubff threshold. As the capacity measurements asensitive totemperature, all
capacity measurements were performadthermal chamberat 25°C to obtain comparable results.

Figure7ashowsacapacity histogranfor the 105 cell®f the first production lot andrigure7b shows

a capacity histogranfor the 175cellsfrom the second prodction lot. The capacity values result
from initial characteization tests, where the cells were CCCV charged and then discharged with a
CCCV procedure to determine the actual capacities of the cells. After that, the cells were charged
again tothe initial SoC which wasca. 30%at the delivery of the cellsThe exficit test procedures

and the respective parametefsr both lots of cell€an be found in the append(seeTable A2 and

Table A3). The mearcapacityvalues for both lots cannot be directly compared sincetthe initial
characterization procedurdsad different parameter values for the discharging voltage and for the
cut-off currents of the CV phaseBor the first lot, theabsolutecut-off currentsfor CCCV charging

and discharging were higher and the cells were only discharged to/2.7his led to lower capacity
valuesthan for the second lot

100 : 5 100 : 5 100 5 5
@ [ Lot 1: CC only; ®) Btz ccony| © { I Lot 1
I Lot 1: CC+CV | I ot 2: CC+CV : '
80 ....... - Mean 80 ......... Mean
>
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[ : B
= : B
g
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Figure7: (a,b) Histograms of cell capacities and (c) histograms of internal resistances obtained from the initial
characterization tests of the two lots of lithiuion cells examined in this thesis. The width of each bin is
0.01Ah for the capacity histogms and 0.¥m F2NJ G KS NBairadl yoOS KAadz23IaNF)
value of the capacity and resistance between both lots were caused by variations in the parameters of the
checkup procedures and by different ways of contacting the cells, respgctivel

Although the mean valued the capacity measuremengse not directly comparablésigure7a and
Figure7b demonstrate for both lotghat the capacity values exhibit substantially lower variations
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for CCCV discharging compared to sole CC dischafdiisgs also confirmed Byable2, which lists
the mean valus and the standard deviati®s for the capacity and resistance measuremeoits
the initial cell characterizatiorA normal distribution is characteristic for new cgll23,124] The
standard deviation decreases for both lots fromridh for the € measurements tod® mAh for
the CCCV measurements, which corresponda ttecrease fron0.5%G to ca. 0.2%C. These
standard deviation are notably lower than those of othedithium-ion cells presented irthe
literature, which ranged between 0.8%y and 1.9%C\ for new cell§123¢125]. Thisconfirmsthe
mature production praesse®f the cell type examined in this thesis which provide miniosgi#to-
cell variation.

Beforethese initial capacity measurements, the cells were connected to a HBGB562battery
tester to determine theRac 1kHzr€SIStance Figure7c shows theesistances measured for both lots

of cells The highecellresistancesneasured for the firsliot canbe ascribed t@different contacting
method. All cells from the second lot performed the initial resistance measurements in uncontacted
state in a fousprobe springcontactbased fixture The cells of the first lot were equipped withe
contactingversionpresented inFigure5b, where the voltage dropover a considerable section of
the Hiluminstrips werealso part of the voltage measuremerithe resistancéncrease ofca. 1.4
1.8mm wasmainly caused bythe ohmic resistance oHilumin asthe contact resistance of a spot
welding connection of Hilumin typically lies below thi\ [126].

The lower standard deviations f@CCV discharging demonstrate that an additional CV phase can
compensate variations in théC dischargingme spanresulting from resistanceariationsor small
temperature variations due to an inhomogeneous, turbulent air flowhe thermal chamber whic
leads to an inhomogeneous convection and thus an uneven warmirgg thge cells Overall, the
CCCV dischargipgocedureprovides a very robust and reliable identification of the actual capacity
of the cells.Therefore, it was used in all aging studiesgented in this thesis.

Table2. Mean valuegi and standard deviations of the capacity measurements performed with CC or
CCCV discharging and of e+ resistance measurements

‘ Capacity Measurement CC

Mcc Scc Scd Hece Hceev Sccev  Saxd Heca
Lotl | 2.6 Ah 0.014Ah 0.00®2 |2.823 Ah 0.006Ah 0.0021
Lot2 | 2.75 Ah 0.014Ah 0.00% |2.860Ah 0.006 Ah 0.0017

Capacity Measuremer@CCVJ Resistance MeasurementkHz
MR SR SH MR

225Ym ndo 0.013

HM®DPn n dPH 0.010
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3.3 Electrochemical Impedance Spectroscopy

The internal resistances of a lithivion battery have a substantial impact on the power capabilities

of the battery. When the resistances rise, the power capability decreases. Moreover, the maximum
and minimum voltag limitations are reached earlier durif@@Ccharging or discharging, whican
reduce the available capacity for a specific applicatiotably.

3.3.1 Fundamentals

EIS is @& established andrequently usedtechnique to determine the dynamic behavior of
electrodhemical system§l27,128] From a periodic excitation, the ngplex impedance is derived,
which describes the transfer function of the examined system in a sy8tenretical manner and
contains informaibn about the amplitude ratiand phase shift between the voltage and the current
signalfor a specific frequencyror sinusoidal current and voltage sign&$ and u(t), of a specific
frequencyf and with the amplituded&and w, the compleximpedanceZ(f) computes as follows:

W A0 dQ @
Lo ot ot ©)
Q0 — ——— 0si0 wih 0s -ande . @

| Z(f)] provides the information about the amplitude ratio ard about the phase shiftEIS
measurementgan beperformed with either a voltage excitation or a current excitation. According
to the excitation mode, the measurements are named potentiostatigalvanostatic, respectively.

A combination of both modes is performed in pseyglmsentiostatic EIS measurements, whére
measurement itself is performed galvanostatically but the amplitude of the excitation current is
constantly adjusted taobtain a constant voltage amplitude for all frequencies examinedFor
batteries cells, the measurements are typically performed galvanostaticallypseudo
potentiostatically sincethe batteries are voltage sourcésemselvesand since galvanostatic EIS
measurements prevent SoC drifts as the saoharge quantity is transported in positive and
negative directiorwithin one period[129,130]

3.3.2 Interpreting Impedance Spectra

In an EIS measurement, the complex impedance is determined for a wide frequency range to obtain
a characteristic impedance spectrum. Typical excitation frequencies for batteries range from the
kilohertz region down to the millihertz regiofil31,132] In this thesis, he examined frequency
interval ranged from 18Hz to 10mHz.From the resulting impedance behavior, different physical
and electrochemical properties of a battery cell can be identified and characteRigpde8 shows

an exemplary EIS spectrum of the cell type examinduisrthesis. In this Nyquist platharacteristic

points and sections are highlighteghich will be described in the following nagraphs
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Figure8. Impedance spectrum diie examinedPanasonid 8650 lithiumion cell at 50% SoC and 25fith
characteristic points and sections highlighted

3.3.2.1 Ohmic Behavior

A characteristic point in the impedance spectrunwisere the imaginary part of the impedance
becomes zeroFor the excitation frequencycorresponding to this pointthe cell exhibitgurely
ohmic behavior. This means thalhe phase shifts frominductive and capacitive effects are
compensating each othand the cell behaves like an ohmiesistor. For the lithiumion celltype
examined in this thesjsthis occurs very clos® 1kHz. As a consequence, the real part of the
impedance at kHz the Ry, 1kHz iSa welksuited indicator tadentify changes irthe ohmic behavior.
Ohmic contributionsto the cell impedanceypically origin from the electrolyte resistance, the
resistances of the current collectors and active masses, an@dhtactresistances betweethe
current collectos and active masss[133]. The electrolyte resistance depends on its conductivity,
which changes witthe concentrdion of conductive salt dissolvead it[91,92]. As this concentration
changes with agindrc,11zcan be used to identify electrolyte degradatidrhe contact resistances
between current collector and actv material typically generaténigh-frequency capacitive
semicirclesin the impedance spectruifd34,135] Incylindricall8650 cells, bwever, these effects
are supeposedby a pronouncednductive behaviarwhichdominatesthe overall cell impedance

the highfrequency region and results in negatiyealuesin Figure8 for frequencies above kHz

As a consequence, theapacitive senicircles from the contact resistances between current
collectors and active materials cannot be determined individually and their resistive contributions
become part of the ohmicesistance valu®c,ikH4136].

3.3.2.2 Inductive Behavior

The lower part of thempedancespectrumdepicted inFigure8 representsthe inductive behavior
of the cel] whichresultsmainly from the geometric design of the cell and its electrotiesylindrical
cells, he spiral windingof the jelly roll lead to considerably higher inductivities tHanthe planar
electrodes of coin calor pouch cebB with stacked electrode shee{d36,137] Furthermore, the
position of the tabs, which connect the current collector foils with the external pdldseccell, also
KFE2S | YI N] SR AnducianCelA logggr distéh& theédGgh thedspiral windings of the
jelly roll between both tabs leads to a substantially higher inductgh88]. The cell type examined
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in this thesis has the negative tab located at the outer end of the jellyaral the positive tab
located at about one third of the distance from the inner end to the outer end of the current
collector foil.Hence, a considerable inductive behavior is obser¥ée. inductive contributions to
the cell impedancexhibit usually oty minor changes with aging

3.3.2.3 Capacitive Behavior

The upper part of thempedancespectrumdepicted inFigure8 representsthe capacitive effects
and comprisestwo depressedsemicircles and asloping lineat the right end.For the cells in new
condition, the two semicircles overlap in such a way that they cannot be clearly distingulstesd
semicircles cover effects frompassivation layeras well ascharge transfer rgistances at both
electrodes and double layer capaciti¢s7,139] The sloping lineat the lowfrequency end
representslimitations in nass transport due to diffusion procesgd83,140] The square markers
in Figure8 highlightthe cell impedanceat 32Hz and 30 mHz, whichrepresentthe transition point
between the two semicircles and between the second semicircle and the slopingdspectively
These markerare used throughotthe entire thesis tovisualzethe transformatiorsof the different
sections of the impedance spectrum with agiagd to separate sections dominated by anode
influence and cathode influence.

3.3.3 ldentification of Anode and Cathode Contributions by Symnt@diic Cells

The individual impedance characteristiof both electrodes of a lithiuson battery can be
determined by examining symmetric ce]ist1¢143]. Thus, symmetric 203&zed coin cells were
fabricatedfrom the electodes of a new cell at 50% SoC. From the graphite anode material and the
NCA cathode material, electrode samples with a diameter amf® were punched out. These
electrode samples were reassembled in symmetric coin cells with either only graphite or@Aly N
samples. In addition to the symmetric cells, ftélls with one graphite and one NCA electrode
samplewere built. These cells were the link for the validation between the symmetric coin cells and
the original 18650 fultell. The coin cells of sizeZ0were built with a polymer separator of X6m
diameter and 3Qul of fresh electrolyteXM LiPkin EC:EMC (3:)7)

As the electrode samples obtained from the jelly roll of a commercial 18650 cell were generally
coated on both sides, distortions in thep@dance measurements occurred, particularly for the NCA
samples. An additional higinequency capacitiveemicircle was observed, which svehought to be
caused by the contact resistance between the back side of the electrode sample and the conducting
metal of the coin cell. This undesired hiflequency, capacitive semicircle in the spectra of the
symmetric NCA cells and of the fad#lls could be reducebly an increasing pressure onto the coin

cell. As a consequence, all coin cell impedance spectra pessém this section were recorded
inside a pressetup, which was used to press both halves of the coin cell housing together with a
force of ca. XN. This effectively minimized the undesired higdguency semicircleelated tothe
contact resistances d@he NCA electrode material.

Figure9a-c depicts the measured impedance spectra of the coin cells, with the same characteristic
frequencies highlighted as in the impedance spectra above. The coin cell measurements exhibit only
impedance values above theaxis, which represents a very low uadive behavior. This confirms
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that the inductive contributions in the impedance spectra of the commercial 18650 cells origin from
the spiral winding of the electrodes.
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Figure9. Impedance spectra from coin cell measurements. (a) Symmetric graphite coin cell, (b) symmetric
NCA coin cell, (c) comparison of ftéll coin cell andhe superposition of the previous graphite and NCA
spectra. (d) Comparison of the impedance speatoafthe original 18650 cell and the scaled results from
superimposed symmetric graphite and NCA spectra, also in combination with the additional inductive
components illustrated by the equivalent circuit model at the bottom. The superposed spectra wieee shi
horizontally to visualize the excelleatjreement.

Figure9a exhibits a flat arc segment for the graphite anode betweddtiz and 3Hz, where the

real partinceasesbyca.®@ ® C2 NJ (G KS al Y SigdddBshoieScgrSiderahlysn8IdNID | f
changes in the real part of the cathode impedance of only a&. 3t Y R It imaginary pangs &s

in the graphite spectrum. In the frequency interval fromi32to 350mHz, the characteristics of the
impedance spectra are reversed. The real part in the graphite spectrum increases by onlyXa. 4
whereas it increases by moretham® Ay GKS Db/ ! aLISOONMzyd ! faz ol
spectrum are substantially higher. Fiigure9dc, the spectrum of a fultell in the coircell format and

the superposition of the graphite and NCA spectrum freigure9a and b are compared. The
superposition was performed by adding the impedance values of both spectra after dividing the
individual impedance values from both spectra by 2, since the impedances of the symmetric cells
represent the sum of two identical elecdes. Moreover, a horizontal offsetof W6 ¢ &8 | RRSR
obtain similar positions ofhe characteristic frequencies of 32z and 350nHz. The two curves
depicted inFigure9c demonstrate that an excellent agreement can be obtained in the superposition
process. This confirms that the linear superposition of electrodiévidual impedance values is
feasible.
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The impedance reconstructighustrates that in the frequencyange between kHz and 3 Hz, the
graphiteanode is the dominant source of impedance, whereas the semicircle betw2elz and
350mHz origindargelyfrom the NCAcathode.

To compare the results of corell measurements with the impedance spectra af tonventional

18650 cells, the superposition of graphite and NCA impedances is scaled byirl/A§are9d,

which is close to the factor of 1/500, resulting from themparison of active electrode areas
between the coin cels and original cell in 18650 format. The ca. 12% higheisor indicates
somewhat higher relative resistances for the coin cells. This might be caused by the back side coating
of the NCA sample #t lies in the current path and thus increases the impedance as the electrons
have to flow through an additional layer of active material compared to the conventional current
path in the 18650 battery cell, where the electrons only flow through the metakat collectors

to reach the active material.

To adjust thenductive behavior, an induct@nd a parallel connection of indwmtand resisbr were
assumed in series to the cell. The parameter values of these three components were varied to obtain
a godl fit between both curvesFigure 9d demonstrates an excellent qualitative agreement
between the two curves. Thushe reconstruction of the impedance spectrum of the 18650 cells
from symmetric coin cell measurements confirniat the frequency range between23z and
350mHz serves as an indicator for degradation of the NCA cathode, whereas the frequency interval
from 1kHz to 2 Hz can be ascribed to the graphite anode.

3.3.4 Prerequisites for Reliable EIS Measurements

To employ B in experimental studies on battery aging, it has to be guaranteed that reliable spectra
are recorded.According to the mathematical fundamentals of EIS, impedance measurements
correctly describe the transfer function of an electrochemical system if jfsem meets the
conditions of causality, linearity, and tinievariance[144,145] Typicalsources ofmeasurement
errors originate fromthe applied excitation signal, temperature variations, and relaxation times.
Ther impact and identification are presented in this section.

3.3.4.1 Proper Lissajous Figures

By evaluating online Lissajous figures, which visualize the voltage data varseist data during

the measurements, the measurement quality can be assessed and violations of the- above
mentioned mathematical prerequisites can laentified. In an ideal case, the Lissajdigure
exhibits a perfect ellipse as illustrated inFigure 10a. Typical deviations in practical EIS
measurements are noisy ellipses, distorted ellipses, and degenerated ellipses where the endpoint
of one period is not identical to its starting poiftigure10b shows a aisyellipse whichtypically
occuis when the signato-noise ratio idow due to an excitation signal which is temallfor the
resolution and preisionof the employed measuremerttardware.Distorted ellipsesas illustrated

in FigurelQc, are a result of nonlinear behaviofhey occur when the voltage responsethe
sinusoidal current excitation is no longer a sinusoidal signal iisaiflithiumion batteries, hiscan

be observed at very low or very high SoCs when the potehégins to changedisproportionately

and the voltage response becomes a distorsatlisoidal signaln thesecases, the cell violateghe
linearity criterion.FigurelQd illustrates a degenerateéllipse, which exhibits a spirdike behavior.
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This occursvhen there are additional changes in the cell potential that are no result from the AC
excitationand, thus violate thecausality conditionSuch drifts occur whetme AC current signal is
superimposed with a DC offset or when thes apronouncedrelaxation of thecell voltage after
charging or discharging sequencggice the voltage of the endpoint aifs fromthe voltage ofthe
starting point, the criterion of timenvariance islsoviolated.
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Figurel0. Screenshots from Lissajous figunbtainedduring EIS measuremen{s)goodmeasurement, (b)
noisy ellipsedue to a low signaito-noise ratio, (c) distorted ellipsdue to nonlinear behavior, and (d)
degenerated ellips where the beginning and the endpoint of tiperiod are not identical resulting from a
superimposed voltage drift

3.3.4.2 Appropriate Excitation Amplitusle

Whenspecifyingan appropriate amplitude for the AC excitation of an EIS measurement, it has to be
ascertained that on the one hand, the excitation is large enough to obtain a good-&igmaike

ratio for a robust measuremerdndthat on the other handthe linearity criterion is not violated.
Depending on the SoC, the maximum excitation amplitude can vary substaialtations ofonly
5¢10mV aretypicallyrecommended whereas in quadiear regions, amplitudes of §000mV or
evenmore are alsoapplicable[146].

To evaluate the measuresent quality and the impact of the excitation amplituda the impedance
results EIS measurement&t 50% SoQvere performed with different AC currergettings. The
results are compared iRigurell. This demonstratethat the impact of the excitation amplitude is
negligible over a wide range of excitation currefusthe EIS measuremengperformedwithout DC
offset at 50% SoCThus, the cell is in a qudsiear regionat 50% SoC. MoreoveFigurell
demonstrates thathe overpotentials do not decrease with higher currents, as it was observed for
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lead-acid batteries ad ascribed tdhe ButlerVolmerrelationship[147,148]. Monitoring the online
Lissajous fjures revealed noisy measurementmly for very small excitation signals of
lac,)ms=12.5mA and below, but very smooth results foall higher excitation currents. Thubg ms
values of50mA and 100nA, which were used in the different aging studiespvided robust,
reliable, and comparableesultswhich fulfilled the mathematical prerequisites of EIS

Figurell. Impedance spectra of the examined 18650 cells at 50% SoC for different excitation dusrents

3.3.4.3 ConstanMeasuremeniemperature

As the impedances of a lithiton battery depend strongly on temperaturfd49¢151], it is
essential to perform the EIS measurements unakmtical temperature conditions Otherwise,
impedance fluctuations owing to temperature variations among the different checkup
measurementgan be considerably largerah the changes from preceding degradatibigurel2a
shows thesubstantial changes in the cell impedances with lower temperatureSigurel2b, the
variations for 25£5°C are demonstratd®hrticularly in the low and medium frequency domain, the
impedance spectra differ markedlysAa consequence, all EIS measuremevdse performed in
thermal chamberst 25°C, which was the standard checkup temperature for capacity and resistance

measurements

Figurel2. Impedance spectra of a ned8650cell at differenttemperatures ranging (a) fro®°C to40°Cand
(b) a detailed view fop5+5°C
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