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Abstract

Lithium-ion batteries used for motive transport applications need to reliably charge at ultra high charge
rates below 10 minutes. Charge performance testing data mapped across the usable range of temperature
and charge rate is required to make informed @&ms in multiple battery system developmental phases
including cell selection, battery management system parameterization, thermal management system
design, and charge profile selection. Ultra fast full charging requires new cell characterizationdeshniq
due to the high heat generation. This thesis develops and demonstrates techniques used for
parameterizing higipower lithiuntion battery cells in 270 cell formatMolicel P45B cells are dissected
and geometries of internal components such as electrode, current collector, and tab geometry are
measured to confirm high power cell design. Electrode chemical composition of active materials was
analysed using inductivelyoupled plasma, computed tomography, and scanning electron microscopy
techniques. Cellare cycled at high charge rate in traditional air chamber and in isothermal conditions to
identify differences in parameterization results. Aype thermocouple was inserted and sealed into the
center of the cell core which provided direct measurementirafer jellyroll wall. Cell core to wall
temperature gradients are evaluated in both conditioAs. 8aC core to wall temperature difference was
measured during 2ninute fast chargeA novel cell holder and higiate cell cycler are used to cycle cells

in a range of isothermal wall temperatures and rates to parameterize properties and quantify operational
trade-offs. The affect of applying temperature profiles during cycling is investigated using multiple profiles
and showed that elevated constant voltagiage charge temperatures reduced charge time significantly.
Relationships quantifying key cell cycle metrics with respect to the temperatures range of 2B82@b8
charge rates from 1 hour to 5 minutes were experimentally quantified. The techniqwesoged in this

study support future experimental performance comparisons of degradation response to different

electrical and thermal conditioning profiles.
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Chapter 1 Introduction

Lithium-ion batteries ardoecomingwidely used fortransportationapplications Althoughultra fast
chargingcan add upwards of@® kmof rangein 5 minutesyehiclebattery cells and thermal systems are
stressed in the procesBlew techniquesare needed teevaluate the chemical, physical, and
electrochemical properties dfigh-power battery cellsand theirimpacton fast charging performance.

Ultra high arrent testingis different than conventional techniques because considerations need to be
made forthermal, electrical, anéhemical noruniformities. Above all, he most important parameter is

cell temperaturebecausehe key metricsof cellresistanceenergyefficiency degradationand safety

are highly dependnt on it. Rapid charging batteries causes substantial heat generation within the cell
which can cause the cell to reach the upper temperature lémiit ¥ (i S y System desigriers must be
able to identify and select the optimal temperature and charge current profiles to minimize charge time.
Understandindhow key performance metrics are influenced by temperature emarge rate are needed

to selectanoptimal charging condition.

Control over cell temperaturthroughout the charging sessiasicritical tomaintainideal operational
conditions. The high heat generation during charging requires high heat transfer capabilities. In early
model electric vehicles, fast charging a battery has been shown to reduce battery life, especially in hot
environments(Myall, 2018) In the case of the Nissan Leaf, passively cooled architecture did not support
successive fast charges. However, modern vehicles are better equipped to manage effects of fast
charging. More powerful cooling systems such as those utilizing immersionraeafdr methods have
potential for maintainingdealtemperature and temperature uniformitgonditions underhighheat
generation ratesimmersion coolings more powerful because pumping dielectric oil through a

container holding cells results in very higpnvectiveheat transfer rates compared to other methods.

Development of high heat transfer rate thermal control systgmvides the notivation for this thesis



to develop techniques for parameterizitigh-power batteries and rapidly identify their ideal charge
condition. Furthermore, rapid characterization technigues are instrumentalioporting battery system

developers comparing and selecting cells for tailored applications.

1.1 Fast charging strategies

Numeroudast charge capableommercial vehicleare available on the marketith batteryusableenergy
ranging from80 kWh to 1 MWh(AFHanahi, 2021)In recent years, direct current fast chargers (DCFC)
have been deployed in high traffic areas around the world with a general trend of increasing power
capabilitieqTu, 2019)The term extreme fast charge (XFC) has been used to describe chardfiogkst
(Michelbacher, 2017)Additional standards focused on heavy duty truck charging at the megawatt level
are under development as described by the J3271 stan(idE, 2021)During a fastharging session,

the power a single cell experiences is dependant on the battery pack configuration, defined operational
window, and selected charge profile. The vehiotery management systenBMS communicates a
maximum charge curredimit to the charger through the connector as defined by standards such as IEC
618511 and ISO 1511@uarez, 2019Simultaneously, the BMS also controls the thermal management
system (TMS) to maintain battery temperatuea setpoint. The selected electrical and thermal profiles
usedthroughouta charge sessiois of key importance to optimizing charge time, battery longevity, and
safety.Vehicle thermal and electrical limitations are now commonly constraining the charge rate instead
of the charger itselfThus, improved charge times can be obtained by developing battery systems capable

of making use of all availab¥~C charger power.

Developing fast charge capable batteries requires knowledge of the ideal cell operational window and
optimized control over electrical and thermal conditio@elllevel charge limitations are inevitabéand

can be attributed taesistancelithium plating, and temperature limitsRecent efforts to improve battery

fast charging capabilities focus on a few key arealsiding celcurrent collector and talesistanceion

diffusion in active materials, charge transtBmamicswith electrolyte saltsandincreasingemperature



limits. The use of multiple tabs or tdless designs has reduced ohmic resistangectrode design using
advanced coatings, fine particles, and low tortuosigs reduced cell ionic resistanc®nalysis of salt
depletion/saturation in electrodeshas informed electrolytedesign andsupporied reduced charge
transfer resistanceExperimentation withelectrolyte solvents anchdditiveshas increasednaximum
temperature limitations.Althoughnumerous studies have demonstrated theividualimpact of each
designvariable, giantifyingcommerciallyavailablecell level performance is fundamental to cell selection

and system design.

Beyond cell design, the electrical and thermal profiles during a charge have been shown to significantly
impact charge performanc@eng Liu, 2021Many of the improvementtave been demonstratedith
laboratory scale half cells, coin cells, or small format pouch @dlisdhauer, 2011)There is a need for
commerciakcalecell formatultra fastchargecharacterization techniquesith both electricalpowerand

cell temperatureprofile analysis Onedifficulty with increasing cell size is managing the heat generation
and presence of thermal gradients within larger format c@8isaluation of internal temperature gradients

is needed taensure safety and longevity of large format cells.

Improved test apparatuses are needed to fully map the performance profile of fast charging Jitimum
cells with respect to cell temperature and rate. Forced air thermal chambers have been commonly used
to cycle cells imnisoperibolicconvective heat transfer condition. As higher power charging is employed,
charge rate limitations associated with methods utilizing convection based thermal chahmbigsghe
parameterizable operational window of cells due to their inability to maintain cell temperalineuse

of convection to control temperaturkeads toa significant difference between the surface of the cell and
the chamber set point whicbontributes tosubstantial gcle life and single cycle performantiéferences
(Landini, 2022) The difference from setpoint is further exacerbated by the presence ohdial

temperaturegradient (RTGyom cell core to wall during cyclinguternal cell temperature is higher than



the external cell temperature during heat rejection due to internal heating throughout the jellyroll.
Measurement of the cell internal temperature is needednform chargerate limitation analysiskigure

lillustrates the location of cell core temperature and cell wall temperature locations.

Cell core temperature’Y 06 ¢ /

Cell wall temperature’Y 0 ¢ |

Figurel Axial Cross sectiaf21-70cellcoreand cell wall temperaturlcations.

Preconditioning is when a TMS used tancrease cell temperaturprior to a charge sessidn place

the cell in the ideal temperature regimAdvanced thermal profiles require rapid cell temperature
changes especially during thermal grenditioning.Currently, indirecheat transfermethods such as
channel or plate cooling are widely usediransfer heat However, the heat transfer powearf indirect
methodsis limited due to thermal resistances anthnufacturing capabilitie#\ctive conduction based
thermal controllers usingeltier elements are an improved technique to maint#ie isothermalwall
condition. Anisothermal cell holder also provides the ability to measure the heat transfer required to
maintain temperature which can inform heat transfer system design especially as to when throughout
the cycle heat is generated. Quantifying the heat transfer requibadaintain temperature under
different conditions supports selection and design of heat transfer mechanisms. In this study, a novel
isothermal cell holder with high power thermal control is useevaluate the charging performance of

high-power batteries



1.2 Research approach

This study focwsson developing techniques to characterize cell fast charge performance in isothermal
conditions using the commercially available Molicel P45B cylindrieaD2Z&Il with NCA/Graphite
chemistry. This cell was selected due to its fglwver cell design andetevance to multiple existing

commercially available vehicles.

Newcells were dissected and analysed with a scanning electron microscope (SEM) to visualize electrode
design and condition. Electrode material was analysed with inductively coupled plasma mass
spectrometry (ICP) to determine chemical composition. The gepésalical construction of the cells
wasalsomeasured to provide a basis for comparing to theoretical current, capacity, and energy

limitations.

Chargeperformanceresultsfor different electrical and isothermal wall conditiongre compared

Instantaneous and cycle specific key metrics are compared over a state of charge (SOC) rarigiof 0

% while charging at rates ranging from 1 h@low)to 5 minutes(ultra fast)and in isothermal

GSYLISNI GdzNBE O2y RA (A 2y FullRI0yA SQCyclihdla variouspates dnd G 2 ¢ n
isothermaltemperatures enables investigating the relationship between key metrics of charge rate,
temperature, coulombic efficiency, energy efficiency, and capacity as a function of condition. The
resulting 3dimensional surfaces for each metric provides insight into incremental change in

performance for increasing charge rate or temperature. The segaupport the definition of a cell

power operational envelope and help identify an ideal charging temperature range.

Asymmetridemperaure profiles were applied during cycling ¢uantify how increasingemperatureat
different times throughout a charge cycle impstite charge performance. Step change thermal profiles
GSNBE dzaSR (2 Ay ONSI avdithird$indteatttBe¥ difendit imd=\dBringga®@ H N 6 /
charge. The results demonstrate how important and when it is important that the cell temperature be

elevated.



A thermocouple temperature sensor was inserted into the cell core to provide a measurement for
comparing cell internal to external wall temperature during cycling. The location and effect of probe
insertion on current collectors was investigated with congoutomography(CT)scanning Probed cells
were subjected to three charge rates and four temperature conditions to characterize thgradiénts

and core temperatur@vhen cycled in the convection condition and in the isothermal condition.

In summary, his study aim$o develop and demonstratmethods to thoroughhand rapidlycharacterize
lithium-ion cell performance while subject to ultra fast chargifige results provide new information on
cell internal temperature and kemetric performance during isothermal and convection condition fast

charging.This study does nadhclude testing and analysis of lithium plating or degradation.

Results of lsaracterizatiormay be usedh cell selection, talefine safehermal and electricabperational

windows andto select thermakndelectrical profiles which optimize battery chargerformance.

This study aims to

1. Quantify chemical, physical, and electrochemical properties of Molicel P43B 24lito
connectelectrochemical cycling trends with physical design.

2. Measure internal temperature during fast charging in both isothermal and isoperibolic
conditionsto evaluate how internal temperature depends on charge rate.

3. Comparekey metrics during charging imovel isothermal cell holddo quantify cell
performance and identify optimal chargeofile.

4. Evaluate the impact dhermal profile on charge performande identify affect of rapid pre

conditioning on charge time.



Chapter 2 Literature review

Thischapterwill explorenumerousconcepts pertinent to fast chargidghium-ion battery such ascell
designand electrochemical relationship$he impacthat battery design properties including electrode
chemistry, physical geometrgndcurrent collector desighason fast charging capabilityéentextualized
with support from tassicalphysicsbasedmodels Heat generation and internal to cell heat transfer is
discussed. Finallthe impact of BAS controlledhermalandelectricalprofiles on charge performance is

presented Thischapterconcludes with a summary of key research points.

2.1 Internal temperature, bat generationandheattransfer

The impact of ell internal temperatureon cell performancds significant The internal temperature
evolutionduringcyclingisfundamentallyrelated to its own heat generation arabat transfer conditions.
Thischapteroutlinesthe physicalndelectrochemical relationships whictescribeheat generationheat

transfer, and discusses techniques for measuring internal temperature

2.1.1 Internal temperature

Measurement of cell internal temperature is difficult because the technique used must not significantly
interfere electrochemicallyr it may alter heat generation and internal temperatuEen in isothermal

wall conditions, cell internal temperature increases during fast charges due to heat generation in the
electrode stack. In practice, highte cycling can result in a substantial temperature difference (e.g. 5+
6/ 0 0S¢ SS yandiekténal suyfficé Myiietdzajew 2018Previous methods to estiate or
measure internal temperature have used Electrical Impedance SpectroscopyEEagdi, 2024 )iber

Bragg grating (FBGYang G. L., 2013)esistance temperature detectors (RT®incent, 2021)and

thermocoupleqGulsoy, 2022)Figure? illustrates the four methods mention above.
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The EIS method uses correlation of internal temperature and impedance to estimate the cell internal
temperature. The El®ethod is notable for being the only method which does not require insertion of a
sensor. However, EIS does require substantial calibratind is not directly measuring the cell

temperature Fiber Bragg method uses an optical fiber whideissitive to temperature. FBGs are
extremely narrow (~100um diameter) immune to electromagnetic interference, arecoaductive and
chemically inert. FBGS are highly accurate but require extensive equipment for signal processing. RTD
and Thermocouple arlewer cost simplistic method&TD usaultra fine platinumwound wire orsurface
plated platinum to create a temperature dependant resisidrich is easily measureahd correlated to
temperature.Thermocouples operate on theeeback EffectWhen the junctn of twodissimilametal

wiresis heated, measurement eémperature dependentoltagecan be achieva at the opposite end

of the dissimilar metal wireS’hermocouples are generally smaller than RTD which can help with
minimizing impact on the cell.

Themeasurementaccuracy and precisiaequiredfor internal temperaturesensing depends on the end

use of the data. In this work, temperature measurement is Used¢omparing the internal to external

wall temperature¢ Kdza X G KS nop e/ dzy OSNIIFAyide |adaz20A1G§SR 4 A
is acceptable. If internal temperature measurements were used for calculating heat generation, then far

higher accuracy is required.



2.1.2 Heatgeneration

Internal heating during charge and discharge comes from two sources, reversible and irreversible heating.
Irreversible heatings comprised of heat generated froohmic kinetic, and mass transporsources.

Ohmic sources include heat generated from electron movement in the electrodes and ccwiieators

and includesion transport through the solid electrolyte interphase (SEI), electrolyte, and separator
Kinetic heating comes from charge transfer interactions associated withintercalation into active
material particles.Mass transport heating iassociated withion transport within the electrodeand
contributes to nonlinear cell resistan@nd heatingat high rates For modeling purposes,aeh of the
irreversible heating componentsan belumped into asingleresistance termFigure3 shows the different

resistances to ion transport present within the cell stack.

s PR )

f | [ 5 2
" Electrical Presaure | Electromotive Force =
W W -

Cu Current Collector
Al Current Collector

e i

Li C, (Graphite = GIC) CHARGING PROCESS Li, MO, (LICoO,)
Hbbee (Li* Intercalation) Cathade

Figure3 Resistance to charging a batteAdapted without modificatiofirhusitha, 2022)
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Tablel definesthe resistances present when charging a battery.

Tablel Cell resistance

Symbol Name
Y lonic resistance
Y Solution resistance
Y ChargeTransfer resistance
Y Penetration resistance
Y Solid Electrolyte Interphase resistanc
@ Warburg resistancejffusion

The total cell resistance is the sum of all resistances depictealilel. Irreversible heat is modeled using

the product of current (Isquared and resistancé/( ).

0 ‘oY (1)

The resistance term is hightiependant onSOC and moderatejependanton temperature. At low to
moderate charge rateé<1 hour charge) andonstanttemperature,resistance is stable throughout the
charge session ungpproaching the end of chargehere it increasedNear fully charged;harge transfer
and diffusion resistancencreasedue to the electrodesnearingtheir filled/empty stateand saturation
effects Total cell resistance reduces with incrdag temperature. Increasing temperature increases

diffusion in the electrodes.

Reversible heating occurs in the electrodes duerdwersible material phase transitions. Reversible
heating exhibis endothermic and exothermic behavior dependingtbe direction of charge and state of

charge. The reversible heagiven inequation 2 is modeled with the state of charge dependant entropy
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coefficient — which isdetermined by the change in open circuit voltage (dU) over the change in

temperature (dT).

(2)

CA

"O"D Y
&y

The entrogy coefficienthas been shown to be heavi$tate of chargedependant(Minseok, 2022)In
lithium-ion batteries,reversible heating phenomenasa net exothermic on chargend net endothermic

on discharge (Bedurftig, 2021) However, bothcharging and discharginhave exothermic and
endothermic stageskigure4 shows the dependency of entropy coefficient on state of charge and its
evolution over cyclingendothermic reversible effect has been shown to absorbitteversible heat

generation at low charge rates (4 hoy@heng, 2021)

10
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Figure4 Entropy coefficient as a function of state of charge vs cfidieseok, 2022)
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Total heat generatioiis the sum of reversible and irreversible heat composéngiven irEquation 3
: : : Q7Y ©)
0 0 0 ‘oY ‘o
&y

The main variables contributingp the heat generation are therefore current (I), resistance (R),
temperature (T), and entropy coefficient{ . The irreversible heat generation dominates reversible heat

generationduring high charge rates.

One key metric for quantifying cell heat generation is the energy efficiBeyausefull cycle energy
efficiency does not provide informatiomn instantaneous heat generatigmther methods for evaluating

heat generation are neededrull cycle energy efficiency for NCA/graphite chemistry is very high (>95 %)
at low rates (<1C), especially for high power cg@idoardo, 2021)To achieve high energy efficiency at
high rates, low resistance electrodes are needdédat generation in cylindrical cells has been evaluated

in literature with modelbased and direct measurement methods. Most meblased techniques use a
variation of the pseuddwo-dimensional (P2D) or an equivalent circuit model and operate using
establihved thermally coupled electrochemical relationshifigze, 2024) Calculation of cell heat
generation and other cell states over time is achieved using measured properties such as cell resistance,
entropy coefficient, and cell physical properties such as electrode thickness and chemistry. Verification of
models is ofta achieved by comparing calculated temperature versus measured cell temperature over

different cycling conditions.

2.1.3 Heat transfer

Maintainingisothermalcellconditionsduringcyclingrequires heat transferHeat transfer is driven bihe
internal cell temperature deviating from the wall temperatundeat transfer can be analysdtbm
internal or external to the cellinternal analysis is focused d¢imermal gradients throughout the jellyroll

and current collectors. External heat transfer is focused on heat flow to and from the surface of the cell.
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Externally, he highest performingptions for transferring heat to and from the cell include cooling plate,
microchannel extrusion, and immersion coolinduthors have studied a range of heat transfer
mechanisms for the 210 cell format (Dubey, 202AhmadianrEImi, 2024) Other methods which are not
used at scale but have been widely reported on include forced air and heat pigese5 illustrates

commonly used cylindrical cell cooling methods where the blue colour distinguishes coolant pathways.

Plate Channel Immersion

Figure5 Heat transfer methods used for-ZD cell

Microchannel extrusion and cooling plates rely on conduction of teaughthe cell, throughchannel
material (often aluminium), and into the heat transfer fluid (often ghjwater with additives).The
reliance on a long conduction path and presences of multiple material interfewiés heat transfer in
comparison to immersion cooling where the heat transfer fluid is in direct contact with the celBweH.

limitations to heat transfecontribute to temperature gradientboth axially and radigf.

Internally, the high thermal conductivity of the copper and aluminum current collectors transfer heat well
axially. However, heat transfer through the radial direction is limiting due to the separator placement
between the electrodeskull cellradial and axial thermal conductivity was measured to be 0.83 W/mK

and 6.93 W/mK respectivelflodys, 2020)Although axiatemperaturegradients are present, the lower
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radial conductivity results in a predominant radial temperature gradient from jellyroll center to cell wall

during natural convection cooling.

Eachheat transfer methodeads to differingtemperaturegradients. Li mdeled temperatureevolution
during 20 minute discharge fortop/base and side cooling and found that side cooling results in a
predominantly radial gradient whereas top/base cooling results in an axial gradieRt L., 2022The
resulting gradientgontribute to uneven electrode wear and localized hotspegpecially at high charge
rates Furthemore, charging at high rates with gradients present can cause accelerated degradation

(Carter, 2021)FigureSillustratesbattery temperature gradients expected with plate and channel cooling.

Plate Channel

Temp (Celsius)

26.0
258
_ 256
254

25.2

25.0

Figure6 d9mplified crosssectional temperature gradient for plas®d channetooling.Basel onwith modification from(Li S. K.,
2021)

The immersion cooling method is widely regarded as the superior heat transfer methogafamum

heat transfer capabilitfThakur, 2023)It is expected that gradients immersion cooling systems are
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similar tothe side cooling methodvhere the cell wall temperature isaintained,and the dominant
gradient is from cell internal to cell wallery rapid heat transfer capabilities provide the systemproved

control over cell temperature whichachieves conditions approachingar isothermaivall temperatures

2.2 Cell design and selection considerations

The 2170 cell format can be assembled with any lithiion chemistry without major physical changes
to the cell design. The main components within the cell include electrodes, current collectors and tabs,
and electrolyte.

Figure7 shows the cell internal components and their locations within the cell.

Jellyroll Positive abs

Negative abs

Figure7 Cell internal component locations

Cell desigrsignificantly impacts the ideal operational temperature, current, and voltage required for
minimizing charge time because small differences in design and material properties can contribute to
chargerate limiting conditions. Alterations to the chemistry or the electrode geometry, current

collector, and tab thickness can significantly affect the energy density, power capabilities, internal
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resistance, voltage profile, lifespan, and more. Thus, quantifying the exact physical and chemical design
of a cell to be studied is important to provide context when comparing to other cells. Key controllable
design variables are discussed in the follayséections.

2.2.1 Electrodes

Electrode material selection and design is the most critical feature defining cell power capabilities.
Selection of electrode loading, loading ratio, particle size, and coatings each have considerable impact
on overall cell power and energy capabilitistajor electrode properteswill be defined and discussed
below.

2.2.1.1 Active material and precursors

Selection of electrode active materials and their design properties can be used to tailor a cell to a
specific chargeate and energy requirements. The negative electrode is crucially important with respect
to fast charging because it is where lithium plating occurs. In most litidmnaells, the negative

electrode active material is a carbdiased powder adhered withlginding agent such as polyvinylidene
fluoride (PVDF), and acetylene black. This combination has proven to be safe, reliable, low cost, and
have high cycling stability.

Traditional pecursor materials for graphite anodes are hard or soft carbons. Hard carbons are sourced
from organic compounds such as resin, or lignin, where soft carbons are sourced from petroleum
products such as pitetierived coke. In the past, soft carbons haverbeeeferred for use in battery

anodes due to their ability to form crystalline graphite readily through heat treatment processes. On the
commercial scale easy to graphitize material such as soft carbon remain the most widelioseger,
other candidates such as carbon microspheres, hard carbon bsitiedn,or hybridcombinationare
alternatives(Kumar, 2023)Hard carbon materials show promise in fast charge applications because
their unorderedturbostratic structure has low resistancat the cost oflow specific capacityGottschalk,

2023) Titanium oxide coatedarbon microspheres formed using advanced heat treatment and
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processing of soft carbons have been increasingly used but have additional steps to produce and are
thus the more costly alternativgHyeon, 2022)HyeonFound that an experimental anode consisting of
titanium oxide coated carbon spheres maintained 67% capati®) C compared to 0.5 C and retained

83 %capacity after 1000 cyclgblyeon, 2022)Silicon anodesdve extremely high theoreticabpacity
(D4200mAh ¢*Y) (Sehrawat, Recent trends in silicon/graphene nanocomposite anodes for lidbium
batteries. , 2021)However, achievingver 1000 cycles with pure silicon anode has not been shown in
literature due to the extreme SOC dependaaiticle expansioiiDelong Ma, 2014)

The most common positive active materials are Lithium Iron Phosphate (LFP), Nickel Manganese Cobalt
(NMC) and Nickel Cobalt Aluminum (NI@#aft, 2021) Theelevatedspecific capacity of high nickel

content NCA chemistries may provide justification for usingrgerate increasing design choices

(multiple tabs, coatings, high binder content) which tend to reduce overall capacity.

2.2.1.2 Loading and loading ratio

Electrode loading is known to be strongly related to cell power capability. Electrode loading, expressed in
Ah/d s determined by active material thickness, density, and specific capacity. The loading ratio is the
ratio of loaded negative active material to positive active material. Low power cells may be designed with
a loading ratio (N/P) of 1.1 whereas high powetls may have a loading ratio near li&reasing the
loading ratiogeducescell energy densityl uning thdoadingratio of is known to contribute to a reduction

in lithium plating risKZhang, 2020)Constructing cells with more negative active material results in less
chance of plating because the negatelectrode is at a greater voltage throughout the charge process.
Active material thickness ratio is analogous to the loading ratio but is impacted by variance in material
propertiesand calendaringElectrode thickness can range from|8@ for thin electrodes up to 250m

for thick electrodes(Singh, 2022) Thin electrodes are more powerful because they have reduced
electrolyte gradients, shorter ion transport path, improved diffusivii¢enlong Xie, 2024)Thick

electrodes contribute to high overpotential and concentration gradients (Tomaszewska 2019).
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2.2.1.3 Electrode composition and coatings

Powerful cells have fine particle sizes. Nonhomogeneous mixtures of large and small particles are often
used to improve energy density. Low resistance electrodes made with low loading and fine particles
reduce the chance of particle cracking. Low resistaglectrodes also have reduced chance of lithium
plating at beginning of life (BOL) but the solid electrolyte interphase (SEI) has been signaw eep

into electrode pores causing a subsequent rapid increase in the rate of lithium plating approauthioig e

life (EOLJX. G. Yang, 2017)

2.2.2 Current collectors and tabs

Qurrent collectors are thirioil of copper (~1Qum thick) and aluminium (~20m thick) for the negative

and positive electrodes, respectively. Placement of tabs can impact local current densities. Non uniform
current densities may result in uneven wear or dangerous high localized current densities. At high
currents, the current cadictors and tabs can have significant impact on overall cell potential. Voltage drop
in the tabs and collectors caused by high currents can cause a difference between the el@ctemtial

and the overall cell potential.

Generally, for the 2770 cell format, a speivelded strip connects the negative tabs to the nickel coated
can. The positive terminal is connected with a laser welded tab to the bottom of the positive terminal
where the current interrupt device (CID) isd¢ed. The current carrying path of the positive tab can be
interrupted with the CID. All the cell current must flow through the tabs and thus they must be
appropriately sized such that the maximum charge current does significantly impact cell voltage. The
guantity of tabs is dependant on the target design power of the cell. In general, higher power cells have
more tabs(Lain M. J., 2019Waldman recently conducted an experimental comparisofivefdifferent

tab designs and demonstrated how tab design significantly impacts cell heating, cycle life, and power
capabilities(Waldmann, 2023)Multiple welded tabs and takess designs were demonstrated to be the

best performersFigure8 shows the different tab and takess designs current used.
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Sturm modeled electrode impedance and found that duar® minute charggthe tab design can reduce

in-plane impedance by a factor édur resulting in 23% greater capacity chargiaring the constant

current CQ phase The use of tabs has also been shown to stress jelly roll and can contribute to

delamination near the coréSabri Baazouzi, 2023)

2.2.3 Electrolyte

The electrolytes used todare comprised o&n organic solvent and a lithium sakdditives may be

0

included to improve SEI passivity, reduce flammability, reduce effects of over charging, to improve fast

charging, and many other functiofidaregewoin, 2016Puring cell formation, some of the electrolyte
is consumed to create a passivating layer betweemtbgative electrodeind separator called the solid

electrolyte interface (SEI). The $&hsistof organic compounds formed by the base organic solvent

a

and additives. Over a cell life the SEI will grow, consuming more electrolyte solvents, salts, and lithium in

the process. Unfortunately, some lithium salt can be consumed during the processeg lealtias of
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available lithium. SEI growth is alsdatedto cell internal resistance growth and therefore may limit
fast charge capabilitieRecent works have focused on how negative electrode expansion during
chargingmpacts electrolytenovement Aiken showed hovat high states of chargéhe material
expansiorof silicon containing graphite negative electrodes pash electrolyte out of theellyroll and
into the cell corgAiken, 2023)The electrolyte movement shows a pumping effect where during
discharge the electrolyte returns to the jellyrollithoughthe effects shown by Aiketlemonstrate how
long durations at high states of charge can cawstiction of electrolyte concentration, this affect is not
likely to impact cells which are allowed sufficient timadach equilibriumNevertheless, analysis of
electrolyte movement during fast charging is of interest espeatly respect to its impact ooharge

rate limitation.

2.3 Rate limiting factors

Thermodynant and electrochemical relationshigenit the maximum charge ratefFast charge rate
limiting factors such as cell resistanaesk of lithium plating and temperature limitsare the most
constraining Thischapterwill explorechargerate limitingfactorsand the impact of temperaturand SOC

on chargerate limitations.

2.3.1 Internal resistance

Cell resistanceas the greatest factor limiting charge currefundamentallyat a given temperature and
SOCthe currentthat forces the cell voltage to the maximurimit is the maximunchargecurrent. Cell
resistance is dynamandas described ichapter2.1.1, it changeswith temperatureandstate of charge
However,resistancecanrapidly rise ifelectrolyte saturation/depletion occurdVhen a high current is
applied, the electrolyte becomes polarizedesulting inelectrolyte transport Polarization causean
electrolyte concentration gradient through thehickness of tie cell stackAs charge rate increases, the
concentration gradient of electrolyte within the electrodes also increabagure9 showsColclasur® a

modelof electrolyte salt concentration throughotiie NCA/Graphitestackfor low and high loading cells
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Figure9 Model predicted electrolyte concentration profiles for (A.) Low loading and (B.) moderate loading cells at the end of CC
charging to 4.1V. Adapted without modificati@olclasure, 2020)

There is a maximum current which will eventually result in zero concentration of transport salt at the back
side of the electrode (current collector sid€)otlasure also modeled lonic conductivity agldctrolyte

diffusivity againselectrolyte concentratiorwhich is shown ifrigurelO.
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Flg. 1. Modified fits for *Gen™ (A) ionic conductivity and (B.) diffusivity between 0 and 60 °C

FigurelO Figure of conductivity (A.) and diffusivity (B.) vs concentraideptedwithout modification(Colclasure, 2020)

Low local concentration of electrolyte results in low diffusion within the electrode and therefore limits ion
transport andincreases resistanc€onverselyxtremely highconcentrationis also limitingThe onset of

salt depletion causesarapid rise in electrode resistance and can result in accelerated lithium plating
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Electrolyte gradierg and saltdepletion is not arinstantaneous procesas rapid gradientincreasecan
take multiple minutes to developvenat rates approaching the limiEhahet alexperimentally evaluated
electrolyteseparator overpotential in symmetric lithium cells and demonstratée: relationship
between time rate, andoverpotential Figurell shows how overpotential can rapidly increasihin a

few minutes of charging abowesustainabléhreshold current.

| T I T
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—— i=0.20 mA/em’| ]
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E ——i=1.0 mAlcm’| |
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] 1 | |

10 15 20 25 30
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Figurell Time dependant potential response to applied current densities f@MB/LiFSI with average salt concentration of
0.94mol/kg Adapted without modification frorfDeep B Shah, 2019)

Measurement of diffusion can be conducted with galvanostatic intermittent titration technique (GITT)
(Chien, 2023)GITT involves applying a brief pulse of current and monitoring the voltage response. Lain
used a modified GITT to demonstrate the impact of electrode surface saturation on cell impdeignce.
12shows the electrode voltage response to a GITT pulse and illustrates the initial resistance drop followed

by diffusion limitation, followed by surface saturation leading to lithium plating.
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Figurel2 Rate limiting processg€kain M. J., 2021)

Increasedémperatureimproves electrolytaliffusion and ion conductivitymproved electrolyte diffusion
increases the maximum sustainable rate and therekiends the time bdore surface saturation occurs.
Further research into theffect of surface saturation with the usablecell temperature and SOC regime

is needed to accurately define the maximum current due to resistance

2.3.2 Lithium gating

Lithium plating is relevant to fast charging duedtsurrenceat high charge rated.ithium plating occurs
when the negative electrodeesistanceovercomes the electrode open circuit potential and causes the
electrode to becoméess tharD V vs £ E Figurel3shows the graphite electrode voltage with respect
to charged capacitgnd thevarious stagesf intercalation.Thehighest risk of plating is when ttenode

particles are irphases 1, 2, and 2ithere the open circuit potential is the lowest
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Figurel3 Staging of Li+ intercalation into graphite. Adaptéttiout modificationfrom (J. Asenbauer, 2020)

The risk of plating results in a need to reduce the charge current to a level which does not cause the
electrode overpotential to go above the open circuit potentidigh charge rates can cause lithium plating
even at moderate temperaturedeng Liu, 2021Fieget alused electrode material from a commercially
available energy cell and a reference electrode (third electrode) to measure the real time negative
electrode voltageThe maximum current required to force theegative electrode to O/ vs. 0 & Q
defined the maximum current as a function of SOC and temperatigrrel4 shows the maximum

current which ould be applied before causing lithium to plate at different temperatures.
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Figurel4 Maximum fast charging current over SOC at different temperatures (characteristic map) determined by fast eharging 3
electrode cells with current control to 1 mV anode potential. Adapted without modification(®ieq, 2019)

Seiget al showed that ¢evated temperatures are critical to reduce negative electrode resistance and

thereby plating risk. The maximuimitial charge rate at 48C is over & whereas the limit is 1@ at 0C.

When lithium plates onto the surface of the negative electrode, the available lithium content is depleted.
Plating can also lead to consumption of electrolyte via SEI growth over the plated littiigin further
exacerbatesthe problem by increasing resistancélthough lithium plating can beeversible it
predominantly causes severe accelerated electrode damage and can result in the growth of dangerous
separator piercing dendritesranget al suggests that the drop of anode porosity associated with SEI

growth causes increased localized impedance and initiates the onset of lithium pf#tng X. G., 2017)

2.3.3 Temperature

A charge sessin rate may become limited if a cell goes above or below critical temperaturge such
as approaching the bounds of the datasheet recommended8® &C. Thermal based charge rate

limitations are primarily imposed due to safety and degradation concerns. The high level of energy, high
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heat generation, and elevated temperature causes cells to be at an increased level of risk when fast

charging. At lower temperatures, where celsigance is highethe main concern is lithium plating.

Increased cell degradation occurs at elevated temperatures. Side reactions between electrolyte, SEI, and
active materials result in loss of lithium inventory, salt depletion, and SEI growth. Degradation at high
temperatures is proportional to the time speit elevated temperatures and the magnitude of the
temperature. Limiting charge current to appropriate levels such that the TMS can reduce temperature to

safe levels is an effective method to reduce safety concerns and degradation at the cost of ¢charge ti

2.4 Impact of barge profileon charge performance

There are two main interconnected systems for controlbagtery stateduring a charge sessiothermal
control and electrical controlhe setpoint temperature and current over time comprises the thermal and
electrical charge profile8oth profiles have significant impact on charge performandéeir own ways

Thischapterwill introduce how the charge profile impacts charge performance.

2.4.1 Thermalbprofile
Thethermal profile during charging is controlled by the BMS igraependant on th@ MS ATMSconsists

of a heat transfer mechanism to and from the cell, a transport mechanism, and heat rejection mechanism.
The sizing ofhe thermal systemis dependant on the cell heat generatioglectrical profile and cell
architecture. Characterizing cell heat generation and its dependency on rate, SOC, and state of health

(SOHj)s required to appropriately size cooling system components and is thus a key focus of this research.

In practice pre-conditioning to a setpointemperaturebefore chargingnd transitioning taooling during
charging is commorire-conditioningis usedbefore chargingo place the battery in &mperature range
with reduced resistance and risk l@hium plating.Pre-conditioning is achieved by heating or cooling the

battery to aspecific temperature using the onboard TMe ideal precharge setpoint temperature
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some point during the charge is requiredpéndingon charge rateenvironmentl conditionsand TMS
configuration. Heat generated during the charge may increase battery temperature ifMi$eig not
powerful enough to transfer heat away and thus improper selection ofghiarge setpoinand thermal

sysem powermay result in derating due to high cell temperature.

Thermal profiles investigated in literatupgimarily focus oradiabatic and isothermaRecent works by

Luiet allused GT-AutoLion simulation software show the dependencybattery behaviomwith respect

to cell temperatureconditionduring charg€Teng Liu, 2021The deposition potential during charging at

c n resnAins above the critical 0 V threshold throughout the chavgeereaghe30s / O2 Y RA G A 2 Y NEF
in high risk of lithium plating after only 25 % of the charge was complétigalire 15 shows battery

temperature, voltage,heat dissipation, and lithium deposition potential vs time durid@ minute

charging.
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Figurel5 Battery behaviors under 3C fast charging with different thermal environments. (a) temperature profiles. (b) voltage
profiles. (c) requisiteolumetric heat dissipation rates. (d) evolution of lithium deposition potentidapted without
modification from(Teng Liu, 2021)
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lithium deposition potential andhat the adiabatic conditiomlso reduces théthium deposition

potential to near 0 throughout the charg&hese findings suggest thalevated temperaturegre

required toavoidlithium plating In summary, optimizing the temporal profile can reduce energy spent
on thermal control, increassafe chargeate, and reduceharge time

2.4.2 Electricaprofile

In literature the most common charging profile is the tvapage algorithm where the charge session
consists of a CC tmnstant voltage@\j, or constant poweCB to CV. During the first stage, the battery
voltage gradually rises until reaching its maximum voltage where it begirG\tpkase. In the final stage,
the charger does not operate near fisweror currentlimit as the current tapers off to maintain constant

battery voltage.
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Threealternative charge profilesclude multistage constant currenMSCC)boost charging (BCand

pulse charging (P@ye shown irFigurel®.

a)f b) f
ce . oV cc, i cc, icc, | oV
]
! trickle
of cc cv 3 a CC Pulses
NIRRT
‘%‘*Boostedcv

—— Currer

Voltag

Figurel6 Electrical charge profiles. a) -C¥, b)Multistage C&V, c) Boost charging) Pulse chargingAdapted without
modification(Thusitha, 2022)

The latest charge profiles observed in commercially available electric vehicles feature an initial ramp up

of power followed by a constant period of maximum power, finishing with a near linear reduction of

power until reaching the target SOC. This typelwdrging is similar to boost charging (BC) in literature

BC takes advantage of the high negative electrode potential at low SOC by charging at a high rate at low

SOC.
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2.5 Keyresearch points

The literature review abovexploredhigh power cell desigreell electrochemical relationships and their
impact on cell performancestate of the art battery managemergystem architecturg and battery
management characterization techniquda.summary,safe and controlledast charging ofithium-ion
batteries requiresharacterizinga wide spread of battery parametets inform advanced thermal and
electrical control system operation and modelkisIstudy intends talevelop and demonstrateultiple
methods useful for benchmarking fast charging cell performanite followingchapterswill present

methods andindingsin the following key research areas

1. Cellconstruction and design

Cell cycle performance data is often reported without detailed analysis of cell desigmaterial
composition Cellelectrode composition and geometry and tab desigrovides insight into the
power capabilitiegnd contextualizes cycle performance with respect to r@ll properties such

as particle size angctive material thickness are critical metrics for comparison.

2. Rapid celperformance mapping

Traditional method of characterizing cell performance usirgpeated cyclesat fixedchargerate

and temperature conditionsake substantial timeand resourceto produce results Rapid cell
characterization in as few ame hundredcyclesusing isothermal holders andn increasing
chargerate approachsubstantially reduces cell characterization tiared measuregelationships

between temperature, rate, and multiple key metrics sucltlaarge time anénergyefficiency.

3. Cell performancelueto asymmetric temperature

Preconditioning cell temperature prior téast charging i$requent practicein electric vehicles.
Many existingpack levelthermal control systemslo not havethe ability to rapidly reposition
pack temperatureand requiremultiple minutes to precondition Thereis little prior artexploring
what happens taellchargeperformancein response to ultra fast temperature transitionsighg
fast chargingThis study wilinvestigate cell response tapidly alteed cell temperature before

start of charge, before CV phase, and during CV phase
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4. Convective AIR chamber versus isothermal cell holder:

Characterizing fast charging cell performance in convective air chambers results in non isothermal
data collection. Investigating use of isothermal ée@ f RiSpsdd & charge performance is of
interest. Traditional cell performance benchmarking methods often report cell performance
relative to environmental chamber ambient temperature and neglect the affects of temperature

gradients within the cell.

5. Cellinternal temperature:

The relationship between internal cell temperature and wall temperature, and cell charge rate is
needed for identifying safe operational rates. Internal cell temperature measurement has been
widely studied at low to moderate cell charge rates with smaihfat cells (e.g. 1:85). However,
further study of the internal temperature of cells designed for high power operating in ultra high

charge conditions is necessary for identification of safe temperature gradient thresholds.
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Chapter 3 Experimentalequipment

Thischapteroutlines theexperimental equipmentised toinvestigatethe performance ohighpower

cells charging atltra high rates in isothermal and air chamber conditions.

Experimentation was conducted at the Renewable Energy Storage Laboratory located on Dalhousie
' YAOBSNBEAGeQa {SEG2y Ol YLza dagyipment dsédfin thisSstudyas@l { O2 G .
Neware CH008 Battery Cycler, an Associated Environmental ZBMDair thermal chamber, custom
cylindrical2170cell holders, a novel Isothermal cell holdeiilt by Litens automotive and Omega SCRSS

020U-12 thermocouple probeg:igurel7 andFigurel8show the air chamber and isothermal cell holders.

Air chamber cell
holders

Figurel7 Air chamber with air chamber cell holders
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Remote monitoring

Isothermalcell holder

Current carrying wire
connected to cycler

Figurel8isothermal cell holder apparatus
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3.1 Cell information
The following celpecificationsare recommended by Molicel for the P45B ¢®lblicel, 2020)

Table2 Molicel P45B datasheet parameters

Parameter Value Unit
Maximum voltage 4.2 \%
Minimum voltage 2.5 \%
Capacity 4.5 Ah
Energy 16.2 Wh
Impedance (AC) 7 mK
ResistancéDC) 15 mK
Maximum charging current 13.5 A
Nominal chargingurrent 4.5 A
Maximum discharge current 45 A
Maximum temperature 60 °C
Minimum temperature -20 °C
Minimum charge temperature 0 °C

3.1.1 Cell Conditioning

Since new commercially available cells used in this study may notafailg formed SEI, conditioning
cycling prior to performance measurement was necessary. To confirm performance staiby
cycles of 1 h discharge and 1 h charge were completed. Throughouivéry cycles the internal
resistance is expected to decrease. Evidend@®internal resistanagecrease is inferred by an observed
increase and plateau of energy efficiency and maximum cell temperature was measured to drop from
31.5 to 30aC from the first to last cyclézigure1l9 shows the energy efficiency and cell temperature

plateau during conditioning cycling.
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Figurel9 Energy efficiency and maximum cell temperature dutiremty conditioning cycles.

3.2 Cycling equipment
3.2.1 Battery testcycler
Theeightchannel NewareCF40085V50ABattery Testing Systemmith 5 V 50 A ratingvas used in this

study andis pictured inFigure20. The unit was calibrated and verifiedrior to cell testing. Additional

cycler specificationsmcluding measurement uncertaiies can be found irAppendix B
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Figure20 Neware Battery Testing System 8 ChaBnéls0 A

3.2.2 Cell holders

This studyycled cells using four different cell holder apparatus. At high rates, cell temperature is sensitive
to the current carrying method due to slight variability in contact and conductor resistance. Generic cell
holders were modified for high current use ionwvection condition cycling whereas custom high current
contacts were used in isothermal condition cycling. Instrumentation of cells using the negative cell end
does not permit easy access to that surface for current carryingvatidge measurement Thus,spot
weldednickel strips were used to carry current and measure voltage. Description of customized generic

cell holders, high current probes used in isothermal testing, andsptded tabs follows.
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3.2.2.1 Customized generic cell holders useddmnditioning and convection condition cycling

For air chamber cycling custom cylindrical cell holders were used. This design features a large (10 mm
diameten current carryingcontact,and a much smaller (3 mm diameter) probe located concentrically
inside the larger probe for voltage measurement. Initia@,awg wire was used to carry current and
voltage measurement to a proprietary circuit board. Due to the high rate of charge used in this study
existing wire ring terminal crimps were replaced with cable lugsdadg wires were terminated with
Anderson connectors. A 50 A rated Anderson SB50 connector was used for current and a 15 A rated
Anderson PP15 was used for voltage measurement. Figure 9 illustrates the custom cell holders used for

convection condition cycling.

Figure21 Customized cell holders with four wire connection

3.2.2.2 High current contacts used for isothermal condition cycling

Spring loaded high current contacts were used in the isothermal condition case. Once again Anderson
SB50 and PP15 connectors were used for power and voltage wires which in this case were set screw
terminated with ferrules in copper probes. The positive pepprobe was spring loaded and the negative

remained fixed as shown Figure22.
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Figure22 Cell contacts used in isothermal condition

3.2.2.3 Spot welded high current nickel strips

A spotwelded nickel strip was used during internal temperature measurement tests because the sensor
location impeded the use of a traditional positive probe contact. This type of strip was spot welded to the
outer rim of the cell cap. The 0.25 mm thickkel strips were made as wide as possible (25 mm at widest)

to allow for low conductor resistance and were insulated Witiptonand 3M super 88 tape.

Figure23 Spot welded strips
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3.2.3 Air chamber

An Associated Environmental Systems BB Air chamber was used with air temperature control over

the range 0f20 to 60eC.The chamber used was shown previousliigurel?.

3.2.4 Isothermal rig

A novel isothermal cell holder was supplied by Litens Automotive Group of Onfaris.system an
control cell wall temperature to within &throughou high currentcharges. The cell holder consists of
two mirrored assemblies which enclose the cBlich assembly has a cell holder congatisf a billet
aluminiummachinedblock, a Peltieheating and coolinglement, a heat sink, cell temperature sensor,
and heat flux sensorThe blocks are machined for a tight tolerance fit (0.125 mm radial clearance)
between the cell (with jacket) and block watlach block temperature is independently controlled with a
proportional integral differential (PID) controlleA software package enabled setpoint and timeseries
temperature control. The software also recodiésothermal rig operational parameters such as cell
temperature, Peltier electrical properties, and heat flux using National Instrum@atapactDAQlata

acquisition logger. Figure 15 shows the isothermal rig and components in more detail.
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Heat Sink

Cell holder

Actuator

Figure24 Isothermal rig

41



Chapter 4 Cellphysicalchemical, analectrochemicaproperties

Cell current collector geometry and active material chemisligtates current, energydelivered and
thermal responseduring chargingTo quantify the physical and chemical properties of the cells used in
this studycell dissection, inspection of surface morphology using SEM, chemical analydiSRyitnd CT

scanningwvere used.

4.1 Dissectiorand inspection

Prior to dissection cells are first discharged to redutlee stored energy and then shorted to reduce the

risk of a spark igniting electrobitThe dissection process started with a 4.5A@Cdischarge ending in a

CV hold at 1 V with 0.1 A cutoff. The cells were held at 1 V for an additional 12 h to remove as much lithium
from the negative electrode as possible. The cells were then connectearatigh with a5-ohm 50 W
resistor until terminal voltage was <0.1 V. The cell cannister was then cut withobtie saws until
jellyroll, cap, and tabs were removablerecision cuts are made at locations to reduce the chance of

damaging electrode or shorting the cell.

The following cuts were made to dissect the cell:

1. Afine bladed coping saw is used for the first two cuts which were around the cell and are located
at either end of the jellyroll where a plastic separator was.

0 The first cut wraps around the positive end of the cell just below the crimp.

0 The first cut enables removal of the positive terminal and safety devices. After the first
cut the positive tabs are visible and undamaged as showngure25.

2. The second cut was made around the negative end of the cell just below the jelly roll.

3. An oscillating tool with fine blade is used to cut down the length of the cell. Care is taken to only
cut the steel can and not cut into the jellyroll.

4. Once the three cuts were made, the central can section is removed, and the tabs cut.
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Figure25 shows the cutting tools used for cell dissection.

Figure25 Cutting of 2170 cell can

Jellyroll, anode, cathode, tab, thicknesses, and lengths are report€dhte3, and photos of surfaces
were taken. 1 cm by 1 cm samples of both electrodes were cut for SEM analysis. Approximately 5 g of

active material was scraped from both electrodes for ICP analysis.
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Figure26 shows the location of tabs when the jellyroll was fully rolled @utring jellyroll inspection the

thin active material on the negative electrode flaked off from the current collectors.

Negative Tabs

The electrode thickness measurements found the negative electrode active material to be 51 um and the

Figure26 Figure of tab locations on jellyroll

positive active material to be 39.5 um thick. These values show thethiarective material coatings,
which is representative for high power cell$1e negative active material is significantly thicker than the

positive which suggests a high N/P ratio
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Table3 P45B Jellyroll properties

Property Value (mm)
Length 1440
Width 65
Negative tab thickness (short type) 0.098
Negative tab thickness (long type) 0.303
Negative tab width 4
Negative active material thickness (single sided) 0.051
Positive tab thickness 0.117
Positive tab width 6
Positive activenaterial thickness (single sided) 0.039
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Figure27 shows the negative (a) and positive (b) tab arrangement of the Molicell P45B cell:

Figure27 Figure of negative (a) and positive (b) tab geometry

Three tabs located at the center, middle, and outer jellyroll is not often used-#¥0Hue to the added
cost andllustrateshow this cell is made for power. All three tabs are spotwelded at the center of the cell.
The negative tabs are made of copper and are nickel coated. The negative tabs are 4 mm wide and the

positive tabs were 6 mm wide.

The cell has two positive tabs located at the ¥ and ¥ positions along the jellyroll. The more central tab (3%
position) was directly laser welded to the positive terminal whereas the outermost tab was spot welded

to the innermost tab before the tab reach#dse cap.
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4.2 Hectrode surface morphology
A Hitachi 1700 SEM was used in this study at the Dalhousie Engineering Scanning Electron Microscopy

¢ Focused lon Beam (SHWNB) Facility. The SEM is a device which uses an electron beam to image a
material sample aextremely highmagnification. This technique was used to image active material to
identify particle size and surface morphology. The microscope was set to 5 kV accelerating voltage and at
magnifications between 1000 to 10,000 times. 1 cm by 1 cm samples of electroddgahaere removed

from dissectedcell and transported in air to the SEM facility.

Figure28 shows surface morphology of the positive active material (2) and negative active material (b)
respectively. The PAM is comprised of two sizes of particles where the diameter of the larger particles
was approximately 1Qdm and the smaller are @m. The negative active material appears to be flaky and

of homogenougarticle size. Most particles are approximately 10 um in diameter. The appearance of flat

surfaces of nearly all flakes suggests significant calendaring of the negative electrode.

by STy
(L

5.0kV 11.9mm x2 .50k SE(M) 1 ( 20.0um

(a) positive electrode (b) negative electrode

Figure28 SEM imaging of activeaterials &) SEM image of Molicell P45B positive electrode surface (b) SEM image of P45B

negative electrode surface
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4.3 Electrode material composition

The chemical composition of active material powder was analysed using Inductive Coupled Plasma
Optical Emission Spectroscopy (QPS) at the Dalhousie Minerals Engineering Laboratory. The machine
used was a Thermo iCap7400. The@ES functions by exicig atoms in a sample using an argon plasma,
measuring the intensity of the light emitted when the electrons in the atoms return to the ground or lower
state, and uses a calibration graph to calculate the concentration of elements in the sample. This
technique isespecially usefulor identifying elements that make up the positive active material (PAM)
and negative active material (NAM). This technique analyses the bulk material making up the electrode.
The PAM sample was processed prior to measurement with a near total acidaligdste negative active

material sample was ashed at 980, fused with Hborate then analysed with IGBES.
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4.3.1 Electrode material compositioesults

The following tables describe the electrode material composition as measured Bhald&! presents all
samples within the positive active material ahdble5 shows a comparison of only the nickel, cobalt, and

aluminium.

Table4 Positive Active Material Composition

Element Percentage of sample by mass (%)
Ni 47.9
Co 5.08
Li 6.21
W 0.548
Al 0.392
P 0.250
Zr 0.237
Other 39.38

The other materials accounting for 39.38 % of the positive active material can be attributed to oxygen

which is not detectible using this technique.
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Table5 Mixed Metal Oxide Ratio Analysis

Element  Atomic mass M Sample (mg/kg) Relative % Mass of Tot % Mol
(g/mol)
Ni 58.693 479745 89.75 89.022
Co 58.993 50878 9.52 9.393
Al 26.982 3926 0.73 1.585
Total 534549

The results confirm that the positive electrode chemistry is a high nickel content NCA. The results differ

from the standard NCA chemistry breakdown of 85 % Nickel, 10 % Cobalt, and 5 % Aluminium. Although

the aluminium is less than tradition specificatgythe results are similar to other published findings which

found aluminium content around 1.4 % by mg&hneseit, 2023)The graphite based negative active

material was found to contain 3.15 % silicon using the@ES process.
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4.4 Computed tomography

CT imaging illustrated the impact that drilling has on the tabs, it verified thermocouple location, and it

identified jellyroll irregularities in a fresh cell.

Computed tomography (CT) uses a beam-tdy$ and digital detector to capture sectional images of the
cell. Post processing of images results iB-dimensionalre-construction of the cellA BrukerSkyscan
1272 was used to image internal features before and after probing the cell with a temperature sensor.
Knowledge of cell internal negative terminal tab locations is helpfud¥oiding them when drilling for

thermocouple probe insertioriThe Bruker Skyscan 1272 used is showfigare29.

Figure29 Bruker Skyscan 1272

4.4.1 Jellyroll irregularities

In cylindrical cells, maintaining the cell cor@specially importanto ensuring long cycle life and safety.
The cell core can collapse resulting in separation of active materials from current collewtorased SEI

growth, and poor cell performance.
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Figure30 shows a disrupted jellyroll in the area surrounding the central negative tab of a new cell. The
disrupted jellyroll may be indicative of a future a core collapse caused by physical degradation of electrode
and SEI growth. Cyclical thermal expansion ofetleetrode could cause shifts in the jellyroll which pose

a short circuit risk due to the presence of folds. Further, jellyroll disruptions are present near all other
tabs. Although larger gaps between electrodes are observed in affected areas, theit angad capacity

is not known. These gaps may be artifacts of this cell design and may be present in all cells manufactured

in this way. However, these gaps are known to affect performance through increased SEI growth.

Negative Tabs '

Positive Tabs

Figure30 CT scanf Moli P45B cell

This CT imaging method will later be used to locate the internal temperature sensor following sensor

insertion.
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Chapter 5 Performancemapping inisothermalconditions

Battery performance during chargingis highly dependent orcurrent and temperatureconditions
Mapping battery performance against charge conditmovides battery system designers withluable
understanding of how cell performance metrimsspond to independently changing conditiorWith
respect to fast charging, the most important performance surfaces include those with charge time,
capacity, an@nergyefficiency on the third axi€omparing the charge time or capacity during the CC and
CV phasegprovides significant insight inthow temperature impacts a cellability to acceptcurrent

throughout its usable capacity range

This chapter outlines a test protocol for mapping performance over a rangeclodirge rates and
temperatures, andthen it analyses the dependency of key metrics on charge rate and temper&itsg.

data from full 0 to 100 % SOC charges under different rate and temperature conditions is analysed
identifying how charge condition impacts total charge time. Seco@,a@d CV stage contributions
dependency on charge condition is present&pportunities for optimizing CC and CV chastgge
performances areliscussedncluding thequantificationof performancetrade-off with cell temperature
Recommended charge conditions are identified and discussed for both CC and CVRtedlgs the
impact that state of charge limitationfias oncharge timeand capacity discussed with the tradé
identified. The tradeoff between charge condition, termination SOC and charge time is contextualized
with practical charge session constrainihis dataset is intended to be used to compare different cell
charge performances, identify optimal temperature andaade rate regions, and inform charge profile

parameter selection.
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5.1 Performance mapping protocol

One of the most important relationships investigated in this study is the cell charge performance as a
function of charge rate and temperature. This study develops a rapid testing procedure which creates a
multidimensional performance surface that can ksed to track cell performance across a range of rates,
temperatures, and states of heath. To generate data defining relationships between cell capacity, energy,
efficiency, and other parameters with respect to charge rate and temperature, isothermalgcydis
conducted with a defined test protocol. The technique used a single discharge rate of 4.5 A to 2.5 V which
achieves a consistent fully discharged state before starting each charge. Then, repeated charges at 25
different charge conditions were perford. Temperatures 25, 35, 45, 55, &band CQCV charge rates
45,135, 17, 23, 27 A were used as conditions. The technique created a 5 x 5 matrix of datapoints which

can be used to plot-Bimensional surfaces with key metrics on the third axis.

The cells that were used for this performance map were first conditioned with twehtyut rate cycles,

they were then run through a series of increasing charge rate cycles at each set point temperature. Before
each temperature, three cycle reference parhance test (RPT) was conducted at the 1 h CC rate at
isothermal 25 fo establish a trackable SOH. This cycle determined the capacity degradation throughout
the test series. Following the RPT, three cycles at each charge rate were completed. Then, the
temperature would be increased to the next setpoint, and the process would repeat dgdie67 and

8 shows the test ID (TXX) and test conditions used to map performance.
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Table6 Performance mapping test procedure

Test Type Temperature (°C) Charge Rate (A) Description
ID

TO1 Conditioning 25 4.5 20 cycles of 1:1 h CCxC®
T02 Fast Charge 25 4.5 3 cycles of 1:1 h CC:C¥
TO3 Fast Charge 25 13.5 3 cycles of 1:X h CC:C¢&
TO4 Fast Charge 25 17.0 3 cycles of 1:X h CC:C¢&
TO5 Fast Charge 25 23.0 3 cycles of 1:X h CC:C¢&
TO6 RPT 25 4.5 3 cycles of 1:1 h CC:C¥
TO7 Fast Charge 35 4.5 3 cycles of 1:X h CC:C¢&
TO8 Fast Charge 35 13.5 3 cycles of 1:X h CC:C¢&
T0O9 Fast Charge 35 17.0 3 cycles of 1:X h CC:C¢&
T10 Fast Charge 35 23.0 3 cycles of 1:X h CC:CE&
T11 RPT 25 4.5 3 cycles of 1:1 h CC:C¥
T12 Fast Charge 45 4.5 3 cycles of 1:X h CC:CE&
T13 Fast Charge 45 13.5 3 cycles of 1:X h CC:CE&
T14 Fast Charge 45 17.0 3 cycles of 1:X h CC:CE&
T15 Fast Charge 45 23.0 3 cycles of 1:X h CC:C¢
T16 RPT 25 4.5 3 cycles of 1:1 h CC:C¥
T17 Fast Charge 55 4.5 3 cycles of 1:X h CC:C¢¥
T18 Fast Charge 55 13.5 3 cycles of 1:X h CC:C¢¥
T19 Fast Charge 55 17.0 3 cycles of 1:X h CC:C¢¥
T20 Fast Charge 55 23.0 3 cycles of 1:X h CC:C¥
T21 RPT 25 4.5 3 cycles of 1:1 h CC:C¥
T22 Fast Charge 65 4.5 3 cycles of 1:X h CC:C¢¥
T23 Fast Charge 65 13.5 3 cycles of 1:X h CC:C¥
T24 Fast Charge 65 17.0 3 cycles of 1:X h CC:C¢¥
T25 Fast Charge 65 23.0 3 cycles of 1:X h CC:C¢¥
T26 RPT 25 4.5 3 cycles of 1:1 h CC:C¥

Table7 Performance mapping test procedure

¢ SYLISNI (1dzNB 066/ U
TestCompleted
25 35 45 55 65
T02,T06,T1

_ 45 [T16,T21,T2 TO7 T12 T17 T22

<
L.j 13.5 T03 TO8 T13 T18 T23

©
o 17 TO4 TO9 T14 T19 T24
23 TO5 T10 T15 T20 T25
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5.2 Performance metrics

Table8 summarizes key metrics, their units, and a brief description.

Table8 Key charge metrics

Key Metric Units Description

CC Charge time S Time to complete constant current phase of charge

CV Charge time S Time to complete constant voltage phase of charge

Charge time S Total time to charge cell

Charge Capacity ) Ratio of time spent in the CC stage compared to the total charge time
Ratio represents the SO@hen the charge reaches the CV stage

Charge TimRatio () Ratio of time spent in the CC stage compared to the total charge time

% Capacity / Minute (%)  Ah delivered / Nominal capacigy100per minute of time.

The ratio of capacity charged, or time spent in the CC phase divided by total charged capacity (including
CV phase) provides insight into the cell resistance as it approaches highi@®€31 shows the voltage

and charged capacity during a 13.5 A CC charge to 4.2 V. The charge results in an 834 second CC phase
which delivers 3.12 Ah and a total charge time of 3000 seconds with 4.35 Ah charged capacity. The
following calculations show the €/charge capacity and time ratios.
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5.3 Impact of charge conditions on chagpgEformance

This chapter section will first present thatal 0¢ 100 % SOEhargetime versuscurrent and temperature
surface then it will distinguish how the CC and CV charge stage contributions impact the total charge time.
In summary of the performance mabBigure32 gives the total charge time when charging from 0 to 100

% SOGt differentcharge current and temperatureonditions Excelwas used to fit pwer trendlines for

each temperature.

%0 Total ¢ SYLISNI § dzNJ
80 Hp 6/ Ch
. eop ¢/ Charge
70 np &/ Time (in) | 25 | 35 | 45| 55 | 65
= pp /
= 0 cp &/ 45 | 793 740 704 657 64.7
£ 50
) ...
£ 40 O . | 1355| 506 427 374 315 300
= 30 | g e ° s
20 % 17 | 46.4 395 302 28.1 269
10 ad
0 23 454 348 282 258 243
0 10 20 30
Current (A) 27 | 366 306 271 247 232

Figure32 Total charge time for different CC charge ratestantperatures

FromFigure32it can be determined that
9 At all rates, increasing temperature reduces charge time.
1 At all temperatures, increasing rate reduces charge time

1 Both temperature and rateelationship to charge time igonlinear, andeach have
diminishingreturn with further increase.

1 The fstest charge time of 23.2 min was measured at the Z54C condition.

1 At 13.5 Ajncreasing temperature from 2& t065 &C reduces charge tinfeom 50 minutes
to 30 minutes
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1 Charging afl3.5 Aand 45¢ fesults in the same charge tinas charging at 27 A and 85/ @
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While Figure32 givesthe total charge tine, analysing how the components of time spent in CC and CV
stages provide additional context to how charge time changes with charge conditipme33
distinguishes the individual contributions of the CC and CV phases have on the total charge time and

quantifies their relationship witltchargerate and time.

mCC
mCV

¢ SY LIS NI (1258985 55658535455565253545556525354555652535455565
Current (A) 4.5 135 17 23 27

Time (min)
= N W b O
o O O O O

o

FigureB3CC and CV Stage Charge Time \RaBbr Different Temperatures

Thefollowing observations can be maftem Figure33:

1 Increasing temperature increases CC phise. CC phase time is increased byninutes
when heated from 25 t@l5 C but the CC stage charge times fréf) 55 and 65 @re within
0.5 minutes Thus, diminishing returns on increagemperature occursesulting in a flatlined
performance This suggesithat to lengthen the CC stage charge timand achieve the
lowest charge time for a given ratehe cellshould be conditioned to tleast atemperature
of 45aCduring CC stage

1 Increasingemperature decrease<CVstagetime to a significant extentFor any given rate,
increasing temperature from 28 to 65¢ feduces time in CV phase byleastl5 minutes.
This issignificantbecause 15 minuteis up to half thetotal charge timefor some conditions.
Unlike theCC stage charge time dependency on temperature, the CV stageeituetion
with increased temperature does not flatline at the rangdayhperatures tested hereThis
suggests thatto minimize CV stage charge timéhe cell should be conditioned to the
maximum permissible cell tempature.

1 Increasingurrentreduces CGtagetime to adiminishingextentandthe relationshipflatlines
as rates approach the maximum testdélevated current increases the voltage drop across
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the cell and causes the cell to reach 4.2 V which terminates the CC stage &autiEasing
currentreduces CGtagetime by about4.5 minutes/A at low rates and OrBinutes/Aas the
rate approackes27 A The reduction ofCCstage charge timés small in comparison to the
charge time reduction achieved by increasing the ratds suggests thab minimizecharge
time, charge current should be maximizezen though doing so reults in reduced return
at high rates

Increasingcurrentincreases CV tim® a small extentSince increased current causes the CC
stage to end earlier, the CV stagmist deliver more capacityhich takes more timeForlow
temperatures, mcreasng current from4.5 A to 27 A increaseSV stage charge timay 3
minutesandat high temperatures the CV stage is increased by 5 minutes. The small increase
in CV timedue to increased current isountered by thedecrease in CC stage time due to
increasel current and thus a net reduction in charge time is observdus, the net charge

time reduction observed suggests that increased currents should be used to minimize
charge time regardless of increased CV time.
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5.3.1 Impact of CC charging on charge performance

Previously, charge performance analysis has centerezharging to full 100 % SO@gp¢her perspective

is to considercharging only in th&€Cstage.Table9 provides the% capacity charged in the CC stag€,

stagecharge time and % capacity / minut&’he charge capacity ratio gives the % SOC that the CC stage

terminates whiclctlearly shows how significant current and temperature impact capacity delivered during

the CC stagé he CC stage charge times show that ultra fast charge times can be achieved if the CV phase

is not used.

Table9 CC charge capacity rafm), CC charge time (bAnd% Capacity/minuté/S temperature and rate

a)% ¢ SY LIS NI G dzN b) cC ¢ SY LIS NI G dzNEF
Capacity Charge
Chargel in ; ;
cCstagey | 25 | 35 | 45 | 55 | 65 | | ™| 25 | 35 | 45 | 55 | 65
4.5 | 90.2 4.5
< |135|729 765 784 797 804 | | < |135| 139 148 152 154 154
£ 17 |675 720 745 761 767 | 2| 17 | 102 111 114 116 116
f 23 | 585 636 67.1 695 70.5 o 23| 65 72 76 79 79
27 60.7 63.6 65.7 27
c) % Capacity/ ¢ SYLIS NI G dzNB
Minute (%/min) 25 35 45 55 65
4.5
< 13.5 5.2 5.2 5.2 5.2 5.2
% 17 6.6 6.5 65 6.5 6.6
o 23 9.0 8.8 8.9 8.8 9.0
27
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The following observations can be made based on the dafalime9.

1

Increasing charge rate reducelargetime and chargedcapacityin the CC stageWhen the

charge rate is in increased from 13.5 A to 27 A, the charge time is rethared 4 minutes

to 5 minutes In this case the charged capacity reduces from 73 % to Hictéasing charge
rate causes the cell to terminate the CC phase earlier wtselverelylimits the capacity

chargedbut can deliver substantial usable capacigyvery short period of time

Temperatureis shown to impact the CC chang®@e andcapacity to a lesser extent than the
charge ratehowever increasing temperature does improve charge performance substantially
When darging at 27 Ancreasingtemperature from25 C to 65 C results inla5minute
extension to the5-minute charge timewhich delivers 14.7 % more capadhan the 51 %
delivered atH p . Téws, Increased temperature caionsiderably improve chargkcapacity
even in the CC phase.

Chargingonly the CC phase is favoured because of the increased chargeH@tever,
remaining in the CC phadimits the accessible capacit@harging to the commonly referred
80 % SOC in CC phase is only possililee 13.5 A 65 C conditiom most ultra fast charge
conditions,CV phase is necessary for charging80 %SOC

The %Capacity/minute is dominated by the charge current. Higher currents proportionally
deliver capacity at higher ratesd are not impacted btempermture. When temperature is
increased, cell resistance reduces and extends the CC phdsmaintains the same charge
rate.
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5.3.2 Impact of CV chaegperformance

Toevaluate the impacbn charge time that CV charging has, thapterfirst plots the charge current vs

capacity for multiplecharge currents and temperatures.

Figure34 gives the charged capacity ofaxis and the charge current orexis for each test condition. For
each CC rate, plotting the charge current versus charged capacity highlights how for any rate, there is a

maximum CV current as a function of charged capache slope is related to temperature.

25

Linear rate dependency is 8

function of temperature eampp o/ T

20
eampp 6/ T
w——pp 6/ T
pp e/ T
— easmnp ¢/ T
S/ 15 essip 6/ T
< —np 6/ T
qt’ np e/ T
8 10 e p 6/ T
Increasing e0p &/ T
—0op 6/ T
Temperature —op &/ T
5 ey p ¢/ T
——Hp 6/ T
Hp e/ T
Hp 6/ T

0

2.5 3.0 3.5 4.0 4.5
Capacity (Ah)

Figure34 Charge current VS Capacity for Different Charge Conditions
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The following observations are made regarding the linearized CV stage charge limits:

1 When charging in CV at a given temperature, there is a corresponding linearly decreasing current
limit as a function of charged capacifyor a given temperature, the current limit VS charged
capacity is the same regardless of what initial CC limit was used.

1 At higher temperatures the C3fagecurrent rate decreases fastand begins toeduceat higher
state of chargeMore capacity is delivered in the CC phase at higgn@peratures,so thecellis
at a higher state of charge when CV initiatgsichcauses the rapid reduction of Gtage charge
rate.

1 An Scurve in the charge rate is observed above 80% SOC. A reduction of the charge rate limit
slope is observed between 80 and 90% which can be explained by relaxing electrolyte gradients
supporting increasediffusion.

1 At high charge rates (>13.5 A), the CV charge rate linearly decreases until approximately 3.5 Ah
(~80 % SOC) where the rate at which the charge rate decrease reduces before rapidly decreasing

again near 4.15 Ah or (95%Y¥hen charging above 90% SOC it is expected that charge transfer
resistance dominates the current profile.

Figure 34 shows howthe charge rate reduces with additional capacity wHeX charging at a given
temperature. However, the context of time is required to evaluate tliference between charge

conditions.Tablel10gives the charged capacity anldarge time in the CV stage.
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Tablel0 % capacity charge in G¥age (a) CV stage charge time @nd % capacity/minute)(VS temperature and rate

a) % ¢ SYLISNI { dzN b) CV ¢ SYLISNT (i dzNE
Capacm( Charge
Charged in Time (min)
CvsStage(®d 25 | 35 | 45 | 55 | 65 25 | 35 | 45 | 55 | 65
45 | 98 64 50 41 38 45 | 277 195 152 100 9.2
< | 135|271 235 216 203 196 < |135| 367 279 222 161 146
% 17 | 325 280 255 239 233 % 17 | 862 284 188 165 153
04 x
23 | 415 36.4 329 305 295 23 | 389 276 199 180 16.4
27 | 49.0 433 393 36.4 343 27 | 319 253 214 187 17.0
c) % Capacity/min ¢ SYLIS NI § dzNB
In CV Stage 25 35 | 45 | 55 65
4.5 0.4 0.3 0.3 0.4 0.4
@ 13.5 0.7 0.8 1.0 1.3 1.3
% 17 0.9 1.0 1.4 1.5 1.5
o 23 1.1 1.3 1.7 1.7 1.8
27 1.5 1.7 1.8 1.9 2.0

The following observations can be made based on the dafalime9.

1 Increasingemperaturereduces the amount of time and capacity delivered in the CV stage.
Increasing temperazNE FNRBY wHwp (G2 cp 6/ NBRAzOSR /
minute.

I+

1 Increasing temperature durinigighrate charging has considerable improvement on the %
capacity charged in the CV stag®er the 27 A case, increasing temperature from 25 t@®5
shifts 14.7 % capacity to the CC stage and reduces CV stage charge tiie byinutes.
Increasing temperaturemproves CV stage performance the maathigh charge rates.

1 The hgh temperature and high charge rateondition hasthe greatest % Capacity/ minute.
This can be explained by the increased average CV stage current et aigtents. High
temperaturescausethe average toncreaseby initiating the CV current tapdaterin the SOC.
More capacity is delivered attaghercurrent for longer.
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5.4 Impact of charge termination condition
When fast charging from0 to 100 % SO@ has been established that the time spent in €ge

significantly influences the total charge tini&y reducing the upper SOC limit, overall charge time will be
reduced but less capacity will be delivered. This traffavill be explorechereto determine incremental

benefits, and disadvantages, of terminating charge before reaching 100 % SOC.

Inthe personal electrical vehigléight commercial use, or heavy commercial use gasebharge session

may be terminated for a variety of reas®mhe socioeconomical and application specific constraints on

charge termination condition are outside of the scope of this thesis but generic termination conditions

will be considered herelwo of the most popular include terminating based on reaching a high SOC such

as 80 or 90 % SQCterminating based on reachingraducedcharge rate such as 50 % of iditharge

rate. These termination conditions providbree critical states of charg&hich will be used to evaluate

the charge time under different charge conditioi¢ext, the SOC charge rate, an®OCdelta{ h /) p

versus timeis comparedat criticalstates ofchargel SNB (GKS {h/p Aa GKS RAFTFFSN

between each temperature condition to that of the &5 case.

67



State of Charge (%)

Figure35shows the state of charge O K I NH S vesiis iinteJor § 2B A gharge at four temperatures

The charge rate is expressed in % capacity/ minute for conveimigmpretation.
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Figure35 State of charge and state of charge difference te2gersus time for 23 A charge.

The following observations éfigure35were made:

1

Since all charges have the same CC stage current, the SOC of each profile increases at the same

NI 0§S 2F ¢ 2kYAY RdzZNAy3I GKS // LKL & Setoyidrioni KS { h/
reaches 60 % SOC before tramsiing tothe CV stageElevating cell temperature does not

improve charge timewhen the charge termination falls within th€C stagéor conditions with

the same CC current

The55¢ Ho ! OKINHS O2YyRAUA2 g 7.5% écdatringéat 15 piinutek S I NB
Forthe35and48 Ol aSa Yl EAYdzy {h/pn FINBE F2dzyR G2 06S n
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YAYydziSa NBaLSOAgSted ¢KS RStFe Ay YIFEAYdzY { h/
to the later onset of CV stage initiatiodfter 15 minutes the SQC NJ LJA Rf @ NB RdzO S
I LILINR I OKS&a nod ¢KS GAYS 2F YI EAYdzy {gheomitiod?2 NNB & L
current surpasses the current of the respective case.

1 When charging to 80 %ncreasing temperaturérom 25 to 55&Creduces charge tim&om 10.4
by 1.1 minutes to 9.3 minutes

1 When charging to 90 %, increasing temperature from 25 tgC3®duces charge timgom 153
minutes by 3.4 minutes to 11r@inutes

I The SOC thdhe charge rate reaches0 % of initial rate is between73 ¢ 83 % SOdor all cases.
At this point the SOCis 5 % for the 55 aC case 10 % more capacityis chargedwhen the

temperatureis increased from 25 to 58Cif the charge is terminated based on reaching a 50 %
charge rate reduction

Analysis of how much time each charge condition takes to reach a givesup@arizes thdradeoff
between charge time and capacity, for different temperatures, charge rates, and termination conditions
Figure36 showshow charge time ismpacted byselecting theend of charge termination SOl&low 100
%for different charge rates a25 and 55¢C These results quantify the charge time benefit achieved by

charging at high temperaturir different rates
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Figure36 Comparison of Charge Time VS End of Charge SOC For Different Conditions

The following observations can be made regardiigure36:

1

It takes the 2%C case 10.6 minutes to get to 80 % and 15 minutes to reach 90 %. Whereas the 55
C case takes 9.2 minutes to reach 80 % and 12.3 minutes to reachIB6hrging to 90 %,
heating to 55aC can reduce chge time by2.7 minutes (18%) when compared to charging at

Hp 6/ @

The charge time reduction fronmcreasng temperatureis greatestwhen charging to high states

of charge(>95 % SOC)3.5 Acharging a5 gCreaches’3 % capacity ithe CC phasand when

the temperature is increased to 5&, 79 % capacity is reached in CC phaseomparinghe
charge times for 13.5 A at 26to0 13.5 Aat 55 C shows thahey have nearly identicgkl minute
difference)charge time at 80 % S®Qt the 55 reaches 100 % SAO minutessooner Thus,

the charge time reduction achieved by increasing cell temperature grows as the end of charge
SOQds increased beyonthe CC to CV transition point.
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5.5 Conclusions

Thischapterpresented results of charging a cell in various temperatures and at different fast charging
rates which resulted in generation of performance surfaces useful for assessing the impact of charge
conditions on thekey charge metricsElevated temperaturéncreases the averageharge currentand
reduces charge time under all charge currearing CC stageharging cell walltemperature should be

at least 45¢C to minimize charge timéuring CV stage charging, cell wall temperature should be the
maximum permissibleMaintaininghigh temperature in CStagesreducegotal charge time by over 50 %

in comparison to charging at 2&.Selecting charge termination SOC at or below 90 % can significantly

reduce the total charge time.
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Chapter 6 Response to thermal profituringfastcharging

Performance mapping ichapter5 identified thatelevated temperaturean significantlyeducethe total
charge timeby reducingtime spent inthe slow chargingCVstage However,performancemapping was
conducted in isothermal conditiorend did not considethe impact ofdynamiccell temperaturechanges
before orduring the chargeln this chapter, these effects will be explored dymparing the result of
applying a step chandhe cell temperature at 3 different points during a charging ses€dmeisothermal
condition and three unique step change temperature profiles were applieshdition 1 vasisothermal
at 25¢C oondition 2, 3 and 4 werea step change in temperature from 25 °C to°binitiated 5 minutes
before starting charge, at the start of charge, a@nchinute before thestart of CV respectivelfpynamic

thermal profiles used are summarizedTiablel1:

# Test Charge Condition DischargeCondition
1 LA2GKSN)YI/ 2yaldlyd Hp eLVOBOMOHP /T nop ! |/
2 5min Hp U2 np e/ &a0SL) OKlup e/ T nop ! |/
precondition initiation of CC charge stage; 13.5 A 4.2V (
CVto0.1A
3 CCStageheat HWp (2 np e/ aGdSLI OKIlup e/ T nop !
charge stage; 13.5A4.2V-C€t0 0.1 A
4 1minutepriorto Hp G2 np e/ &aiGSLI OKlup e/ T nop | |/
CV stage heat initiation of CV charge stage ; 13.5 A4.2V 1
CV1t00.1 A

Tablell Test procedure for evaluating affect of asymmetric temperature modulation.

The isothermalcondition was selected toprovide comparison ando benchmark the temperature
dependant CV stage current limEondition2 reflects the most common existing method for fast charging
where the battery is pre&onditioned prior to initiating charging-his method is simplbut does require

communication between vehicle operator and BM&now when to initiag pre-heating This method is
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common because existing systems have low temperature ramp rates which take considerable time to
increase cell temperaturddeating at the start o€C charg@n condition 3is thesimplestmethod but in
recentpractice is also the most performance limitedcauset may reaclBMSprogrammed limitations.
Initiating heating athe start of charge does not permit time for the cell to reach an elevated temperature
prior to applying high currentlnitiating charge at low temperature may causlearge rate limitations
caused byeither reachingthe CV phasearlyor by reachingelevated riskconditions for lithium plating.
Initiating the step changd minute prior to theCV phaségnoresrisk of platingat low temperaturesand
represents the optionwith minimal energyand time inputdedicated to preconditioningTheoretical

temperature setpoiniand measuredaell walltemperaturetimeseries is compared HRigure37.
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Figure37 MeasuredTemperatureand currentVStime for 13.5A Charge with Different Thermal Conditions

The step change from 25 to 45 féacheswithin 2 standard deviation less thanl.5 minutesfor all
tests Conditions3 and4 have the step change occduring the CC stag&or thesecasesthe step change

is completed within0.5 Ah(10 % SOGwvindow. Thetemperature overshoot andoffset observedafter
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reachingthe setpoint is due to the experimental setup and PID control over cell halfésetdeviations

from setpoint temperaturdghat occurandare limited to within Irp ¢/ @

The manufacturer rated 13.5A was selected as the CC chargeAtedéscharges were 4.5 A CC to 2.5V
and conducted at isothermal 2&. For each condition, the cell was first cycled three times isothermally
at 25¢C to benchmark performance and to confirm repeatable cycle capacity. Then a thermal profile was
applied for the next three cycles. Following the thermal profile cycling the cell was subjected to 3

isothermal cycles to reset and prepare for thermal pratjeling again.
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6.1 Comparison of thermal profiles

Figure38 showsthe charge current, state of charge, asthte of charge deltdSOC) versugime during
the chargefor eachthermal profile The SOC is the difference between the state of charfm each

condition and the 2%C isothermal condition.
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o 19 ee+++SOC: 1SO 25C
85 o 17 SOC: 5 min pre CC
—~ 80 o 16
L 75 0 15 /\o\ SOC: Start of CC
~ 70 o 14 2 .
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0 = “ 0

Time (min)

Figure38 Charge Rate and State of Charge VS time durind\X3targes with Different Thermal Profiles

Comparing the charge current and state of chavgesustime for the different thermalprofiles shows
that increasing temperaturd minute before theCV phase results imaequivalentcharge time with
equivalent charged capacity in comparison to charge profileish are at elevated temperature for both
CCandCVip e/ A a2 (K &bidditioh 1)sdie firg sadektRtignsition to the CV phadter 14
minutes because it is the case with the highestll resistancedue to lower temperature The current

rapidly drops to 50 % of the initial 13.5 tvo minutes after starting the CV phasé€onditions 2and 3
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show identical current and state of charge profiles suggesting that theopellates withthe same
temperature distribution throughout the entire charg&@herefore, no difference between heating 5
minutes before oheatingat the start of CC charging is observed with respect to charge time or capacity.
Conditions 2and 3remain in the CC phase for an additiofahinute longer than the25 gC caseavhich

demonstrates how charging at elevated temperature can briefly extend the CC phase.

Condition 4(heated1 minute prior toCV)transitions from CC to C25 secondsafter condition 1 and its
current reducesat a lower rate Aside fromthe earlier CV initiation and current reduction, the current
profile of condition 4is similar toconditions 2 and 3During theCV stagdetween 80 and 90 % SOC the
charge current otondition 4 isslightly (~0.1A) higher than conditions 2 andT®e difference in current

is enough tocancel out the earlier CV initiation that condition 4 experienddé® prevbusly introduced
temperature dependant CV charge rate limit is observed to be followed. Increasing cell temperature
during CV results in the cell following the 45 CV rate limit resulting in reduced charge time and

equivalent charged capacity.

¢ KS { h/ n aftr2ahditionkl2eaches CV, conditions 2, 3, and 4 remain at a higher SOC for the
duration of the chargeeaching amaximum{ h / of 4 % occurring at 21.5 minutes. Conditiofads
behindconditions 2 and 3 by at most 0.5 % and catches up to within 0.1 % by the magirhump .LJ2 A y {
l'd GKS YIEAYdzY {h/p LRAYyG O2yRA #ae gt 96Wo SOBftertheé  cbH 27
{ h/ n YI EA Yhedhargdzurrghtiin condition 1 is greater than the other conditions and therefore

0 KS §raduatiyreducesto 0.
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Tablel2 summarizes the charge capacity and time for the 5 different thermal profiles:

Tablel2 Summary oflynamic thermatharge profiles

Condition Iso 25 | 5 minpreheat | Startof Charge | 1 min prior taCV
# 1 2 3 4

Charged Capacity (Ah) 4.2838 4.297 4.304 4.300
Averageof conditions 24 (Ah) 4.300

Delta From Average % -0.02 -0.08 +0.08 0.00
Time(min) 41.97 32.95 33.05 32.97
Averageof conditions 24 (min) 32.99

Delta from Average % +8.98 -0.12 +0.18 -0.07

For theCVheated case, the total charge tinand charged capacityas identical to thestart of charge

and 5 min pre heat caseghis important observation suggests that a significant reduction in charge time
can be realized by heatimgght before the tansition to theCVstagewhich may enable reduced lifetime
degradation through reduced time atevated temperaturesFurther studies are required to investigate

if the reduction ofshortterm exposureto elevated temperaturesluring high charge rates significant
enough to reduce degradatioRreviously developed modelghich consider both calendar and cycling

degradationshould be applied to this scenar(Bui, 2021)

Improved fast charging performance achievedhmating in only the CV phasaiggests thatcharge
thermal profiles should be adapted to allow the cell to reach elevated temperatures just in time for the
CV phase to starfThis approach could reduce time waiting for ym@nditioning to starand make use of

internal cell heating to reduce energy spent by the TMS to condition the battery.
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6.2 Conclusions

This investigation oflynamictemperature profiles demonstrated thatby heating the celimmediately
before it reachest.2 V a reduction of cefesistane occurs enalihg extension of the CC phasend
maintaining elevated temperature durirgV phaseeduces total charge time significantifeating in only
the CV phase results in 4 % more capacity chaaffed21-minute charge when compared tcharging in
the isothermal5gC ondition. Future work should investigate the degradation effectslyriamic charge
profiles includingevaluating the impact of time speat elevated temperatureen capacity and resistance

degradation.
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Chapter 7 Internaltemperatureduringhigh-rate charging

A primary relationship of interest is thhadial temperaturegradientbetween internal temperaturef the

cell to the wall temperature with respect to chargmndition It isexpected that higher charge ratessult

in higherradial temperature gradients.The temperaturegradients athigh ratesmay caus uneven
electrode resistance and electrode uafich may lead to accelerated degradation or core overheating.
Thus,technigues are needed to measunaternal cell temperaturdgo evaluate its relationship to charge

conditions.

This chapterfirst presentsan internal temperature sensanstrumentation techniqueandverifiessensor
insertion does notimpact cell performancesingtemperature,capacity and efficiencyanalysis ofl. hour
CCCVcycles. €cle metrics includingmaximumtemperature, discharge capacity, and efficiencies are

compared before and after instrumentation.

This chapter alsmvestigates le ability to maintaircelltemperatureto asetpointfor atraditionally used
air chamber and new isothermal cell holdeiTo comparehe charge performance iair chamberand
isothermal cell holdercells were subjected to three €0/ charge rate conditions (4.5, 9.0, 13.5 A) and
three wall temperatures (10, 25, 48) while instrumented with an internal temperature sengaall wall
and internal temperature areomparedduring the 9 conditions The resulting datasetguartify the

relationship between charge ratevall temperatureandinternaltemperaturerise.
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7.1 Instrumentationtechnique

Prior to temperature sensor insertion, benchmarking of cell performance was completed thging
standard twenty conditioningycles. Following cell drilling, théwenty cycleswas conductedagain to

permit comparison of cell temperature and efficiéegbefore and after drillingAn Omega TJ3BPSS
020U12 thermal probe was used for internal cell temperature measurement. The thermocouple is
contained within a 0.508 mm diameter stainless steel probe. The temperature was recorded at 1 Hz using

T-type thermocouple ports on the Newamgcler.

Temperature sensor insertion begins wittstrumenting the celivall with an Omega SATFLM T type
pad mount sensor andonnecting voltage sensing leads to a Fluke @28®timeters. Both temperature
and voltageare recorded using the Fluke meters f@2 hours prior t¢ during,and following sensor

insertion.
To instrument cells with the thermocouple a repeatable procedure was used:

1. Nickel strip was spot welded to the negative and positive tabs as shokigune23.

2. Location otthe drill holewasmarkedbased on previous cell dissection and inspectitime tole
was offset from the centeoy 0.7 mmto avoid drilling through th@egative terminal spot weld.

3. A #0 (0.793 mm equivalent) center drill was used to drill through the steel case stopping when
copper foilwasvisible.A vacuum was used to remove filings during drilling

4. The copper negative terminal current collector was pletthvith a dental tool. The hole was
visually inspected to be at least 0.5 mm in diametells which had been cycled released gas
when punchedGas release was not heard in fresh cells.

5. The thermocouple was inserted to pdetermined depth. In this study the thermocouple was
inserted to mid cell location (35 mm frothe cell negative termindl The location was later
verified with CT scanning technique slight bowover the 35mm section was made such that the
sensomwould contact the inner jellyroll wall.

6. The thermocouple wasupported in location and Permatex steel weld epoxy was applied
surrounding thermocouple for structural support and sealing electrolytee epoxy waset to
harden such that it was tacky to touch and not liquid. If liquid epoxy is used, gas within the cell
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could bubble out.The support was shown to maintain thermocouple locagwen during probe
movement outside of the cell.

Figure39 shows the drilling apparatus and an instrumented cell.

Drilled
hole

Cell Vice

Figure39 Cell drilling apparatus and instrumented cell
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To identify the location of internal thermocouple and its impact on the negative tabs, a cetlriled,
probed, and carefully dissected to remove the jellyroll without disturbing the fabs.processes used to
insert the sensor, where a drill removes the steel can material and a dental tool punctures the copper tab
prohibit intrusion of metal filings. A probed cell was dissected an no filings were f6igute40 shows

a thermocouple in position.

Figure40 Thermocouple impact on cell tabs.
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7.2 Evaluation oinstrumentation impact

To evaluate the impact of temperature sensor instrumentation on cell tabs and jel@fodcanningnd
a cycling was conductegrior to and following instrumentationCT scanning determined th@recise
location of the thermocouple and cycling determinetlat the instrumentation did not impact

performance.

7.2.1 CT scanning of instrumented cell

CT scanning cells was difficult due to size constré®®x 70 mmjyvithin the Brukker Scannefio mount
the instrumented cell within therolumetric constraints of the brukker, tithermocouple wire wa$olded
andwrapped around the celFigure41 throughFigure43 show CT scans of an instrumented deigjure

41 shows the cell cross section at the location of the insertion
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Figured1 Axial Cross section of cell after temperature sensor instrumentation.

Figure41 shows the impact that drilling and inserting a temperature sensor has on the celOtab.
concern with drilling through the negative terminal is that the reduction in tab cross sectional area could
increase the th resistanceThe drill hole and sensor were narrowly within thpen 2.8 mm diameter
jellyroll core andhe probedoes not impact the jellyrotbr tabs The punctured copper tab does appear

to protrude into the jellyroll core and doseto impacting the jellyrol{~0.2 mm clearandeThe punctured
copper tab does appear to rely on the lack of jellyroll in the first 1.5 mm of cell. Viewing the protrusion
with a radial cross sectidn Figure42 shows that the punctured copper does maintain adequate distance

from the jellyroll radially.
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Figure42 Radial cross section of cell after temperature sensor instrumentation

Since the temperature sensor is a thermocouple and measures at the tip pfdbe, understanding the
location of the thermocouples tip is criticdigure43 shows thecell cross sectioat the location of the

thermocouple tip
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Figure43 Cross section of cell at thermocouple location

Figure43shows the thermocouple does contact the jellyroll at the tip. This is due to a purposefully placed

slight bend in the thermocouple wire prior to insertion.

7.2.2 Cycle performance analysis

To verify cell performance is not impacted by instrumentation, a series of cycle tests were run on the
instrumented cells. Following cell drilling, the set of tests is run again to permit comparison of cell

temperature and efficienesbefore and after drilling.
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The set of benchmarking tests conductisddescribed iTablel3.

Tablel3 List of tests for comparing internal temperature to external temperature with and without isothermal wall

Name Description

Conditioning cycling  Twentyl h CC cycles. Used to ensure SEI is fully formed on new

Monitoring capacity and efficie@volution confirms formation.

Reference Performance Three 1 lCCcycles. Useful for identifying cell capacity over lifetime.

Test (RPT)

Increased rate cycling CGCV charging at 4.5,®and 13.5 A at 28C and discharging at 4.5,

This test identifies changes in cell internal heating.

Each instrumenteaell was cycled twenty times before and after instrumentation in air chamber set to
25dC at 4.5 A rate. Instrumentation of the cell occurred after completion of cyclei&dfollowing results
investigate the cell capacity and temperature during cycles before and after instrumentiegenergy
efficiency, coulombic efficiency, discharge capacity, and maximum cell temperature during cycle are
indicators of cell performance and are plotted in the following figufégure44 gives cell energy and

coulombic efficiency before and after drilling.
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Figured4 Cell efficiency before and after temperature sensor instrumentation

The cell efficiencies are noted to vary more after drilling. T2 %variance in efficiency after drilling

can be attributed to the use dahe spotwelded nickel strip for the negative terminal connection. This

experimental setup and cycling protoaeére sensitive to slight inconsistencies in the cell positioning.

Another measure of cell performance useful for comparing cell temperature before and after drilling is

the maximum temperature at the end of a cycle. Cell temperature is strongly related to internal resistance

and therefore essentially tracks the statyilbf cell resistancd-igure45shows the maximum temperature

reached during the 4.8 CC dischargend discharge capacity during d{cles

88



l.:.l

= 33 4.35
Z

32
(% IR LT TY PR Y PP -

0900g0009%%00000

S 31 *eel. 4 ? ®®e 45
W 39 ©e0%0¢%000,0,, 00000,0 000 ,4,000,° —
o L 4.20 >

29 I
~ 28 eal EAYdzy / St ¢s¢-&§s§;
D 57 Drilling occurs e Discharge Capacity (Ah) 4.10
— after 20" cycle

26 4.05

25 4.00

0 5 10 15 20 25 30 35 40

Cycle #

Figure45 Maximum temperature reacheshd discharged capacitijaring 4.5A CC discharge

Figure45 shows the maximum temperature during 4.5A discharge remains constant during before and
after drilling. A decaying temperature followed bge@nsistenttemperature is expected as the fresh cell
completes its conditioning. The reduction in temperature follows tiEservedincrease in energy
efficiengy. This is an indicator that the drilling did not adversely affect thesaatkif the resistance were

to increasejt is expeckedthat the cellwould produce more heat and reach a higher temperature at end

of discharge. In summary, analysis of cell discharge capacity, efficiencies, and maximum temperature

during discharge demonstrates that the drilling procedure does not affect the cells performance.

7.3 Convedve and isothermatonditioncycling

An internal temperature sensor instrumented Moli P45B eeds cycld in both ar chamberand
isothermal cell holders botket to 25dC.Three cycles dECCVchargingat rates 4.59.0,and 13.5 Aup to

4.2V with 0.1 A CVcutoff currentwasconducted.Constant current discharges were at 4.5 A to 2.5V.
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Thischapterfirst presents results in the convective conditions, then follows with isothermal condition.
The convective condition thermal control method used here was showpotarly control cell wall
temperature duringhighrate chargeswhereasthe isothermal cellholder was capableThe chapter

concludeswith analysis ohow charge condition impaciaternal temperature

7.3.1 Convective condition

Figure46 showscell internal andwall temperatureversuscharged capacity fathree chargeratesin air

chamberset to 25aC
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% —4.5 A Wall
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25 .
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Charge Capacity (Ah)

Figure46 Cell Wall Temperature VS Charged Capfaifjifferent Rates

Figure46 showsthat for rates above 4.5 Agell internal temperature is substantially higher than the
environmental temperaturef 25aCand increases throughout the charge as heat generated is stored in
the cells thermal mas3he cellwall temperatureincreasego 40 &Cduring the 13.5 A chargehich is a
15¢C delta fromthe environmentahir. At~3.3 Ahthe internal to wall temperaturalifferenceis 6&C.For

the 4.5 A charge, the cell wall temperature increasesbout 276 I Y R Y I A y { iffekeyick Baked m 6 /
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on the considerable temperature increase at the 13.5 A, e air chamber islemonstrated here to not
be able to maintain the cell temperature when highrrents are appliedincreased rates beyond 13.5 A
such as those needed to reach sl®minute charging times can not kreliablytested in the air thermal

chamber as tested in this experiment.

Althoughat high charge ratethe air chamber has been proven to not adequately isothermally control
cellwalltemperature, thecomparison of cell internal temperature wall temperaturecan still bemade.
Theradial temperaturegradientis due tointernal thermal propertiesand nd the heat transfer on the
outside of the cell. However, thiaternal propertieslike heat generatiorare expected to change as the
internal resistanceeduces dudo the average cell temperaturgsingabove the setpointFigure47 shows

the radial temperaturegradient Here the thermal gradient from cell external wall to jellyroll core reaches

up to5.8¢C at the 13.5 A rate, 4&& at the 9 A rate, and 1&& at the 4.5A rate.
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Figure47 Radial temperaturgradientfor three current rates imir chambeset to 254C
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7.3.2 Isothermalcondition

The results in the isothermal conditiafiffer from the air chamberFigure48 shows thecell wall and

internaltemperatureduring charges at 4.5,@ and 13.5 An the isothermal cell holder.
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Figure48 Cell internal and wall temperature during isothermal wall cycling at differentat®isC setpoint

The isothermal cell holder was shown to hold cell wall temperature to witbtdf setpoint temperature

on average. However, at the start of th8.5 Acharge the cellwall temperature is observed to rise above

the setpoint. The magnitude of temperature rise is dependant on the charge rate. At the 13.5A rate, the
wall temperature reactd27.5 C briefly. fie brief temperaturedeviationfrom the setpoint near the start

of chargecan be attributed to lhe isothermalPIDcontroller. The controllerexhibitsa delay in the cooling

of the isothermal blockesulting in the celtemperature rise Improved PID tuning could reduce the
temperature delta further. Reducing the temperature rigemaintain improved isothermal conditions
could affect the cell internal temperaturén all cases,he brief temperature rise is ragly reduced and

setpoint temperature $ maintained throughout thebulk of the test. This, the isothermal rig can
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