SUSTAINABLE ENERGY IN THE
AUTOMOTIVE INDUSTRY:

Understanding battery degradation
in commercial electric vehicles

Matthew Lacey, Senior Engineer, TRATON AB
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BATTERIES, DEVELOPED SPECIFICALLY FOR HEAVY-DUTY
ELECTRIC TRUCK APPLICATIONS

Tailor-made cells designed to meet the specific demands of heavy-duty vehicles

Validated for 1,500,000 km lifetime

Battery module

https.//www.scania.com/group/en/home/electrification/e-mobility-hub.htm|



DEGRADATION MECHANISMS,
DEGRADATION MODES

Loss of active material (LAM)

Loss of lithium inventory (LLI)

Loss of power (resistance increase)

Safety issue!
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DEGRADATION MODES - WHAT'S HAPPENING TO

PERFORMANCE

Beginning of life (Bol)
? |

y

W

Evs Li/Li"/V
N

-

0 1 2 3 4

e —

Q/mAh cm™

EwvsLi/Li"/V

End of life (Eol)
|  LAM

h

Q/mAhcm™

— Degradation modes: observable
reductions in capacity and
power due to:

— Loss of active material
(LAMpg, LAM): reduction in
ability of individual
electrodes to store charge

— Loss of lithium inventory
(LLI): increased offset in
charge storage window of
both electrodes relative to
each other

— Associated internal
resistance increases
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15+ YEARS OF COLLABORATION BETWEEN THE
AUTOMOTIVE INDUSTRY AND UNIVERSITIES IN SWEDEN
ON BATTERY DEGRADATION

Four research projects focused on common scientific goals relating to emerging trends in automotive batteries, bringing together
complementary expertise, training PhD students and postdocs

2009 “Fast charging project” “ALINE" “HALIBATT" > 2026

Automotive LFP cells Fast charging of energy- Automotive cells w/ Ni-rich Heterogeneous degradation in
optimized automotive cells NMC electrodes large format cells




LARGE FORMAT BATTERIES
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Capacity ~2-5 mAh ~2-5 Ah ~30-50 Ah >>100 Ah
Electrode area ~1 cm? ~1000 cm? ~15000 cm? ~40000 cm?
CAM amount ~10 mg ~20-30 g ~200-350 g ~1kg or more
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HETEROGENEOUS DEGRADATION @ END OF LIFE

Visible appearance of localised deposits on the negative electrode in a harshly
aged battery cell. Would be great to investigate this with a non-destructive
method!
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DISAPPOINTING RESULTS FROM OUR FIRST EVER S
NEUTRON TRANSMISSION TEST OF A ~150 AH BATTERY ®

northvolt
Prismatic cell »

Neutron measurements, transmission below 2
%, no structural features visible

Unpublished collaboration study with TU Delft



IN SITU VISUALISATION
OF HETEROGENEITY

Heterogeneity leads to local differences in electrode-
level SoC

- differences in degree of lithiation, observable by X-
ray diffraction

Visualisation of heterogeneity in crystal structure of
both NMC and graphite electrodes by in situ
synchrotron XRD (P02.1 beamline at PETRA I11)

Reflects visible patterns seen after post mortem
investigation, but only a depth-averaged signal

Mikheenkova et al, J. Power Sources 599, 234190 (2024)
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DEGRADATION MODE ANALYSIS BY HALF CELL
MEASUREMENTS

~
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“Coin cell” type half cell measurements

of corresponding pairs of electrode
samples

Sufficient for unambiguous
determination of degradation modes

leading to capacity loss (LAMpg, LAMyg,
LLI)

Visible degradation regularly observed
in cells showing ‘knee point’ behaviour
under aggressive test conditions
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WHAT AGGRAVATES LITHIUM PLATING??

Electrolyte-motion induced salt Extreme pressures/strains
inhomogeneity (EMSI)

Electrolyte motion LiPF, concentration

Lithium plating initiating in
areas of high strain
(windings with small
radius, under tension due
to swelling...)

Lithium plating initiating in
areas of high pressure
(central cells in modules
with insufficient relief of
swelling force)

Term coined by BMW to describe uneven distribution
of electrolyte salt concentration created by electrolyte
convection during charge/discharge

If driven to extremes (e.g. fast charging), leads to
lithium plating in areas of low salt concentration

Many other reported risk factors, incl. too low compression,
thermal gradients...

Solchenbach et al, Energy Environ. Sci. 17, 7294 (2024)



A PROBLEM OF STATISTICS
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Capacity ~2-5 mAh ~2-5 Ah ~30-50 Ah >>100 Ah
Electrode area ~1 cm? ~1000 cm? ~15000 cm? ~40000 cm?
CAM amount ~10 mg ~20-30 g ~200-350 g ~1kg or more
we use this... ..to sample this
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IMAGE ANALYSIS

Visible degradation is readily analysed through collecting digital images of electrodes followed by
segmentation with an image analysis routine

Allows accurate quantification of the visibly degraded area throughout the entire cell (100% surface
coverage) within a short time (1 hour or less)
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A. Siddiqui, A. Lodge,. M. J. Lacey, manuscript in preparation
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OCP-BASED LOCAL SOH ASSESSMENT (OLSA)

OLSA is a patented method which estimates local SoH (accessible capacity) by a rapid and direct measurement:

o Direct measurement of OCP on harvested electrodes without further sample preparation
o Fitting of the OCP to reference potential profiles to determine electrode SoC
o Adjustment of fitted curves to estimate accessible charge within a defined voltage window

reference curves fit measurements 1scale & adjust
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M. Lacey and M. Klett Hudson, WO2023121538A1
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OLSA IN “ULTRA HD"

“Ultra high resolution” (34x15 points) demonstration
Nt b My y y : 5
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At this resolution, a complete set of measurements terror
takes ~36 hours...
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But it is automatable, and provides a level of

information which is simply impractical by any other
method
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A. Siddiqui, A. Lodge,. M. J. Lacey, manuscript in preparation
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X-RAY DIFFRACTION CT

265V 37V 379V 385V 395V 42V
LiC,

XRD-CT: computed tomography where every pixel is a
diffraction pattern

LiC,,
Visualisation of the crystalline phases in the object in
3D
Lower resolution than conventional CT, and currently LiC1g

not technically possible to image cells larger than small
cylindrical cells

LiCis

LiCsa,

Graphite )

Matras et al, J. Power Sources 539, 231589 (2022)



TR/\TON

SAMPLE PREPARATION - ELECTRODES FROM ~150 AH CELL
FOR XRD-CT

Unpublished collaboration study with Finden Ltd, UK



RESULTS

XRD-CT resolves NMC, graphite (+ other)
phases with ~50 ym resolution

Lattice parameter (layer spacing)
correlates to state of lithiation

Digital unrolling of slices into line profiles
reveals good agreement with digital
image & OLSA

NMC lattice parameter

Unpublished collaboration study with Finden Ltd, UK
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CLOSING THOUGHTS

— Plenty of scientific challenges for battery development in industry: fundamental processes in large format
cells barely understood!

— Post mortem analysis is the most straightforward option for industry, and it is very possible to be
innovative without being complicated

— In situ and operando X-ray & neutron methods a valuable part of the toolbox for non-destructive analysis,
but:
—direct application of large format cells is hard

— creating relevant model systems on a smaller scale is also hard
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