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Li-ion batteries

¥ Mobile phone

Y. Liang, et al., InfoMat, 2019, (1), 6-32

2010 | 2,307

2011 | 4,541

2012 | 7,114

2013 ] 12,156

2014 [ 18,948

2015 [ 25.502

2016 [ 34,022
2017 [ 53.861
2018 [ 83.174
2019 [ 136,617

2020 | 309,083

Source: Statista (March 2021)
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Number of electric vehicles in Germany (2]

New registrations of battery-electric vehicles



Evolution of LIB characteristics
Evolution of cell capacity
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Battery cost ($/kWh)

Lithium-ion battery price survey results: Volume-weighted average
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Percentage of range loss vs. distances driven

percentage of original range (60 KWh 290km and 85 k\Wh 400 km)
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Design of typical cylinder-type (18650) cell TUm

Setup: v|tome|x L240
Energy: 100-130 keV




Capacity losses in Li-ion batteries TUT

w
o
' P

N
ol
' B

N
o
' P

CCCV charge, 1.7A~0.5C
- <~ ccCdischarge, 6A~1.75C

=
ol
' P

Cell capacity, Ah
o

o
ol
' P

ERELY S 3o S

o
o
|

o

200 400 600 800 1000 1200  140C
Cycle Nr



Main aging mechanisms within a Li-ion cell

C. Schlasza et al. IEEE
Transportation
Electrification
Conference and Expo
(ITEC) (2014): 1-6.
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Neutron-based experimental techniques with proven  TLUTI
relevance In battery research

, Neutron diffraction: detail of crystal structure, localisation and quantification of
- lithium; microstructural studies; phase analysis ‘ q

Neutron |mag|ng lithium distribution, gas formation, electrolyte dynamics

Small-angle neutron scattering: in-situ materials morphology and fracturing
o upon cell fatigue o id TErE
Qua5|elast|c neutron scattering: in-situ structure and mobility of electrolytes ¥ ) ==y

in Li-ion batterles X
- }ﬁ@ .. Reflectometry: studies of solid-electrolyte interphase; studies of lithiation in
—== amorphous silicon; solid-liqued interfaces
Neutron depth profiling: nanometer sensitive probe of lithium 411“». :“:;i-_ﬂg;
concentration in electrode materials o &k —

aaaaaaaaaaa

GB Positron spectroscopy: charge- and fatigue-induced defect formation

Neutron and Prompt gamma activation analysis: non-destructive and ‘ @ . oo

simultaneous elemental/isotope analysis " 8



Rietveld refinement of typical diffraction pattern UM

from high-energy 18650 Li-ion battery (SOC 90%)
1001 "fresh" Li-ion battery : e
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https://www.sciencedirect.com/science/article/pii/S0378775311024268?via%3Dihub

Structural signature of Li-intercalation in the graphite TUTI
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https://iopscience.iop.org/article/10.1149/2.031305jes/meta

Comparison between X-Rays and neutrons 1

X-ray. cross sections (1]

« X-Rays scatter at the electron cloud of the atoms . .
» Stronger scattering power for heavier atoms . . . ® V/

H D Li C Al Fe

* Neutrons scatter at the nucleus of the atoms
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Active lithium losses

Non-destructive quantification of lithium in the anode and cathode
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Loss of active anode UM

ca. 10% w/w of the graphite does not take
part in the lithiation

| Cell capacity, Ah

0 10 20 30 40

+ A ————

Current, A

T 420 2 4 100

'\}“‘n' LJ L L

1

= 1000
2000 80

820.0

1620

= 640.0

E 1240 60

= 460.0

= 860.0

= 40 280.0

% 480.0

= 100.0

| 100.0 20

25 3.0 35 40 90 92 94 96 98 100
Cell potential. V
L]
= (unpublished)

13



Lithium distribution uniformity — a challenge

TUTI
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Spatially-resolved neutron diffraction
— setup (constant 1)
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Spatially-resolved neutron diffraction UM
— setup (constant 1)

Cell irradiated 2D diffraction data
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Spatially-resolved neutron diffraction on LIB: an example[LIT]

10000

;? 2500 P
@ g
80004 5 f%
£ 6000 B P - T8 S 2000 [
] \ / 1 o/ /W 3 \
> pos R T 1T 1 pn . g F oA
£ PR , R 1T - p&
2 4000 ;oo Aol 4/” Z 1500/ ¥ 3
e <§7 * g ) &
=
= e : 8 oF X
2000 s Mo £ 1000 R %Wo&mé
24 25 26 271 2 : : ; ;
Angle 260, deg. 24 25 26 27 28
Angle 26, deg.
@ 2500
Y 8
c 4 &
S 15001 7o , i%
g s 1 5 2000 il
@ ! <§ o I ¢
= SO Y S o
2 1000/ J L 2 1500 / i A
2 4 ‘@ 1 ¢ J&
£ A RS SRR S 5 & 8. %
S £ e aeYees Y Fo
: - . . o< o o
24 25 26 27 28 5%
1000— ‘ : :
Angle 20, deg. 24 25 26 27 28
Angle 26, deg.
3000] ”
<o %
- 1000 ® < 0
£ 0\ g 2500 44 P o
3 T 3 5 ¥ 4
g 1 \ Q £ 4 & X \
= ® @ py % 2000 A P
s O // \@0 9 %Q 2 éé 1 ] L’
Mg @ @
g g % ed Y & 1500 W8
= < Loy = <ﬁo &%&b%e
24 25 26 27 28 R
Angle 26, deg. Angle 26, deg.

A.S. et al., Sci Rep, 5 (2015) 18380. 17



Spatially-resolved neutron diffraction on LIB: example TUT]
Lab X-ray CT

Neutron diffraction
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Lithium heterogeneities in state-of-the-art cylinder LIBs TUTI
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Different kinds of lithium distribution were observed for a batch consisting of 34 LIBs

D. Petz, ..., A.S., Batteries & Supercaps, 4 (2021) 251-251. 19



Lithium uniformity of high-energy LIB — effect of aging TUTI
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Loss of liquid electrolyte
fresh
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Quantification of electrolyte in cylinder-type LIB TUT

LIB electrolyte: mixture of Diffraction pattern from 18650-type LIB at low temperature
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Capacity and diffraction on a ,high-performance® LIB  TUTI
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Lithium and electrolyte distribution in cylinder-type LIB  TUTI

fresh

[ Lithium concentration x in LiXCGN

= &>
eo

600 cycles

M. Miihlbauer, ..

., A.S., J. Power Sources, 475 (2020) 228690.

[ Electrolyte concentration m

fresh

600 cycles

. - - 0.65
- " - g 0.70
0.75
/——_\ ~ 0.80
- —
J
25



L/ @YW ] UuljeucJuuJd
m 0¢ Sl 0l S0 00

OHOAW3 O 610 | - 012

6S°1 — 008
0L oHOAWA O Foiz

00} ol | 10 100
[9,1M] uonenuaduUo?

www,advene,gymamA DVAN C E D
ENERGY
MATERIALS

Losses of lithium salt

D. Petz et al., Adv. Energy Mater. 2022, 2201652.



Future prospects: Neutron-diffraction CT TUT

detector

Note: Synchrotron-based XRD is poorly sensitive to electrolyte
ND-CT: : development and adaptation

Reported ND-CT for the first time at STRESS-SPEC (MLZ)
V. Kochetoy, ..., A.S. J. Phys. Cond. Matter, 33 (2021) 105291.

e LIBs for automotive applications are getting bigger
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Summary

Understanding of structure can be a key for the development
and optimisation of closed electrochemical systems

Type 1 Type 2 Type 3 Type 4

) © @ ‘ Lithium distribution in the graphite anode is non-

uniform, degree of its uniformity depends on the cell

@} """"""""""""" I— """"" I' """" I o type and properties and correlated to current densities
Aging-driven electrode degradation is non-uniform along
and across the electrode stripe, creating a "
heterogeneous stress distribution = g i
= Two-regimes of the cell cycling were observed from
LT « the correlation of lithium and electrolyte losses in
— * o commercial Li-ion batteries N Ng[g
Developed methods can be used in other fields, e.g. ,beyond | f,,'
lithium®, solid-oxide fuel cells, catalysts under operation Li s
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