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Fatigue: .\\J(IT

Degradation of performance with operation @ = e f Tty

n
»

Conditioning/Formation (e.g. SEI)

Capacity

' Operation: R
Fatigue and Ageing

Failure

n

Number of charge/discharge cybles or time

® Loss of capacity
® Increase of internal resistance

® Voltage fade
" ...
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Failure modes: ,,Thermal runaway* AT
Serious safety concerns at the EOL (end of life)

Li, ,CoQO, is intrinsically unstable in the overcharged state (x > 0.5)

> (@]
Li. .C00,~222°C, 15 LicoO, + 1/6 Co,0, + 1/6 O,

® Enhanced materials for safer operation (NCM, NCA)
® Design freezing (~7 y in cars, ~10 y in planes)
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Safety aspects: energy within a Li-ion battery AT

stitute of Technology

A charged Li-ion battery stores about the same energy
as a stick of dynamite of the same size!
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Safety aspects: energy within a Li-ion battery AT

Karlsruhe Institute of Technology

> 2000 Cycles
(80% Capacity)

0.5 Cycle
(0% Capacity)

A charged Li-ion battery stores about the same energy
as a stick of dynamite of the same size!
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Fatigue: Multi length-scale complexity AT
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. . Components
Functional materials P
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Application
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Li-ion batteries: Materials challenges AT

Karlsruhe Institute o f Technology

,ohort cuts”
,L0Ss of porosity

,Dendrite formation®

,Redox reactions*
(atomic rearrangements)

JLattice strain“

,2pDecomposition®
(oxidation or reduction)

,lonic conductivity“
,Dissolution®

T Electrolyte
Ce Li, ,CoO,

,Anode* ,Cathode*

® All components suffer from ,Ageing“ & ,Fatigue®
® Materials interactions: ,,Solid Electrolyte Interface/Interphase®, SEI
,Metal dissolution, ,Loss of adhesion®
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Li-ion batteries: contributions to fatigue QAAT

Karlsruhe Institute of Technology

binder
decomposition

oxidation gas evolution

of conductive
particles
CB000000 electrolyte
corrosion o'6007,8000 decomposition
of current RRBTRRREN structural
collector (7 disordering surface layer

formation

loss of contact to

conductive particles | U 4

re-precipitation of ~ Migration of
new phases soluble species

Vetter, J., et al., Ageing mechanisms in lithium-ion batteries.
J. Power Sources 147 (2005) 269-281.
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Electrode-specific contributions to fatigue _\\j("'
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® Relative shift of the states-of-charge of cathode and anode results in
capacity losses on full-cell level (example: NCA against graphite)
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Electrode-specific contributions to fatigue

A
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Charge
NCA against Lithium

/_J_JNot-fatigued

“Fatigued” graphite
against Lithium

W

>0,06 V :

i e (aged) graphite

0,06 V /)L—

— >

Lithium exchanged [mAh/cm?]

® QOvervoltages from the negative electrode result in a higher level of Li-
extraction from the positive electrode and, therefore,

® more pronounced fatigue.
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Electrode-specific contributions to fatigue _\3‘("'

Karlsruhe Institute of Technology

4,0 ‘\Ql
Q2 -=-== NCA against
S 3,0 \ Lithium reference
© NCA against
= graphite
2 o ====(Graphite against
o) L
o { Lithium reference
— NCA against
1,0 Lithium
/_j - (@Graphite against
_ __ Lithium
0,7 0,2 0,3 0,8
Lithium exchanged [mAh/cm?]

® Cyclovoltamograms of full cells with reference electrode (NCA against
graphite) in combination with half-cell data (NCA and graphit against Li).
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Electrode-specific contributions to fatigue QAAT

Karlsruhe Institute of Technoloav
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in operando observation of anode excess
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Neutron diffraction:

4.20V_~_

4.15V_~_

4.10V___

4.05V___

4.00V__.

3.95V ___

3.90V__

ocv
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® More intermediate LiC,, in the ,fully”
charged state due to fatigue, i.e.

® [ess Liin the anode in fatigued state
due to ,anode excess".
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Reveal working and degradation mechanisms ,_\\j("'

stitute of Technology

ATy

|dealized model systems
(Single processes)

e.g. UHV conditions
XPS, TEM

16 17.09.2014

Real energy storage devices
(high level of complexity)

In operando studies
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Cycle life testing and fatigue analysis .\\J(IT

Karlsruhe Institute of Technology

® Commercial Li-ion cell of 18650-type (2600 mAh, 3.0 - 4.2 V)
® Fresh® -single cycle
®  Fatigued“ at 25°C and 50°C (200, 400, 600, 800, 1000 cycles)
® Cycling 3.0-4.2V, CCCV, 1C

4,2 4,2
4,01 4,0
> 38- > 38-
O] 1 ()] ]
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o E O ]
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3 341 ® 344 ([
o 347 Wy 0 200 cycles Sk I T/ A— 200 cycles
O O 1 i
] g 400 cycles ] i 400 cycles
32 , ---- 600 cycles 3,2 i ---- 600 cycles
; ' -- 800 cycles ] Al - 800 cycles
3094 ! 1000 cycles (a) 30 1000 cycles (b)
i P T FreorT e | T | T ] T T T I, e - e
0 50 1000 1500 2000 2500 0 50 1000 1500 2000 2500
Capacity, mAh Capacity, mAh

O. Dolotko, J. Electrochem. Soc. 159 (2012) A2082
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Cycle-life testing and fatigue analysis .\\J(IT

Karlsruhe Institute of Technology

® Commercial Li-ion cell of 18650-type (2600 mAh, 3.0 - 4.2 V)

2600
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O. Dolotko, J. Electrochem. Soc. 159 (2012) A2082
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in operando techniques for life-time studies ._\\J(IT

stitute of Technology

Pronounced materials interactions: real battery conditions essential

W Specific degradation mechanisms:
® Correlation between effects and cause

® |Influence of load profile
Proceeding of fatigue

Cell design concepts

High-energy synchrotron &
neutron radiation

Non-destructive methods

Penetration capability

Time- and spatial resolution

Detailed information (minor changes)
Sensitivity to light elements (H, Li, C, O)
Complementary post mortem analysis

20 17.09.2014 Institute for Applied Materials -
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Neutron radiography and tomography ﬂ(".

Karlsruhe Institute of Technology

ANTARES (research reactor FRM-II), L/D=800

. . 5 . .
Field of view 100x100 mm=# ~ 100 um pixel resolution 3D reconstruction

Radon

transformation
11 2

penetration with
different distribution

object of attenuation 180x 2D neutron transmission images

A. Senyshyn et al., J. Power Sources 2 (2012) 126
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Neutron radiography and tomography ﬂ(".

Karlsruhe Institute of Technology

Visualisation by assignment of absorption levels to a false-color scheme

high
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A. Senyshyn et al., J. Power Sources 2 (2012) 126
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Karlsruhe Institute of Technology

Neutron radiography and tomography
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A. Senyshyn et al., J. Power Sources 2 (2012) 126
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Selected examples ﬂ(".

W X-ray tomography reveals shifts with SOC

Charged

Discharged

Displacement in radial direction: 80 um to 100 pm
Displacement in axial direction: up to 80 um
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Selected examples

AT
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® Neutron tomography: electrolyte level changes during charge/discharge

charged

25 17.09.2014

discharged

avg. transmission

Average Transmission and Integral Amount of Electrolyte in Reservoir
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Selected examples

AT
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® Combined neutron tomography & diffraction

Fresh Cell

Fatigued Cell (1000 cycles)

Diffraction Data Fresh Cell

5500 T T
run033116400mm,arl.dat ——
5000 -
4500 ~ I\
4000 -
3500 F 1e[ &

3000

Intensity, a.u.

/ ‘
2500 i i o

Potentiostat Data

time/s: control/AV//mA: Ewe/V:
490,0000 0 4,1796684

<|>/mA: (Q-Qo)/mA.h:
0 0

Diffraction Data Fatigued Cell (1000 cycles, 502C)

5500 T T
run033207300mn,ar.dat ——

3000
4500 |
4000
3500 b

3000 |- [ %

Intensity, a.u.

2500 | i

time/s: controlV/mA: Ewe/N:
26828,6824 41799

(Q-Qo)/mA.h:
2035,275642
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Neutron Powder Diffraction .\\J(IT

Karlsruhe Institute of Technology

1007 (b) "fresh" Li-ion battery »_observed (1) - cathode (Li,CoO,)
] 0 (charged to 4.20V) difference
80 3 A=1.5482(1) A | Bragg position (2) - anode (graphite)

(3) - anode (LiC;,)

(0]
o
PR T
D

f‘» | (4) - anode (LiCy)

(5) - current collector (Cu)

N
o

6) - current collector (Al)

—~

Normalised intensity, %

(7) - steel housing (Fe)

o

20 40 60 8 100 120 140

0
Angle 26, degs.

® Measured at SPODI, FRM II, Garching
O. Dolotko, J. Electrochem. Soc. 159 (2012) A2082
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Anode: Ratio of LiC; and LiC,, in charged state ._\\J(IT

eeeeeeeeeeeeeeeeeeeeeeeeeeee aqy

100+ ? ---------------------------------------------------- ~se
< 1\ ) Phase fraction of LiC,
o NG | . is lower for the fatigued
o \? "~ O ) .
® N B~ - SR > | 25°C cell, while the
e ~. v T LiC,, value is higher.
5™ S
: o a5 “=3---i J | Reduction of lithium
= o Rl 5 inside the anode:

_ 25 °C 2 26 %
60 - 50°C 2> 15%
0 200 400 600 800 1000

Number of cycles

® More intermediate LiC,, in the ,fully“ charged state due to fatigue, i.e.

® |ess Liin the anode in fatigued state due to ,anode excess” by shift of
the voltage window.

@ Elevated temperature: less overvoltage and less fatigue.
O. Dolotko, J. Electrochem. Soc. 159 (2012) A2082
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Lithium occupation in Li,CoO, (cathode) '-\\J(IT
o5 [ _
%0 [ Capacity loss 21,9%
85 [ (from electrochemical cycling)
80 |-
75 L
70 b

zi N Active lithium loss

55 (20’8 ‘%) stable

50 [ operation
_*\i unstable} P

45 |

40 £ E = % charged

35 [ ’ '

30 | 1 | 1 | 1 | 1 | 1 |
0 200 400 600 800 1000

Number of cycles

® 18650 cell, cyclingat 1C,4.2-2.0V, 25 °C

HEH

% discharged

Li occupation, %
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Lithium occupation in Li,CoO, (cathode) _\\j(IT

Karlsruhe Institute of Technology

100
9% 1 & Discharged state
2 90 4 = = . . | 18650 cell,
- I w I el . o Q :
e =i G 0 ~ --i----(} cycling at 1C,
80 A ~
&5 . ol TN 7 () 42-3.0V,
x 1 ? 25 °C and 50 °C
- ] 0O 25°C
= 651 o s0°C
S 60 1
8 %71 |
g VT ¥ - - 5 Charged state tabl ti
8 4] |\ t~ -l 9 unstable operation
540 el DD DR - ot
35 - '
30 I * 1 v | . 1 ! I : I
0 200 400 600 800 1000

Number of cycles

® Li occupation in the discharged state higher at 50°C.

W Safety problems due to low Li-content in the carged state also at higher

temperature!
O. Dolotko, J. Electrochem. Soc. 159 (2012) A2082
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Lattice strain in layered oxides LCO, NCM, NCA

Phase behaviour of LiNi, ;Co, .0,

o<
(4]
o<
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™
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S
>
charge
discharge
-
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Comparison of lattice strain in LCO, NCM, NCA QAT
2.88 arruhe nsttute of Tecnology
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L\
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Lattice strain and microstructure: NCM ﬁ("'

Karlsruhe Institute of Technology

SEM images of as-prepared
Li(Ni, 5C0,,5Mn,5)O, powder

N. Kiziltas-Yavuz et al.,
Electrochim. Acta. 113 (2013) 313
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Lattice strain and microstructure: NCM ﬂ("'

Karlsruhe Institute of Technology

SEM images of Li(Niy,3C04/,5Mn,,5)O,
after cycling between 3.0 and 4.2 V

N. Kiziltas-Yavuz et al.,
Electrochim. Acta. 113 (2013) 313
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Cathode fatigue .\\J(IT

Positive electrode materials are the only source of exchanged Li.
Most serious limitation for the energy density of a cell.

Restricted stability with respect to the Li-content (except LiFePQ,).
Details of the electronic structure play a crucial role for

35

cell voltage,

electronic conductivity,

stability range, band overlap: oxidation of oxygen,
activitiy of specific ions (energy levels)

and more...

Structure and composition gradients within one particle/crystallite, for
example a NiO-type surface layer in NCA.

One-phase or two-phase mechanisms.
Significant structural distortions and volume changes.

High probability for cracks, especially in blend cathodes, working over
a broad voltage range.

Institute for Applied Materials -
Energy Storage Systems (IAM-ESS)
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Conclusions .\\J(IT

37

Fatigue of Li-ion batteries has to be addressed on cell level.

Capacity losses and internal resistance are determined by materials
and balancing.

Materials interactions are very pronounced in batteries.
No individual optimization of materials, only within specific cells!

Dedicated methods are needed to investigate fatigue under real
operation conditions.

Data analysis is a specific challenge.
Complementary methods are essential.
Probably not all basic physical parameters can be measured.

Complex functionalities have to be considered
Too many degrees of freedom: only knowledge-based approaches
are promising.

Institute for Applied Materials -
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