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Introduction

There are many applications using secondary batteries. In this case lithium ion batteries have been the most common battery type for the past two decades after their commercialization in
1991 and are still state of the art [1]. While for mobile applications such as smartphones the life time of the battery is not crucial due to short innovation cycles, going to long life applications
such as electric vehicles or stationary energy storage systems generates the urge for long living battery solutions [2]. Hence long time cycling tests have been performed under different
operation conditions studying corresponding fatigue mechanisms to understand and furthermore prevent battery degradation.

Experimental

Commercial lithium ion batteries were cycled 2000 times at a DoD of 100%. The operation temperature of two cells was set to 25°C while the other two cells were kept at 40°C. Within one
temperature one cell was cycled at 1C charge and 2C discharge rate (CL25/CL40) while the other cell was cycled at 2C charge and 3C discharge rate (CL25v/CL40v). So the dependency of
degradation mechanisms on temperature and rate could be investigated and compared to the fresh cell at the begin of life (BoL). The cells were opened under argon atmosphere and anode
and cathode material were separated. The cathode consists of a blend of Li(Ni,Co,Mn)O, (NCM), Li(Ni,Co,Al)O, (NCA) and LiMn,O, (LMO) while the anode is composed of graphite.

ldentification of fatigue mechanisms Capacity loss of cathode
Jdeol S 40| NCM/NCA @ NCM/NCA show fatigue
| Anode Cathode | Additional L | o :
' ﬁ capacity | capacity loss of c:t;' _(B:(Elis '§'30 =§tv at 25°C Whlle LMO
3:’ [ loss active Li = | ';'20' doesn't.
T [%0] [%0] [%] S Q1
0.5+ J CL25 2+1 10 % 2 : S = 0
—_ CL25v 442 11+2 442 S G ‘0| MO @ Elevated temperatures
b s T S 30 - -
0.04— ———————————  CL40 2+1 32+3 8 S| EEc Increase the fatigue of
+ \E C ) 201 I cLv
= 41CL25 \ CLA40v 3+2 35+ 3 9+2 % s . both LMO and NCA/
- 3- Cathode vs. Anode \ o I S N DN NCM.
® L —— cathode vs. Lithium _ _ £34 36 38 40 42 25°C 40°C
T 05, Anode vs. Lithium @ Capacity loss of the full cell Is Potential vs. Li/Li* [V] Temperature | |
405_) : either CaUSEd by CapaCity fade Potentiostatic intermittent titration technique (PITT, left) of the blend.. _CyCIIng rate_ has minor
2 00 L Ir I D N of the Single electrodes or the Compgred to the single phag,es curves this results in a phase specific ImpaCt on fatlgue.
al . U | f " lithi capacity loss shown on the right.
| CL25v \ 0SS OT active litnium. BoL 40
3- \ _ _ ‘ @ NCM/NCA show Q0sNCM A\ 111 LMo
T Q Durlng cycling the cathode's less activity in all .
0.5 capacity decreases remarkably fatigued cells, the %
: ‘ - ’ = N N
- while the anode's capacity effect is increased = Q\ S
. T ; T ; ; T ; T ; T ; {l ZANY
o anifi = i S (2
10 05 00 05 10 15 does not change significantly. by temperature but 2 /@,«“\ 5
Discharge Capacity [mAh/cm?] arel affected b 0 SN ‘\\\\\\\\
Three electrode measurements of the b_egin of life cell O Additional ||th|um |OSS vS. BolL | y y E \,“ qé)
and the cells cycled at 25°C. The cycling leads to a CycCie rate. A\ <
decrease in the cathode‘s capacity while increasing can be detected for the faster 7\3«\ | <
)\ O
the cycling rates leads to a loss in active lithium cvcled cells _ _ /N NL
observed as a relative shift of the anode's vs. the y ' @ NCM shows inactive
cathode’s curve. phases in a” the 49 50 51 49 50 51 49 50 51
Bragg angle (20) [*]
_ _ _ Ce”S at C/ 3. In situ synchrotron diffraction data showing decreased
Capac|ty loss due to lithium loss | activity of NCA/NCM for the fatigued cells.
® During cycling active lithium is consumed in continuous growth ks I B -
| @ ox \ CL40 ® Micro-cracks  were
and refOFmatlon Of the SEI [3] % 2'85__ % ‘\ n found to occur in
l LR NS
| | | AN \ NCM and NCA.
Increasing the cycling rate leads to an increased growth of the T 283- S - T
Q@ 1 —0-BoL il
SEI' E 2.821 _—._i(r:lligvephaseofcmo % . Manga’nese IOSS Wa'S
S 27 30 33 36 39 a2 45 SRR detected at 40°C and
® Cell operation at elevated temperatures also leads to an Potential vs. LILI" [V]  SSEEINECIR
p p In situ evolution of lattice parameters (left) of NCM indicating addressed o be IOSt

Increased thickening of the SEI. a less active as well as an inactive phase. The reason might in LMO.

come from micro-cracks (right) as seen in NCM.

o
o
o

"SEI" | _ Graphite "SE _Graphite

CL40 1 B Relative SEI thickness

N

o

o
|

Conclusion
@ Two main fatigue mechanisms occur Iin the tested cells. Cathode
capacity loss as well as loss of active lithium and therefore a
relative shift of the electrodes curves lead to a capacity fade of
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C1s spectra (left) obtained by X-ray photoemission spectroscopy (XPS). The peak at higher binding energies _ o o _ ] L.
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energies corresponds to graphitic bindings and represents the bulk anode material. The spectra were obtain at

different sputter depths. We assume the time by that the higher binding energy peak decreased to the half of alSO inﬂuenced by elevated temperatures Whlle Only the elevated
the Cls area to be correlated to the SEI thickness (right). Due to the used method it is not possible to give a temperatures ShOW a Strongly impact on Cathode Capacity.

number for the thickness of the SEI but a relative value compared to the BoL state.
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