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Influence of Stress Cycling on  
Li-Ion Battery Cells for Vehicle Applications
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List of abbreviations

BMS Battery Manage-
ment System

CFE Constant Phase 
Elements

DFT Density Functional 
Theory

DC-C Discharge-Charge

EDX Energy-Dispersive 
X-ray Spectroscopy

EIS Electrochemical 
Impedance Spec-
troscopy

SOC State of Charge

SOH State of Health

WLTC Worldwide Harmo-
nized Light-Duty 
Vehicles Test Cylce

To	 investigate	 the	 influence	
of stress cycling the following 
four different cycling strategies 
have been applied: 
• In	 the	 first	 case	 a	 power

profile,	derived	from	a	light
vehicle	speed	profile	(WLTC
driving cycle class 3), is ap-
plied to stress the cell.

• For the other three cases
standard discharge-charge
(DC-C) cycles have been
performed with different
state of charge ranges us-
ing the average (dis)charge
power of the WLTC cycle.

Considering the loss of cell ca-
pacity, the DC-C cycles where 
much more stressful compared 
to the WLTC cycles. The re-

duction of the state of charge 
(SOC) range slowed down the 
loss of capacity. We can con-
clude that a driving distance 
of about 195 000 km could be 
reached until 20 % of the cell 
capacity is lost by taking into 
account a full battery, consist-
ing of 70 cells, [1].

EIS measurements have been 
performed during the stress 
cycling in the range of 1 mHz 
to 10 kHz at different SOC. 
Using an adequate equivalent 
circuit with constant phase el-
ements (CPE) we were able to 
model the frequency depen-
dence of the impedance and 
extract transport parameters 
with valid physical meaning 

(circuit	and	example	fit	shown	
in Figure 1) [2]. The charge 
transport in the cathode was 
related to the response at 
low frequencies (1–10 mHz), 
which appears as a straight 
line at the right end of the Ny-
quist plot. In contrast to com-
mon assumptions, the slope of 
this line differs from 45° and 
changes with the SOC (Fig-
ure 2), which we showed is 
related to the type of charge 
transport in the systems [2]. 

From these results we con-
clude that the Li-ion transport 
in the cathode is sub-diffusive 
(trapping of Li-ions occurs) 
and it depends strongly on the 
amount of Li present in the 

Scope of project

The development of batteries with high energy densities, long cycle life, and high safety was trig-
gered in the last years due to the growing energy demand, the tendency to use renewable energies, 
and because of ecological reasons. Today, Li-ion batteries have a large impact on the global market 
of portable and mobile applications. For optimal usage of Li-ion batteries, management systems 
as well as charging strategies have to be developed and optimized, requiring an understanding of 
ageing mechanisms as well as charge transport phenomena in Li-ion cells and their components. 
According	to	this	we	studied	the	influence	of	stress	cycling	on	high	power	A123	AHR32113M1	battery	
cells made for hybrid power trains [1]. Electrochemical impedance spectroscopy (EIS) measure-
ments [2] and density functional theory (DFT) calculations [3] have been performed, and a more 
general statistical approach to charge transport was implemented [2] to get an insight on the Li-ion 
transport in the LiFePO4 cathode material.

Status	of	project	and	main	scientific	results	of	workgroups	

Figure 1: 

Nyquist plot for a representative EIS mea-
surement (red) of an aged A123 AHR32113 
battery cell and the corresponding com-
plex	curve	fit	(black)	using	the	equivalent	
circuit model shown in the inset [2].

Figure 2: 

Nyquist plot for a new A123 AHR32113 cell at several state of 
charge (SOC) and the dependence of the phase (connected to 
the slope) from the SOC [2].
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LiFePO4 cathode. With stress 
cycling a decrease of the an-
gle was observed at the same 
SOC, indicating a change of the 
transport properties further 
away from a diffusive process 
towards an insulating regime. 
Moreover, our measurements 
revealed a correlation between 
this angle and the capacity of 
the battery. Thus, this angle 
can serve as indicator of the 
quality of lithium transport in 
the cathode, which is related 
to cathode structure and deg-
radation. 

The transport properties of the 
cathode are often linked to the 
state of health (SOH). There-
fore a next step will be to eval-
uate whether the impedance 
spectrum can be measured 
«on	 the	 fly»	 by	 the	 battery	
management system (BMS) in 
mobile and stationary applica-
tions and – based on calibrated 
data – can be used to monitor 
the SOH. 

In order to understand the ori-
gin of the Li-ion transport DFT 

model calculations have been 
reviewed. Using a quantum 
mechanical formalism DFT al-
lows calculating ionic transition 
states in solids. Diffusion con-
stants can thus be determined 
without empirical parameters. 
The cathode material LiFePO4 
exhibits one dimensional Li-ion 
diffusion channels. Experimen-
tal data have been explained 
by taking into account, e.g., 
cross channel hopping [3]. At 
Fe impurities that block 1D 
lithium diffusion channels, the 
cross channel hopping appears 
to be enhanced. It is evident 
that the limiting factor of the Li 
diffusion in this material is not 
the in channel hopping rate. 
In	a	next	step	the	influence	on	
stability and ageing of diffus-
ing metal ions and Li-Li cor-
relations will be investigated 
more deeply. 

Microscopic studies on the 
A123 AHR32113M1 cells using 
FEI Helios NanoLab Ga-FIB/
SEM dual beam and Zeiss Ori-
on He-FIB microscopes gave 
an insight on the microstruc-

ture of the battery compo-
nents. The isolating three layer 
separator could be visualized. 
Dense inclusions containing 
enhanced amounts of carbon 
and certain nanoscale features 
have	 been	 identified	 using	
these techniques with energy-
dispersive X-ray spectroscopy 
(EDX) analysis (Figure 3) [1]. 
Further investigations are on-
going.

To conclude, stress cycling, 
electrical impedance spec-
troscopy, physical diffusion 
modelling, statistical charge 
transport approaches as well 
as microscopic investigations 
were combined to identify, 
characterize and quantify the 
ageing behavior of Li–ion bat-
tery cells. The present results 
serve as base to establish sub-
stantiated selection criteria 
and design rules for reliable, 
safe	and	cost	efficient	battery	
systems and their tailored on-
line state of health monitoring.
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Figure 3: 

EDX analysis of a dense in-
clusion [1]. The line scan, 
indicated with the yellow 
bar, revealed an enhanced 
carbon content in the fea-
ture.
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