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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Commercial 21,700 cells and lab-made 
pouch cells with similar N/P ratios 
compared. 

• Cycle life estimation by Arrhenius plots 
as a function of temperature, C-rate & 
SoH. 

• Temperature for optimum cycle life 
shifts with C-rate & SoH. 

• Anode loading and particle size affects 
optimum cycling conditions. 

• Non-linear capacity fade leads to 
changes of Arrhenius plots during aging.  
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A B S T R A C T   

We present an extensive analysis of Li-ion battery ageing via Arrhenius plots. The V-shaped Arrhenius plots show 
minima at an optimum temperature corresponding to the longest cycle-life. The V-shape of the Arrhenius plots 
signifies the crossover between the two dominating ageing mechanisms – solid electrolyte interphase (SEI) 
growth in the high temperature range and lithium deposition in the low temperature range. Subjects of our 
investigations are commercial 5 Ah high energy 21,700-type cells with LiNi0.90Co0.05Al0.05O2 + LiNiO2 (NCA +
LNO) cathode and Si/graphite anode (~3% Si) and 0.1 Ah lab-made pouch cells with LiNi1/3Mn1/3Co1/3O2 
(NMC111) cathode and a graphite anode. The results of the Arrhenius plots are analysed in the context of C-rate, 
cell ageing, and electrode properties. We find that the crossover between the dominating ageing mechanism and 
hence the optimum operating temperature of the Li-ion cells depend on C-rate, anode coating thickness/particles 
sizes, the state of health, and the shape of the capacity fade curve. Considering the change of the dominant ageing 
mechanism can help designing battery systems with longer service life. Additionally, we show a lifetime esti-
mation for temperature dependent cycling of batteries emphasizing the merit of Arrhenius plots in the context of 
battery cell ageing.   
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1. Introduction 

Li-ion batteries (LIBs), currently the most popular energy storage 
technology, are powering electric vehicles, portable electronic devices 
and power tools, and are also used to provide grid-level energy storage. 
While service life of a battery cell is a key parameter for all rechargeable 
batteries, ageing characteristics become even more crucial with the 
exponentially rising number of LIBs produced and the consequent sus-
tainability concerns [1]. 

Over time, as LIBs age, their capacities fade and the internal re-
sistances increase. It is typically expected for LIBs to remain functional 
over the span of several years, with the discharge capacity remaining 
above 80% of the initial value – this is referred to as 80% state of health 
(SoH). While the battery can remain operational long after 80% SoH is 
reached, this is often considered a crucial milestone in its lifetime. 

The main ageing mechanisms of battery cells are a growth of a solid- 
electrolyte interface (SEI) and lithium deposition on the anode (and with 
it – loss of lithium inventory (LLI) [2–5], depleting the amount of lithium 
able to participate in the charge-discharge reactions) [6–9]. Other 
mechanisms include loss of active anode or cathode material either due 
to loss of contact between particles or changes in the crystal structure of 
the active material [10–12]. 

Efforts have been made to parametrize and model the ageing of 
battery cells [13–15]. Different groups have suggested that the main 
ageing mechanism can intensify or change during ageing [15–20]. The 
change of the ageing mechanism influences the shape of the capacity 
fade curve, i.e. instead of being linear, it becomes either accelerated or 
deaccelerated [7]. Possible reasons leading to an accelerated capacity 
fade can be drying of the electrolyte in the cell [21], pore clogging [16], 
or Li deposition [19] in the later stages of ageing. A reason for decel-
erated capacity fade can be LLI due to side reactions [2–5] and therefore 
a lower susceptibility to Li deposition in later stages of ageing [18,20]. 

Arrhenius plots are well known from textbooks [22,23] for the 
description of the temperature dependency of chemical reactions. The 
same principle has been applied to battery ageing by different groups for 
the capacity decrease [24], power decrease [25], and impedance in-
crease [24,26,27] for temperatures ≥25 ◦C. Arrhenius equation (1) de-
scribes a rate constant as a function of temperature [22,23]. In this case, 
we use the Arrhenius equation to describe the rate of ageing 

r =A⋅exp
(

−
Ea

kBT

)

(1) 

with A being a pre-exponential factor, Ea the activation energy, kB 

the Boltzmann constant, and T the absolute temperature. 
We have previously shown that two distinct branches in the Arrhe-

nius plot can be observed when the investigation is extended across a 
wider temperature range, especially when including low temperatures, 
e.g. 0 ◦C. These two branches correspond to SEI growth in the high 
temperature region (i.e. typically above ~25 ◦C for medium C-rates) and 
Li deposition in the low temperature region (i.e. typically below ~25 ◦C 
for medium C-rates) [6]. While the ageing behaviour can vary depend-
ing on the cell chemistry, the general trend with two distinct ageing 
mechanisms remains [28,29]. 

Our group previously used 3-electrode pouch full cells reconstructed 
from commercial 16 Ah pouch cells to demonstrate that the main cri-
terion enabling Li deposition thermodynamically is an anode potential 
lower than 0 V vs. Li/Li+ [30]. The study showed experimentally that Li 
deposition is more prevalent at low temperatures and high C-rates [30]. 
A theoretical study by Yang and Wang concluded that the dominating 
ageing mechanism indeed depends on both temperature and charging 
rate [31]. Similar calculations have recently been carried out by Liang 
et al. [32]. We were able to confirm this phenomenon experimentally, 
demonstrating two distinct Arrhenius-type ageing behaviours for both 
high-energy commercial 21,700 cylindrical cells and lab-built pouch 
cells, with the crossover temperature between both branches in the 

Arrhenius-plot shifting depending on the charging rate and anode 
thickness [33]. 

In this work, we build on our previous study and analyse ageing of 
commercial 21,700 cells and lab-built pouch cells to evaluate in depth, 
how the dominating ageing mechanism shifts with C-rate, temperature, 
cell parameters, and SoH. Furthermore, an estimation of the end of life 
(EoL) criterion at a SoH of 80% is performed based on the Arrhenius 
plots. By analysing the ageing behaviour as a function of a large set of 
parameters, this work enables deriving optimized charging protocols to 
ensure optimum service life of battery cells. 

2. Experimental 

2.1. Commercial cylindrical cells 

Two types of cells were used in the experiments – commercial cy-
lindrical and lab-made pouch cells. The electrode parameters for both 
types of cells are given in Table 1. For the commercial 21,700 cells, a 
Post-Mortem analysis on a fresh cell after discharging the cell to 2.5 V 
was performed. Samples were washed with DMC. The electrodes were 
analysed by scanning electron microscopy (SEM), energy dispersive X- 
ray (EDX) analysis, inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Arcos SOP, Spectro), and Hg intrusion porosimetry 
(PASCAL 140–440 Series, Porotec). 

EDX suggests that the anode consists of graphite with ~3% Si. SEM, 
ICP-OES, and EDX suggest that the cathode of the commercial cells is 
NCA (LiNi0.90Co0.05Al0.05O2) with ~6% LiNiO2 (LNO). LNO might 
originate from Li2NiO2 which was most likely used as a sacrificing 
cathode material to increase the amount of Li for pre-lithiation of the Si 
compound in the anode [33–36]. 

Masses per unit area in g cm− 2 of anode and cathode were deter-
mined from punched-out test samples (10 cm2) in combination with 
weighing. Areal loadings in mAh cm− 2 and N/P ratios were estimated 
from the determined areal masses, and reasonable values from literature 
for NCA (200 mAh g− 1) [37,38], LNO (80 mAh g− 1) [36], graphite (320 
mAh g− 1) [39–41], Si (1000 mAh g− 1) [42]. 

We would like to note that we had estimated the single-sided anode 
coating thickness for the 21,700 type of commercial cells via ref. [43] 
from the specific energy of 262 Wh kg− 1 to be 93 ± 4 μm [44], which 
agrees well with the value of 86 μm measured after Post-Mortem anal-
ysis in the present paper when the presence of a Si compound is 
considered. 

50 commercial cylindrical 21,700 cells with the same lot number 

Table 1 
Cell design information and key parameters of the electrodes. The given values 
for the areal loadings and the N/P ratio for the commercial cell are rough 
estimations.  

Parameter Commercial cell (cylindrical) Lab-made cell (pouch cell) 

Anode 
(Graphite +
Si) 

Cathode 
(NCA +
LNO) 

Anode 
(Graphite) 

Cathode 
(NCM111) 

Particle size 
[μm] 

graphite: ~2 
to 25 Si: ~10 

~2 to 20 ~1 to 12 ~5 to 10 

Single sided 
coating 
thickness 
[μm] 

86 66 58 52 

Initial porosity 
[%] 

30 25 30 33 

Areal loading 
[mAh cm− 2] 

~5.4 ~4.3 2.50 2.06 

Negative- 
Positive (N/P) 
ratio 

~1.2 1.21 

Nominal 
capacity [Ah] 

5.0 0.1  
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were investigated. Internal resistance (Hioki RM3548 at 1 kHz, (12.9 ±
0.3) mΩ), mass ((69.5 ± 0.1) g), and voltage ((3.679 ± 0.002) V) were 
determined. The low standard deviations show that the cells are very 
similar and can be used for further tests. Vötsch and CTS climate 
chambers and BaSyTec CTS testers were used to perform long-term 
cycling at ambient temperatures in the range of − 15 ◦C to +55 ◦C. 
Charge rates of 0.2C, 0.4C, and 0.6C were used in constant current - 
constant voltage (CC-CV) mode until 0.05C. Discharge rates of 0.5C (CC) 
were used. The 21,700 cells were cycled in the range of 2.5 V–4.2 V. At 
least two cells were cycled per condition to assure repeatability, with the 
exception being 55 ◦C where only one cell was cycled for each C-rate and 
temperature. During cycling, cells were allowed to rest for 5 min after 
charging and 30 min after discharging. 

2.2. Lab-made pouch cells 

Bilayer pouch cells were built with a capacity of ~0.1 Ah. The values 
shown in Table 1 for the lab-made pouch cells were obtained by char-
acterizing pristine electrodes before building the cells. Anode, cathode, 
and separator were double side coated graphite (2.50 mAh cm− 2), single 
side coated LiNi1/3Mn1/3Co1/3O2 (NMC111, 2.06 mAh cm− 2), and Cel-
gard 2325, respectively. The electrodes were vacuum dried at 130 ◦C for 
9 h. The pouch cells were assembled in a dry room (dew point <
− 62 ◦C). After the assembly of the pouch cells, the cells were dried in an 
antechamber of an Ar-filled glove box (MBraun, O2 and H2O < 0.3 ppm) 
at 80 ◦C for 16 h. The electrolyte filling was performed in an Ar-filled 
glove box with 900 μL 1.0 M LiPF6 in EC:EMC (3:7 wt) + 2% VC. All 
electrochemical tests were carried out by BaSyTec CTS and Maccor 4200 
systems in climate chambers (Vötsch, CTS). Formation was performed 
after 12 h rest time for wetting purposes. We performed three cycles 
with 0.1C in the full voltage range of 2.7 V–4.2 V at 25 ◦C. For charging a 
CC-CV protocol with CV until 0.05C and for discharging a CC protocol 
was used. Rest times of 30 min were allowed after each charging and 
discharging of the cell. 

Ageing of the lab-made pouch cells was performed at ambient tem-
peratures in the range of − 15 ◦C to +60 ◦C. Cycling ageing was per-
formed at charging rates of 0.2C, 0.5C, and 1C (CC-CV, CV until 0.02C). 
Charge and discharge steps used the same C-rates. During the electro-
chemical measurements, the cells were mechanically pressed using a cell 
holder to apply a uniformly distributed force of ~100 N perpendicular to 
the electrode layers. 

3. Results and discussion 

3.1. Cell parameters 

The parameters of both cell types are shown in Table 1. The thickness 
of the electrodes is larger in the commercial cell compared to the lab- 
made pouch cells while the porosities of the anodes used in both cells 
are very similar (30%). The areal loading is consequentially about twice 
as large for the commercial cell. Given that an electrode with a thicker 
coating leads to increased areal current density, thicker anodes of 
comparable composition and porosity are expected to show a higher 
tendency to lithium deposition. 

According to SEM measurements (Fig. S3), the particle sizes for the 
electrodes of the fresh commercial cell are ~2–20 μm for the cathode 
and ~2–25 μm for the partly flaky and potato-shaped graphite particles 
of the anode. The particle size of the Si component in the anode of the 
commercial cell is in the order of ~10 μm (Fig. S4). The particle sizes in 
the cathode and anode (non-spherical graphite) of the lab-made pouch 
cells were ~5–10 μm and ~1–12 μm, respectively. 

Another important parameter is the negative-positive (N/P) ratio, 
which is very similar for both types of cells used in this study (see 
Table 1). Lower N/P ratios make cells more prone to lithium deposition 
[45], as the lithium concentration in the surface of the anode can more 
easily reach the point of complete saturation – a widely recognized 

condition for lithium deposition [30,46]. The N/P ratios of both cells, 
however, are relatively high and most likely very similar in the present 
study. We stress that in case of the commercial cells, assumptions have 
been made which are described in the experimental part. Therefore, the 
areal loadings and the N/P ratio of the commercial cells should be 
regarded as a rough estimation. To facilitate further discussion and 
eventual later simulation studies, all cell parameters are listed in the 
Table 1 which is similar to the table in the simulation study on Arrhenius 
plots by Yang and Wang for other cell types [31]. 

3.2. Capacity fade behaviour 

Both, commercial and lab-made pouch cells, were cycled at various 
temperatures and C-rates. The obtained capacity fade curves (Fig. 1) 
show normalized discharge capacity curves (SoH) as a function of cycle 
number. This is the dataset used for further analysis of the results. The 
same data are shown in Supplementary Fig. S1 and Fig. S2. There, to aid 
later discussion, selected data are sorted by temperature and plotted 
versus cycle number and ageing time, respectively. 

While Fig. 1 is dominated by decelerated capacity fade curves 
(especially in the high temperature region), accelerated capacity fade is 
mostly observed at lower temperatures – compare e.g. curves obtained 
at 1C in Fig. 1f to see a gradual shift from the accelerated to decelerated 
shape as the temperature is increased from − 10 ◦C to 60 ◦C. When the 
temperature is kept constant, the curve shifts from decelerated to 
accelerated shape with increasing C-rate (best seen in Fig. S1f). 

As discussed in Ref. [7], the shape of the capacity fade curve is most 
likely governed by the dominating ageing mechanism. In general, the 
shape of the curves can be grouped into accelerated, decelerated or 
linear, as shown schematically in Fig. 2. Typical examples for all curve 
shapes can be seen in Fig. 1a: at 15 ◦C (green) and below a fast accel-
erated ageing behaviour, at 25 ◦C a slow linear ageing behaviour (yel-
low) and at 35 ◦C (orange) and above a slow decelerated aging 
behaviour. 

Petzl et al. showed that when decelerated ageing behaviour is 
observed, the capacity loss is most likely related to LLI, as the fully 
intercalated state of the electrodes cannot be reached anymore [20]. 
Lithium is mostly trapped in the SEI, which is driving the ageing of 
battery cells at higher temperatures [6,44]. On the other hand, an 
accelerated trend is observed mostly in the case of lithium deposition, 
which takes place during the charging of the cell. Both ageing mecha-
nisms are discussed in more detail further on in the text. 

Interestingly, capacity fade curves of commercial cells converge at 
higher temperatures despite the different charging rates (Fig. S1d and 
Fig. S1e) – in other words, the rate of ageing displays diminishing C-rate 
dependence. High temperature capacity fade curves of lab-made cells 
show high time-dependence (see Fig. S2, most notably in Figs. S2h–j) 
and hint to the calendar ageing being a more significant factor than the 
cycle number for the lab-made cells in this study. 

3.3. Arrhenius plots 

To evaluate the ageing behaviour in more detail, we plotted 
Arrhenius-type graphs according to eq. (1), where a natural logarithm of 
the ageing rate r is plotted as a function of inverse temperature (1/kBT). 
The ageing rate r is measured in percent per cycle and is determined by 
the slope of capacity fade curves (Fig. 1), calculated at a particular SoH. 
The method for calculating the ageing rate is shown in Fig. 2. Typically, 
20 cycles before and after the pre-defined SoH value are used and ensure 
a good quality of the linear fit even if the total ageing behaviour is 
strongly non-linear. To calculate the ageing rate at 100% SoH, the first 
40 cycles were used for fitting. We note that the Arrhenius plots in this 
study were evaluated from capacity fade vs. cycle diagrams rather than 
vs. time because different C-rates were investigated. The constructed 
Arrhenius plots are shown in Fig. 3. 

In case of rapid ageing, the number of cycles used for the fit is 
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reduced to clearly distinguish between different SoH regions. If the SoH 
changed by more than 5% over the 20 or 40 cycles used for fitting, the 
linear fit was performed only by using the cycles within the 5% SoH 
range. At least two cycles before and after the desired SoH were always 
used for fitting, i.e. at least three cycles for 100% SoH and five cycles for 
all other considered SoH values. If a very rapid ageing is experienced by 
the cell (most measurements obtained at 0 ◦C and below, see Fig. 1), the 
adjacent fits at 100% SoH, 95% SoH, 90% SoH, and beyond can often 
include common data points, as schematically shown in Fig. 2 for the 
decelerated capacity fade curve. Hence, due to the rapid ageing, r values 
calculated for ambient temperatures of 0 ◦C and below should be viewed 
mostly as a qualitative indication of the general trend. 

In the Arrhenius plots in Fig. 3 the two branches for low and high 
temperature are clearly visible for all measured cells across all SoHs, cell 
types, and C-rates. The two lines used to fit the data points form distinct 
V shapes. We would like to note that the change between the two main 
aging mechanisms is most likely not as sharp as suggested by the V- 
shape of the Arrhenius plot. It is instead a smoother transition with both 
mechanisms active to a lower extent at the minimum. One limitation of 
Arrhenius plots is that they indicate the main mechanisms of ageing, and 
not minor mechanisms (e.g. delamination) which most likely take place 
in parallel. 

The observations of two Arrhenius-type relations are in good 
agreement with our group’s previous results [6,28,44]. At the inter-
section of both lines fitting the trends in the Arrhenius plots is the 
minimum ageing rate and hence the longest expected cycle life. We call 
the temperature where this minimum is reached the crossover 

Fig. 1. Capacity fade curves of commercial cells charged at (a) 0.2C, (b) 0.4C and (c) 0.6C rate and lab-made cells charged at (d) 0.2C, (e) 0.5C and (f) 1C rate.  

Fig. 2. Schematic explanation of the linear fits of the dotted ageing curves at 
different SoH for three typical ageing behaviours (linear, accelerated and 
decelerated). The fitted straight line for 90% SoH of the decelerated ageing 
curve is drawn (dashed orange line) to illustrate the slope defining the ageing 
rate r and the y-intercept defining SoH0. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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temperature, as the dominating ageing mechanism is changing at this 
temperature. 

For the commercial 21,700 cells at 0.2C, the minima in the Arrhenius 
plots are shifted to higher temperatures compared to the lab-made 
pouch cells. This is consistent with simulations by Yang and Wang 
[31] and with a larger amount of lithium deposition found on anodes 
with higher loading by Gallagher et al. [47]. These results indicate that 
high-energy cells most likely show a stronger susceptibility to lithium 
deposition compared to high-power cells. 

In absolute numbers, the optimum or crossover temperature at a 
similar C-rate is much smaller for lab-made pouch cells. For example, 
while at 0.2C charge rate and 100% SoH pouch cells age slowest at 6 ◦C, 
the crossover and hence optimum temperature for commercial cylin-
drical cells is 16 ◦C. This is related to the relatively lower areal loading of 
the anode in lab-made cells (2.50 mAh⋅cm− 2) compared to the areal 
loading of the anode in commercial cells (5.38 mAh⋅cm− 2). The higher 
areal loading of the commercial cells in combination with the tendency 
to larger anode particles make these more susceptible to lithium depo-
sition. We note that the N/P ratio, another important factor that could 
influence the susceptibility to lithium deposition, is likely similar for 
both types of cells (Table 1). 

For virtually all SoHs and both cell types, the crossover between the 
dominant ageing mechanisms shifts to higher temperatures as the C-rate 
is increased. This is similar to the ageing behaviour previously simulated 
by Yang and Wang [31]. It is also a logical conclusion when considering 
that lithium deposition occurs due to the limitations of Li diffusion 
within the graphite anode [33]. In general, lithium deposition occurs 
because of insufficiently fast Li diffusion within the anode, leading to a 
complete lithiation of the surfaces of graphite particles and also of the 
anode surface while leaving the deeper layers and inner parts of the 
particles with lower amounts of lithium [48,49]. If charging of the 
battery is continued, instead of being inserted in the electrode, a part of 
the lithium is deposited on the surface of the anode [50–53]. 

For the commercial cells, when the high and low temperature 
Arrhenius branches are compared, the slope is steepest for the low 
temperature line, especially at 0.4C and 0.2C. Practically speaking, an 
increase in C-rate has a significant influence on the ageing rate of the 
cells at low temperatures, whereas the ageing rates in the higher tem-
perature region display a weaker C-rate dependence. This is consistent 
with the overlap of the capacity fade curves at high temperatures shown 
Figs. S1d and e and indicate that lithium deposition is more rate- 
dependent than the cell ageing at higher temperatures, which is 

caused predominantly by SEI growth on the anode [6]. Note, however, 
that SEI growth depends on many factors beyond the C-rate, such as 
temperature, time, and SoH [8,54–56], which will be discussed further 
in the text. 

For the lab-made cells, the slope of the low temperature Arrhenius 
line is less steep (Fig. 3f and g) compared to the commercial cells 
(Fig. 3a–e). This could be affected by the lower single-sided anode 
coating thickness of the lab-made cells of 58 μm in comparison with 86 
μm of the commercial cells and the particles sizes which are smaller for 
the lab-made pouch cells (Table 1). However, effects of the material 
cannot be excluded here [6]. Although the general trend of crossover 
temperature increasing as a function of C-rate remains, opposite to the 
commercial cells, the impact of increasing C-rate is comparable for low 
and high temperatures. 

We further analysed the ageing rate as a function of SoH. Consistent 
with the decelerating shape of most of the capacity fade curves, the 
Arrhenius plots indicate a decrease of the ageing rate as the cell un-
dergoes more and more charge-discharge cycles. This is best apparent 
when viewing Fig. 4 a-c,g. There, the Arrhenius plots shown previously 
are grouped according to the C-rate instead of SoH. 

The slope of the Arrhenius lines remains relatively similar at 
different SoHs and C-rates at low temperatures for commercial cells. 
However, the slope of the high temperature lines gradually decreases 
almost to zero with decreasing SoH – best visible in Fig. 4a and b. 

In other words, as the cells age, the ageing rates in the temperature 
range 25 ◦C–55 ◦C become very similar. Although the thickness of 
lithium deposited on the anode has been shown to increase with cycle 
number nearly linearly for other cell types in a certain range of cycles 
[20], the SEI growth is a self-passivating phenomenon [8,55]. This 
passivation is likely the reason for the decreasing temperature depen-
dence of the high temperature term. 

As described above, linear fits of specific SoH regions of the capacity 
fade curves have been used for the determination of the ageing rate 
(Fig. 2). However, beside considering the slope, one can further consider 
the y-intercept of the linear fits, which is defined as a virtual SoH at the 
start of cycling if the ageing behaviour would have been linear overall 
(SoH0, see Fig. 2). This measure can be used to quantitatively judge the 
extent to which the ageing behaviour shows accelerated (SoH0 > 100%), 
decelerated (SoH0 < 100%), or linear (SoH0 = 100%) trends. Conse-
quently, one can evaluate and quantify the overall ageing behaviour by 
comparing the SoH0 for different battery states and cycling conditions. 
Changes in the ageing behaviour, e.g. decelerated or accelerated ageing 

Fig. 3. Arrhenius plots showing the ageing behaviour of commercial cells at (a) 100% SoH, (b) 95% SoH, (c) 90% SoH, (d) 85% SoH and (e) 80% SoH as well as the 
ageing behaviour of lab-made cells at (f) 100% SoH and (g) 95% SoH for different C-rates. Linear fits of the low and high temperature region are plotted as solid lines. 
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behaviour, can be identified by changes of the SoH0. An Arrhenius-like 
plot of ln(SoH0) versus inverse temperature at different SoHs is shown in 
Fig. 4d–f. Due to the larger amount of available data we focus on the 
commercial 21,700 cells. 

As shown in Fig. 4d–f, capacity fade curves at high temperatures are 
decelerated for all SoH and C-rates. This could originate from LLI as the 
main ageing mechanism [7,20]. Lowering the temperature from 55 ◦C to 
15 ◦C, the capacity fade curves gradually shift from a decelerated to an 
accelerated shape, coinciding with the switch in the main ageing 
mechanism from SEI growth to lithium deposition. The change of the 
shape of the curves from decelerated to accelerated can be explained by 
the nature of the underlying ageing mechanism. While SEI growth slows 
down with ageing and generally can often be described by a square root 
of time function and therefore correlated with a decreasing rate of 
ageing [8,19–21], Li deposition is a self-amplifying mechanism. 

The accelerated ageing behaviour is mostly observed at temperatures 
of 15 ◦C and below, and has been previously correlated to lithium 
deposition on the anode [6,9]. We indeed see that at temperatures where 
lithium deposition is the dominating mechanism of ageing (deduced 
from Arrhenius plots), the fitted SoH0 values predominantly indicate an 

accelerated shape of the capacity fade curves. 
The deposition of lithium at lower temperatures is confirmed by the 

shape of the charge-discharge curves (Fig. 5). In the discharge curves of 
commercial cells at − 10 ◦C and 0 ◦C, a voltage plateau is found (Fig. 5a). 
As previously shown by Smart et al., this feature in the discharge voltage 
curve is related to lithium stripping and the mixed potential of lithiated 
graphite in contact with lithium metal [57]. The plateau corresponding 
to lithium stripping was not observable in the voltage curves of the 
lab-made cells (Fig. 5b). This could be related to the lower thickness and 
larger rest times after the charging of the lab-made cells, leading to part 
of the deposited lithium being re-intercalated before the start of the 
discharge [46]. Note, however, that some of the material deposited on 
the electrode may lose electrical connection with the electrode and 
forms ‘dead lithium’ regardless of whether sufficient time was allowed 
for its re-intercalation, as shown by Gao et al. [46]. This is also consis-
tent with accelerated rate calorimetry (ARC) experiments on 18,650 
cells with lithium deposition which showed a higher degree of 
destruction in comparison with cells without Li deposition regardless of 
the rest time allowing re-intercalation [58]. Hence, dependent on 
whether some of the lithium is reinserted in the anode or not, lithium 

Fig. 4. Arrhenius plots of the ageing rate as a function of SoH with linear fits for commercial cells charged at (a) 0.2C, (b) 0.4C and (c) 0.6C rate; Arrhenius-like plots 
characterizing the degree to which the capacity fade curves are accelerated or decelerated at (d) 0.2C, (e) 0.4C and (f) 0.6C rate. The dotted line denotes SoH0 =

100% and the split linear fit for 80% SoH is plotted; (g) Arrhenius plots of the ageing rate as a function of SoH for lab-made cells charged at 1C rate. 

Fig. 5. Charge-discharge curves of (a) commercial cells charged at 0.4C rate at 95% SoH and (b) lab-made cells charged at 0.5C rate at 95% SoH. Discharge profiles 
with the shape characteristic to stripping of the plated lithium can be clearly observed for commercial cells at − 10 ◦C and 0 ◦C. 
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deposition contributes to the ageing of the cell via loss of lithium 
inventory. 

For the 0 ◦C to − 10 ◦C temperature range, the determination of SoH0 
is extremely challenging due to a relatively fast ageing – we observed 
most of the commercial cells reach 80% SoH within less than 10 full 
charge-discharge cycles. Hence, the data analysis for low temperatures is 
only indicative of the general trend. Moreover, for some capacity fade 
curves below 85% SoH a shift in the slope is observed (i.e. transition 
from accelerated to decelerated or vice versa), hence the simple linear fit 
and intercept cannot be used any more. 

Evident from Fig. 4a–c,g, as the cells age, the crossover temperature 
between the two dominating ageing mechanisms changes. We observe 
different trends for the commercial and lab-made cells, indicating that 
the ageing is governed by a complex set of parameters. While the 
crossover temperature of the lab-made cells shifts downward to lower 
temperatures, the crossover temperature of the commercial cells largely 
shifts upwards and is analysed in larger detail in Fig. 6. 

For the commercial 21,700 cells, a shift of the crossover temperature 
towards higher temperatures is observed for all C-rates until 90% SoH. A 
monotonically increasing trend for the crossover temperature until 80% 
SoH is only observed for 0.6C. For 0.4C and in parts 0.2C, the trend is 
reversed below 90% SoH. This is probably an interplay between loss of 
anode active material (LAAM) and LLI both competing to shift the op-
timum temperature upwards or lower, respectively. Both processes are 
discussed in more detail in the next paragraphs. 

For the lab-made cells, the minimum in the Arrhenius plot for 1C is 
shifted from 34 ◦C for 100% SoH to 27 ◦C for 95% SoH (Fig. 4g). This 
decrease of the crossover temperature is in contrast with the observa-
tions for the commercial cells. As explained by Petzl et al. [20], LLI leads 
to less Li deposition at lower SoH since the high SoC region of the 
negative electrode is not accessible anymore. Therefore, the optimum 
temperature shifts to lower values. In the lab-made pouch cells, the 
anode active material consisted of graphite without a Si compound, 
therefore, LAAM is less likely and the LLI shifts the crossover tempera-
ture to lower values. 

In contrast, the anode active material of the commercial cells con-
sisted of graphite with ~3% Si, therefore LAAM could have happened, e. 
g. by film formation on the Si compound [18,59] and the crossover 
temperature is shifted to higher values. Increasing practical C-rates are 
likely to blame – although the charge and discharge currents are con-
stant throughout the experiment, if the reduction of capacity is caused 

by LAAM, the effective C-rate increases with ageing and the observed 
effect is similar as discussed above (Fig. 3), where increased C-rates lead 
to lithium deposition taking place at higher temperatures. 

3.4. Practical implications and prediction of cycle life 

We have so far shown that the ageing rate of Li-ion cells depends on 
many factors, including the charging C-rate, SoH, ambient temperature, 
and electrode coating thickness. As demonstrated in Fig. 7 for the 
commercial 21,700 cells, these parameters have a significant practical 
implication regarding the cycle life of the battery cells and can in some 
cases influence the cycle life by as much as an order of magnitude. 

There are even large differences when only one parameter is 
changed. While the cells can be cycled with 0.2C for 662 cycles until 
80% SoH is reached at 25 ◦C, only approximately half of the cycles can 
be achieved at 15 ◦C at the same C-rate (Fig. 7d). Similarly, increasing 
the charging C-rate to 0.6C at 25 ◦C leads to an even worse cycle life of 
115 cycles. However, compared to the 115 cycles at 25 ◦C and 0.6C, an 
ambient temperature of 45 ◦C can more than triple the cycle life of the 
cell (387 cycles). 

Another practical implication is that the optimum charging tem-
perature varies with SoH. For example, until 95% SoH is reached at 0.4C 
(Fig. 7a), the largest number of cycles can be accomplished at 25 ◦C, 
while more full charge-discharge cycles at the same C-rate were possible 
at 35 ◦C until 90% SoH (Fig. 7b). Hence, if heating or cooling of a battery 
system is used, the battery management system (BMS) also needs to 
consider the SoH of the cells to choose the optimum temperature and/or 
charging rate. Meanwhile, the data from the lab-made cells, which have 
thinner electrodes and more stable active materials, suggest that the 
optimum operating conditions and evolution of the optimum tempera-
ture can vary between cell types in general, and in particular between 
high-power and high-energy type cells. The shift of optimum tempera-
ture with reduced SoH can strongly depend on the cell architecture, 
including the electrode composition, thickness, porosity, tortuosity, and 
degree of pre-lithiation. 

Besides finding the optimum operating conditions, Arrhenius plots 
(e.g. Fig. 4a–c) enable the estimation of the ageing rate for every tem-
perature within the considered temperature range. Therefore, it is 
possible to calculate the EoL of the battery, which is defined by falling 
below 80% SoH in this case. For a known linearized ageing rate r, the 
SoH after n cycles can be calculated by 

SoH(n)= r⋅n + SoH0. (2) 

By setting SoH(n) to EoL, one can calculate the cycles until EoL by 

n(EoL)=
EoL − SoH0

r
. (3) 

The estimation of the EoL can be done either by a simpler overall 
linearized or a more complex model, which only linearizes the ageing 
behaviour in the region of the EoL. For the overall linearized assump-
tion, SoH0 is set to 100% in equations (2) and (3). 

As can be seen in Fig. 8 (dashed line), if one takes the ageing rate at 
90% SoH, the overall linearized model fits to the measured number of 
cycles until the EoL is reached quite well. This can be explained by the 
fact that the ageing rate at ~90% SoH is very similar to the averaged 
ageing rate in the range of 100%–80% SoH (for illustration consider the 
similar slope of the dashed orange fit line at 90% SoH of the decelerated 
ageing curve and the black dotted linear ageing curve in Fig. 2). Hence, 
for such a decelerated curve shape, the EoL at 80% SoH can most likely 
be estimated for every temperature by cycling a comparably small 
number of battery cells at selected temperatures until 90% SoH. 

A more general approach for temperature dependent EoL estimation, 
which does not depend on the overall ageing behaviour, is shown in 
Fig. 8 as well (solid line – EoL linear). In this case, the ageing curve is 
only linearized around the EoL. Hence, the SoH0 in equation (3) differs 
from 100% (see discussion of accelerated and decelerated capacity fade 

Fig. 6. Crossover temperature between two governing ageing mechanisms of 
commercial 21,700 cells, determined by the intercept of the two linear fits for 
low and high temperature ageing behaviour in the Arrhenius plots in Fig. 3a–e. 
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above). However, SoH0 can be extracted from the Arrhenius-like plots in 
Fig. 4d–f for 80% SoH. Although the effort for this model is higher, it is 
more accurate and more generally valid. Nevertheless, both models offer 
a simple way to predict the expected cycle life of battery cells with only a 
small number of cells out of the complete dataset. 

4. Conclusions 

In this study, extended cycling ageing tests at different ambient 
temperatures were performed with commercial state-of-the-art 21,700 
cells (Si/graphite vs. NCA/LNO) and with lab-made pouch cells 
(graphite vs. NMC). Arrhenius plots were constructed from the ageing 
rates considering variations of C-rates for different SoHs and under 
consideration of the capacity fade curve shapes. The Arrhenius plots 
showed minima which shift with these parameters. The minima corre-
spond to a crossover temperature between the main ageing mechanisms 
of SEI growth and Li deposition. 

The key trends observed in our study are:  

1) Charging C-rate: Larger charging rates generally lead to a higher 
crossover temperature.  

2) State of health: Aged and fresh cells do not display the same ageing 
behaviour if the capacity fade curves are non-linear. The correlation 
is therefore complex and depends most likely on the cell chemistry 
and the electrodes. We were able to observe a crossover temperature 
increase for one type of cell and a decrease for another. This is most 
likely affected by LLI in case of the cells with graphite anodes and by 
LAAM in case of the cells with Si/graphite anode.  

3) Anode coating thickness in combination with particle size in the 
anode: The thinner the electrode and the smaller the anode active 
material particles, the lower the crossover temperature at the same 
rate of charging, i.e. thinner negative electrodes with smaller parti-
cles in high-power cells are most likely less prone to lithium depo-
sition compared to high-energy cells with thicker negative electrodes 
with similar porosity and larger particles. 

Additionally, two ways to model the temperature dependent EoL are 
shown. Especially when considering the SoH0 from the fits at EoL, the 
EoL could be estimated precisely and could provide valuable data for 
further use in e.g. BMS with reduced effort in ageing tests. 

The presented results are most likely general trends since they were 
observed for two different cell types. However, the exact parametriza-
tion is most likely different for each cell type. To evaluate and optimize 
the ageing behaviour of cells as a function of their architecture (i.e. 
electrode thickness, areal loading, porosity, N/P ratio, active material, 
microstructure, etc.) and operational conditions (e.g. fast-charging 
conditions), further experimental and theoretical calculations are 
needed. To encourage theoretical studies, we have provided the data on 
the architecture of both types of cells used in our work. Further exper-
iments in this direction are underway in our labs. 
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[24] S. Käbitz, J.B. Gerschler, M. Ecker, Y. Yurdagel, B. Emmermacher, D. André, 
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