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Li-ion batteries show a minimum of their aging rate at a certain temperature. This minimum in the corresponding Arrhenius plot
expresses the longest cycle life at a certain C-rate. By characterizing aging of laboratory-made pouch cells and commercial 21700
cells as a function of C-rate and ambient temperature, we confirm that this minimum indeed shifts with the charging C-rate.
Increasing C-rates lead to higher optimal ambient temperatures with respect to the aging rate. The differences between both cell
types are discussed regarding the specific energy and anode coating thickness of the tested cells.
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The lifetime of Li-ion batteries is a critical issue, especially for
applications such as electric cars or stationary energy storage.
Therefore, low aging rates are favorable. Aging mechanisms are
unwanted side reactions and increase the aging rate in different
ways. For instance, the aging mechanism of continuing solid
electrolyte interphase (SEI) growth is known to increase the aging
rate with increasing temperature.'~ Liaw et al.* showed that the
capacity fade in the high temperature regime (425 °C to +65 °C)
follows an Arrhenius-like behavior. This is not surprising, since the
Arrhenius equation

r=Aexp(—kE“T) [1]

B

is well known to describe the increase of the rate r for many
chemical reactions.” In this equation, A is the pre-exponential factor,
E, the activation energy, kg the Boltzmann constant, and T the
absolute temperature.

Observing cycling aging in a wider temperature range (—20 °C to
470 °C), we had observed for commercial 18650-type Li-ion cells that
the slope in the Arrhenius plot changes.”? This slope change indicates a
change of the main aging mechanism.’ In case of Li-ion batteries, this
temperature dependent change of the main agin% mechanism usually
involves Li plating in the low temperature range.*~*

The coincidence of both main aging mechanisms happens at a
certain temperature, where the aging rates show a minimum in the
Arrhenius plot. Yang et al.* showed by simulations that this minimum
shifts to higher temperatures if the charging C-rate is increased.

In this communication, we investigated this shift of the minimum
of the aging rate experimentally by cycling aging of pouch cells
made in laboratory as well as commercial 21700 cells.

Experimental

Pouch cells (~0.1 Ah) were built on lab scale using double side
coated graphite anodes (2.5 mAh cm ™), single side coated NMC111
cathodes (2.06 mAh cm™2), and Celgard 2325 separator. The
electrodes were vacuum dried at 130 °C for 9 h. The pouch cells
were assembled in the dry room (dew point < —62 °C). After cell
assembly, the pouch cells were dried in the antechamber of the glove
box (Mbraun, O, and H,O <0.3 ppm) at 80 °C for 16 h. The cells
were filled inside an Ar glove box with 900 pl 1.0 M LiPFg in EC:
EMC (3:7 wt) + 2% VC electrolyte.
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All electrochemical tests were performed using Basytec CTS and
Maccor 4200 systems in climate chambers (Votsch, CTS) or at room
temperature (23 + 3 °C). Formation was carried out after a rest of
12 h following three cycles with 0.1C (2.7 V to 4.2 V) by a constant-
current/constant-voltage protocol (CC/CV, CV until 0.05C). The
cells were mechanically pressed using a cell holder, resulting in
~100 N perpendicular to the stack uniformly distributed on the cell
surface. For 0.2C at least two cells were tested for the each
condition. However, for 0.5C and 1C only in some cases two of
more cells were tested.

Cycling aging of the lab-made pouch cells at ambient tempera-
tures in the range of —15 °C to +60 °C were performed at rates of
0.2C, 0.5C, and 1C (CC-CV, CV until 0.02C).

50 commercial cells of the same type were initially tested
regarding resistance (Hioki RM3548 @1 kHz, 12.9 = 0.3 mQ),
mass (69.5 = 0.1 g), and voltage (3.679 = 0.002 V). The low standard
deviations showed that the cells are usable for further tests. We
performed cycling aging of the commercial 21700 cells at ambient
temperatures in the range of —15 to +55 °C at charge rates of 0.2C,
0.4C, and 0.6C (CC-CV,CV until 0.05C) and discharge rate of 0.5C
(CC). For each C-rate at certain ambient temperature two cells were
tested except for 55 °C, where only one cell was tested.

Results and Discussion

Figure 1 shows the capacity fade for lab-made pouch cells at rates
of 0.2C, 0.5C, and 1C. For 0.2C (Fig. la), the curves for all
temperatures from —10 °C to +45 °C have the same curve shape,
however, the aging rates are different. The aging rates increase by
increasing (red arrow) or decreasing (blue arrow) the temperature
from +5 °C to +45 °C or to —10 °C, respectively. The slowest aging
rate for the lab-made pouch cells is observed at +5 °C for 0.2C.

For 0.5C (Fig. 1b), the aging of the pouch cells is slowest at +15
°C which is 10 °C higher than the slowest aging temperature for
0.2C. We observe two trends of growing aging rate with increasing
temperature to 50 °C (red arrow) and decreasing the temperature to
—15 °C (blue arrow).

By increasing the C-rate to 1C (Fig. 1c), we observe that the
aging rate is slowest at ~35 °C for the pouch cells. Both, by
increasing the temperature to +60 °C (red arrow) and decreasing the
temperature to —10 °C (blue arrow), aging becomes faster. Stronger
Li plating can be expected for —5 °C and —10 °C where the SOH
decreases to 88% in less than 50 cycles.

The optimum temperature depends on the anode characteristics.’
In our previous experiments, performed on 18650 type high-power
cells at 1C, the aging was slowest at 25 °C* while for the lab-made
pouch cells in this study, the optimum temperature was ~35 °C.
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Figure 1. Capacity fade curves of lab-made pouch cells at different

temperatures and C-rates; (a) 0.2C; (b) 0.5C; (c) 1C. The arrows show
trends of increasing aging rates.

Figure 2 shows the capacity fade curves of commercial 21700
cells at rates of 0.2C, 0.4C, and 0.6C in the temperature range from
—10 °C to +55 °C. For 0.2C (Figure 2a), aging gets faster by
increasing the temperature from +15 °C to +45 °C and decreasing
temperature from +15 °C to —10 °C. For the lab-made pouch cells
(Fig. la), the capacity fade at low temperatures was much slower
under the same cycling conditions.

For the 21700 cells cycled at 0.4C and 0.6C, the trends are
similar as for 0.2C, however, the lowest aging rates are observed at
higher temperatures. These trends can be better analyzed in the
Arrhenius plots in Fig. 3. The Arrhenius plots were calculated from
the aging rates for the first 40 cycles for the lab-made pouch cells
and commercial 21700 cells from Figs. 1 and 2. We note that the
aging rate was calculated in decrease of SOH per cycle to generate
comparable values for different C-rates. It is further noted that the
aging rate changes with cycles for both cell types in a different way,
however, evaluation of the first 40 cycles is a good compromise to
allow comparability of both cell types.

The Arrhenius plots of both cell types show minima which is
consistent with g)revious measurements in our group” and simulations
by Yang et al..” These minima shift with C-rate. For the lab-made
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Figure 2. Capacity fade curves of commercial 21700 cells at different
temperatures and C-rates. (a) 0.2C; (b) 0.4C; (c¢) 0.6C.

pouch cells, the minima for 0.2C, 0.5C, and 1C are at +5 °C, +15 °C,
and +35 °C, respectively. For the commercial 21700 cells, the lowest
measured aging rate for 0.2C, 0.4C, and 0.6C are at +15 °C, +18 °C,
and +25 °C respectively. This confirms the trend which was predicted
in simulations by Yang et al..® Furthermore, the fact that the minimum
in the Arrhenius plot shifts to lower temperature with lower C-rate is
consistent with calendar aging experiments, where no charging is
involved (“0C”) with commercial 18650 cells which did not show a
minimum in the Arrhenius plot in the range of +6 °C to +60 °C.°
For the commercial 21700 cells, the minima in the Arrhenius plots
are shifted to higher temperatures compared to the lab-made pouch
cells. The reason is that the anode of the commercial cells have a single
side coated thickness of 93 + 4 yum (estimation using 262 Wh kg™" and
Eq. 1 from Ref. 10) while the lab-made pouch cells have an anode
thickness of only 58 um. As it is shown by Yang et al.,* increase of
anode thickness leads to an earlier onset of Li plating. Additional
influences are likely to originate from differences of porosity and
tortuosity, however, this is outside of the scope of this communication.
Burns et al.® studied aging of 0.22 Ah pouch cells with a single
side anode coating thickness of 51 ym with C-rates ranging from C/
50 to 3C in two different ambient temperatures. They observed by
Post-Mortem analysis that for +12 °C, Li plating starts at ~0.5C
while for 450 °C it starts from ~2C. The anode thickness is in the
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Figure 3. Arrhenius plots constructed from capacity fade (cycles 1 to 40) for
(a) lab-made pouch cells and (b) commercial 21700 cells at different C-rates.

range of our lab-made pouch cells and onset of Li plating at 0.5C
was around 412 °C in their case® and 415 °C in the present study.

In large cells, gradients of temperature'' and current density'”
evolve due to current flow. The results from the present study
suggest that these gradients could lead to different aging mechan-
isms inside such cells, especially at high charging C-rates.

Conclusions

For cycling aging, Li-ion cells show an optimum temperature at
which the aging rate is lowest. This optimum arises from a transition

between two competing aging mechanisms, most likely SEI growth
dominating at high temperatures and Li plating at low temperatures.

We observed experimentally, that the temperature at which the
aging rate of the cell is lowest increases with higher C-rates. This
trend was observed for both lab-made pouch cells and commercial
21700 cells, and is consistent with simulations by Yang et al..?

By testing two different cell types we demonstrate experimen-
tally that the crossover temperature depends on the electrode
thickness, i.e. high-energy cells show the mechanism change to Li
deposition at higher temperatures. Considering the shift of the
dominant aging mechanism as a function of temperature and
charging C-rate can help to design battery systems with extended
service life. In large cells, gradients of temperature and current
density could lead to different aging mechanisms inside a single cell.
Further work into this direction is ongoing in our labs.
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