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Executive Summary

Extreme fast-charging will be a key requirement for the widespread adoption of battery electric vehicles.
However, in those extreme conditions, the probability of lithium metal deposition as a critical ageing
mechanism is increased and needs to be reliably detected to avoid accelerated battery degradation during
a fast-charging process. Dynamic electrochemical impedance spectroscopy is a non-destructive test-
ing method that provides insights into the internal degradation processes during the charging procedure
without current interruption. To exploit the full potential of the measurement, a real-time target current
specification based on the impedance data is necessary to derive an impedance-based charging algorithm.
Therefore, lithium plating must be reliably detected under various operating conditions. Many publica-
tions in the literature have proven the effectiveness of the method, but the derived data quality and the
parameters used in the post-processing step have a major influence on the result, which needs to be criti-
cally discussed. In order to evaluate the influence of different initial SOCs and various parameters in the
post-processing step of the data, a series of experiments were conducted. It could be shown that unsuit-
able parameters during the smoothing process can lead to a false positive detection of the lithium-plating
onset and therefore, would lead to a higher charging time in an impedance-based fast-charging process.
Keywords: Batteries, AC & DC Charging technology, Smart charging, Battery Management System,
Electric Vehicles

1 Introduction

Lithium-ion batteries (LIB) are widely used in battery electric vehicles (BEV) due to their high energy
density, high charge/discharge current capability, and low self-discharge rate [1]]. Despite their advan-
tages, range anxiety and high charging times compared to the refueling of conventional internal combus-
tion engine (ICE) vehicles remain among the main disadvantages of the widespread adoption of BEV [2]].
The United States Department of Energy (DOE) proposed a tar%et charging time of below 15 min [J3]].
However, reduced charging times accelerate the degradation of the LIBs, causing a decrease in capacity
and an increase in internal resistance. Lithium plating is considered to be a crucial ageing mechanism
during fast-charging that causes rapid capacity fade and the growth of dendrites, which can lead to a
short circuit and thus to a thermal runaway [4]]. The metallic deposition of lithium is thermodynamically
possible when the anode potential drops below 0V vs. Li/Li* [5]. High states of charge [6], high charg-
ing rates [7]] and low temperatures [8,9] promote the onset of lithium plating. The reliable detection
of the rrlletallic deposition is of utmost importance for the development of a health-aware fast-charging
protocol.
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Electrochemical impedance spectroscopy (EIS) is a non-destructive technique, which allows the iden-
tification and separation of different electrochemical processes inside the LIB, that proceed at differing
rates [|10]. In galvanostatic mode, the battery impedance is obtained by applying a sinusoidal current ex-
citation at a specific frequency and measuring the corresponding voltage response of the cell [[11]. When
EIS is performed at different frequencies, an impedance spectrum is created, which can be viewed in a
Nyquist plot (Figure 1)). By superimposing the alternating current (AC) excitation with the direct current
(DC) used for charging, dynamic electrochemical impedance spectroscopy (DEIS) can be derived, which
allows the analysis of the battery impedance during the charging process without interruption.

According to Uhlmann et al. [[12]], the ionic current inside the battery during a charging event with lithium
plating can be divided into two components: (i) the intercalation current, carrying lithium ions into the
graphite, and (ii) the plating current, which contributes to lithium metal deposition and therefore, re-
duces the flow of lithium ions available for intercalation. The plating reaction introduces an additional
impedance Zpjqting in parallel to the charge transfer impedance Zo () of the anode [13]. This is ex-

pected to lead to a reduction of the semi-circle in the Nyquist-plot, representing Zor vy + Zor(p) + ZsEn
+Zcgpr [13,14]. Zorpy describes the charge transfer impedance at the cathode, Zg g the impedance of

the solid electrolyte interface (SEI) and Zc- gy the impedance of the cathode electrolyte interface (CEI).
Stripping describes the re-intercalation of metallically deposited lithium. Research has shown that the
stripping reaction leads to a plateau in the voltage relaxation profile (VRP) [[15//16] and therefore, can be
used as an additional indicator for lithium plating during the charging process.

The parallel impedance introduced by the plating reaction leads to an abnormal decrease in the overall
cell impedance during the charging process [13,/17]. This results in a change in curvature, which could
serve as an input ?arameter for impedance-based control of the charging current. The experimental setup

introduced in[subsection 2.2|is capable of a target current specification for the battery cycler. This allows
the development of a real-time impedance-based charging algorithm where lithium-plating is reliably
detected while operating the LIB at its electrical and thermal limits to minimize the charging time. To
enable such control, the onset of the lithium plating reaction has to be reliably detected.
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Figure 1: Impedance spectrum visualized in a Nyquist plot with the different sections related to the corresponding
kinetic process

2 Experimental procedure

Previous studies have analyzed the influence of various charging rates [[13,/17-20] and temperatures [[13,
17-20] on the impedance. Koleti et al. [[19] used a current interruption technique with a pause of 3 s every
1% SOC to track the impedance ZTR at the transition frequency f;, at which the impedance changes to a
45° slope. The authors were able to detect lithium plating with current rates of up to 1.25 C. However, an
interruption of the charging current contradicts the goal of a minimal charging time. Koseoglou et al. [|13]]
utilized DEIS to successfully detect the onset of lithium plating in high-energy and high-power cells
during charging processes with up to 6 C using a single-sine sweep excitation. The used frequency ranges
of 3.2kHz to 0.2 Hz and 3.2 kHz to 1 Hz lead to a measurement time of 32.35s and 9.19 s, respectively,
which corresponds to a SOC variation of 1.5 % during the measurement of one impedance spectrum
in the worst case scenario. For the post-processing of the data, Shen et al. [17]] used a Savitzky-Golay
filter with no further specification on the parameters used for smoothing. The extreme conditions during
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fast-charging lead to a complex coupling of electrical and thermal effects which represents an additional
challenge besides applying EIS on a non-linear system. As temperature increases during charging, the
cell impedance decreases [[17]], while higher SOCs increase the likelihood of lithium plating [6]. When
charging from a higher initial SOC, the cell exhibits a less pronounced self-heating effect upon reaching
the target SOC, compared to a charging process starting from a lower SOC. Due to the higher impedance,
the plating reaction is expected to initiate earlier during the charging procedure. Moreover, lower ambient
temperatures result in higher initial impedance and thus in stronger self-heating, compared to higher
temperatures. This, in turn, could also affect the onset of lithium plating. To ensure reliable detection
of lithium plating during fast charging, it is crucial to consider these interrelated effects. To decouple
the different effects, a systematic investigation under various operating conditions is necessary while
addressing potential disturbing factors which could hinder the reliable detection of lithium plating. So
far, the effect of the initial SOC at the beginning of the charging process remains largely unexplored.
To address the existing research gap and to examine the influence of metallic lithium deposition on
battery impedance, a series of experiments at different starting SOCs, charging currents, and ambient
temperatures were conducted.

2.1 Lithium-ion cell under investigation

Two commercially available lithium-ion 18650 cells have been used to investigate the influence of lithium
plating on the cell impedance. The TerraE-INR18650-25P (TerraE) is a high-power cell with a nickel-
rich NCA cathode and a graphite anode with silicon added. The properties and characteristics of the cell
are presented in

Table 1: Properties of the cell under investigation

Manufacturer TerraE
Model INR18650-25P
Maximum Voltage 4.2V
Minimum Voltage 25V
Nominal Capacity 2.5Ah
Standard Charging Rate 0.5C

Before the dynamic impedance measurements, an initial electrochemical characterization was carried
out, including a capacity measurement with a C/3 constant current constant voltage (CC-CV) discharge,
using a cut-off current of C/10 to determine the initial capacity Cqy. For the internal resistance Rg, an
EIS measurement at 50 % SOC was conducted. The internal resistance was calculated through linear
interpolation to obtain the real part at the zero crossing of the y-axis. gives an overview over the
measured capacities and internal resistances for each cell used in the experiments.

Table 2: Initial capacity Cy and initial internal resistance R of the cells under investigation

Cell No. TerraE_1 TerraE_2
Capacity C 2515.80mAh 2511.18 mAh
Internal resistance R 14.68 m{2 14.83 m{2

2.2 Experimental setup

To realize the DEIS measurements, an Inspectrum.10-5 ES impedance measurement device of the man-
ufacturer Safion (Aachen, Germany) is used in combination with an XCTS40A battery cycler of the
manufacturer BaSyTec (Asselfingen, Germany). Both devices are connected simultaneously to the bat-
tery during the experiment. Inspectrum.10-5 ES provides the AC excitation while the XCTS40A is used
for the DC current, resulting in an impedance measurement under dynamic conditions. To extend the ex-
perimental setup, an Inspectrum.MUX by Safion is connected to the Inspectrum.10-5 ES, which allows
the investigation of up to 8 cells. Note that the AC excitation is only multiplexed across the different
channels, which means only one cell can be measured at a time. The schematic setup is shown in [Fig-|
Both devices have a CAN interface, which enables real-time communication and the exchange
of variables and data. To control the devices during the charging process, a python framework was
developed and implemented onto RaspberryPi microcontrollers.

For the execution, a master is required that acts as a scheduler, in case, two measurements are initiated
simultaneously. The master receives a starting command from the battery cycler at the beginning of the
charging process. The corresponding channel is then added to a queue and a CAN message is sent to
the Inspectrum.10-5 ES in defined intervals, to initiate the dynamic impedance measurement. When the
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Figure 2: Schematic drawing of the experimental setup used for the dynamic electrochemical impedance spec-
troscopy investigations.

DEIS is finished, the data is transferred via the CAN bus to an individual RaspberryPi for the correspond-
ing channel to process the data. This setup can also be used to generate a target current specification for

the battery cycler indicated by the dashed lines in [Figure 2| Note that the simultaneous connection of
both measurement devices to the battery results in a parallel connection between the LIB and the battery
cycler.

2.3 Methodology

For the experiments, a frequency range from 2 kHz to 5 Hz with 32 frequencies and an peak-to-peak exci-
tation current of 400 mA was used in combination with a non-linear drift correction. For the experiments,
3 measures per frequency were chosen, resulting in a excitation time of about 0.6 s. In combination with
the requiredp time to connect to a channel and the time needed to send the data on the CAN bus, this
leads to an overall cycle time of about 2s per measurement. To record the voltage relaxation, a pause
of 30 min was added after the charging processes and the battery voltage was recorded in increments of
500 ms. For precharging and discharging the cells, a CC-CV procedure has been chosen with a C-rate
of C/3 and C/10 as a cut-off criterion. The cells were investigated at 25 °C and 10 °C using a IPP110eco
climate chamber by Memmert (Germany). gives an overview over the different test cases for
each individual cell. The chosen set of parameters is based on the hypothesis that test cases involving
high stress factors will result in a detectable amount of lithium plating, whereas conditions with lower
current rates and higher ambient temperatures are not expected to trigger lithium plating.

Table 3: Experimental test cases

Cell TerraE_1 TerraE_2
Temperature 10°C 25°C
10%t040% 10% to 40 %
Start SOC 10 % steps 10 % steps
End SOC 80 % 95 %
C-rate 1Cto4C 1Cto4C
1 C steps 1 C steps

3 Results

For the execution of the DEIS during the charging process, a C-rate-based interval was used, so one
measurement of every 0.5 % SOC was derived. According to Koseoglou et al. the imaginary part
has advantages for the detection of lithium plating compared to the real part because of its lower depen-
dency on SOC, temperature, and relaxation time. For the evaluation of the impedance data, the imaginary

art at 15 Hz was selected as a compromise between signal-to-noise-ratio (SNR) and emphasizing low
requencies. In the following, the Nyquist plots and the voltage relaxation profiles (VRPs) for the exper-
imental test cases are presented. For the postprocessing of the impedance data, a Savitzky-Golay filter
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was used with a 3rd order polynomial and a window size of 75 % of the data. For the analysis of the
VRP, a moving-average filter was used with a window size equal to 5 % of the data.

3.1 Experiments at 10 °C

Elgure 3| shows the results of the VRP for TerraE_1. According to the literature, lithium plating can
¢ defected through plateaus in the relaxation profile. In this case, no evidence of metallic deposition
of lithium can be identified. One has to note that the VRP method is insensitive to small amounts of
lithium plating [21]], which could possibly hinder the successful detection. For charging rates of 1 C
and 2 C, the VRPs i (a) and (b) show no visible influence of the initial SOC on the
voltage relaxation. en 1t comes to higher currents of 3 C and 4 C, a slight shift to the right with
increasing starting SOC can be observed. The shift is more pronounced for the 4 C charging procedure.
The results of the DEIS experiments at 10 °C temperature are presented in The 1impedance
shows a strong decrease in the beginning of the charging process, related to the self-heating of the cell.
After the initial decrease, the impedance remains mostly constant. For higher charging rates and lower
initial SOCs, this effect is more pronounced. In the case of charging with 1 C, no abnormal drop in the
impedance can be detected, while for the charging processes with 2 C and initial SOCs of 10 % to 30 % a
change in curvature at 70 % SOC can be detected. In theory, this drop could indicate the onset of lithium
plating. As the drop occurs at the same time and at the end of the charging process for the initial SOCs
of 10 % to 30 %, and the VRP (b)) shows no indications of lithium metal deposition, the drop
is attributed to the smoothing parameters chosen for this experiments, as this could lead to false positive
detection of lithium plating.  This phenomenon will be further addressed in For even higher
charging rates of 3 C and 4 C, only the impedance of the 3 C charge with an initial SOC of 30 % shows
another deflection of the impedance curve. This could be attributed to an unsuitable parameter set for the
post-processing of the data or to the onset of lithium metal deposition.
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Figure 3: Voltage relaxation profile results for the investigated TerraE_1 cell at 10 °C ambient temperature with
different initial SOCs and charging rates.
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Figure 4: Dynamic electrochemical impedance spectroscopy results for the investigated TerraE_1 cell at 10°C
ambient temperature with different initial SOCs and charging rates.

3.2 Experiments at 25 °C

The VRPs for the experiments at 25°C (Figure 5) show normal relaxation behaviour with no further
indication for lithium plating during the charging process. Despite the same smoothing method, the
VRPs show more noise in the area from 0.1 h to 0.5 h. As the experiments were conducted on different
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channels of the XCTS40A, this could be a channel related effect. Compared to the experiments conducted
at 10°C, the VRPs show no shift to the right with higher initial SOCs. Therefore, it can be concluded,
that no influence of the initial SOC on the probability of lithium plating can be observed under this
conditions. The results for the DEIS experiments on the TerraE_2 cell are presented in The
imaginary part shows a strong initial decrease, related to the self-heating process inside the cell. After
the initial drop, a phase with almost constant impedance values can be observed for initial SOCs of
10 % and 20 %. The imaginary part for initial SOCs of 30 % and 40 % follows a U shape with onl
very short phases of constant impedance, compared to the bathtub shape reported in literature [[13]]. All
of the experiments show a strong impedance increase at the end of the charging process, starting at
about 80 % SOC, which can be attributed to the CV-phase. The reduced charging current during the
CV-phase leads to an increased impedance of the XCTS40A battery cycler, and consequently, a higher
overall impedance of the parallel connection. Again no clear deflection of the impedance curves can be
observed in the investigated test cases. The impedance of the charge transfer is mostly influenced by
the SOC and the temperature. For an identical SOC, the difference in the impedance can be attributed
to the temperature when considering charging procedures with the same C-rate. When comparing the
impedance values for the different initial SOCs at a certain state of charge, e.g., 50 %, it can be seen
that higher starting SOCs lead to a higher value of the imaginary part of the impedance, which can be
attributed to a reduced temperature at this specific SOC. Therefore, the probability of lithium plating
under these circumstances should be higher compared to charging processes, which started at lower
SOCs. It can also be observed, that the difference in the imaginary part becomes smaller when reaching
higher SOCs. The experiments for a charging rate of 1 C had to be repeated due to issues in the data
acquisition. The impedance for initial SOCs of 20 % to 40 % shows lower values compared to higher
charging rates, despite lower temperatures and a higher impedance influence of the battery cycler. In
addition, the impedance does not follow the typical bathtub shape reported in literature.
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Figure 5: Voltage relaxation profile results for the investigated TerraE_2 cell at 25 °C ambient temperature with
different initial SOCs and charging rates.
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Figure 6: Dynamic electrochemical impedance spectroscopy results for the investigated TerraE_2 cell at 25°C
ambient temperature with different initial SOCs and charging rates.

4 Discussion

The results presented in the previous chapter show no indications of metallic lithium deposition on the
anode surface, despite considering high charging rates, variations in the initial SOC and different temper-
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atures. These findings contradict both the initial hypothesis of this study and the observations reported
in the literature [|13]]. There are two possible explanations for the observed behaviour of the cell:

(i) The used parameter set in this study is not able to trigger the metallic lithium deposition. This
is supported by the derived VRP profiles. In the study of Koseoglou et al. [13], the VRP for
charging processes without lithium plating showed a shift to the right with increased C-rate. For
even higher currents, lithium plating could be detected through a two stage plateau in the VRP.
In the conducted experiments of this study, a similar shift to the right could be observed for the
experiments with 3 C and 4 C at 10 °C for increased initial SOCs, which indicates that the stress
factors were not high enough to trigger the lithium deposition. This would lead to the assumption,
that the TerraE cell is capable of a 15 min fast-charge at 10 °C when in a new and fully equilibrated
condition with no or only low inhomogeneities inside the cell, despite the fact that the applied
charging rate considerably exceed the manufacturer’s recommended fast-charging rate of 1.6 C
at 25°C. High surface film resistances can also induce lithium plating [22] and, in addition, an
inhomogeneous SEI resistance can lead to local current peaks [23]], which increase the probability
of lithium plating. When assuming a homogeneous SEI with a Tow resistance for a new cell, this
would further support the non-occurrence of plating.

(i) The applied diagnostic methods - DEIS and VRP - failed to detect the metallic deposition. Accord-
ing to Schmidt et al. [24], the SNR during the DEIS measurement is decreased and therefore, also
the quality of the derived impedance data. In addition, multi-sine excitation has negative effects
on the measurement quality [10]. This could lead to the possibility that the derived data quality
was too low to detect the abnormal impedance drop, despite that the galvanostatic peak-to-peak
excitation of 400 mA resulted in a voltage response of about 5 mV, which is in line with literature
recommendations [25]]. For future experiments it may be beneficial to use less frequency points
and a higher current excitation for a better voltage response to improve data quality. In addition,
it needs to be investigated why the experiments conducted at 25°C with a 1 C charge showed
abnormal behaviour. The TerraE cell uses an anode with a mixture of graphite and silicon, while
the experiments in the literature were conducted on pure graphite anodes [13}18}/19]]. With silicon
another possible influencing factor is introduced and further investigations are necessary to under-
stand, how the behaviour of the impedance and voltage relaxation is affected in case of a plating
event. In addition, the voltage relaxation is used to observe the stripping reaction. If the deposited
lithium is fully irreversible, no stripping is occurring and the VRP method fails to detect it.

To prove these findings, further experiments are necessary which will be presented in[section 5] After the
data has been collected, the next step is the filtering and smoothing of the data. Shen et al. [I'/]] also used
a Savitzky-Golay filter for the post-processing of their data. As shown in [Figure 7| a trade-off between
the smoothness of the data and the accurate representation of the raw data has to be made when applying
a filtering method. Using a window size of 100 % would lead to a false detection of lithium plating at

the end of the charging process. Similar behaviour can be observed when applying the Savitzky-Golay

filter on the VRP (| ). Using a window with the size of 10 % of the data length, a deflection in the
curve can be observed which could also lead to a false detection of lithium lIljlating during the charging
process. For additional information on plating detection via DEIS or VRP, the reader is referred to [|13]]

and [26].
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Figure 7: Influence of different smoothing parameters in the Savitzky-Golay filter on the impedance data exem-
plarily shown for the experiment at 10 °C with a initial SOC of 10 % and a charging rate of 4 C.
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Figure 8: Influence of different smoothing parameters in the Savitzky-Golay filter on the VRP exemplarily shown
for the experiment at 10 °C with a initial SOC of 10 % and a charging rate of 4 C.

5 Conclusion and Outlook

In this study, a series of DEIS experiments under different charging rates, initial SOCs and temperatures
were conducted. The analysis of the impedance data and the VRP did not show any indications for
lithium metal deposition, which contradicts the original hypothesis of this paper and the observations
reported in the literature. It could be shown that the parameters used for the post-processing of the data
have a major influence on the conclusion that can be drawn from such experiments. When using dy-
namic impedance measurements for the detection of lithium plating, high data quality is also of utmost
importance. One of the main challenges in reliably detecting the onset of the metallic deposition lies in
ensuring good quality of the DEIS data, especially when using multi-sine excitation in combination with
suitable filtering parameters to prevent false positive detections of lithium plating. In addition, further
investigations are necessary to fundamentally understand how the silicon content in the anode influences
the robustness of the methodologies proposed in the literature. To validate or falsify the initial hypothesis
of this paper, a follow-up experimental series will be carried out with the test cases described in
The reduced ambient temperature in combination with the increased maximum C-rate is expected to
promote the metallic lithium deposition. A second test case is designed to induce inhomogeneities and
ageing effects, which should lead to local current peaks and inhomogeneous SEI resistance and thereby
increasing the likelihood of lithium plating. In addition, a post-mortem analysis will be conducted to
verify the conclusions drawn from the results. In summary, these findings underscore the inherent com-
plexity in accurately detecting lithium plating under dynamic conditions. Nevertheless, the forthcoming
experimental series is expected to make a valuable contribution to improving detection protocols and
advancing the broader understanding of electrochemical deposition phenomena.

Table 4: Future experimental test cases

Test case no. 1 2
Temperature 0°C 0°C
0% to 40 %

Start SOC 10 % steps 0%

End SOC 100 % 100 %
1Cto6C
C-rate 1.C steps 4C
Number of cycles per parameter set 1 100
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