
Citation: Schmidt, J.P.; Adam, A.;

Wandt, J. Time-Resolved and Robust

Lithium Plating Detection for

Automotive Lithium-Ion Cells with

the Potential for Vehicle Application.

Batteries 2023, 9, 97. https://doi.org/

10.3390/batteries9020097

Academic Editor: Carlos Ziebert

Received: 6 November 2022

Revised: 10 January 2023

Accepted: 24 January 2023

Published: 31 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Communication

Time-Resolved and Robust Lithium Plating Detection for
Automotive Lithium-Ion Cells with the Potential for
Vehicle Application
Jan P. Schmidt 1,*, Alexander Adam 2 and Johannes Wandt 2

1 Chair of Systems Engineering for Electrical Energy Storage, Bavarian Center for Battery Technology,
University of Bayreuth, 95448 Bayreuth, Germany

2 Battery Cell Competence Centre, BMW Group, 80788 Munich, Germany
* Correspondence: jan.schmidt@uni-bayreuth.de

Abstract: Fast charging is a key requirement for customer acceptance of battery electric vehicles. Fast
charging of lithium-ion batteries is limited by lithium plating, an undesired side reaction that leads
to rapid degradation and poses a potential safety hazard. In order to approach but not exceed the
lithium plating current limit during fast charging, a variety of analytical tools have been developed
to detect lithium plating. In this publication, we propose a new impedance-based method for
the time-resolved detection of lithium plating. The proposed method was demonstrated with an
integrated cell monitoring circuit capable of measuring the impedance during cell operation, bringing
the feasibility of implementation in an automotive target application within reach. Importantly,
the proposed method eliminates the temperature dependence which is an intrinsic problem for
impedance-based lithium plating detection in automotive lithium-ion cells, thus making on-board
plating detection feasible.
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1. Introduction

In 2021, weather extremes such as the North American heat wave and unprecedented
wildfires in the Mediterranean stressed the urgency to fight global warming. In this
endeavor, the decarbonization of the transport sector is of high importance as passenger
road vehicles alone were responsible for about 10% of anthropogenic CO2 emissions in
2018 (3.6 out of 36 Gt) [1,2]. Battery electric vehicles (BEVs) are a potential solution as their
life-time greenhouse gas emissions are—already in 2021—significantly lower than those
of comparable combustion-engine-powered vehicles and their advantage is expected to
further increase during the next decades [3]. A key feature to achieve widespread customer
acceptance and alleviate “range anxiety” is the fast charge capability of BEVs.

In general, the fast charge capability of a BEV is limited by the lithium-ion battery
cell. On cell level, the rate-determining step for fast charging is the plating of metallic
lithium on the graphite negative electrode. This undesired side reaction is caused by
lithium-ion mass transport limitation in the liquid electrolyte and can cause rapid cell
degradation and also poses a potential safety thread due to internal short-circuiting [4,5].
Therefore, lithium plating has been intensively studied in the literature and a variety of
lithium plating detection methods have been developed over the last years. There are
several excellent reviews on this topic, so we only briefly discuss the most common lithium
plating detection techniques, namely (i) analysis of open-circuit voltage (OCV) relaxation or
cell impedance relaxation directly after fast charging [4,6–14], (ii) high-precision coulombic
efficiency (CE) determination [15–18], (iii) differential charging voltage analysis (DCV)
during fast charging [18,19], (iv) measurement of cell expansion via dilatometry [20–25],
and (v) advanced tomographic and spectroscopic techniques [7,26–30].
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These methods have different advantages and can be very useful for the development
of fast-charging profiles and benchmarking of the fast-charge capabilities of lithium-ion
cells under laboratory conditions. In a recent publication [19], we showed how a com-
bination of several of these methods allows for the rapid assessment of fast-charging
profiles for automotive lithium-ion cells, enabling a reduction in test time from months to
days. Unfortunately, most of these methods are not suitable for time-resolved detection of
lithium plating for on-board vehicle applications for several reasons: lithium plating detec-
tion is only possible in retrospect after completing the charging process (relaxation-based
techniques, (i) or even the entire charge–discharge-cycle (coulombic efficiency, (ii) and
they are not suitable if there is a lack of special test equipment (cell dilatometry and to-
mography/spectroscopy, (iv) and (v). In theory, DCV (iii) can be used for time-resolved
lithium plating detection, but unfortunately, this method only works reliably for simple
constant-current charging and fails for realistic fast-charging profiles (high initial C-rate,
then stepwise or continuous reduction) as demonstrated in our abovementioned study [19].

An interesting approach for the time-resolved detection of lithium plating via online anal-
ysis of cell impedance was recently published by Koleti et al. [31] and Koseoglou et al. [32] and
was adapted for pulse-resistance measurements by Dotoli et al. [33,34]. These approaches
make use of a reduction of the charge transfer resistance caused by lithium plating in
comparison to the expected resistance value in the absence of lithium plating. For a given
cell, the charge transfer resistance depends on cell temperature and state of charge (SOC).
The temperature dependence of the charge transfer resistance is dominating, making it
even possible to derive the cell’s internal temperature via impedance measurement [35].
For the approach of Koleti et al. and Koseoglou et al., this strong temperature dependence
is a challenge because knowledge of the cell’s internal temperature is necessary for the
interpretation of the measured charge transfer resistance; this is especially problematic
during fast charging of large prismatic cells which can exhibit a strong spatial as well as
temporal temperature gradient. In another approach, Brown et al. [36] performed electro-
chemical impedance spectroscopy sweeps during fast charging and compared the evolution
of charge transfer and solid electrolyte interphase (SEI) resistance after fitting to normal
charging cycles. In this approach, the excitation current is up to 15% of the charging current
which is about 40 times higher than the excitation currents used in our approach.

In this publication, which further illuminates the scientific basis of the patent
application [37], we suggest a novel impedance-based approach for time-resolved lithium
plating detection which exploits the different temperature dependencies of real and imag-
inary parts of the impedance under plating conditions. This property is a fundamental
requirement to be able to eliminate the temperature dependence as an input variable later
in the development of the algorithm. As the results were obtained with an impedance
measurement circuit that could be implemented in a real-world application, we believe
that this novel method might be robust enough for on-board vehicle application.

2. Methods/Experimental

For this study, prismatic hard-case automotive lithium-ion cells from a commercial cell
supplier with a cell capacity > 50 Ah, containing an NMC622 cathode and a graphite anode,
were used. The cells were mechanically constrained in between metallic pressure plates
and the pressure was sensed with a force measurement gauge (K-450, Lorenz Messtechnik,
Germany). A more detailed drawing of the setup is given in [18]. Active cooling through
a bottom plate was used during fast charging to limit the temperature increase. Each cell
was equipped with two external PT-100 temperature sensors, one placed at the center of
the front side and one close to the positive terminal. Electrochemical tests were carried out
with a battery test system (Basytec HPS, Asselfingen, Germany), and the temperature, volt,
age and current were recorded with the test system as well. One battery cell was equipped
with a single-cell supervisory circuit and an engineering sample integrated circuit from
Infineon (Infineon, Munich, Germany) which facilitates impedance measurement [38]. This
setup enabled extremely short wiring with four terminal contacts and thus high-quality
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impedance measurements up to 8 kHz. Control and recording of the impedance data
from the impedance measurement board were performed by a Matlab-GUI program also
supplied by Infineon. Data from three different sources (a force measurement gauge, a
battery test system, and an impedance measurement board) were merged and evaluated
after the test with a program written in Python.

The cells were subjected to various fast-charging profiles of different charging times
and profile shapes, namely (i) simple constant current–constant-voltage charging (CCCV),
(ii) multi-step constant current profiles (MSCC) in which the current is reduced stairway-
like, and (iii) a single constant current–constant anode potential (CCCA) profile in which
the current is reduced continuously (see Figure 1).

Figure 1. Overview of the various fast-charging profiles applied in this study: simple constant
current–constant voltage charging (CCCV) and multi-step constant current charging (MSCC).

A variety of well-known detection methods (e.g., Coulombic efficiency and swelling
force analysis) were used to determine whether lithium plating occurred. These results
are discussed in detail in our previous study [17]. Table 1 below summarizes the profile
names, types, charging times (for 10 to 80% SOC at a 25 ◦C start temperature), and whether
lithium plating occurred.

Table 1. Overview of applied fast-charging profiles; charging time for 10 to 80% SOC at a 25 ◦C initial
temperature; lithium plating detection based on several test methods. For details on lithium plating
detection, see [19].

Profiles Charging Time
(10% to 80% SOC) Lithium Plating

1C-CCCV 41 min No

P01-MSCC 29 min No

P02-MSCC 25 min No

P03-CCCA 23 min No

1.5C-CCCV 28 min Traces

P04-MSCC 19 min Yes

P05-MSCC 39 min No

2C-CCCV 21 min Yes

2.5C-CCCV 17 min Yes
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The same cell monitoring circuit from Infineon as in [38] was used to measure
impedance, which allows for use of the balancing resistor for excitation of the impedance
measurement and direct processing of the time-domain voltage and currents measure-
ment to yield the impedance. Compared to typical laboratory impedance measurement
devices, the setup enabled extremely short wiring with four terminal contacts and thus
high-quality impedance measurements up to 8 kHz and the used components would allow
implementation in a target battery system. In contrast to laboratory measurement devices,
only galvanostatic excitation with an offset current is possible. The excitation of the cell
for impedance measurement was performed galvanostatically with a 500 mA amplitude
by modulating the current through the balancing resistor and an integration time of 1 s.
Impedance was measured while performing fast-charging cycles and during equilibration
of temperature after fast charging at 14 single frequencies within a frequency range from
781 Hz to 8 kHz periodically every second, resulting in impedance data for each frequency
with a period of 14 s. This frequency range was selected to minimize cross-sensitivities to
current dynamics during driving and to exploit the maximum range of precision of the
measurement device, which will be reduced for higher and lower frequencies.

3. Results

Figure 2a shows the current and voltage during a 1C-CCCV charging process as
an example of moderate fast charging without lithium plating. Figure 2b shows the
real and imaginary parts of the impedance measured with the single-cell supervisory
circuit. Figure 2c shows the cell temperature (black line) as measured with the external
temperature sensor attached to the cell front. In addition, cell temperatures derived from
the cell impedance are also plotted. Temperature determination via cell impedance has been
described in detail elsewhere [35,39]. In short, it is based on a simple look-up table for linear
regression (see Supporting Material) with the input parameters SOC and real or imaginary
parts of the impedance at a single frequency and cell temperature as the output. To increase
the robustness of temperature determination one would usually use both the imaginary
and real parts of cell impedance, but it is also possible to determine two independent
temperatures TRe and TIm based on two individual look-up tables. As Figure 2c shows, TRe
and TIm coincide very well, although TRe is more robust due to the stronger sensitivity of the
real part on the temperature compared to the imaginary part at the frequency of 3125 Hz
(compare the fluctuations of Re and Im in Figure 2b). When comparing TRe and TIm with
Tmeas, one has to keep in mind that the former two correspond to a volumetric averaged cell
internal temperature whereas the latter is measured externally at one single point. Initially,
TRe and TIm are slightly higher than Tmeas because of the temperature gradient along the
cell thickness. After 25 min, the decrease and subsequent increase in TRe and TIm compared
to the externally measured cell temperature coincide with turning on and off the bottom
cooling plate, which is controlled by the external cell temperature (Ton = 28 ◦C, Toff = 25 ◦C).
In general, TRe and TIm agree within less than 1.5 K in a broad range of temperature and
SOC and state of health (SOH) values. For SOH, regular re-calibration of the look-up tables
is necessary during the battery (or vehicle’s) lifetime. This is achieved via impedance
measurement when the conditions Tmeas < 29 ◦C and I < 1A are satisfied. Alternatively,
a separate temperature sweep with the rest periods at defined temperatures could have
been applied, allowing for a completely thermally equilibrated system. However, in the
application, it is beneficial to use the existing temperature dynamics and accept a remaining
temperature gradient from the inside of the cell to the cell temperature sensors. Thus, we
followed this pragmatic approach for re-calibration of the look-up tables during low-power
situations under modest temperatures. As we will be exploiting the difference in the model
temperatures from the real and imaginary parts of the impedance, the deviation in the
look-up table with respect to the remaining temperature gradient is further mitigated.
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Figure 2. Moderate fast charging with 1C at a 25 ◦C initial temperature without lithium plating,
(a) cell potential and current, (b) real and imaginary cell impedance measured at 3125 Hz, and (c) cell
temperatures measured with an external temperature sensor and derived from the cell impedance.

In addition to Figure 2, the impedance and temperature behavior during a 2.5C-CCCV
charging process as an example of critical fast charging with the occurrence of lithium
plating can be found in the Supporting Information.

Figure 3 shows fast charging with the above-described fast-charging profiles (Table 1).
Let us first consider cell potentials (Figure 3a) CCCV charging produces a continuous
voltage curve (e.g., black line) while MSCC profiles produce characteristic voltage relax-
ations corresponding to stepwise current reductions (e.g., the orange line); the only CCCA
profile (green line) is characterized by a more gradual voltage relaxation in line with the
gradual current reduction after the initial constant current phase. As mentioned before,
these fast-charging profiles (including the profile names and color coding) are identical to
the ones investigated in our previous publication [19].

Figure 2b shows the differential voltage as a function of cell SOC in which a maximum
(not present at lower charging rates) indicates lithium plating [19]; accordingly, lithium
plating takes place at C-rates of 1.5, 2.0, and 2.5C whereas no lithium plating is detected for
1.0 C. Unfortunately, this lithium plating method only works for constant current charging
and not for MSCC and CCCA profiles as discussed in detail in our previous study. The
unique advantage of the differential voltage method is the possibility to detect the onset of
lithium plating which is around 50% SOC for 2.5C, 60% for 2.0C, and 70% for 1.5C.

In Figure 3c the difference between TRe and TIm (∆TRe−Im = TRe − TIm) is plotted for all
of the different charging profiles. Let us first consider moderate fast charging, namely 1C-
CCCV, P01-MSCC (blue line), P02-MSCC, P03-CCCA, and P05-MSCC. For these moderate
fast-charging profiles, which do not cause lithium plating (Table 1), ∆TRe−Im is smaller
than ≈1.5 K as expected. This demonstrates that the good agreement of TRe − TIm also
holds true in the case of rapid and inhomogeneous cell heating; for the three MSCC/CCCA
profiles (P01, P02, and P03), the initial temperature increase is between 10 and 15 K within
10 min as measured by the external temperature sensor.
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Figure 3. Fast charging with different profiles at a 25 ◦C initial temperature, (a) cell poten-
tial, (b) differential charging voltage analysis of the CCCV-charging profiles, and (c) respective
∆TRe−Im values.

Let us now consider the aggressive fast-charging profiles 2.0-CCCV, 2.5C-CCCV, and
P04-MSCC which are known to cause lithium plating (Table 1). For these three charging
profiles, the ∆TRe−Im value increases well above 2 K. The onset of plating, detected via the
differential voltage method, has been highlighted and it can be observed that:

• For the case of 2.5C-CCCV (light blue), the beginning of a significant increase IN
∆TRe−Im coincides with the onset of plating detected by the differential voltage;

• For the case of 2C-CCCV ∆TRe−Im., even increases before the peak in the differential
voltage can be detected;

• For the case of 1.5-CCCV, only minor plating could be observed and ∆TRe−Im seems
not to be sensitive enough to detect that degree of plating.

So far, aggressive fast charging with the occurrence of lithium plating has been the
only case in which we observed a significant deviation of TRe and TIm. We therefore propose
to use ∆TRe−Im as a proxy for time-resolved lithium plating detection. The correlation of
∆TRe−Im increase with lithium plating is further strengthened by considering the observed
onset times; the shaded vertical areas in Figure 3b indicate the point in time at which lithium
plating was detected by DCV analysis for 2.0-CCCV and 2.5C-CCCV; obviously, the lithium
plating onset detected by DCV coincides nicely with the one detected by the ∆TRe−Im
increase. Finally, the shape of the ∆TRe−Im curves qualitatively matches the expected
amount of lithium plating with an initial delay (build-up of a lithium-ion concentration
gradient in the liquid electrolyte), then a steep increase, and a sudden decrease during OCV
(re-intercalation into graphite) [28]. As can be seen from the look-up-table data for TRe and



Batteries 2023, 9, 97 7 of 10

TIm given for all of the cycles in the Supplementary Materials, there is also an irreversible
change in the temperature-impedance dependence. While Figure 2b indicates an at least
semi-quantitative relationship between the amount of plated lithium with ∆TRe−Im, further
research is required to elucidate whether real quantification can be achieved.

Let us finally consider 1.5C-CCCV charging which is known to cause slight lithium
plating. The ∆TRe−Im value does increase after about 25 min, reaching more than 2K at the
end of charging; again, the shaded vertical orange bar indicates the onset of lithium plating
as detected via DCV. Nevertheless, we would consider the 1.5C-CCCV case ambiguous
and short of clear detection by impedance. In addition, note that the P01-MSCC profile
is tested twice (blue and yellow) to check for reproducibility. The second run (yellow)
shows increased ∆TRe−Im values despite the absence of lithium plating. This indicates that
a recalibration of the look-up tables would have been necessary after the ≈50 previous
cycles, especially as P04-MSCC had already caused some cell aging.

4. Discussion

It has been shown by other publications that the volumetric averaged cell temperature
can be determined via the real or imaginary part of the impedance, as well as the amplitude
or phase angle [40]. The effect we made use of for detecting the onset of plating, as well
as the re-intercalation of the plated lithium, is the different change of the function of
temperature T in dependence of imaginary TIm = f (Im(Z)) and real part TRe = f (Re(Z))
associated with plating. The underlying physical effects that form the characteristic change,
e.g., the evolution of a parallel charge transfer path or modification of the SEI, have been
discussed in the previous literature [32]. In our measurements, we can observe a decrease
in the real part at 3125 Hz during plating similar to Brown et al. [36], while the imaginary
part shows an almost negligible increase, shifting to less inductive values.

As the frequency range was limited from 781 Hz to 8 kHz, the impedance is already
dominated by inductive behavior. Thus, the typical shapes of the impedance spectra
observed for a wider frequency range and especially for small format cells, exhibiting an
inducive part for high frequencies, one or more arcs at lower and medium frequencies and
the branch for diffusion and differential capacity, were not observed and are not shown in
this manuscript.

For the cell measured, the dependence of estimated temperature from the imaginary
part TIm = f (Im(Z)) was observed to be almost not influenced during plating conditions
and can therefore be considered as the true internal cell temperature. Hence, a deviation
of both estimated internal cell temperatures given with ∆TRe−Im must be the result of a
change in the impedance of the real part under plating conditions.

This is qualitatively illustrated in Figure 4. Here, positive changes for the measured
impedance during plating are colored blue and negative changes are in red. After process-
ing the data with the look-up tables, the sign of the deviation changes due to the nature of
the characteristics—depending on the sign of the coefficient for the linear regression.

Because the real part of the impedance is decreased by ∆Re during plating and the
linear temperature model for the real part has a negative coefficient, the temperature
derived from the real part will be deviating positively by ∆TRe, or put in other words, the
underlying linear model for the dependence of cell temperature on the real part cannot
reflect the changes due to the plating. Hence, the resulting estimated temperature will be
the true temperature TRe plus the model error ∆TRe (compare the upper path of the block
diagram in Figure 4). In contrast, the imaginary part is not affected as much during plating
conditions and the change in the imaginary part ∆Im is also in the negative direction. As
the linear temperature model from the imaginary impedance has a positive coefficient, this
less pronounced impedance change in a negative direction leads to a negative deviation of
the estimated temperature ∆TIm (compare the lower path of the block diagram in Figure 4).
As indicated in Figure 4 with the colors blue and red, the term ∆TRe will be positive and the
term ∆TIm will be negative. Due to their different signs, they do not cancel when subtracted
and result in an overall deviation ∆TRe−Im. As an intermediate step of the algorithm, the
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independently derived temperatures under plating conditions are depicted in figure B in
the Supplementary Materials.

Figure 4. Block diagram of the method to infer a plating-sensitive signal ∆TRe−Im. Changes in the
measured and inferred quantities during plating are given as ∆Im and ∆Re and are colored blue for
positive and red for negative deviations.

In contrast, under normal, no plating conditions, the temperatures derived separately
from the real and imaginary parts will be identical (TRe = TIm) as the linear temperature
models can reflect the behavior correctly and therefore show a resulting difference of zero.

In general, this approach could be applied to other, lower frequencies. We have also
measured frequencies down to 781 Hz and evaluated their applicability. However, the
dependence of the impedance on SOC and potentially also on the current increases with
decreasing frequencies. Thus, the characteristics of TIm = f (Im(Z)) and TRe = f (Re(Z)) be-
come much more complex and sensitive to other parameters such as SOC. From these
additional dependencies arise two challenges: (1) already, slight model deviations will lead
to strong deviations in the estimated temperature, and (2) the adjustment of the charac-
teristic functions over a lifetime becomes more complex. Considering higher frequencies,
it is reasonable to assume that the decreasing sensitivity of the method results from the
decreasing excitation of the processes responsible for the impedance change during plating.
This sets an upper-frequency limit for the application of the method, but also provides
clues for investigating the origins of the underlying effects. Such further investigations,
revealing detailed mechanisms for the impedance change during plating, are important to
generalize the applicability of the method to a wide variety of cells. Thus, the findings in
this paper can be seen as a first step, encouraging more detailed investigations on lab-scale
cells and experimental setups, which allow for the separation of potential mechanisms.

Even though it is not possible to finally conclude the root cause of the changes in the
characteristics of TRe = f (Re(Z)) and TIm = f (Im(Z)), it is possible to apply that knowledge
and implement a function that generates a signal to adapt the fast-charging current online
with respect to the individual cell conditions. The only condition that must be fulfilled is
that the changes in the characteristics of TIm = f (Im(Z)) and TRe = f (Re(Z)) during lithium
plating do not compensate each other.

5. Conclusions

The measurements performed in this study showed a clear correlation of ∆TRe−Im with
the degree of plating investigated by other methods and can therefore be applied with rea-
sonable empirical evidence. Though the discussed effects that plating has on the impedance
spectra are logically justified and empirically sound, further research is encouraged to
improve the understanding of changes to the impedance under non-stationary conditions
and especially under lithium plating. We believe that the suggested method is robust
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enough to detect lithium plating even in a vehicle application as it effectively eliminates the
need for knowing the cell’s internal temperature and, if sufficient recalibration is carried
out, also the SOH.

The results further highlight that the market introduction of impedance measurement
in everyday battery applications seems possible as the measurement results have been
obtained by a low-cost implementation with an integrated circuit instead of bulky and
expensive laboratory devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9020097/s1, Figure S1: Regression lines to determine the cell
temperature for each fast-charging profile based on impedance measurements; Figure S2: Critical
fast charging with 2.5C at 25 ◦C initial temperature with the occurrence of lithium plating; Table S1:
Information of the linear regression line to calculate the cell temperature based on impedance data;.
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