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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

• Detection method for lithium plating 
using Nonlinear Frequency Response 
Analysis (NFRA).

• Significantly earlier detection of plating 
compared to known EIS-based methods.

• Model for inhomogeneous plating in a 
Newman-type cell model.

• Model-assisted understanding of the 
plating-related features in frequency 
response.

A R T I C L E  I N F O

Keywords:
Degradation mechanisms
Lithium plating model
Intercalation stages
Nonlinear impedance spectroscopy
Safety

A B S T R A C T

Safe fast charging of lithium-ion batteries is a central development goal of the automotive industry. This requires 
an early detection of lithium plating during the fast-charging procedure to avoid potentially hazardous dendrite 
formation.

In this paper, Nonlinear Frequency Response Analysis (NFRA) is shown to detect the occurrence of safety- 
critical lithium plating during the charging process earlier than Electrochemical Impedance Spectroscopy 
(EIS). NFRA measures higher harmonics, i.e., nonlinear behavior, in the cell’s voltage response. This enables, 
compared to EIS, a more precise determination of the altered reaction kinetics due to plating.

For the first time, NFRA is applied during a charging process. When lithium plating occurs, the second har
monic first increases and later decreases with ongoing plating. This feature in the second harmonic is more 
pronounced and occurs significantly earlier than changes in the first harmonic considered by conventional EIS.

A cell model with plating reaction is applied to analyze the sensitivity of the NFR to plated lithium. Plating is 
modeled as an inhomogeneous layer only occurring on a part of the surface.
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The model reproduces the characteristic plating feature in the second harmonic as well as the experimentally 
observed decrease of impedance with state of charge. It thus enables a thorough interpretation of the dynamic 
cell behavior. Simulations show good agreement with experimental results, confirming that the second harmonic 
is more sensitive to plating than the impedance.

Thus, among all known electrochemical plating detection methods, analyzing the second harmonic can 
identify the onset of lithium plating earliest during fast charging.

1. Introduction

As lithium-ion batteries are one of the key energy technologies to 
attain a carbon neutral future, their safe and optimized usage is of high 
interest for both, society and industry. Especially fast charging consti
tutes an application, which pushes the technology to its limits of safe 
operation. This is mostly due to the undesired deposition of metallic 
lithium on the graphite anode of the cell, when high overpotentials form 
up at the active material surface [1–4]. Lithium plating can cause fast 
degradation and capacity loss. Growing dendrites of metallic lithium can 
even penetrate the separator and short-circuit the battery, leading to a 
thermal runaway event [1,5].

For safe, high-performance operation, an online detection method 
for the onset of plating is highly desirable. Plating significantly changes 
various properties of the electrochemical cell. Tracking changes in these 
properties leads to various detection methods for plating [2], including 
dilatometry [6–8], Nuclear Magnetic Resonance spectroscopy [9–11] 
and acoustic, supersonic-based methods [12].

Methods based only on the electrical response of the cell seem most 
appropriate for operando applications because of their cost effectiveness 
and wide applicability [2,13,14]. Here, two main paths have emerged. 
The first is based on the cell’s behavior after a constant current charge: 
After deposition of lithium during charging, a distinct voltage plateau 
becomes visible in the relaxation phase, i.e. under open-circuit condi
tions [13,15,16]. The feature can be attributed to stripping of the 
metallic lithium. It is more prominent in the time derivative of the 
voltage. Based on the length of the plateau, the amount of plated lithium 
can be estimated. Therefore, this method can even be considered 
quantitative. Several studies analyze the voltage during the discharge 
directly after overcharge [13,15]. This has the advantage of not needing 
additional waiting time before discharging but is more error-prone [17]. 
Anyhow these methods are not able to detect plating during the charging 
phase and thus cannot be applied to detect the onset of the plating re
action and subsequently prevent further plating by an operando adap
tation of the charging current profile.

The second path relies on the cell’s dynamic response. Electro
chemical Impedance Spectroscopy (EIS) was used to investigate the 
impact of the plating kinetics [13]. The polarization resistance deter
mined from EIS was found to increase steadily and over a long period 
during the relaxation phase of a plated cell, whereas non-plated cells 
showed no such behavior. This is a strong indicator for faster kinetics of 
the plating/stripping reaction compared to the desired intercalation 
since EIS is expected to be sensitive to plating kinetics. Koleti et al. [18] 
were the first to make use of this behavior by tracking the polarization 
resistance during fast charging. They observed a distinct monotonous 
decrease of the impedance at a characteristic frequency after the onset of 
lithium plating. With higher charging rates, the decrease was observed 
earlier during charging, i.e. at lower states of charge (SOC). The 
behavior correlated well with the length of the voltage relaxation 
plateau. Therefore, this method is considered a powerful operando 
detection method for lithium plating. The results were successfully 
reproduced [19,20]. Katzer et al. [21] modified the approach by su
perposing the DC charging current with a small sinusoidal excitation to 
measure the cell’s impedance at a characteristic frequency. Thereby, 
they got rid of additional waiting times during charging but were still 
able to obtain a similar decrease in impedance. The features were more 
visible, if first or second order derivatives of the impedance amplitude 

with respect to charge are used. In contrast, Brown et al. found an in
crease of cell impedance with the onset of lithium plating [22], which 
was not reproduced so far. A drawback of impedance-based plating 
detection is that a certain amount of plated Li is required before the 
impedance decrease can be observed. Furthermore, an additional 
decrease in impedance is introduced by the unavoidable increase of the 
battery temperature during fast charge, complicating the detection of 
Li-plating by EIS.

A different AC method for plating detection was presented in our 
previous study [23]. The study made use of so-called Nonlinear Fre
quency Response Analysis (NFRA) [24–28]. In NFRA (cf. Fig. 1 in SI), a 
much higher excitation amplitude than in EIS is used to stimulate 
nonlinear contributions in the cell’s response. The amplitude of the 
second and third harmonic of the voltage response is then analyzed. 
Plating correlated with the amplitude of the third harmonic, Y3, 
increasing faster than the second one, Y2. The plating feature so far was 
only analyzed after several cycles where plating occurred.

Similarly, as in EIS, NFRA may also have potential for early and thus 
operando diagnosis. Followingly, in this study we combine the NFRA 
method with the charging protocol of Koleti et al. [18] to evaluate the 
potential of NFRA for early operando detection of plating and compare it 
to EIS. NFRA is especially sensitive to the charge transfer coefficients of 
the concerned electrochemical reactions [27–29], enabling improved 
identifiability of reaction kinetics in a P2D model [30]. Followingly, 
NFRA can not only detect changes in the reaction rate, but also in the 

Fig. 1. Measurement procedure for plating detection.
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ratio of oxidation and reduction current. This is, as shown in the results 
section, an important advantage over EIS.

NFR spectra are difficult to understand without physicochemical 
models. Basic models with Diffusion, Nernstian potential and Butler- 
Volmer kinetics show that solid diffusion excites both, the second and 
third harmonic, at low frequencies. In the medium frequency range, the 
charge transfer reactions are found, also exciting both harmonics, 
whereas changes in the charge transfer coefficient only impacts the 
second harmonic [28]. More complex interactions are seen for full 
battery models [31]. The NFR is significantly larger when a steady state 
is not yet reached [27].

In this study we present a new model for plating to interpret the 
results obtained from NFR measurements during a charging process with 
plating. Arora and White [3] were the first to introduce a plating model 
into a pseudo two-dimensional (P2D), Newman-type [32–34] cell 
model. In their work, as well as in subsequent approaches [10,35], the 
reaction happens homogeneously at the whole active surface area of the 
carbon electrode. The plating reaction begins when the anode potential 
falls below 0 V vs. a lithium reference. The amount of metallic lithium 
and therefore the thickness of the homogeneous layer is proportional to 
the integral of the plating current. The stripping reaction is mostly 
implemented with a condition that stops the stripping current if the 
amount of metallic lithium has reached zero. This often leads to 
discontinuous behavior of the simulation. Baker and Verbrugge [36] 
overcame this issue by introducing a surface concentration dependent 
activity of the metallic lithium. Therefore, a minute amount of metallic 
lithium, not enough for a monolayer, is always present in their model. 
Further stripping is kinetically hindered. Plating can happen before the 
anode potential reaches 0 V vs. Li/Li+, which is also observed experi
mentally [37]. Hein et al. [38] used a similar approach to Ref. [36] for a 
3D plating simulation on a microstructure. However, in contrast to 
Ref. [36], the film is not growing homogeneously on the whole active 
surface. Instead, for each surface element on the graphite particles, they 
introduced a growth mechanism, which first fills the area of the surface 
element with a monolayer and afterwards changes the layer thickness. 
The plating reaction only happens at the already partially covered sur
face elements. This inhomogeneous model is closer to reality, as seen 
from optical observations in Ref. [4]. So far, none of the models was used 
for NFR simulation.

In this study, we mainly use the formulation of Baker and Verbrugge 
[36] and introduce a new growth mechanism to obtain a partially 
covered electrode within a P2D model framework. It will be shown that 
changes in EIS and NFR during battery charge can be reproduced by the 
model. Additionally, the response is analyzed during relaxation. The 
model-assisted experimental analysis thus allows the correlation of 
linear and nonlinear responses with plating, leveraging the under
standing of the frequency responses to facilitate the development of 
methods for early detection of plating.

2. Methods

2.1. NFRA definition

There are several definitions of how to conduct NFRA. We here 
follow a pragmatic approach of evaluating the amplitudes of the second 
and third harmonics as introduced in Harting et al. [25]; this contrasts 
with other groups who use frequency response functions, which easily 
become complex, and where therefore usually only the second harmonic 
is evaluated [24,39]. After a Fast Fourier Transformation of the voltage 
response to a large sinusoidal current excitation, nonlinearities emerge 
as measurable higher harmonics in the frequency domain (cf. Fig. 1 in 
SI). The amplitudes of the harmonics are displayed as a voltage and are 
named Yk with the index k marking the response at k-times the excita
tion frequency. We adjust the inlet current amplitude I0 such that the 
second harmonic Y2 and the third harmonic Y3 are well measurable, 
while harmonics of the order >3 do not exceed the noise level, which 

can also be identified by the potentiostat [40]. This avoids influence of 
higher order harmonics on the results of impedance, second and third 
harmonic, although the third harmonic may show a small impact on the 
measured apparent impedance [41]. In this study we do not measure EIS 
explicitly with low currents, therefore we always show the apparent 
impedance Z = Y1

I0 , which may show minor deviations from an imped
ance measured with low current.

2.2. Experimental

2.2.1. Cell types
Tests on three different cell types were conducted. The main part of 

the study is on cell type 1, a 1 Ah commercial pouch cell from the 
manufacturer Li-FUN Technology with an NMC622 cathode and a 
graphite anode. To our best knowledge, there is no silicon used for the 
anode. The conducting salt is LiPF6. The exact composition of the elec
trolyte remains unknown. Additionally, an experimental 0.17 Ah single- 
layered pouch cell (type 2) and a commercial 5 Ah 21700 cell (type 3) 
were investigated. Cell type 2 was manufactured by the Münster Elec
trochemical Energy Technology (MEET) research center. The cell is 
composed of an oversized graphite-based anode (121 mm × 68 mm) and 
a LiNi0.6Mn0.2Co0.2O2 (NMC622, 119 mm × 66 mm) cathode. The 
electrolyte consists of 1M LiPF6 dissolved in EC:EMC (3:7 by weight). 
Cell type 3 is the INR21700-50E cylindrical cell from Samsung, con
sisting of an NCA cathode and a blend anode made from graphite and a 
small amount of silicon oxide. All cell types are listed in Table 1.

2.2.2. Setup and general characterization
For each cell type, the capacity was determined using a C/40 

discharge from 4.2 V to 3 V. Additionally EIS was measured at 50 % SOC 
in a frequency range from 0.1 Hz to 10 kHz at all evaluated 
temperatures.

To set the ambient temperature for the cells, a Vötsch VT 4002 
climate chamber was deployed.

For the electrochemical measurements, a ZenniumPro potentiostat 
from Zahner-Elektrik was used. Charging and discharging was per
formed using the Script function. For NFR measurements, which were 
started from the same script, the potentiostat was operated in NFRA 
mode (logfile entry = 6), which makes use of a special calibration 
routine developed by Zahner [40].

For the parameterization of cell type 1, an experimental EL-Cell PAT- 
Cell was built. One cell from cell type 1 was opened to extract electrodes 
for the experimental cell. This was possible since the electrodes were 
only coated single-sided at the end of the electrode wrap. The electrodes 
were washed in DMC and the cell was assembled with a glass fiber 
separator, a lithium reference and 150 μL of 1.0 M LiPF6 in EC:DMC (1:1 
by weight). After a 2 cycle C/10 formation, OCP for anode and cathode 
were obtained via a C/40 discharge with respect to the lithium reference 
ring. The voltage limits for the experimental cell were also 3 V and 4.2 V 
during formation and discharge.

2.2.3. Plating test procedure and conditions
The following measurement procedure (Fig. 1) for operando plating 

detection was inspired by the work of Koleti et al. [18]. The cell is dis
charged with 1C to 3.0 V at the given temperature and held at 3.0 V until 
the current falls below 0.02C. Afterwards, the cell is charged stepwise at 
a constant current, with the charge in a single step amounting to 1 % of 
the cell capacity. We set the maximum voltage to 4.6 V, which was never 
reached during the test, to allow for overcharge. This prevents discon
tinuities in the results due to a voltage limit and ensures that the 
transferred charge amount stays the same within each iteration, 
simplifying the analysis.

In contrast to the method from Koleti et al. [18], impedance is not 
measured using the voltage drop during relaxation. Instead, a sinusoidal 
excitation without DC part at a single frequency is used after the same 
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short relaxation time of 3 s at open-circuit conditions. The galvanostatic 
excitation uses such a high amplitude (see Table 1), that higher har
monics in the voltage response are well measurable and exceed the noise 
level. Due to the relatively high frequency in excitation, we do not 
expect significant contributions of the measurement current to plating, 
which was also not significant in simulations. However, this might be a 
point of investigation for future studies. It should be noted that the short 
relaxation time is not sufficient to obtain the time-invariant behavior 
required in conventional EIS and NFRA [31]. NFRA is conducted for five 
periods, while only the last four are used for the Fourier Analysis. The 
first wave of the response is discarded [40]. Short relaxation and mea
surement times are needed as reversibly plated lithium would interca
late in a longer relaxation period and thus would not be observable.

Additionally, the charging time would be unacceptably prolonged. 
Using just a single excitation frequency, the measurement time is kept 
short (0.5 s) and therefore enables the measurement of a quasi-steady 
state. The relaxation period was introduced to ensure the settling of 
charge transfer processes. We chose 10 Hz as excitation frequency, as 
this is a characteristic frequency where the response of the anode ki
netics is observed [21], which was confirmed with analysis of the 
measured EIS spectra at 50 % SOC for all temperatures (c.f. section 11 in 
SI).

After each NFR measurement, we charged the cell with further CC 
steps, until the maximum capacity is reached. For a further insight into 
the behavior and changes of the potentially plated electrode after 
charging, we also measured the NFR fifty times during a 1-h relaxation 
period under open-circuit conditions. After the relaxation, the cell is 
discharged, and the charging experiment is conducted at the next higher 
charging current. In Fig. 9 of the SI, a fresh cell for each of the charging 
currents is used, confirming that the previous charging cycles do not 
significantly influence the measurement results. These cells were also 
opened to show the evolving surface film for the different C-Rates in 
Fig. 10 of the SI. The investigated C-rates during charge are given in 
Table 1.

For a full view on the potential of the method, we show the following 
analyses in this paper: First, the behavior of a single cell (type 1) is 
analyzed for varying charging current at 15 ◦C. Secondly, we also 
changed the ambient temperature to see the temperature effect on 
plating kinetics (c.f. Table 1). For each temperature a new cell was used, 
and the charging current was varied as in the first test. The first two 
studies were performed on cell type 1. Lastly, we also performed the 
measurement protocol with two other cell designs, i.e. cell type 2 and 3, 
to see if the trends in behavior are independent of cell design.

Due to restrictions of the potentiostat for the maximum current, we 
had to limit the maximum C-rate for cell type 3. Additionally, the 
excitation current for measuring the NFR of cell type 3 was limited to 
0.6C. To induce significant lithium plating, the temperature was reduced 
to 5 ◦C. The lower capacity of cell type 2 results in the capability of 
increasing the excitation current for the NFRA measurements to achieve 
higher sensitivity towards lithium plating kinetics. Here, an excitation 
amplitude of 5C with a temperature of 10 ◦C were used to obtain sig
nificant lithium plating.

3. Modeling

3.1. Plating model

We used parts of the formulation of Baker and Verbrugge [36] as a 

starting point for the plating model and added inhomogeneous surface 
coverage of the plated metallic lithium. Yet, we neglected their theory of 
direct chemical intercalation of the deposited Li atoms into the graphite 
lattice since we are missing the experiments to parameterize chemical 
intercalation. The reintercalation process can be modeled sufficiently 
using just the electrochemical stripping with a subsequent intercalation 
step of the stripped lithium ions [3].

As in Ref. [36], small amounts of metallic lithium of less than a few 
monolayers thickness are assumed to interact with the electrode mate
rial. This lithium therefore does not show the activity of bulk metallic 
lithium. To model the transition of the Li activity from thickly plated Li 
(γLi = 1) to a negligibly plated electrode (γLi = 0), the activity coefficient 
for plated Li is modeled as 

γLi =1 − e
−

Γ
Γref (1) 

with the areal surface concentration Γ 
(

mol
m2

)

and a reference surface 

concentration Γref . This reference concentration is not clearly defined, 
but is usually selected in a range, which is equivalent to a few monolayer 
thick coating [36]. The value of this reference surface concentration 
mainly defines how sharp the transition is modeled. The corresponding 
open circuit potential (OCP) of the surface-influenced plated lithium vs 
Li/Li+ will be zero for high surface concentrations Γ≫Γref , but – simi
larly to Li intercalation potential - above zero for low surface concen
trations Γ < Γref .

The current from the plating and stripping reaction is modeled as 
[36], 

ipl = i00,pl

(
ce

ce,ini

)1− αpl

⎛

⎝

(

1 − e
−

Γ
Γref

)

e
(1− αpl)F

RT (Φs − Φe) − e
− αplF

RT (Φs − Φe)

⎞

⎠ (2) 

with Φs, the electric potential in both graphite and Li solid, and Φe, the 
electric potential within the electrolyte. The latter is defined such, that it 
is given by the potential which an ideal Li/Li+ reference would show at 
the evaluated point, as always in Newman-type models. The formulation 
transitions into an overpotential-based Butler-Volmer equation when 
Γ≫Γref . Once Γ < Γref is reached, the OCP equals that of graphite and 
stripping stops. Thus, minute amounts of metallic lithium are always 
present in the model. The anode potential depends on the interaction of 
the plating/stripping kinetics and intercalation kinetics.

Baker and Verbrugge [36] assumed a homogeneous film of metallic 
lithium on the graphite surface. Their homogeneous approach causes the 
simulated impedance to show only two inherent states: If no lithium 
deposit is present, the impedance is dominated by the intercalation re
action. Conversely, with metallic lithium, the impedance drops to a 
second value, where it is dominated by the faster exchange current 
density of the plating/stripping reaction. This behavior is contradictory 
to the observed continuous decline of the impedance during a fast 
charge [18,21].

To model the experimentally observed behavior, we treat plating 
inhomogeneously, which is closer to reality as seen in optical imaging 
[4]. The deposited lithium is not handled as a film with a constant 
thickness. Instead, we assume, that the deposited lithium consists of Li 
bodies growing on a fixed number of nuclei. These bodies of metallic 
lithium change their size during plating or stripping. They cover a 
certain specific area apl of the electrode. The concentration of metallic 

Table 1 
Investigated cells with measurement parameters.

Type Manufacturer Format Capacity Investigated C-rates for Charging NFRA Amplitude Temp.

1 Li-FUN Pouch 1 Ah 0.2C, 0.5C, 1C, 2C, 2.5C 2.5C 10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C
2 MEET Pouch 0.17 Ah 0.2C, 0.5C, 1C, 2C, 3C 5C 10 ◦C
3 Samsung 21700 4.9 Ah 0.1C, 0.2C, 0.5C 0.6C 5 ◦C
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lithium within the electrode can therefore be calculated using the spe
cific area and the surface concentration Γ already known from Baker and 
Verbrugge [36], 

cLi =Γapl (3) 

The change in concentration is given by the plating current using 

dcLi

dt
=

jpl

F
= Γ

dapl

dt
+

dΓ
dt

apl (4) 

We assume a proportional growth of height and width of themetallic 
lithium bodies. The change of covered specific surface area is therefore 
directly linked to the surface concentration. The volume of one nucleus 
Vpl,nuc divided by the surface it covers Apl,nuc on the anode is given by the 
molar volume of lithium Vm,Li and the surface coverage Γ. 

Vpl,nuc

Apl,nuc
=Vm,LiΓ
⏟̅̅ ⏞⏞̅̅ ⏟

λ

(5) 

This is a characteristic length λ of the nucleus body, which may be 
referred to as its “thickness”. The covered surface must be proportional 
to the square of this characteristic length. This is the nature of every 
three-dimensional body with constant proportions. Therefore, inde
pendently of the actual shape of the body of metallic lithium, the 
following relation holds: 

apl = nnuckbodyλ2

⏟̅̅̅ ⏞⏞̅̅̅ ⏟
Apl

(6) 

The proportionality constant kbody describes the ratio of the electrode 
surface area, which is covered by one of the growing Li bodies to their 
squared characteristic “thickness” λ. The number of initial nuclei per 
volume nnuc is assumed to be a constant. It relates the absolute surface 
covered by one body of metallic lithium to the volume specific surface of 
the electrode, which is covered by metallic lithium. This is a crucial 
homogenization step to describe surface coverage and concentration of 
metallic lithium in a continuous P2D model.

Inserting eq. (5) in eq. (6), the time derivative of the covered surface 
is therefore linked directly to the surface concentration of metallic 
lithium: 

dapl

dt
= 2kbodynnucV2

m,Li
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

kpl

Γ
dΓ
dt

(7) 

For easier handling, we introduce kpl, which depends on the pro
portionality constant, the volume specific number of nuclei and the 
molar volume of lithium. We named it “areal growth coefficient”. 
Combining equations (4) and (7) yields the change in surface 
concentration: 

dΓ
dt

=
jpl

F
(
apl + kplΓ2) (8) 

The surface covered by metallic lithium is then given by: 

dapl

dt
=

kplΓjpl

F
(
apl + kplΓ2) (9) 

A central assumption in our model is, that intercalation only occurs 
at areas of the electrode not covered by plated Li, while plating only 
occurs in Li covered areas. Therefore, the volumetric current for plating 
and stripping is 

jpl = aplipl (10) 

and the intercalation current is given as 

jint =
(
as − apl

)
iint (11) 

with as as the specific surface area of the porous electrode. This leads to 

the desired behavior that, with ongoing plating, the kinetics at the 
electrode transitions from pure intercalation towards pure plating ki
netics. The total volumetric interfacial current is equal to the sum of the 
volumetric plating current, the volumetric intercalation current and the 
volumetric double-layer current.

All model equations can be found in the SI. The model was imple
mented in MATLAB 2024a. For a good numerical handling, some sub
stitutions are necessary, which can also be found in section 7 of the SI.

3.2. Parameterization

A parameterization of the Li Plating extended P2D model was con
ducted only for cell type 1. The respective parameters are given in table 
2. We did not aim to perfectly reproduce the cell behavior, but to find a 
parameter set, which is reasonable and good enough to analyze the 
frequency response of the cell during charging.

The model parameters can be divided into four parameter sets: 
Microstructural parameters, kinetic parameters, transport parameters 
and plating-related parameters. Microstructural parameters like particle 
size, porosity and tortuosity were obtained by microstructure re
constructions of X-Ray tomography and focused-ion beam - scanning 
electron microscopy scans of the anode and cathode respectively (see 
section 9 and 10 in SI). Kinetic parameters for the intercalation reactions 
were obtained by parameterizing the exchange current densities and 
double layer capacitances of both electrodes using an EIS measurement 
of the cell at 50 % SOC [42]. The charge transfer coefficient at the 
cathode was set to 0.47 to detect possible influences of the cathode on 
the results and not exactly to 0.5, which would suppress a second har
monic cathode response. The anode charge transfer coefficient was 
subsequently set to reproduce the second harmonic Y2 at the beginning 
of a 0.2C charge (c.f. Figs. 2c and 8).

Activity coefficients of Li occupied or vacant sites within both anode 
and cathode material were determined based on the half-cell OCPs ob
tained from the experimental cell with reference. This measurement was 
also used to determine the internal cell balancing, respectively the 
maximum and initial Li-concentrations in the active materials. The 
transport parameters of the electrolyte are based on literature, while the 
solid diffusion coefficients were adapted to C-rate tests of the full cell 
[42].

Γref was set to 10− 5 mol
m2 , a value which is low enough to provide a 

sharp transition between plating behavior and pure intercalation 
behavior. The value for the exchange current density of Li plating was 
gained from literature. While there is a vast variety [43] of values, we 
selected 10 A

m2 from Ref. [3], as it is one order of magnitude higher than 
the exchange currents of the intercalation reactions. A charge transfer 
coefficient, αpl = 0.3 from Ref. [3], strongly overestimated the effect of 
plating on the second harmonic Y2 (cf. Fig. 3 in SI). Therefore, 0.45 was 
chosen as it gave a reasonable progression of Y2.

The areal growth coefficient is here assumed to be constant. It was set 
such, that the voltage relaxation profile after overcharging with 2C at 
15 ◦C, becomes well visible and qualitatively reproduces the behavior 
from the measurements. The obtained value is kpl = 5× 103 m3

mol2.

4. Results and discussion

4.1. Cell response for different charge currents

The pulsed charging procedure with NFRA in the charging breaks 
was conducted subsequently for five different currents. Fig. 2a shows the 
current and voltage progression. The maximum cell voltage during a 
full, dynamic charge is increasing with higher charging rates as over
potentials from charge transfer and charge transport are current- 
dependent (Fig. 2a). The corresponding absolute values of impedance 
and of the second and third harmonic are given vs. SOC during charge 
and vs. time during the relaxation period at 100 % SOC in Fig. 2b–d, 
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respectively.
The higher charging rates of 1C and above lead to a pronounced 

voltage plateau in the voltage relaxation profiles (Fig. 2a, detailed in 
Fig. 2 in SI). The plateau can be considered as proof for the presence of 
metallic lithium [2,13]. From the relaxation profiles, we can conclude, 
that plating has happened in significant amounts at charging rates of 1C 
and higher, but small amounts may also be present at 0.5C. This was 
confirmed with the cell opening presented in Fig. 10 of the SI.

To analyze for indicators, when plating occurred during charge, we 
compare the progressions of the apparent impedance (Fig. 2b), as well as 
the nonlinear responses, i.e. the amplitude of the second harmonic Y2 
(Fig. 2c) and the third harmonic Y3 (Fig. 2d) at the characteristic fre
quency of 10 Hz. For all three progressions, we marked the SOC as point- 
of-detection (PoD), which we interpret as the earliest indicator for 
lithium plating with the respective method. The points are added as a 
visual help to highlight kinks in the plots, which were determined using 

the second derivative of the signals (c.f. section 15 in SI). We determined 
by hand which of the available kinks is the one of interest.

For the impedance we expect a decrease of the response with the 
onset of lithium plating [18,21]. For 0.5C, this effect is visible from 74 % 
SOC, for 1C at approximately 64 % SOC and for 2C and 2.5C at 
approximately 46 % SOC. At 0.2C, a narrow range between 95 % and 
100 % SOC also shows equivalent behavior. This suggests that even with 
minor current, there might be a slight deposition of Li, which was not 
visible within the voltage relaxation profile. The behavior of the 
impedance during relaxation is equally interesting to evaluate for 
plating impact, as the voltage relaxation had shown clear plating fea
tures. During relaxation, the impedance starts to increase again. For 
0.2C, the impedance reaches a steady state within a couple of minutes, 
although the DC voltage is still relaxing. For higher charging currents, 
the impedance is monotonously increasing during relaxation. A steady 
state is reached after long relaxation times greater than 30 min. For 

Fig. 2. Dynamic plating analysis of cell type 1 with different C-rates at 15 ◦C: (a) Cell voltage during discharge (A), charge (B) and relaxation (C) steps. Progression of 
the (b) apparent Impedance, (c) second harmonic Y2 and (d) third harmonic Y3 during charging, depending on the SOC (0–100) and during the 1 h relaxation period 
for an excitation of 2.5C. The green asterisks show the Points of Detection (PoD) for plating for each C-rate. PoD values for Y2 have been determined from Fig. 4. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Absolute value of the second harmonic, Y2, open-circuit potential of anode and its gradient with respect to SOC during a 0.2C charge at 15 ◦C. The vertical 
lines mark characteristic points in the second harmonic.
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example, at 2C it takes approximately 40 min to reach a steady state. At 
2 and 2.5C, the impedance shows an additional plateau similarly to the 
OCV. The duration of the monotonous increase clearly correlates with 
the length of the voltage plateaus in the voltage relaxation profile as 
seen in comparison with Fig. 2 in the SI. This suggests again that the 
decrease in impedance seen during charging is a measure for the degree 
of plating.

The higher harmonics Y2 and Y3 give additional insights on the re
action kinetics at the plated anode. Y3 is known to be closely linked to 
the impedance response [27,28,31], since both voltage responses are 
odd harmonics. Therefore, assuming reaction kinetics as the main 
nonlinear process at 10 Hz, a change in impedance is also expected to 
lead to a similar change in the third harmonic. Indeed, this was observed 
in the measurements: The third harmonic decreases with impedance 
during lithium plating and increases again during reintercalation 
(Fig. 2d). The onset of the decrease in Y3 is nearly equal to the onset of 
the decrease in the impedance. At 1C, the Y3-decrease becomes visible 
between 60 % and 70 % SOC, just like for the impedance. Thus, for early 
detection of plating, Y3 seems to have no advantages over the more 
easily measurable EIS.

The response of the second harmonic Y2 contains additional infor
mation to the impedance. In the context of Butler-Volmer kinetics, Y2 is 
a measure for the asymmetry between the oxidation and reduction 
branches of the polarization curve. This means, a charge transfer coef
ficient different from the value of 0.5 is the main cause for a high 
response in the second harmonic [24,28,29]. However, for values of the 
charge transfer coefficient different from 0.5, Y2 will also decrease with 
the exchange current density [28]. Thus, Y2 contains information on 
both, asymmetric kinetics and the exchange current density, which 
makes the analysis complex.

Up to a SOC of 30 %, Y2 does not vary much with the applied 
charging current (Fig. 2c). Two distinct peaks can be seen within this 
range. In the measurement at 0.2C, there are two more additional 
maxima in Y2 at SOCs over 30 %: One at approximately 50 % SOC and 
one close to 100 % SOC. When comparing the Y2 profile at 0.2C with the 
open-circuit potential of the cell’s anode (Fig. 3), the minima in Y2 
correspond well with transitions between different intercalation stages 
of graphite, which usually correspond to strong changes in the OCP with 
SOC.

This behavior is not yet fully understood. Reasons might be still 
ongoing equilibration processes from inhomogeneous charging of the 
cell or SOC dependent charge transfer coefficients for the intercalation 
reaction. So far, in literature there is to our best knowledge no focus laid 
on the SOC-dependence of the nonlinear reaction behavior.

Since we do not expect that plating happened in significant amounts 
during the 0.2C measurement, we conclude that the pronounced max
ima and minima in Y2 for 0.2C are mostly related to the intercalation 
process and not the plating reaction. As the behavior between 0 and 30 
% SOC is identical also for higher C-rates, the same intercalation phe
nomena dominate Y2 in this SOC range. In any case, this interesting 
correlation warrants further, more fundamental studies.

Significant deviations from the observed intercalation behavior in Y2 
at 0.2C are visible for higher charging rates and above ca. 50 % SOC. For 
0.5C, Y2 increases until 90 %, from where onwards it drops down. Thus, 
obviously, strongly different behavior is taking place for higher charging 
rates above 50 % SOC. For higher charging rates, Y2 starts to increase 
even earlier but also decreases earlier. The decrease at high SOC is only 
observed at SOCs where EIS already shows the plating-related decrease. 
We attribute the behavior of Y2 of an initial increase, reaching a 
maximum and subsequent decrease to the occurrence of lithium plating. 
The initial increase can be explained by a higher kinetic asymmetry, 
respectively a charge transfer coefficient with a stronger deviation from 
0.5 of the plating and stripping reaction compared to the intercalation 
reaction. This deviation from 0.5 has been suggested in literature [3,44] 
based on model-based analysis of the discharge curves of previously 
overcharged cells. The transition in Y2 thus results from the interaction 

of plating and intercalation kinetics, which could in combination lead to 
an overall apparent charge transfer coefficient, which deviates more and 
more from 0.5. Another reason for the increase in Y2 might be the dif
ference in OCP and thus in overpotentials for plating and intercalation, 
also resulting in an asymmetric behavior. However, in our model-based 
analysis this was not enough to generate the increase in Y2 during 
plating (c.f. Fig. 3 in SI).

Further, as mentioned before, the second harmonic is also correlated 
to the exchange current density. Due to the plating-related increase in 
the overall apparent exchange current density, the second harmonic will 
start to decrease, just as the impedance, with ongoing plating. This 
interpretation is supported by the relaxation behavior: Only for 0.2C, i.e. 
the plating-free electrode, Y2 decreases monotonously. All other C-rates 
show first an increase before a decrease sets in, which we explain as 
follows: During stripping, plated Li is removed and thus the overall ex
change current density decreases to the level of the intercalation ex
change current density. The increase in Y2 is larger and longer the larger 
the charge current, i.e. the more the cell has been plated. Y2 shows 
similarly to Y3 and EIS an additional plateau >2C.

The maximum at the end of the increase of Y2 clearly corresponds to 
the end of the plating-attributed plateau in the open circuit voltage (c.f. 
Fig. 2 in SI). The initial increase of Y2 is more pronounced and happens 
earlier than the decrease in impedance, and the signal reaches a steady 
state also later than the impedance. This behavior suggests that the 
features in Y2 are more sensitive towards plating than the already known 
plating-related feature of decrease in the impedance. Measuring Y2 is 
thus a promising operando plating detection method. It may enable that 
the charging current could be restricted earlier, which makes fast 
charging safer and may enhance the battery life span.

The features from intercalation are not easily distinguishable from 
the plating-related features. To facilitate analysis, the difference of Y2 to 
the plating-free Y2 profile at 0.2C is displayed in Fig. 4. Having sub
tracted the features, that we attribute to SOC-dependent intercalation, 
only plating features are expected. Indeed, the increase and decrease of 
Y2 due to plating is now better visible. We added the points, at which Y2 
increases, i.e. where we expect from our theory, that the onset of lithium 
plating happens.

4.2. Impact of temperature

It is known that plating of lithium-ion batteries heavily increases at 
low cell temperature [2]. Fig. 5 displays impedance and Y2 during a 1C 
and 2C charge for climate chamber temperatures of 10 ◦C, 15 ◦C, 20 ◦C 
and 25 ◦C. The results of the impedance and the second harmonic are 
shown for charging currents of 1C and 2C in Fig. 5. The slower kinetics at 
lower temperatures should cause impedance and nonlinear frequency 
response in the respective frequency range to increase for decreasing 
temperature. On the other hand, plating has faster kinetics than inter
calation. Thus, we also expect more and earlier plating and an earlier 
decrease in impedance for lower temperatures. These opposing trends 
indeed are visible in the responses. For low SOCs, where no or negligible 
plating is expected, impedance and Y2 increase with lower temperature 
for both investigated C-rates. For 10 ◦C and 1C, both drop steeply around 
40–50 % SOC, while the drop comes much later and slower for higher 
temperatures, leading to overall smaller impedance and Y2 for 10 ◦C 
than for higher temperatures at 100 % SOC at 1C. We attribute this huge 
difference in dynamics to the much stronger prevalence of plating ki
netics at 10 ◦C. Further, the second harmonic shows the expected in
crease of Y2 with the onset of lithium plating for both evaluated C-rates. 
For 10 ◦C, this behavior is, as expected, more pronounced and detectable 
at lower SOC than for 15 ◦C. It is again well visible, that the increase in 
Y2 happens earlier than the decrease in impedance. The point which 
defines the onset of plating shows a stronger change and thus is more 
pronounced than in the impedance feature. For higher temperatures, 
features in both become less distinct. At 20 ◦C, i.e. 5 ◦C above the 
standard temperature, lithium plating is still visible in both impedance 
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and Y2. However, the distinction between plating features in impedance 
and Y2 and the plating-free response from intercalation becomes harder. 
Finally at 25 ◦C and 1C, no plating features are visible.

All plating features are stronger for 2C, where also more plating and 
stripping is expected. At 15 ◦C and 2C, the increase in Y2 strongly 
overlaps with the intercalation feature at ~15 % SOC. Still a small 
change in slope is visible at 20 % SOC, where we added the PoD. For 2C 
and 25 ◦C, we can even find a small maximum in the start of the 
relaxation and an elongated increase of impedance during relaxation 
compared to 1C, which may indicate the presence of some metallic 
lithium. For 10 ◦C and both C-rates, the relaxation period of 1 h was not 
sufficient to reach a steady state.

In conclusion, the second harmonic response shows the expected 
dependency on temperature. The plating-related features are more 
pronounced for lower temperatures. However, the method is still 
applicable for different temperatures. Furthermore, in all cases, Y2 
allowed an earlier detection of plating than impedance.

4.3. Impact of cell design

Cell type 2 (c.f. Table 1) is a pouch cell similar to the previously 
analyzed cell type 1, yet with only one electrode layer and known 
composition. Cell type 2 was excited with a large (5C) current to get 
increased sensitivity in the harmonics. The temperature of cell type 2 
compared to cell type 1 was changed from 15 ◦C to 10 ◦C to obtain 
sufficient lithium plating. With a temperature of 10 ◦C, lithium plating 
becomes detectable at currents of 2C and 3C, as displayed in Fig. 6a and 
c. During charging with a current of 2C and 3C the plating feature of a 
decreasing impedance is visible. Additionally, the second harmonic Y2 
shows an increase attributed to lithium plating. For lower C-rates, no 
clear inflection points in Y2 were visible. Thus, we attributed the in
crease of the second harmonic for 0.5C and 1C to intercalation and 
added no PoD to the graph. For this cell, the feature for plating onset in 
Y2 is even more distinct than for cell type 1, which is partly invoked by 
the higher excitation current. With a charging current of 1C, 2C and 3C, 
the second harmonic is having a maximum directly in the beginning of 
the relaxation period, accompanied by an initial decrease in impedance 

Fig. 4. Plating-feature in the Y2 profile for cell type 1 at 15 ◦C: The profile at 0.2C was subtracted from the results for higher C-rates.

Fig. 5. Impact of temperature on impedance and Y2 during charging and relaxation at open circuit: (a) Progression of the impedance for a charging rate of 1C and (b) 
for 2C charging. (c) Progression of Y2 for 1C charging and (d) for 2C charging.

J. Ulrich et al.                                                                                                                                                                                                                                   Journal of Power Sources 647 (2025) 237358 

8 



during relaxation. This is not yet fully understood and may be a side 
effect of the large excitation current.

Fig. 6b and d shows the results for cell type 3, a commercial 21700 
cell with a nominal capacity of 4.9 Ah. It is the only cell type featuring 
some silicon in the anode, which may impact the NFR. The maximum 
excitation current of the potentiostat was already reached at 0.6C. To 
still get significant nonlinearities despite the low amplitude, the tem
perature was reduced to 5 ◦C. The measured second harmonic, however, 
is still one order of magnitude lower than for the other cells. The results 
are thus noisier in comparison. Still, the general behavior could be 
reproduced: The decrease in the impedance is well visible for 0.2C and 
0.5C suggesting plating at these conditions. The increase in Y2 is not 
distinguishable from the intercalation-related features, which dominate 
here in contrast to the other cells. However, the subsequent decrease in 
Y2 is still well visible and corresponds to the impedance feature.

Within the relaxation period, Y2 shows a maximum at 0.2C and 0.5C. 
This plating feature in Y2 correlates well with the mentioned EIS plating 

feature for the same C-rates. We assume that a higher excitation current 
would be needed for this cell to get a more pronounced plating feature 
for Y2 during charge.

The significantly different response for this cell may also be caused 
partly by Si as active material; distinguishing its effects would require 
though separate NFRA studies with cells with different Si content.

Summarizing the study on cell design, the identified plating features 
in EIS and Y2 are also present in other cells with a graphite-based anode. 
The sensitivity can be tuned according to the cell by adapting the 
excitation current during NFR measurement.

4.4. In-depth model-assisted analysis of plating features

The identified plating features in Y2 and impedance warrant a deeper 
analysis. This is conducted for the first time with a Li-Ion battery model 
with plating/stripping kinetics. Of special interest is to see whether the 
features are similarly visible at the onset of Li plating. The model was 

Fig. 6. Impact of cell type on progression of Impedance and Y2 during pulse charging at various C-rates and relaxation. Excitation amplitude for cell type 2 was 5C 
and for cell type 3 0.6C (a) Impedance for cell type 2 at 10 ◦C and (c) corresponding Y2. (b) Impedance for cell type 3 at 5 ◦C and (d) corresponding Y2.

Fig. 7. Insights into the plating and stripping effects during simulation of a pulsed 3C charge at 15 ◦C with a subsequent relaxation period at OCV at 100 % SOC. NFR 
was simulated with 2.5C excitation. (a) Cell voltage and anode Galvani potential close to the separator. (b) Intercalation and plating current, as well as percentage of 
total electrode area covered by Li (c) Amplitude of impedance and second harmonic Y2 progression depending on plating with points of detection for plating.
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parameterized to cell type 1 and simulations follow the experimental 
protocol for charging, frequency measurements and relaxation time (c.f. 
Fig. 1). The NFR measurement is simulated in exactly the same manner 
as it is performed in experiment. The time-domain results containing the 
sinusoidal input and output are converted via FFT to frequency-domain 
while omitting the first wave, as it is done in the potentiostat.

Fig. 7 shows the results of a 3C pulsed charge simulation and the 
subsequent relaxation time. Similarly as in the experiments, cell voltage 
increases during the pulsed CC charge, with spikes occurring during the 
3s relaxation time (Fig. 7a). As an indicator for the occurrence of plating, 
we also display the Galvani potential difference, Φs − Φe, between 
graphite and electrolyte at the separator. Plating takes place if this 
voltage falls below 0 V, since we define the potential difference equal to 
what would be measured between the anode and a Li/Li+ reference, as it 
is common in Newman-type models.

Fig. 7b displays the area which is covered by metallic lithium with 
respect to the whole electrode surface at the interface to the separator. 
The separator interface is the first place in an electrode where plating 
would occur. In contrast to other models, where plated lithium always 
covers the whole surface of the electrode, here the covered area always 
stays below 5 % of the anode surface. It is visible, that plating does not 
occur in significant amounts directly after the Galvani potential falls 
below 0 V. This is the case because the charge pulses are followed by a 
break including a relaxation period and NFR, where stripping of metallic 
lithium can already happen. This is also shown in more detail in Fig. 7 of 
the SI. In fact, NFR can even mitigate the evolution of metallic lithium 
due to the asymmetry between plating and stripping reaction as shown 
in Fig. 8 of the SI. Once the break duration is not sufficient to reinter
calate all plated Li, the surface concentration of metallic lithium in
creases strongly, as well as the Li coverage of the electrode. This comes 
with an increase of plating and decrease of intercalation current, as 
displayed in Fig. 7b. During relaxation, reintercalation takes place and 
intercalation and plating current have the same magnitude but opposite 
sign. Interestingly, the Galvani potential does not decrease monoto
nously during charge but rises again at a high SOC of approximately 85 
%, as soon as Li covers more than ca. 1 % of the electrode surface. The 
underlying reason for the potential increase is that potential is more 
impacted by plating, and plating has faster kinetics and therefore less 
overpotential than intercalation. The increase in potential with plating is 
also known from measurements of the graphite potential vs. a lithium 
reference during charging [4]. Thus, our model can reproduce an 

important plating phenomenon. The growth of the surface film not only 
in thickness but also in area plays a crucial role in here.

During relaxation, the Galvani potential rises monotonously until it 
reaches the graphite open-circuit potential. This behavior is reflected in 
the full cell’s open-circuit voltage, where the expected plating-related 
plateau is visible before reintercalation is completed. The time until a 
steady state is reached is directly linked to the lithium coverage, which is 
constantly reduced because of the ongoing stripping reaction. A detailed 
view of the simulated relaxation behavior and its C-rate dependence is 
available in the SI, Fig. 5.

Fig. 7c shows the simulated progressions of the apparent impedance 
and the second harmonic during charging and relaxation. As soon as 
there is a significant plating rate, i.e. at 72 % SOC, the impedance starts 
falling more steeply. This behavior is similar as in experiment (cf. Fig. 2). 
The simulation also reproduces the impedance increase during relaxa
tion: Impedance increases until all metallic lithium is stripped. Simula
tion shows thus that the rapid impedance decrease during plating and 
increase during relaxation can be directly attributed to plating and 
stripping. Also, the plating feature in Y2, i.e. the increase during plating 
can be reproduced by the model. In simulation too, this happens earlier 
than the decrease in impedance, confirming the higher sensitivity of Y2 
for plating detection. Two further features of Y2 are well reproduced by 
the model: At high SOC, there is a maximum and Y2 decreases again for 
plated cells; further, during relaxation Y2 shows a maximum which is 
clearly correlated to plating. Also, Y3 decreases with plating and in
creases during the 1-h relaxation phase as seen in Fig. 4 in the SI.

The progression of impedance and higher harmonics and plating- 
related features are thus qualitatively reproduced by the model, 
showing that the developed model is a sound representation of a Li-ion 
battery subjected to plating conditions. It thus gives insights and can 
provide explanation for the behavior observed in the measurements. The 
increased asymmetry, here introduced by the plating-related charge 
transfer coefficient showing values far from 0.5, is a necessary 
assumption to provide the desired results (cf. Fig. 3 in SI).

The model was not able to reproduce the wavy progression in the 
second harmonic correlating to the intercalation stages at low SOC. This 
shows that the P2D model is not yet capable to fully describe the 
nonlinear dynamics and the underlying complex intercalation kinetics. 
A possible explanation for the observed behavior might be, that the 
charge transfer coefficients are SOC dependent. This could for example 
be modeled with the so-called Multi-Species, Multi-Reaction [45,46] 

Fig. 8. Impact of charging current on the simulated frequency response during pulsed charging. (a) Impedance of the simulated cell (b) Second harmonic response Y2 

of the simulated cell (c) Coverage of anode with metallic lithium close to the separator in the simulated cell.
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model, which assumes a separate reaction for each intercalation stage of 
graphite. These reactions could each be parameterized with a different 
charge transfer coefficient.

To check if the model can also describe the experimentally observed 
C-rate dependence during charge, the current was varied between 1 and 
3C as seen in Fig. 8. For lower c-rates, plating starts at higher states of 
charge. This can be attributed to lower anode overpotentials for lower C- 
rates. During relaxation, impedance increases later for higher C-rates 
and more plating. Also, Y2 increases later and less steep for charging at 
lower C-rates and Y2 shows only a maximum during the relaxation phase 
for significantly plated electrodes. Importantly for plating detection, 
similarly as in experiment, in all cases Y2 is more sensitive than 
impedance, as it shows the characteristic increase earlier, i.e. at lower 
SOC, than impedance. The PoDs are not shown here to provide better 
visibility of the progressions. The C-rate dependence of the harmonic 
responses clearly correlates, as in experiment, with the relaxation 
behavior under OCV conditions (see Fig. 5 in SI). The simulation con
firms that the experimentally observed changes in frequency response 
indeed come from plating and that Y2 is more sensitive to plating than 
impedance and thus an ideal candidate for early plating detection. 
Although the current parameterization of the model cannot reproduce 
the progressions of the harmonics and the onset of plating quantita
tively, it is extremely useful to understand the interplay between plating 
and frequency response.

5. Conclusions

This work presented and explained the unique change of impedance 
and nonlinear frequency response behavior during plating and stripping 
and paves the way for unprecedentedly early plating detection during 
battery charging. It was found that not only the impedance, but also the 
second and third harmonic of the frequency response change heavily on 
the occurrence of lithium plating. Experimentally, we identified three 
features for the detection of lithium plating: The amplitude of the 
impedance and the third harmonic both decrease with the occurrence of 
lithium plating, which is attributed to the higher exchange current 
density of the plating reaction compared to intercalation. During 
relaxation at OCV after a full charge, stripping leads to an increase in 
impedance and third harmonic Y3. The behavior of the impedance 
during charge and relaxation was for the first time simulated and well 
reproduced with our newly developed cell model with plating and 
stripping kinetics. This plating model was integrated in a P2D cell 
model, which allows studying the occurrence of plating and stripping in 
a battery, as well as to simulate frequency responses.

The third and most interesting feature can be found in the amplitude 
of the second harmonic Y2. The second harmonic at first starts to in
crease with the onset of lithium plating and then decreases; during 
relaxation, again an overshoot in Y2 is observed. This feature in Y2 is 
strongly dependent on the charge transfer coefficient. The feature cor
responds well to the features in impedance, third harmonic, voltage 
relaxation and to the found surface film after cell opening.

The theory on Y2 was additionally confirmed with the plating model. 
The feature in the second harmonic shows a notably higher sensitivity to 
the onset of lithium plating than the features in impedance and the third 
harmonic. The higher sensitivity was demonstrated in both experiment 
and simulation. Therefore, the newly found feature is of very high in
terest for early operando plating detection during charging.

Future research may include further validation by applying other 
operando plating detection methods in parallel. Moreover, we 
encourage studies to transfer the here generated knowledge and method 

to practical application in devices. Options to shorten the measurement 
time include reducing the number of measurements or reducing the 3 s 
relaxation time. Furthermore, NFRA could be conducted with an over
layed DC current to fully avoid the additional waiting time introduced 
by our method. As a final step, a current controller based on the newly 
found plating feature could be developed, which could prevent lithium 
plating. This could be done by analyzing the derivative of the impedance 
and Y2 features, as we have shown here. Alternatively, as a simpler and 
more practical approach, a threshold value for the increase of Y2 could 
be used.

Moreover, our findings show research directions beyond the appli
cation to fast charging: Of high interest for fundamental understanding 
of graphite intercalation kinetics is the progression of the second har
monic during a slow charge. Distinct wave-like features at low SOC were 
discovered in Y2. They were attributed to changes in intercalation ki
netics and could not be reproduced by the models’ one-step Butler- 
Volmer intercalation kinetics. Y2 holds thus a unique opportunity also to 
study changes in intercalation kinetics due to internal material changes. 
Understanding this phenomenon, using advanced electrochemical 
models or first principle simulations could provide an even deeper 
insight into thermodynamics and kinetics of contemporary active ma
terials. Additionally, a better discrimination of plating and intercalation 
effects may become possible.

The developed model also holds potential for future research: 
Further parameterization and model adaptions could allow a quantita
tive matching of simulation and experiment, which would enable to 
determine the amount of metallic lithium from purely electrochemical 
measurements. We also suggest the use of the here proposed area growth 
mechanism for cell and plating simulations. Our cell model could 
furthermore be extended to account for the frequency response at the 
solid electrolyte interphase (SEI). This would enable an even more 
detailed description of the measured data and could be crucial to 
quantify metallic lithium using frequency response.

CRediT authorship contribution statement

Julian Ulrich: Writing – original draft, Visualization, Validation, 
Software, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Adrian Lindner: Writing – review & editing, Vali
dation, Methodology, Investigation. Tobias Brake: Writing – review & 
editing, Resources. Martin Winter: Supervision, Resources. Simon 
Wiemers-Meyer: Writing – review & editing, Supervision, Resources. 
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Appendix

4.5 Model Parameters

Table 2 
Model Parameters

Parameter Name Symbol Value Origin/Comment

P2D Parameter
Anode thickness da 65× 10− 6m Measured with micrometer gauge
Cathode thickness dc 70× 10− 6m Measured with micrometer gauge
Separator thickness dsep 25.4× 10− 6m Measured with micrometer gauge
Anode porosity ϵa 0.34 Microstructure reconstruction (see SI)
Cathode porosity ϵc 0.34 Microstructure reconstruction (see SI)
Separator porosity ϵsep 0.5 [47]
Anode tortuosity τa 3.24 Microstructure reconstruction (see SI)
Cathode tortuosity τc 2.19 Microstructure reconstruction (see SI)
Separator tortuosity τsep 1.4 Bruggeman relation β = 1.5 [48]
Particle radius anode Ra 10× 10− 6m Microstructure reconstruction (see SI)
Particle radius cathode Rc 3.9× 10− 6m Microstructure reconstruction (see SI)
Solid diffusion coefficient anode Ds,a 1× 10− 14m2

s
Manual parameterization with C-rate test

Solid diffusion coefficient cathode Ds,c 0.5× 10− 14m2

s
Manual parameterization with C-rate test

Maximum solid concentration anode cs,max,a 31833
mol
m3

[49]

Maximum solid concentration cathode cs,max,c 51410
mol
m3

[49]

Initial solid concentration anode cs,ini,a 20605
mol
m3

Adapted to C/40 quasi-OCV measurement

Initial solid concentration cathode cs,ini,c 21500
mol
m3

Adapted to C/40 quasi-OCV measurement

Initial salt concentration ce,ini 1000
mol
m3

[49]

Double layer capacitance anode CDL,a 0.228
F

m2
Identified from 0.1Hz to 10kHz impedance measurement at 50 % SOC

Double layer capacitance cathode CDL,c 0.818
F

m2
Identified from 0.1Hz to 10kHz impedance measurement at 50 % SOC

Exchange current rate anode i00,a 1.47×10− 14 Am2.5

mol1.5
Identified from 0.1Hz to 10kHz impedance measurement at 50 % SOC

Exchange current rate cathode i00,c 0.57×10− 14 Am2.5

mol1.5
Identified from 0.1Hz to 10kHz impedance measurement at 50 % SOC

Electric conductivity anode σs,a 100
S
m

[3]

Electric conductivity cathode σs,c 10
S
m

[50]

transference number t+ 0.37 [51]
Salt diffusion coefficient De salt concentration dependent (polynom) [51]
Charge transfer coefficient anode αa 0.463 Adaption to presented NFRA measurements
Charge transfer coefficient cathode αc 0.47 Set to a value < 0.5 to detect possible effects of the cathode on Y2

Plating Parameter
Reference surface concentration Γref 1×10− 5mol

m2
Chosen small while maintaining good numerical stability

Exchange current plating i00,pl 10
A

m2
[3]

Charge transfer coefficient plating αpl 0.45 Chosen such that αa > αpl (see Fig. 3 SI)
Areal growth coefficient kpl 5× 103 m3

mol2
Chosen to reproduce additional voltage plateau in relaxation after a 2C charge

Data availability

Research data to reproduce the figures will be shared under the DOI: 
https://doi.org/10.35097/dvgw05vhcx5qqakt.
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[25] N. Harting, N. Wolff, F. Röder, U. Krewer, Nonlinear frequency response analysis 
(NFRA) of lithium-ion batteries, Electrochim. Acta 248 (2017) 133–139, https:// 
doi.org/10.1016/j.electacta.2017.04.037.

[26] N. Harting, R. Schenkendorf, N. Wolff, U. Krewer, State-of-Health identification of 
lithium-ion batteries based on nonlinear frequency response analysis: first steps 
with machine learning, Appl. Sci. 8 (2018) 821, https://doi.org/10.3390/ 
app8050821.

[27] N. Wolff, N. Harting, M. Heinrich, F. Röder, U. Krewer, Nonlinear frequency 
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