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In this paper, a Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) method
is presented that allows capturing the nonlinearity of current and overpotential of a
lithium-ion battery individually in charge and discharge direction. A DC bias is applied to
the battery to shift its operating point to the nonlinear region of current and overpotential.
An alternating current of a low amplitude (AC) is simultaneously superimposed in order to
investigate the system additionally in the time domain. NLEIS cell spectra and selected
electrode-resolved NLEIS spectra are recorded as a function of state of charge and
temperature. Furthermore, Distribution of Relaxation Times (DRT) plots obtained from
EIS measurements provide information, which electrochemical processes correlate with
the occurrence of nonlinear distortions of current and overpotential. Moreover, the
occurrence of overpotentials and their degree of nonlinearity at cathode and anode as a
function of the state of charge are determined by current pulse measurements.

Keywords: lithium-ion battery, nonlinear electrochemical impedance spectroscopy, overpotential, current-
overpotential characteristic, harmonic distortion

INTRODUCTION

Lithium-ion batteries in their entirety represent complex electrochemical systems. Their
complexity is mainly reflected in the multitude of characteristically different electrochemical
processes taking place within the battery. These processes are responsible for the occurrence
of cell overpotentials leading to energy efficiency losses. In order to characterize these
electrochemical processes, sophisticated analytical techniques are required. Electrochemical
Impedance Spectroscopy (EIS) has proven to be a powerful tool for the characterization of
complex electrochemical systems such as lithium-ion batteries (Aurbach, 2000; Atebamba et al,,
2010; Illig et al., 2012; Canas et al., 2013; Heins et al., 2017). The application of this technique
allows the differentiation and quantification of major loss processes, making EIS a most powerful
electroanalytical tool. Nevertheless, EIS possesses one major limitation: it is restricted to the
application of sufficiently small excitations to obey the requirement of linearity between current
and voltage. The application of larger input signals results in a distortion of the output signal,
compromising the measurement. Moreover, within the EIS, only the mean impedance of charge
and discharge direction, i.e., the impedance around the origin of the current-voltage ratio, is
determined. Conventional EIS is therefore not capable:
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(1) to reflect the nonlinear character of electrode kinetics.
(2) to determine the impedance in charge and discharge
direction individually.

Therefore, in this work, an approach to Nonlinear
Electrochemical Impedance Spectroscopy (NLEIS) will be
presented to investigate the nonlinear current-voltage ratio
of lithium-ion batteries in charge and discharge direction
individually. Moreover, we examined overpotentials occurring at
the cathode and anode in charge and discharge direction.

THEORY

Overpotentials in Lithium-lon Batteries
Whenever a current is being applied to an electrochemical
system (e.g., lithium-ion batteries), its open cell voltage (OCV—
the equilibrium voltage) is altered by the cell overpotential 7.
The magnitude of the overall overpotential is determined by
several processes—the ohmic overpotential (caused by ionic
conductivity of the electrolyte, electronic conductivity of the
electroactive material, and the electronic conductivity of the
current collector), the contact resistance (caused by the resistance
between electroactive material and current collector) the charge
transfer overpotential (caused by activation energy at the
electrode surfaces) and the diffusion overpotential (caused by
lithium ion diffusion especially near the electrode surfaces and
the solid-state diffusion inside the active electrode material)
(Vetter et al., 2005; Jossen, 2006).

1 = Nohmic + Mcontact + Ndiff + et (1)

Provided that the OCV of an electrochemical cell remains
constant over an entire measurement period, the relation of
current and voltage is exclusively determined by the magnitude
of overpotential (n-characteristic). For low currents, the In-
relation remains almost linear, whereas for moderate and
higher currents it develops into a nonlinear behavior. The
individual overpotentials depicted in Equation (1) have different
impacts on nonlinear distortion. Thus, the ohmic and the
contact overpotential cause linear In-characteristics. Charge
transfer and diffusion transfer processes on the other hand
result in nonlinear In-behavior (Bard and Faulkner, 2001).
Figure 1 illustrates the major overpotentials responsible for
the nonlinear distortion of current and overpotential within a
lithium-ion battery for the example of the discharge direction.
The cathodic charge transfer overpotential (1) involves the
stripping of the solvation shell followed by the phase-transfer
into the active electrode material (intercalation). The anodic
intercalation process differs: lithium-ions first pass through the
solid electrolyte interphase (SEI) and subsequently intercalate
into the active material (Xu et al, 2010). For the sake of
simplicity, however, we do not consider this difference in the
following discussions.

The charge transfer overpotential is one of the decisive
parameters in electrochemical kinetics as it reflects the resistance
to the electrode surface reaction. It is mathematically linked to
the current density by Butler-Volmer Equation (Equation 2),

providing that mass-transfer effects are not considered (Bard and
Faulkner, 2001; Jossen, 2006).

. [em _a-om
1:10[eRT—e RT] (2)

Here, i and iy represent current density and exchange
current density, respectively. Since Butler-Volmer considers that
electrode reactions (charge transfer) may be asymmetric, a
transfer coefficient (o) describes the proportion of forward and
backward reaction at the corresponding electrode (Bard and
Faulkner, 2001).

Generally, diffusion processes take place as response to
a concentration gradient. Therefore, they occur in the bulk
solution particularly near the electrode surface due to the
reaction of the electroactive species (n4ifJiq) (Bard and Faulkner,
2001). After intercalating into the active material, the lithium
ions diffuse toward free lattice sites in the cathode material (in
case of charging the same process takes place at the anode). This
represents the solid-state diffusion process (n4ifsolid) (Jossen,
2006).

In this work, we focused on the investigation of
electrochemical processes causing nonlinear distortion of
current and overpotential such as charge transfer and diffusion
processes (Figure 1). We present an approach to NLEIS where
the operating point of the lithium-ion battery on the In-curve
is shifted by a DC bias to the nonlinear region of current and
overpotential. We are therefore able to consider the nonlinearity
of charge and discharge direction individually. An alternating
current of a small amplitude is simultaneously superimposed to
investigate the system in the time domain.

Nonlinear Characteristics of Lithium-lon

Batteries

In mathematical terms, nonlinear relation of current and
overpotential means the absence of the strict validity of Ohm’s
law. This implies that results of conventional EIS, which requires
the validity of Ohm’s law, can be compared to results of nonlinear
measurements only to a limited extent. In spectral analytics,
nonlinearity appears in higher harmonics (Hy~1) of the output
signal, representing integer multiples of the frequency of the
input signal (H;). The general distortion of a signal can be
expressed by Total Harmonic Distortion (THD) (Shmilovitz,

2005).
\/ ZZ:Z (Hx)2
THD = ————

Hy
Where Hy {xe Z1 |x > 1}

3)

In this study, however, the occurrence of each higher harmonic is
considered individually to investigate its characteristic response
and therefore Equation (4) was utilized. Each higher harmonic is
normalized to the fundamental frequency (H;). The result gives
the magnitude of the corresponding higher harmonic (Hy).

V (HY?

magnitude(H,) = T (4)
1
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FIGURE 1 | Schematic illustration of the major overpotentials in a lithium-ion battery causing nonlinear distortion of current and overpotential.
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MEASUREMENT METHODS

Current Pulse Measurement
The current pulse measurements were used to determine the
characteristics between current and overpotential.

A current pulse of 1/5 C with a duration of 10 s is applied to the
lithium-ion battery, followed by a relaxation step of 5min. The
procedure is subsequently repeated for a negative current pulse
(Figure 2) in order to avoid time deviations of the system due to
a change of the state of charge. The height of the current pulse
is then increased to a certain value (see Experimental section).
The current pulse duration was chosen according to the smallest
time constant of the system (determined by EIS), to ensure that
all electrochemical processes are captured.

After each current pulse pair, the value of the OCV was
compared to the initial OCV. If this value deviated by more
than 2%, the data were discarded to prevent results from
being compromised due to a change of the system’s state. To
determine the overpotentials in charge and discharge direction,
the following equations were used:

(5)
(6)

Neharge = ECELLmax — ECELL,OCV
Ndischarge = EcerL,min — EceLL,OCV

In order to estimate the degree of nonlinearity between current
and overpotential, the dimensionless Pearson Correlation
Coefficient (r) was utilized (Equation 7) (Ahlgren et al., 2003).

- Y Ui =D — 1)
VI @1 Y - 0

WhereI = 13" Jiand75 =1 3" | n;; r takes values between
1 and —1. At a value of 1 or—1, there is a complete positive or

(7)

negative linear relationship between I and 1. For r = 0, I, and n
are uncorrelated.

NLEIS

To successfully investigate the nonlinearity of an electrochemical
system, some fundamental approaches have already been
proposed (Kiel et al., 2008; Mao et al., 2010; Harting et al., 2017;
Murbach et al., 2018; Zabara et al., 2019). The main similarity
between the underlying methods is that the operating point of
the electrochemical system on the In-curve is shifted to the
range of nonlinearity. In the current work, the operating point
of the lithium-ion battery is shifted by applying a sufficiently
high direct current (DC). For investigating the system in
the time domain, an alternating current (AC) with a small
amplitude is simultaneously superimposed. The distorted output
signal contains not only the fundamental frequency but also
its higher harmonics. By means of Fast Fourier Transform
(FFT) its discrete frequency coefficients are isolated from the
signal. The fourier coefficients are then normalized to the
fundamental frequency and the result is used to estimate
the magnitude of each higher harmonic. The NLEIS spectra
are recorded with alternating current pulses—according to
measurement procedure of the I-pulse measurements. First, a
positive direct current is applied and an additional alternating
current of a specific frequency is superimposed. Subsequently,
the corresponding negative direct current with the alternating
current of the same frequency is measured (Figure 3). The main
advantage of this method is that we can determine nonlinearity
in charge and discharge direction individually. Note, that we are
windowing our digitized signal to prevent aliasing. Therefore, the
higher harmonics will be suppressed to a certain extent due to this
drift correction.
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FIGURE 2 | Measurement procedure for estimating current and overpotential
relation of lithium-ion batteries.

1/ mA

+DC bias + AC

—

E/V

ocv

-DC bias + AC

Umw%*_

FIGURE 3 | Overview of the NLEIS measurement.

Generally, the underlying approach (Figure 3) is widely used
for investigating the harmonic characteristics of highly nonlinear
electronic components such as diodes (Suematsu et al., 1982;
Caverly and Hiller, 1987; Way, 1987). In terms of electrochemical
systems there are several methods performing DC and AC
experiments in a single measurement [e.g., Dynamic-EIS (Sacci
et al.,, 2014; Zhang et al., 2014; Huang et al., 2015)] but without
considering the system’s nonlinearity. There are only a few
publications, however, of DC/AC experiments that are used to
specifically investigate nonlinearity of electrochemical systems
(Xu and Riley, 2013). To the best of our knowledge, this
measurement technique has not been applied to energy storage

media such as lithium-ion batteries, yet. Since we apply a DC
bias, occurring higher harmonics can be the result of a system’s
potential drift or capacitances. Therefore, we also performed
an experiment with a supercapacitor that has a capacitance
similar to our system (ca. 22 mF). If potential issues like voltage
drift or capacitances generally cause the appearance of higher
harmonics, they have to become visible in this experiment.
Since we did not see significant higher harmonics (<0.1%) (see
Supplementary Material), these issues can be exclude as source
for higher harmonics in case of our measurement setup.

For a more detailed understanding of the measurement
method and its development for lithium-ion batteries in general
refer to the Supplementary Material.

EIS

EIS measurements were performed in order to correlate
the tendency of overpotentials with data obtained from
EIS. Additionally, EIS spectra were utilized to determine
which electrochemical processes of the lithium-ion battery
are attributed to the frequency range captured in the NLEIS
measurements. Therefore, the time constants obtained using
DRT (Saccoccio et al., 2014; Wan et al., 2015) are compared to
the occurrence of higher harmonics from the NLEIS spectra.

RESULTS

In order to gain a deeper understanding of when nonlinearity in
the studied lithium-ion batteries becomes relevant and whether
the electrode reactions are asymmetric, we initially recorded
In-curves by current-pulse measurements (I-Pulse). The In-
curves were recorded up to a current pulse of 34 mA (~7C).
This current limit was chosen in order to avoid irreversible
degradation of electrochemical functionality by reaching certain
potentials. We therefore chose in this case a cell voltage of 3.3V
to ensure that e.g., the anode’s potential does not drop below 0 V
preventing metallic lithium deposition on the anode surface even
at high current densities (Bugga and Smart, 2010).

In the following figures, all data referring to the charge
direction are shown in red and the results of the discharge
direction are represented in blue.

The In-curves for anode and cathode indicate asymmetric
kinetics of the electrode reactions with respect to charge and
discharge direction, with the asymmetry being considerably
more pronounced at the cathode (Figure4). The cathodes
In-curve in discharge direction indicates much higher
overpotentials than in charge direction. It is therefore
necessary to consider the positive and negative current
range individually to obtain differentiated information
about the kinetics of the electrode reactions in charge and
discharge direction.

Obviously, it is not possible to apply such a high DC bias,
34 mA, to record NLEIS, because the change of the cell properties
due to a shift in the state of charge (over time) would be
significant. In order to avoid large time deviations of the system,
therefore, an operating point on the In-curve was selected, which
already points to nonlinearity between current and overpotential,
for which, however the lowest possible current is required.
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FIGURE 4 | In- characteristic of the investigated lithium-ion battery (Al = 2 mA) (Left) with the corresponding correlation coefficients for a DC bias of max.
0.5mA) (Right) of anode (ry) and cathode (r¢) in charge (red) and discharge (blue) direction at a cell voltage of 3.3V recorded at 20°C.
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FIGURE 5 | Overpotentials based on a DC bias of 5mA (Left) and corresponding correlation coefficients based on a DC bias range of 1-5mA (Al = 1 mA) (Right) of
cathode and anode in charge (red) and discharge (blue) direction as a function of cell voltage at a temperature of 20°C.

The magnified figure to the right (Figure 4) shows the range
selected to measure NLEIS with corresponding r. Accordingly,
the following NLEIS spectra were recorded with 5mA DC (ca.
1C) and 2mA AC. Previous to this study we analyzed different
DC bias (2, 5, 7, and 9mA) to investigate how the DC bias
affects the higher harmonics. We found out that the values of
the higher harmonics increase with increasing DC bias, but
the course of the harmonic values remains the same (same in
quality). At a value of 9mA the harmonics decrease, probably

due to a significant change in the cell voltage. Therefore, we
chose a DC bias of 5mA, since the higher harmonic values’
signal to noise ratio is satisfactory and the change in the cell
voltage is less. Further, we chose 2mA AC since the impedance
spectra are performed with that amplitude. We therefore ensure,
that our lithium-ion battery system does not become nonlinear
due of the AC signal, but only because of the applied DC
bias. Additionally, the signal to noise ratio is satisfactory for
this amplitude.
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State of Charge

Current Pulse Results

All following current pulse measurements were evaluated at
a DC bias of 5mA, according to the DC bias of recorded
NLEIS spectra.

The overpotentials of the cathode are strongly dependent
on the state of charge of the lithium-ion battery and generally
increase with decreasing cell voltage (Figure5). According to
literature, this can be explained by an increase of the charge
transfer resistance (Wu et al., 2005). In addition, inhibited solid-
state lithium ion diffusion within NMC (LiNi;/3Co1/3Mn;/30;)
is responsible for higher overpotentials at lower state of
charges. This phenomenon is due to a contraction of a certain
crystal plane within NMC at high lithiation degrees (Wiemers-
Meyer et al., 2016). Further lithium intercalation requires large
negative potentials, which leads to significant overpotentials in
discharge direction (Latz and Zausch, 2013). Oppositely, during
charging (decrease of lithiation degree), the solid-state lithium-
ion diffusion becomes facilitated due to an expansion of the
crystal plane. The lithium-ion mobility becomes thereby largest
at 50% state of charge (Wiemers-Meyer et al., 2016). Moreover,
the electronic conductivity of NMC increases with delithiation,
which is attributed to the presence of mixed Ni**/Ni** valence
states, therefore contributing to a reduction of overpotentials
with increasing state of charge (Amin and Chiang, 2016). At
lower state of charges (at 3.3V and below) the overpotentials
are much higher for the discharge direction than for the charge
direction. This effect is significantly enhanced at higher current
values (Figure 4). Moreover, the nonlinear relation between
current and overpotential (Figure 5, right) increases especially at
the cathode with decreasing state of charge which corresponds
to the tendency of overpotentials (Figure 5, left). The anode’s
overpotentials, in contrast, are only slightly affected by the state of
charge of the lithium-ion battery. The values of its overpotentials

are about half the cathode’s overall overpotential. The anode
is therefore significantly less kinetically inhibited. The slightly
increasing overpotential in lower state of charge range might
be due to an increase of the charge transfer resistance and the
lower electronic conductivity of delithiated graphite (Umeda
et al., 2001; Park et al., 2010; Gordon et al., 2017). In contrast to
the cathode, the lithium solid-state diffusion within the graphite
makes only a small contribution to the overpotentials, since the
diffusion coeflicient only weakly depends on the state of charge
and is generally slightly larger than the diffusion coefficient of
lithium within NMC (Yu et al.,, 1999; Wu et al., 2012). At a
cell voltage of 3.7V and above the overall overpotentials for
anode and cathode become insignificantly small in both charge
and discharge direction. In order to exemplarily correlate the
tendency of overpotentials with EIS data, electrode-resolved EIS
spectra in dependence of the state of charge are depicted in the
Supplementary Material. In this work we primarily focus on the
qualitatively correlation.

NLEIS

Initially, we investigated the nonlinearity for a cell voltage of 3.3 V
to determine, which higher harmonics of relevant magnitude
generally occur.

Figure 6 indicates that the magnitude of harmonics decreases
from the 2nd harmonic to higher harmonic orders and
is generally higher in charge direction. The 2nd harmonic
clearly appears in the middle and lower frequency range,
whereas the 3rd harmonic is only slightly visible in the low
frequency range of the discharge direction. In contrast, the
4th harmonic does not exhibit any relevant values. Based
on this result, in further investigations only the 2nd and
3rd harmonics are considered. The random noises of the
2nd and 3rd harmonic are quantified by an ohmic resistance
of 10 Q.
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NLEIS cell spectra were recorded at four different cell voltages:
2.9,3.3,3.7,and 4.0 V (Figure 7).

In general, the 2nd harmonic is negligible at a cell voltage of
3.7V and above, but increases with decreasing voltage (Figure 7).
This correlates with the described tendency of the overpotentials’
charge-dependencies. At lower cell voltages, the 2nd harmonic
occurs at frequencies below ~4 Hz and increases in its magnitude
with decreasing frequency. Furthermore, the 2nd harmonic
is significantly more pronounced in charge direction than in
discharge direction, which agrees with the correlation coefficients
(Figure 5, right), but is contrary to the overpotentials being
higher in discharge direction. Interestingly, the magnitude of 2nd
harmonic does not change significantly between 2.9 and 3.3V,
especially in charge direction. The 3rd harmonic occurs only in
discharge direction at lower cell voltages from a frequency of
0.7 Hz (Figure 7) in relevant orders of magnitude.

To gain a deeper understanding which electrode—cathode or
anode—causes the main nonlinearity, electrode-resolved NLEIS
spectra at a cell voltage of 3.3V were recorded (Figure 8, top).
Therefore, the excitation signal was applied to the cell and the
signals of anode and cathode were recorded individually using
an integrated reference electrode. In addition, an electrode-
resolved DRT plot (Figure 8, bottom) is shown to compare
which processes take place in the corresponding frequency
range according to EIS at this cell voltage. The corresponding
impedance spectra are found in the Supplementary Material.

According to the upper part of Figure 8, nonlinearity occurs
especially at the cathode at frequencies below 4 Hz, with the
nonlinearity in charge direction being much more pronounced
than in discharge direction. According to the DRT-plot (Figure 8,
bottom), the frequency range below 8Hz is associated with
the charge transfer resistance of the cathode and agrees with
the appearance of the 2nd harmonic at the cathode. The
2nd harmonic of the anode is negligible over the entire
frequency range, which is possibly a result of the charge transfer
resistance being very low. We can therefore assume that the
appearance of the 2nd harmonic correlates with the presence
of a kinetic reaction inhibition. The magnification exhibits that
even the magnitude of 3rd harmonic of the cathode (at a
frequency below 0.7 Hz) is greater than the 2nd harmonic of
the anode.

Interestingly, the cathode’s higher overpotentials in discharge
direction (Figure 5, left) are not reflected by NLEIS in form of the
2nd harmonic (higher in charge direction) (Figure 8). Therefore,
the higher overpotentials in discharge direction may be expressed
in form of the 3rd harmonic. Possibly, the inhibited solid-state
lithium-ion diffusion within NMC due to the high degree of
lithiation causes the occurrence of the 3rd harmonic. The fact that
the 3rd harmonic becomes only visible at lower state of charges
in the lower frequency range supports the assumption. Moreover,
the occurrence of the 3rd harmonic in response to diffusion
processes has already been suggested in literature (Wolff et al.,
2018, 2019).

Temperature

Current Pulse Results

The following temperature dependent In-characteristics are
based on a DC bias of 5mA. In this case a constant cell

voltage of 3.7V was chosen (instead of 3.3V depicted in
Figure 6). Since the nonlinearities at cell voltages of 3.7V and
at a temperature of 20°C are negligible (Figures 5, 7), we can
be sure that the occurrence of higher harmonics at 3.7V (T
<20°C) is exclusively due to a slower kinetic as a result of
temperature reduction.

As expected, the overpotentials of both, cathode and
anode, are strongly dependent on temperature and increase
with decreasing temperature (Figure9, left), with the
overpotentials being higher in discharge direction. With
decreasing temperature, the asymmetry of overpotentials of
charge and discharge direction becomes more pronounced,
especially at the cathode. The tendency of the correlation
coefficients coincides with the tendency of the overpotentials
and exhibit a predominantly higher degree of nonlinearity at the
cathode in charge direction. In order to correlate the tendency of
overpotentials with data obtained from EIS, electrode-resolved
EIS spectra in dependence of the temperature are found in the
Supplementary Material.

NLEIS

Initially, we recorded a NLEIS cell spectrum at 0°C (and at a
cell voltage of 3.7V), to investigate, which harmonics occur at
lowered temperature.

At a cell voltage of 3.7V and a temperature of 0°C only the
2nd harmonic appears. The 3rd and 4th harmonic are negligible
in charge and discharge direction.

In the following measurements, the occurrence of
nonlinearities as a function of temperature will be investigated.
For this purpose, NLEIS spectra are recorded at a cell voltage of
3.7V in the temperature range from 0 to 20°C. Although the 3rd
harmonic exhibits no relevant values in Figure 10, it is further
considered for the sake of completeness. The random noises of
the 2nd and 3rd harmonic are quantified by an ohmic resistance
of 10 .

The magnitude of the 2nd harmonic decreases with increasing
temperature (Figure 11, left), and at a temperature of 15°C
and above the 2nd harmonic becomes insignificant. The 2nd
harmonic appears at frequencies below ~10Hz and increases
with decreasing frequency until it reaches a plateau at ~0.4 Hz.
Down to 6 Hz, the 2nd harmonic is very similar for charge and
discharge direction, whereas in the frequency range of 6-2 Hz the
discharge direction becomes predominant. This tendency inverts
below 2 Hz, where the 2nd harmonic in charge direction becomes
significantly larger than in discharge direction.

At a frequency of 0.9Hz the 3rd harmonic increases but,
however, decreases further at a temperature of 10°C and above
(Figure 11, right). At a temperature of 5°C and below only a
slight increase of the 3rd harmonic can be seen in the lower
frequency range. Interestingly, although the magnitude of the
2nd harmonic at 0°C (and a cell voltage of 3.7 V) is greater than
the 2nd harmonic at a cell voltage of 2.9°V and a temperature
of 20°C (Figure 7), the 3rd harmonic does not significantly arise
here (Figures 10, 11, right). However, since the magnitudes of
the 3rd harmonic are so small, further interpretation of these is
initially omitted.

An electrode-resolved NLEIS spectrum (Figure 12, top) with
a corresponding DRT plot (Figure 12, bottom) of the lithium
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FIGURE 7 | NLEIS cell spectra of the 2nd harmonic (Left) and 3rd harmonic (Right) for charge (red) and discharge (blue) direction as a function of cell voltage and at
a temperature of 20°C with the corresponding random noises.
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FIGURE 8 | Electrode-resolved NLEIS spectra (Top) for charge (red) and discharge (blue) direction and electrode-resolved DRT plot (Bottom) of the lithium-ion
battery at a cell voltage of 3.3V at a temperature of 20°C.
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FIGURE 10 | Higher harmonics (H2-H4) in charge (c) and discharge direction (dc) and the corresponding random noise of the measurement setup at a cell voltage of
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ion-battery at 3.7V and 0°C are further shown. The according
impedance spectra are found in the supporting information.

The 2nd harmonic of the anode arises at frequencies below ca.
60 Hz, whereas the cathode’s 2nd harmonic appears not before
a frequency of 20 Hz. The frequency range of the anode’s 2nd
harmonic coincides with its charge transfer resistance (Figure 12,
bottom). The DRT plot further exhibits that the anodic charge
transfer resistance increases relative to the cathodic charge
transfer resistance compared to the bottom of Figure 8. It can
therefore be assumed that, due to the higher charge transfer
resistance, in this case a 2nd harmonic arises at the anode.

Lowering the frequency from 20 Hz down to 4 Hz leads to an
increase of the 2nd harmonic, after which it reaches a plateau.
Before reaching the plateau, the 2nd harmonic of the anode is
generally higher than that of the cathode, which is probably
due to the lower time constant of the anode’s charge transfer
resistance. This tendency inverts at a frequency of ca. 1Hz,

where the 2nd harmonic of the anode remains constant and the
cathode’s 2nd harmonic increases further. The occurrence of the
2nd harmonic matches, as in the case of the anode, with the time
constant of its charge transfer resistance (Figure 12, bottom).
Furthermore, the charge direction at the cathode depicts much
higher nonlinearities than the discharge direction. Since the 2nd
harmonics of the anode of charge and discharge direction are very
close to each other, no clear directional dependence (charge or
discharge) can be found. This result indicates that the kinetics
of the anodic electrode reaction is more symmetrical than the
electrode reaction at the cathode regarding charge and discharge
direction. The 3rd harmonics’ magnitude is compared to the 2nd
harmonics’ magnitude negligible for both electrodes.

The change of the 2nd harmonic in the NLEIS cells
spectra (Figure 11, left) with respect to charge and discharge
direction can be explained with the change of the 2nd
harmonics’ magnitude between anode and cathode. Additionally,
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FIGURE 12 | Electrode-resolved NLEIS spectra (Top) for charge (red) and
discharge (blue) direction and electrode-resolved DRT plot (Bottom) of the
lithium-ion battery at a cell voltage of 3.7V at a temperature of 0°C.

the plateau in the lower frequency range of cell spectra can
be attributed to the anode’s contribution. We can therefore
assume that the NLEIS cell spectra represent the sum of the

anodic and cathodic nonlinear contributions (in this case the
2nd harmonic).

When comparing the two electrode-resolved spectra
(Figures 8, 12), is noticeable that the 2nd harmonic,
particularly at the anode, has significantly different courses
depending on cell voltage or temperature. While the anode
exhibits virtually no nonlinearities at a lower state of charge
(3.3V) (Figure 8), its contribution to nonlinearity at lowered
temperature (0°C) is comparable to the contribution of the
cathode (Figure 12). This observation leads us to the assumption
that the overpotentials contributing to nonlinearity at varying cell
voltages are either qualitatively different from the overpotentials
that occur with temperature changes, or the same overpotential
causes significantly different distortion of overpotential and
current depending on state of charge or temperature changes.
On the basis of the experiments carried out, we assume that the
2nd harmonic reflects the kinetic of the charge transfer reaction.
Therefore, the same overpotential (charge transfer) shows
different expressions in dependence of temperature changes
and changes in state of charge. The fact that the 2nd harmonic
exhibits a high temperature dependence and a rather low
dependence on the state of charge may support the assumption
(André et al., 2011; Farmann et al., 2016).

CONCLUSION

In this work, in addition to the investigation of nonlinear
distortion of current and overpotential using a new approach to
NLEIS, we also examined the state of charge and temperature
dependent anodic and cathodic current-overpotential
characteristics of a lithium-ion battery. For the first time,
this NLEIS method allows to individually address nonlinearity in
charge and discharge direction of lithium-ion batteries.

We show that the reaction kinetics at cathode and anode,
according to Butler-Volmer, are asymmetric, with the cathodic
asymmetry being much more pronounced than the anodic.

The overpotentials of the cathode depend significantly on
the state of charge, whereas the respective overpotentials of the
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TABLE 1 | Electrode composition of the investigated lithium-ion battery.

TABLE 3 | Experimental parameters for EIS spectra, I-Pulse measurements, and
NLEIS spectra as a function of state of charge.

Component Mass fraction Chemical Manu-facturer
compound T Freq AC DC Ecel

Active 91 wt.-% Graphite Hitachi EIS 20°C 200 kHz— 2mA  / 3.3V
material (anode) (SMG A4) 5 mHz

90 wt.-% LiNi;3C01,3Mny,60,  BASF (30 freq. per decade)

(cathode) (HED NCM-111) I-Pulse 20°C / / 2.9-4.0V
Binder 5 wt.-% Polyvinylidenfluoride  Solvay £1-5mA 33V

(anode) (Solef 5130) Al=1mA

4 Wt-% + 1-34mA

(cathode) Al=2mA
Conducting 2 Wt-% Graphite (C-Nergy Imerys NLEIS (full cell) 20°C  400-0.2 Hz 2mA  +5mA 2.9V
agent SFG 6L) (10 freq. per decade) 3.3V

3.7V

Conductive 2 wt.-% Carbon black Imerys 40V
carbon black (anode) (C-Nergy Super

4 wWt-% c65) NLEIS 20°C 400-0.2Hz 2mA +5mA 3.3V

(cathode) (electrode- (10 freq. per decade)

resolved)

TABLE 2 | Experimental parameters for EIS spectra, I-Pulse measurements, and
NLEIS spectra as a function of temperature.

T Freq AC DC Ecen
EIS 0°C 200 kHz— 2mA / 3.7V
5 mHz
(30 freq. per decade)
I-Pulse 20-0°C; / / +1-5 mA 3.7V
AT =5°C Al=1mA
NLEIS (full 20-0°G; 400-0.1Hz 2mA +5mA 3.7V
cell) AT =5°C (10 freq. per decade)
NLEIS 0°C 400-0.1Hz 2mA +5mA 3.7V
(electrode- (10 freq. per decade)
resolved)

anode only show a slight dependence. In the NLEIS cell spectra,
the nonlinearity (2nd harmonic) increases with decreasing
SOC, which correlates with the tendency of overpotentials.
The electrode-resolved spectra at a cell voltage of 3.3V clearly
show nonlinear distortion (2nd harmonic) at the cathode in
the medium and low frequency range, whereas the nonlinear
distortion at the anode is negligible.

Moreover, the 3rd harmonic only occurs significantly at lower
state of charges (at 3.3 V and below) in the lower frequency range
throughout the investigations (Figure 7, right). The electrode-
resolved spectra (Figure 8) exhibits that the 3rd harmonic only
occurs at 3.3V at the cathode in discharge direction. Therefore,
probably, the 3rd harmonic appears due to the inhibited solid-
state lithium-ion diffusion within NMC (Amin and Chiang, 2016;
Wiemers-Meyer et al., 2016). That the 3rd harmonic occurs as
a response to diffusion processes in electrochemical systems has
already been suggested in literature (Wolff et al., 2018, 2019).

When cell temperature is changed and the state of charge
remains constant, the overpotentials at both electrodes increase
in a similar manner with decreasing temperature. The results of
NLEIS spectra compared to current-overpotential characteristics
show that the occurrence of the 2nd harmonic correlates with
the presence of significant overpotentials. Furthermore, the 2nd

harmonic’s frequency range matches with the frequency range
of the charge transfer resistance for both electrodes at lowered
temperature (0°C), respectively. The occurrence of 2nd harmonic
may therefore be attributed to the kinetic inhibition of the charge
transfer process.

One the basis of experimental data of this work and existing
results from literature, in this work suggestions on the cause of
2nd and 3rd harmonic within a lithium-ion battery were made.
However, further experiments have to be carried out in order to
be able to make educated proposals. One approach would be to
investigate other cell systems by varying the electrode materials.

EXPERIMENTAL

The investigated system is a lithium-ion battery in a three-
electrode setup (EL-Cell, Germany), of which the anode and
cathode represent round die-cuts (diameter = 18 mm, electrode
surface ~2.55 cm®). A metallic lithium reference ring is
implemented in the separator. The corresponding electrode
components are listed in the Tables 1-3.

EIS, NLEIS, and Current-Pulse

Measurements
All data in this manuscript are based on a minimum of four
cell replicates.

EIS and I-Pulse measurements were performed with a VMP3-
Potentiostat (Biologic, France). The NLEIS was carried out by
means of a VMP3 Potentiostat (BioLogic, France) which was
solely used to generate the analog input signal (DC+AC). A
DAQ-device (NI 9251, National Instruments, Germany) was
connected to the E-Monitor of the VMP3-Potentiostat to record
the analog output signal of the lithium-ion battery. This setup
was chosen, since we required the raw data of the output signal
and not the processed one. All temperature measurements (in the
range between 0 to 20°C) were carried out in a climate chamber
(MKS58, Binder, Germany). EIS and I-Pulse measurements were
recorded in three-electrode setup. The NLEIS spectra were
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recorded in a complete cell arrangement and a three-electrode
setup was used for selected measurement parameters only, as
the electron—resolved spectra in this setup are still laborious at
this time.
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