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HIGHLIGHTS

Electrochemical nonlinearity responds
fast to excitation.

Thermal effects evolve gradually on the
thermal time constant.

Nonlinear response is temperature-dependent
and most pronounced at low tempera-
tures.

Linear response up to 280 mV challenges
conventional 20mV criterion.
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ABSTRACT

Impedance decrease during high—current excitation as in Nonlinear Electrochemical Impedance Spectroscopy
(NLEIS) can arise from electrochemical nonlinearity, self-heating, or both. We developed two measurement
protocols separating these contributions by exploiting distinct time scales: electrochemical nonlinearity
responds quickly, while self-heating evolves slowly. The first protocol extends NLEIS frequency sweeps
with auxiliary 1kHz measurements for continuous internal temperature tracking via impedance phase. The
second protocol employs single-frequency measurements with alternating excitation amplitudes, enabling
direct observation of fast versus slow impedance changes. Experiments on a 3.5Ah cylindrical lithium
nickel manganese cobalt oxide (NMC) cell quantify contributions: at 5°C and 10Hz, impedance decrease is
entirely electrochemical at 0.57C, while at 2.57C, temperature dependence contributes 15% and electrochemical
nonlinearity 85%. At 25°C, the cell remained linear. The widely-adopted 20 mV linearity criterion may be too
strict: we observed linear behavior up to 280mV, 14 times the threshold.
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KK
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RMS
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Constant Phase Element

Equivalent Circuit Model
Electrochemical Impedance Spectroscopy
Kramers-Kronig

Nonlinear Frequency Response Analysis
Nonlinear  Electrochemical Impedance
Spectroscopy

Lithium Nickel Manganese Cobalt Oxide
Open Circuit Voltage

Root Mean Square

State of Charge

State of Health

Total Harmonic Distortion

Impedance phase (°)

Warburg exponent

Transition time (s)

Temperature change (K)

Real impedance change at step transition
during single-frequency NLEIS ()

Real impedance change at step transition
during single-frequency NLEIS (Q)
Voltage drop across charge-transfer resis-
tance (V)

NLEIS excitation frequency (Hz)

Distortion amplification factor

Warburg phase parameter

Imaginary part of impedance (Q)

Angular frequency (rads~!)
Charge-transfer resistance ()

Real part of impedance ()

Warburg coefficient (Q/s”)

Sensitivity of impedance feature with re-
spect to temperature

Total harmonic distortion (%)

Internal cell temperature (°C)

First harmonic magnitude of cell voltage
response (V)

Second harmonic magnitude of cell voltage
response (V)

Third harmonic magnitude of cell voltage
response (V)

Specific heat capacity (Jkg™' K™!)
Activation energy (kJ mol™')

Frequency (Hz)

RMS current (A)

Excitation current (A and C-rate)

Current required to produce AT in At (A)
Imaginary unit

Inductance (H)

1. Introduction

Batteries exhibit inherently nonlinear current-voltage character-

istics due to electrochemical processes. These processes, including

m Mass (kg)

n Constant phase element exponent

0 Cell capacity (Ah)

O Thermal energy (J)

Qu Constant phase element coefficient (F/s!~")
Ry Gas constant (J K~! mol)

R, Ohmic resistance (Q)

Ry, Thermal resistance (K W—!)

T Temperature (°C)

Zyy Warburg impedance ()

charge-transfer kinetics and diffusion, depend nonlinearly on state
variables such as concentration, temperature, and potential [1-4]. De-
spite this fundamental nonlinearity, Electrochemical Impedance Spec-
troscopy (EIS), a technique based on linear system theory, is widely
used for battery characterization and state estimation [5-8].

Impedance, defined as the frequency-dependent ratio of voltage
response to current excitation, is mathematically valid only when the
battery is operated within its linear regime. To satisfy this linearity
requirement, the EIS excitation current must be sufficiently small that
the voltage response remains proportional to the applied excitation.
This small-signal approximation linearizes the nonlinear characteris-
tics around a specific operating point, capturing only linear dynamics
while systematically discarding information about higher-order non-
linear behavior. However, the boundary between linear and nonlinear
regimes remains poorly defined, creating challenges for experimen-
tal design and data interpretation. Potentially valuable information
encoded in the nonlinear electrochemical response might be system-
atically overlooked, limiting our ability to fully characterize battery
behavior.

The most widely-adopted linearity criterion in battery research
specifies a maximum peak cell voltage response of 20mV [9-16].
Alternative approaches for assessing linearity include Lissajous plots,
Kramers—Kronig (KK) relations, and distortion analysis of the cell volt-
age response. Lissajous plots provide qualitative assessment by plot-
ting excitation current versus voltage response in the time domain;
linear systems produce perfect ellipses, while nonlinear behavior man-
ifests as distorted ellipses [10,17]. The KK relations, which mathe-
matically connect the real and imaginary components of impedance
for linear, causal, and stable systems, enable validation by compar-
ing measured spectra with KK-transformed data [18-21]. Randomly
distributed residuals with zero mean indicate linear system behav-
ior. However, both Lissajous plots and KK tests lack standardized
quantitative thresholds for systematic comparison.

A quantitative metric is the Total Harmonic Distortion (THD), de-
fined as the ratio of the Root Mean Square (RMS) magnitude of higher
harmonics to the first harmonic magnitude:

N
anzlYnlz
M|

THD = -100%, (@)

where Y, represents the magnitude of the n-th harmonic and N is
the highest harmonic considered. A THD below 1% of the cell voltage
response has been proposed as a linearity threshold [9,10].

A critical limitation of THD, when monitoring only response signal
distortion, is its sensitivity to nonlinearities from any source, not exclu-
sively from electrochemical processes in the cell. For example, amplifier
nonlinearity can introduce harmonics in the excitation signal that
are indistinguishable from electrochemical harmonics without proper
verification [17].
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Nonlinear Electrochemical Impedance Spectroscopy (NLEIS)

When excitation amplitudes exceed linear regime thresholds, bat-
teries exhibit nonlinear behavior characterized by harmonic distor-
tion in the voltage response. Measurement techniques that operate
in this regime and exploit nonlinear characteristics are collectively
termed Nonlinear Frequency Response Analysis (NFRA) or Nonlinear
Electrochemical Impedance Spectroscopy (NLEIS). When specifically
targeting second-harmonic responses, the term 2nd-NLEIS is used [1,
9,22]. Throughout this study, we use NLEIS to include all nonlinear
impedance techniques.

A characteristic feature of NLEIS is the decrease in impedance
magnitude with increasing excitation amplitude, particularly in the
frequency range associated with charge-transfer processes [15,23-27].
Two distinct mechanisms can contribute to this amplitude-dependent
impedance decrease. First, intrinsic electrochemical nonlinearity arises
from the nonlinear relationship between current and overpotential
described by the Butler—Volmer equation. At sufficiently high currents,
overpotential saturates and no longer scales linearly with current,
effectively decreasing the charge—transfer resistance R. Second, self—
heating effects occur because Joule heating (proportional to the square
of current amplitude) increases internal cell temperature, which in turn
decreases impedance [28,29].

Physics-based modeling frameworks have demonstrated fundamen-
tal relationships between electrochemical parameters and nonlinear
responses [1-4]. These models typically incorporate charge-transfer
nonlinearity, diffusion nonlinearity, and open circuit voltage nonlin-
earity [1-4,15,26,30-37]. However, only Zhu et al. modeled ther-
mal effects [26], limiting the ability to distinguish electrochemical
nonlinearity from self-heating in most modeling frameworks.

The relative contributions of electrochemical nonlinearity versus
self-heating to the observed impedance decrease in experimental stud-
ies remain controversial, with different studies reaching contradictory
conclusions. Huang et al. observed up to 66% decrease in R for a
commercial 1Ah cell at —10°C when increasing excitation amplitude
from 0.01 to 0.7Cgrypg [24]. With measured temperature changes below
1.5K, they attributed the impedance decrease primarily to charge—
transfer nonlinearity. Similarly, Zhu et al. reported 70% decrease in R
for an 8 Ah prismatic cell at —20 °C when excitation increased from 0.1
to 1.4Cgys, Observing surface temperature increases of 1.4K [26]. They
too concluded that self-heating contributions were negligible compared
to electrochemical nonlinearity.

In contrast, Andre et al. attributed impedance decrease in a 6.5 Ah
cylindrical cell at —30°C primarily to self-heating, despite measuring
only 0.4K surface temperature increase at 0.11Cgyg [27]. They argued
that inhomogeneous temperature distributions result in significantly
higher internal temperatures than surface measurements indicate.

This disagreement highlights a critical methodological limitation:
surface temperature measurements inadequately characterize internal
thermal states during NLEIS. Substantial temperature gradients exist
between cell core and surface, as well as across different surface
locations, during operation [38-48]. The resulting ambiguity in mech-
anism attribution undermines the physical interpretation of NLEIS data
and limits the technique’s utility for quantitative battery characteriza-
tion. Without methods to track internal temperature evolution during
high-amplitude impedance measurements, impedance decrease cannot
be unambiguously attributed to electrochemical nonlinearity, thermal
effects, or their coupled interaction.

Knowledge gap and motivation for this study

Our literature analysis reveals a significant knowledge gap that
limits the interpretation and comparability of NLEIS for battery char-
acterization:
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The relative contributions of electrochemical nonlinearity versus
thermally-induced to observed impedance decrease during NLEIS re-
main unclear. Contradictory conclusions in literature stem from a
fundamental methodological limitation: surface temperature measure-
ments inadequately characterize internal thermal states during high—
amplitude excitation. Without methods to track internal temperature
evolution during NLEIS, impedance decrease cannot be unambigu-
ously attributed to electrochemical nonlinearity, thermal effects, or
their coupled interaction. No previous study has combined internal
temperature measurements with NLEIS to separate these contributions
experimentally.

To address this knowledge gap, we present two complementary ex-
perimental protocols (Section 2) enabling separation and quantification
of electrochemical nonlinearity and thermally-induced effects during
NLEIS. By combining EIS-based internal temperature estimation with
systematic NLEIS characterization, we provide unambiguous attribu-
tion of impedance decrease with current amplitude. Furthermore, we
establish signal validation procedures to distinguish electrochemical
nonlinearities from instrumental artifacts. Based on our experimental
results (Section 4), we develop practical recommendations for high—
quality impedance measurements that maximize signal-to-noise ratio
while ensuring valid linear system identification.

2. Methods

To quantify and separate electrochemical nonlinearity from
thermally-induced effects during NLEIS, we developed two comple-
mentary experimental protocols. Both methods exploit the distinct
time scales of these phenomena: electrochemical nonlinearity responds
quickly to applied excitation, whereas self-heating evolves slowly
according to the cell’s thermal time constant. For cylindrical 18650
cells, thermal time constants in the range of several minutes have been
reported [49-52], enabling temporal separation of these contributions.
By monitoring impedance evolution over time while simultaneously
tracking internal cell temperature, we can decouple these two effects.

2.1. Modified NLEIS sweep with internal cell temperature tracking

The first method extends conventional EIS frequency sweeps with
additional auxiliary measurements to continuously track internal cell
temperature evolution during high-amplitude excitation.

In conventional EIS measurements, excitation frequency is typically
swept monotonically from high to low frequencies. Cumulative Joule
heating progressively increases the internal cell temperature T}, partic-
ularly at low frequencies, where longer measurement times and higher
impedance magnitudes result in greater energy dissipation. Since both
self-heating and nonlinear electrochemical effects decrease impedance
magnitude, their contributions cannot be separated without additional
information.

Our intermittent protocol addresses this limitation by performing
auxiliary impedance measurements at 1kHz throughout the frequency
sweep using low-amplitude excitation to ensure linear cell response.
Fig. 1(a) illustrates the measurement sequence, showing a segment of
the excitation current (top) and the complete measurement frequency
schedule (bottom) with 141 s measurement duration.

We exploit the temperature sensitivity of impedance phase at 1kHz
for internal temperature estimation [28]. The change in internal cell
temperature AT, is calculated from the change in negative impedance
phase 4 — argZ according to:

A—argZ

AT, =
n S_ argZ,T

i

, @

where S_,..; 7 is the temperature sensitivity coefficient of the nega-
tive impedance phase in °K~!, determined through prior calibration
measurements across the operating temperature range.
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(a) Modified NLEIS frequency sweep.
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(b) Single—frequency NLEIS protocol.

Fig. 1. Schematic illustration of proposed Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) measurement methods for separating electrochemical from
thermal nonlinearities based on their distinct temporal signatures. (a) Modified NLEIS frequency sweep (NLEIS) with intermittent auxiliary frequency measurements
(EIS_T) enabling internal cell temperature estimation via impedance phase. (b) Single-frequency NLEIS protocol: the cell is sequentially excited with low (Step I),
high (Step II), and low (Step III) amplitude at a single frequency. Periodic auxiliary Electrochemical Impedance Spectroscopy (EIS) measurements track internal
cell temperature evolution. Electrochemical nonlinearity produces fast impedance change AZ,_; and AZ;_,; upon amplitude switching between steps, while
self-heating causes slow impedance decrease AZ;; during sustained high-amplitude excitation (Step II) and slow impedance increase AZ;; during passive cooling
(Step III). Comparing these temporal patterns enables quantitative separation of the two contributions. The transition time 4r denotes the interval between the

last auxiliary measurement in Step I and the first in Step II.

To distinguish electrochemical nonlinearity from instrumental ar-
tifacts, we analyze harmonic distortion in both the excitation current
THD; and the cell voltage response THDy, as defined in Eq. (1) [17]. We
introduce the distortion amplification factor I" as the ratio of voltage
to current THD:

_ THDy 3
THD;

This metric enables distinction between two regimes: (1) linear
behavior (ideally I' ~ 1), where the cell preserves the harmonic content
of the excitation signal; and (2) nonlinear behavior (I" > 1), where
the cell generates additional harmonic distortion beyond the excitation,
indicating electrochemical nonlinearity. We complement this analysis
by examining the first three individual harmonic magnitudes |V;],
[V,|, and |V3] to verify that harmonic patterns align with theoreti-
cal predictions and experimental studies for specific electrochemical
processes.

The impedance change during NLEIS comprises two components:

AReZ = AReZy; +AReZ,, , (4

where AReZy; represents electrochemical nonlinearity and 4 ReZ,,, rep-
resents thermal effects. Our single-frequency NLEIS protocol, presented
in the following section, enables experimental quantification of the
nonlinear contribution AReZy; .

2.2. Single—frequency NLEIS protocol

The second method directly observes temporal impedance evolution
at a single frequency during alternating low- and high-amplitude
excitation, enabling separation of fast nonlinear electrochemical effects
from slow thermal effects. This protocol adapts heating current method-
ologies previously developed for cold-start performance enhancement
and thermal model parameterization [49-56], applying them specifi-
cally to distinguish nonlinear electrochemical behavior from thermal
effects.

The measurement comprises three sequential steps with continuous
impedance monitoring at a single frequency fg:

+ Step I: Low—amplitude excitation for 2.3 min

» Step II: High-amplitude excitation for 2.3min to induce both
nonlinear and thermal effects due to self-heating

+ Step III: Return to low—amplitude excitation for 4.5 min to observe
thermal relaxation

Auxiliary 1kHz impedance measurements using low—amplitude ex-
citation are performed intermittently throughout all steps and imme-
diately before and after amplitude transition (I-II and II-III) to track
internal cell temperature evolution via Eq. (2). Fig. 1(b) schematically
illustrates the complete sequence, showing excitation amplitude evo-
lution (top), measurement frequency schedule (middle), and expected
impedance evolution (bottom).

The distinct timescales of electrochemical nonlinearity and thermal
effects enable their separation. Fast changes at step change indicate
nonlinear electrochemical behavior. We expect the impedance to de-
crease at transition I-II and increase at transition II-III, reflecting
amplitude-dependent electrochemical kinetics. Slow changes within
steps indicate thermal effects: we expect the impedance to decrease
progressively during Step II (heating) and increase during Step III
(cooling) according to the cell’s thermal time constant.

To probe frequency-dependent nonlinearity, we selected excitation
current frequencies fg spanning the characteristic frequency range of
the Nyquist semicircle. From the measured impedance evolution ReZ,
we extract four characteristic parameters:

* AReZ,_,;: Fast impedance change upon amplitude increase (Step I
to Step II)

* AReZ;_ - Fast impedance change upon amplitude decrease
(Step II to Step III)

» AReZ;: Slow impedance change during Step II

» AReZy;: Slow impedance change during Step III

We attribute AReZ;_;; and AReZy_; to amplitude-dependent non-
linear electrochemical effects, while AReZ;; and AReZjy reflect self-
heating and passive cooling, respectively. The auxiliary 1 kHz measure-
ments provide internal cell temperature tracking, enabling validation
of these attributions.

To verify that fast impedance changes arise from electrochemical
nonlinearity rather than rapid heating, we perform a plausibility check.
Two consecutive impedance points are separated by A7 = 3.9s. If the
fast impedance change were caused solely by a temperature change,
the required AT follows from:

AReZ AReZy_y/mm
ATReZ = = / 5 (5)

S ReZ,T S ReZ, T

where Sk 1 is the temperature sensitivity of the real part of impedance
in QK~!. Assuming no heat dissipation to the environment during At,
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Table 1

Equivalent Circuit Model (ECM) parameters of Eq. (8).
Parameter Unit
R, Ohmic resistance Q
L, Inductance H
R, Charge-transfer resistance Q
Qg Constant Phase Element (CPE) coefficient F/si"
n CPE exponent -
c Warburg coefficient Q/s?
p Warburg exponent -
14 Warburg phase parameter -

the thermal energy required to produce ATy, is

Oy = mcdlrez (6)

where m is the cell mass in kg and ¢ is specific heat capacity in
Jkg~! K~!. Equating the Joule heating power I2ReZ with the energy
balance over Ar gives the excitation current that would be required to
produce ATy, thermally [26]:

me ATrez
i =q[2 e Zrez 7
freq ReZ &t 2

If i,.q exceeds the actual excitation current, a purely thermal origin

of the fast impedance change can be ruled out.
2.3. Data validation and Equivalent Circuit Model (ECM) fitting

All impedance spectra were validated using KK relations. We em-
ployed the linear KK test implementation by Schonleber et al. [19] via
the Python package impedance. py (version 1.4.1) [57], executed in
Python 3.11.0.

To estimate charge-transfer resistance R, we fitted measured data
to a five—element Equivalent Circuit Model (ECM) representing dom-
inant physical processes in our frequency range (100 mHz to 20 kHz):

N R
Zeen(@) = Ry + joLg+ ———S——— + Zw, (8)
ECM 0 0 1+ (jw)” le Rct w

where the components represent:

* Ry: Ohmic resistance

» Ly: High—frequency inductive effects

* R,: Charge-transfer resistance

* Qqi: Constant Phase Element (CPE) modeling double-layer capac-
itance [58,59]

+ Zy: Warburg impedance representing diffusion

The Warburg impedance employs a modified semi-infinite diffusion
formulation [60]:

Zw=§(y—j), ©)

where o is the Warburg coefficient, § and y are dimensionless fitting
parameters, j is the imaginary unit, and @ = 2xzf is the angular
frequency. All model parameters are summarized in Table 1.

Parameters were estimated by minimizing the sum of squared
residuals between measured impedance Z(w) and model impedance
Zgem(w) for both real and imaginary components using MATLAB’s
nlinfit function [61,62] with 1 x 107® coefficient tolerance. Initial
parameter values were estimated from Nyquist plot features, with
particular attention to R, determination due to its strong influence
on convergence. The fitting frequency range was selectively limited
to regions where the chosen model adequately describes measured
impedance behavior.

3. Experimental

We characterized the impedance behavior of a cylindrical 3.5 Ah
lithium—ion cell (MOLICEL INR18650-M35A [63], designated as Cell
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A) with lithium nickel manganese cobalt oxide (NMC) positive elec-
trode and graphite/silicon blend (GSi) negative electrode active ma-
terial. For measurement setup validation, we employed an aluminum
reference cylindrical with 18650 geometry (Cell R).

All electrochemical measurements were performed using a Bio-
Logic VMP-300 electrochemical workstation [64]. Temperature was
controlled using a Votsch VIS 7011-5 environmental chamber pro-
viding indirect ambient temperature regulation. Cells were contacted
using a FEINMETALL cylindrical cell adapter with four-wire sensing
configuration and integrated Type K thermocouples [65,66]. Through-
out each experiment, the negative and positive terminal temperatures
were continuously measured using a PicoLog TC-08 data logger [67]
with 2 Hz sampling rate. Complete cell specifications and experimental
parameters are summarized in Table 2.

Prior to impedance characterization, Cell A underwent five stabiliza-
tion cycles at 35 °C following the manufacturer-specified protocol: con-
stant current—constant voltage (CC-CV) charging and constant current
(CC) discharging to ensure stationary conditions.

Our experimental procedure comprised three complementary mea-
surements: (1) temperature-dependent impedance characterization, (2)
NLEIS sweeps, and (3) single-frequency NLEIS. Before each measure-
ment, a consistent cell state was established using a standardized
conditioning protocol. First, the cell underwent thermal equilibration
at 35°C for 3h. Second, the cell was fully discharged at the standard
current rate Iy, to the cut-off voltage, yielding discharge capacity
Qs> followed by 15 min relaxation. Third, the cell was charged to 50%
SoC (capacity Q) at the standard current rate using CC protocol.
Fourth, the cell was allowed to relax for 12h to establish electro-
chemical equilibrium. Finally, a verification EIS measurement was
performed to confirm the cell state did not change before proceeding
with experiments.

SoC stability was verified by comparing charge and discharge ca-
pacities before and after each experiment:

40 = Qs — Ochr - (10)

3.1. Temperature sensitivity of impedance

Temperature-dependent impedance characterization was performed
to determine the sensitivity coefficients required for internal temper-
ature estimation during subsequent NLEIS measurements. The exper-
imental sequence consisted of three steps: First, each target temper-
ature was established with 3h stabilization time to ensure thermal
equilibrium throughout the cell. Second, EIS was performed using
low-amplitude excitation (ensuring linear response) spanning 20 kHz
to 100 mHz, with measurement parameters detailed in Table 2. Third,
upon completing the impedance measurement, the temperature was
adjusted to the next target value and the sequence repeated. Mea-
surements progressed through decreasing temperatures (30 °C, 27.5°C,
25°C, 10°C, 7.5°C and 5 °C), beginning at the highest temperature.

Impedance sensitivity coefficients with respect to temperature, S; r,
were calculated by linear interpolation within two distinct tempera-
ture ranges: the low-temperature range (5°C to 10°C) yielding Sy,
and the high-temperature range (25°C to 30°C) yielding Sy r,. These
coefficients enable internal temperature estimation via Eq. (2) using
impedance phase changes at 1 kHz.

3.2. NLEIS sweep

Modified NLEIS sweeps incorporating internal cell temperature
tracking were performed at 25 °C and 5 °C. Each measurement sequence
consisted of three steps: First, the target temperature was established
with 3h stabilization time to ensure thermal equilibrium throughout
the cell. Second, progressive NLEIS sweeps were performed with sys-
tematically increasing excitation current amplitudes (0.14, 0.57, 1.43
and 2.57C), proceeding from lowest to highest amplitude. Between
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Table 2

Specifications and experimental parameters for MOLICEL INR18650-M35A [63] (Cell A) and aluminum reference cylinder (Cell R). Cell A: 3.5 Ah nominal capacity
0, graphite/silicon blend (GSi) negative and lithium nickel manganese cobalt oxide (NMC) positive electrode active materials, 48 ¢ mass m, 1.75 Ah charge
capacity O, at 50% State of Charge (SoC) , 3.72'V Open Circuit Voltage (OCV) at 50% SoC, 0.49C standard discharge/charge current rate /,,,, and 32mQ charge-
transfer resistance R at 5°C. Cell R: aluminum cylinder (18650 geometry) with 2.18 mQ resistance for instrumentation validation. Electrochemical Impedance
Spectroscopy (EIS) measurements: performed at six temperatures (5°C, 7.5°C, 10°C, 25°C, 27.5°C and 30°C) spanning 20kHz to 100 mHz with at least four
points per decade, using low—amplitude excitation currents i, of 0.06 and 0.14C to ensure linear response. Nonlinear Electrochemical Impedance Spectroscopy
(NLEIS) measurements: conducted at 5°C and 25°C with systematically increased excitation currents (0.14, 0.57, 1.43 and 2.57C) over the same frequency range
for sweep measurements, and at discrete single frequencies fg: of (950 Hz, 100 Hz, and 10 Hz) spanning the Nyquist semicircle. Instrumentation: BioLogic
VMP-300 potentiostat [64], Votsch VTS 7011-5 environmental chamber, FEINMETALL cell adapter with four—wire sensing and Type K thermocouples [65,66],

PicoLog TC-08 temperature data logger [67].

Cell EIS NLEIS Sweep/Single-Frequency
0 Neg/Pos m O ocv Iyjen R, at5°C Toxe T Toxe Ssr
Ah kg Ah v C-rate mQ C-rate °C C-rate Hz
A? 3.5 GSi/NMC 0.048 1.75 3.72 0.49 32 0.06,0.14 5,25 0.14,0.57,1.43,2.57 10, 100,950
R - - - - - - 2.187 - 5,25 0.5,2,5,97F 10, 100, 950
a MOLICEL INR18650-M35A
r Aluminum reference cylinder (18650 geometry) for measurement setup characterization;’: resistance;'’: current in A
consecutive sweeps, the cell was allowed to relax for 30 min at 25°C Table 3

or 60min at 5°C. Third, upon completing all amplitude variations at
one temperature, measurements progressed to the next temperature,
beginning with 25 °C.

Each frequency sweep covered 20kHz to 100 mHz with at least four
measurement points per decade. Auxiliary 1 kHz measurements, with an
approximate measurement time of 1.2s, were interspersed throughout
the sweep to enable continuous internal cell temperature estimation,
as illustrated in Fig. 1(a). Each impedance value represents the aver-
age of three consecutive periods, which provides a balance between
measurement accuracy and temporal resolution. The total measurement
duration per complete frequency sweep was 141s.

3.3. Single—frequency NLEIS

Single—frequency NLEIS measurements were conducted at three
characteristic frequencies (950Hz, 100Hz, and 10Hz) spanning the
Nyquist semicircle, at temperatures of 25 °C and 5 °C. The experimental
protocol consisted of three sequential steps: First, the target temper-
ature was established with 3h stabilization time to ensure thermal
equilibrium throughout the cell. Second, sinusoidal excitation currents
were applied systematically at each frequency—amplitude combination
detailed in Table 2. Measurements progressed from the highest fre-
quency (950Hz) to the lowest (10Hz). At each frequency, excitation
current amplitude was increased sequentially from 0.14C to 2.57C.
Consistent with the NLEIS sweep measurements, the impedance was de-
termined from three consecutive periods. Relaxation periods of 30 min
(25°C) or 60min (5°C) were imposed between measurements. Third,
upon completing all frequency-amplitude combinations at one tem-
perature, measurements progressed to the next temperature, beginning
with 25°C.

4. Results and discussion

This section presents experimental results from impedance-
temperature sensitivity analysis, NLEIS sweeps, and single-frequency
NLEIS experiments. Results are presented primarily for the nonlinear
frequency range of Cell A. Detailed results for the linear frequency
range and for Cell R for measurement setup characterization are pro-
vided in Sections S1 and S2 of the supplementary material linked in
Appendix A. Our experimental data, along with postprocessing scripts,
are available as a dataset [68].

The temperature sensitivities of the negative impedance phase and
the real part of the impedance are summarized in Table 3. The notation
Sz, indicates the impedance sensitivity in the temperature range
5°C to 10°C, while Sz, corresponds to 25°C to 30°C. The negative
impedance phase sensitivities S_,,,;  of the auxiliary measurement at
1kHz are —0.21°K~! and —0.19°K~!, respectively. The sensitivity of
the real part of the impedance decreases with increasing frequency and
temperature.

Impedance sensitivities with respect to temperature of
the negative impedance phase S_,;+ and the real
part of the impedance Sy, of Cell A (see Table 2
for detailed specifications) for different frequencies f.
T, indicates the temperature range from 5°C to 10°C
and T, from 25°C to 30°C. The sensitivities decrease
with increasing frequency and temperature.

f S_ argZ,T, S argZ,T, SReZ,T, SRez,TZ
Hz ekt ek mQK~!'  mQK!
10° —-0.21 —-0.19 - -
9.5 x 10? - - —0.087 —0.029
10 - - —-0.26 —0.25
10! - - -15 —-0.38
107! - - 22 —0.37

4.1. NLEIS sweep

Fig. 2 presents Nyquist plots at 5°C and 25°C measured with
excitation current amplitudes ranging from 0.14 to 2.57C. At 25°C,
impedance dependence on excitation amplitude is minimal, becoming
noticeable only below 10Hz. At 5°C, however, amplitude-dependent
impedance decrease is substantially more pronounced. Above 1.43C, the
characteristic diffusion tail at low frequencies overlaps as the Nyquist
curve bends toward lower impedance values rather than extending to
higher values.

The maximum impedance deviation in real part between linear
and high-amplitude excitation occurs at 0.1 Hz, reaching —1.2 mQ and
—10.6mQ at 25°C and 5°C, respectively, for 2.57C excitation. For
the imaginary impedance component, the largest deviation occurs at
20kHz, increasing from 1.24 mQ at 0.57C to 3.41 mQ at 2.57C. A small
but systematic impedance increase at frequencies higher than 500 Hz
with increasing excitation amplitude is also visible in the real part
of the impedance. We discuss this effect in more detail at the end of
Section 4.2.

The increase in the imaginary part of impedance above 2kHz orig-
inates from inductive effects in the measurement setup rather than
electrochemical processes. This attribution is confirmed by measure-
ments on the aluminum reference cylinder (Cell R), which exhibits
identical inductive behavior (see Section S2 of the supplementary ma-
terial). Fitting the NLEIS sweep data measured at 9 A excitation to a
series resistor—inductor model (Eq. (8), retaining only R, and L) using
BioLogic ZFit [69] yields a resistance of 2.2 mQ and inductance of 48 nH,
characteristic of the measurement setup rather than the cell.

Fig. 3 provides detailed frequency-domain analysis, showing
impedance alongside distortion amplification factor I and temperature
change AT. The left column represents 25 °C data, while the right col-
umn shows 5 °C results. The THD and the first three voltage harmonics
are shown in Fig. S1 of the supplementary material.
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Fig. 2. Top: Nyquist curves of Cell A for different excitation current amplitudes: 0.5A, 2A, 5A, and 9 A corresponding to 0.14, 0.57, 1.43, and 2.57C, respectively.
The data in the left plot were measured at 25°C while the right plot shows the results for 5°C. For frequencies below 100Hz, the impedance depends on the
excitation current amplitude at both temperatures. However, at 5°C the effect is more pronounced. The real part of the impedance at 0.1 Hz decreases by 10.6 mQ
from 54.7mQ at 0.14C to 44.1 mQ at 2.57C. In contrast, at 25°C, the difference is only 1.2mQ. Starting from 1.43C, the typical diffusion tail at low frequencies
overlaps, as the Nyquist curve bends toward lower impedance values instead of higher. Bottom: Difference of the real AReZ and imaginary AImZ parts of the
impedance referenced to the Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) measurement with the lowest excitation current amplitude (0.14C).

At 25°C, the cell operates within its linear regime across all excita-
tion current amplitudes as I' remains below three.

Since the cell behaves linearly, amplitude-dependent impedance
changes must result from self-heating. Temperature measurements
show increases of 2.8 K and 3.0 K at the positive and negative terminals,
respectively, with the estimated internal temperature rising 3.4K for
2.57C excitation. This agrees well with the calculated temperature
change of 3.2K using the maximum impedance change 4AReZ,,, (Fig.
2) and thermal sensitivity coefficient SReZ,T2 (Table 3) via Eq. (5).

The internal cell temperature T}, estimated via impedance phase
corresponds to the mean internal cell temperature [48,70], whereas
temperatures measured at the positive and negative terminals reflect
primarily terminal temperatures due to their direct thermal contact
with the thermocouples.

During NLEIS sweeps, terminal temperatures increase more rapidly
at the beginning and remain higher than or equal to T;, through-
out most of the measurement, except in the low-frequency range.
When the sweep reaches the 5kHz measurement point after approxi-
mately 5, both terminal temperatures increase by approximately 0.5 K.
This observation aligns with the manufacturer’s specification that con-
tact probe temperatures increase up to 1.5K when carrying 9 A cur-
rents [66].

We verified this temperature rise using thermal imaging with a
FLIR E85 camera [71]. Applying a sinusoidal current with 9 A peak
amplitude at 950 Hz, we measured a sudden temperature increase of
0.5K at the negative terminal, reaching 1.5K after 10s. This confirms
that Joule heating in the contact probes and at the probe-terminal
interface increases terminal temperature under high excitation currents
and may consequently heat the entire cell.

The voltage THD (Fig. S1) remains below 0.22% for frequencies be-
low 500 Hz. Notably, the highest THD and I values occur at the smallest
excitation current, likely because higher harmonics are indistinguish-
able from the noise floor. At higher excitations, the first harmonic

increases while higher harmonics remain near the instrument’s noise
floor, reducing the calculated THD.

The elevated distortion at low current amplitudes in the kilohertz
range (2.7% at 20kHz) originates from excitation current distortion
(1.2% at 20kHz versus 0.1% at lower frequencies). Examining volt-
age response distortion alone might suggest electrochemical nonlin-
earity; however, I' remaining constant across frequencies confirms
instrumental rather than electrochemical origin.

Despite linear operation, the 1st voltage harmonic reaches 280 mV
at 0.1 Hz, 14 times the conventional 20 mV linearity criterion. The 2nd
and 3rd voltage harmonics remain below 1001V in the low—frequency
range.

At 5°C, I below 100Hz increases with excitation current ampli-
tude, reaching 15.3 at 2Hz, indicating nonlinear behavior. The THD
exhibits a similar trend, reaching a maximum of 1.7% at 2 Hz. The first
voltage harmonic peaks at 417 mV, while the third harmonic reaches
7mV at 2Hz. Excitation of the 3rd harmonic has been attributed to
charge-transfer kinetics [1,2,4].

Using Eq. (5), with Spe;r, = —1.5mQK™" (Table 3) and AReZ =
-3.56mQ at 10Hz (value extracted from Fig. 2), we predict a tem-
perature increase of 2.4 K. However, the measured terminal temper-
ature increases are only 1K, approximately two-fifths of the pre-
dicted value. Since thermal effects alone cannot explain the resulting
impedance decrease of 3.56 mQ at 10Hz, electrochemical nonlinearity
must contribute.

Below 2Hz, THD, I', and |V3| decrease, indicating more linear
behavior as temperature rises by 3.4K, 3.9K, and 5.2K at the posi-
tive terminal, negative terminal, and T}, respectively. At this point,
both self-heating and nonlinear effects contribute to impedance de-
crease and cannot be unambiguously separated or quantified. Our
proposed single-frequency NLEIS protocol (see Section 2.2) addresses
this limitation by decoupling these contributions.
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Fig. 3. Measurement results of Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) sweep experiments for Cell A at 25°C (left) and 5°C (right) for
different excitation current amplitudes: 0.5A, 2A, 5A, and 9 A corresponding to 0.14, 0.57, 1.43, and 2.57C, respectively. The top panel shows the real part of
the impedance ReZ and the imaginary part of the impedance ImZ for the measured frequency range from 20kHz to 0.1 Hz. The distortion amplification factor I
(defined in Eq. (3)), is plotted as a function of frequency as well. The temperature change AT during the frequency sweep from 20kHz to 0.1 Hz is measured with

thermocouples at the positive (Pos) and negative (Neg) terminals. The internal cell temperature 7;

is estimated via the impedance phase at 1kHz. At 25°C, the

int

cell operates within its linear regime (I" < 2.5), while at 5°C below 100Hz the cell shows nonlinear behavior. Both nonlinear and thermal effects decrease the
impedance. The Total Harmonic Distortion (THD) and the first three voltage harmonics are shown in Fig. S1 of the supplementary material linked in Appendix

A.

The continuous temperature increase during NLEIS sweeps intro-
duces an inherent time-variance that violates a fundamental assump-
tion of impedance spectroscopy: the system operating point should
remain constant throughout measurement. During our sweeps progress-
ing from 20kHz to 100mHz, each frequency point is measured at a
different cell temperature due to cumulative self-heating. This creates
two distinct time-variance effects: (1) inter-frequency variance, where
high-frequency impedance measured at the sweep beginning (cooler
state) cannot be directly compared with low—frequency impedance
measured at the sweep end (heated state), and (2) intra—frequency
variance, where the cell temperature changes during individual low-
frequency measurements. For example, the 100 mHz measurement with
duration of approximately 60s experiences an internal temperature in-
crease of approximately 2.5 K, meaning the impedance value recorded
represents an average over this temperature range rather than a single
thermal state. In contrast, the 1kHz measurement, with a duration
of approximately 1.2s, is significantly faster than the thermal time
constants and can therefore be considered stationary.

In summary, our NLEIS results agree well with literature findings:
(1) nonlinearity intensifies at lower excitation frequencies, and (2)
reduced temperatures enhance nonlinear responses [3,9,11-16,22-27,
30-37,72-83]. Nonlinear effects were only observed at 5°C for fre-
quencies below 100Hz and excitation current amplitudes larger than
0.6C.

However, in contrast to previous studies [24,26,27] that attributed
impedance decrease predominantly to a single mechanism, our results
indicate that both self-heating and electrochemical nonlinearity con-
tribute. The quantitative separation and analysis of these contributions
are presented in Section 4.2 using our single-frequency NLEIS protocol
defined in Section 2.2.

Linearity criterion evaluation

The top and middle row of Fig. 4 examine the conventional 20 mV
linearity criterion, introduced in Section 1, by plotting the first |V;|
and third harmonics |V;| of voltage response and THD versus excitation
current at 10 Hz for 25°C (left) and 5°C (right).

The first harmonic scales linearly with excitation current, as indi-
cated by fitted linear functions for both temperatures. As previously
discussed, the cell responds linearly to all excitation amplitudes at
25°C, even though the cell voltage response is 13 times larger than the
20mV linearity criterion (260mV at 2.57C; THD below 0.17%).

At 5°C, the cell voltage response to 1.42C is slightly lower at 234 mV
but exhibits a THD of 0.64%, which is 3.8 times larger. Nonlinearity was
confirmed by I = 5.7, and the real part of the impedance decreased by
3.7% compared to linear (0.14C) excitation. Even though THD appears
low and remains below the proposed 1% threshold [9,10], the cell
exhibits significant nonlinear behavior and impedance change.
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Fig. 4. Top and Middle: First |V;| and third harmonics |V;| of voltage response and Total Harmonic Distortion (THD) versus excitation current i

xc at 10Hz from

Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) sweep in Fig. 3. The left column shows measurement results at 25 °C, while the right column shows
results at 5°C. The first harmonic scales linearly with excitation current, as indicated by fitted linear functions (|V;| = p,i., + p,) for both temperatures. The fit
parameters are: p; = 101 mV, p, = 0.5mV at 25°C and p; = 155mV, p, = 6.1 mV at 5°C. Although THD remains below 1%, the cell voltage response is up to 13 times
larger than the 20mV linearity criterion (260 mV). The third harmonic at 5°C scales quadratically with excitation current, described by V3| = pyi%  + pjicx. + Po

with fitted parameters p, = 0.83mV, p; = —0.23mV, and p, = 0.0l mV. Bottom: Charge-transfer resistance R, decreases with increasing excitation current i,
(see also Table 4). The relationship follows R, = p,i2_+ pjie. + p, With fitted parameters p, = 0.05mQ, p; = -0.48mQ, p, = 5.7mQ at 25°C and p, = -0.24mQ,
p; = —1.84mQ, p, = 30mQ at 5°C. The theoretical voltage drop across R, is calculated as 5, = R - i.. Even under linear conditions at 25°C, 5, reaches

43mV+1.6mV at maximum excitation, twice the 20mV linearity criterion. Error bars indicate standard deviation of the fit. R, was estimated from the Equivalent
Circuit Model (ECM) fitting procedure defined in Section 2.3. ECM fitting results as Nyquist plots and residuals between measured impedance and fitted impedance
model are shown in Fig. S2 of the supplementary material.

The bottom row of Fig. 4 shows charge-transfer resistance R, from
ECM fitting and the theoretical voltage drop across R;: Table 4
AR, defined as the difference between charge-transfer resistance R for linear
excitation (0.14C) and high-amplitude excitation currents i... The values
in percentage are normalized to R, for linear excitation. Charge-transfer
resistance decreases with increasing excitation current; this is also visualized
in Fig. 4. R, was estimated from the Equivalent Circuit Model (ECM) fitting
procedure defined in Section 2.3. ECM fitting results as Nyquist plots and
residuals between measured impedance and fitted impedance model are shown

(1)

At = Rct “lexc

The error bars indicate the standard deviation of the estimate.
Even at 25°C, p, reaches 43mV + 1.6mV at maximum excitation,
twice the 20mV criterion. At 5°C, R, decreases quadratically with
current amplitude by 20% when increasing excitation from 0.14C to

2.57C, even though THD remained below 1.75% throughout the NLEIS
sweep. This suggests that thermal effects contribute to the observed R,

in Fig. S2 of the supplementary material.

decrease alongside electrochemical nonlinearity. The change in charge- e st: j R(i .

transfer resistance between linear and high-amplitude excitations AR, C-rate mQ % mQ %

is summarized in Table 4. ECM fitting results as Nyquist plots and 0.57 0.28 5 0.62 21

residuals between measured impedance and fitted impedance model are 1.43 0.52 9.2 2.87 9.7
2.57 0.91 16.1 5.97 20.1

shown in Fig. S2 of the supplementary material.

These results demonstrate that the 20mV criterion may be too
strict for linearity assessment and may lead to suboptimal measurement
quality due to unnecessarily low excitation amplitudes.

The residuals of the Lin-KK test defined in Section 2.3 together with
THD of the cell voltage response and distortion amplification factor I’

are shown in Fig. 5. At 25°C for excitation current rates below 0.6C,

the residuals appear random and remain below 0.04%. At 2.57C, the
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Fig. 5. Top: Total Harmonic Distortion (THD) of cell voltage response and distortion amplification factor I' (defined in Eq. (3)) during Nonlinear Electrochemical
Impedance Spectroscopy (NLEIS) sweeps at 25 °C (left) and 5°C (right) for different excitation current amplitudes: 0.5A, 2A, 5A, and 9 A corresponding to 0.14,
0.57, 1.43, and 2.57C, respectively. At 25°C, Cell A behaves linearly for all excitation currents, whereas at 5°C, the cell exhibits nonlinear behavior for 1.43 and
2.57C. Bottom: Residuals of the Lin-Kramers—Kronig (KK) test defined in Section 2.3. Residuals remained below 2.8% for all measurements, indicating limited

sensitivity of KK validation for detecting nonlinearity and time-variance.

residuals increase systematically for frequencies below 100 Hz, reaching
up to 0.6% at 0.3 Hz.

At 5°C, residuals for the same excitation currents are higher and
shift systematically toward negative values, indicating a bias absent
under linear conditions. During the NLEIS sweep with 1.43C, the cell
exhibits nonlinear behavior (I" = 9 at 1Hz), and THD of the cell
voltage response reaches 1% at 1 Hz. However, Lin—KK residuals remain
below 0.77%. Their distribution is not centered around zero, indicating
systematic error caused by nonlinear and time-variant behavior.

KK residuals remained below 2.8% for all measurements, regardless
of excitation amplitude or observed harmonic distortion. Notably, mea-
surements exhibiting clear amplitude-dependent impedance, I" values
up to 15, and THD up to 1.7% still produced KK residuals comparable to
those from low-amplitude measurements, indicating limited sensitivity
of KK validation for detecting nonlinearity and time-variance.

Temperature effects and Arrhenius behavior

This section estimates the contribution of thermal effects to
impedance decrease using a simplified analytical approach [24,26].
Charge-transfer resistance exhibits typical Arrhenius temperature de-
pendence:

E,
Rct = Rct,O exp\ — R T s

gas

(12)

where E, is the activation energy and Ry, is the universal gas con-
stant. Our estimated R, agrees well with this prediction, as indicated
by the corresponding fits in Fig. 6 (top). Using a lumped thermal model
with Joule heating and thermal resistance R, we estimate temperature
increases as:

AT =ReZ-I? - Ry, (13)

where I is the RMS current. For cylindrical 18650 cells, thermal resis-
tance ranges from 0.36 K W~! to 0.46 K W~! for ambient temperatures
from 13°C to 42°C [84].

Incorporating thermal effects into the Arrhenius equation yields:

N E
Rct = Rct,O exp | — R

< ) 14)

aas (To +ReZ-12 - Ry,)

10

where T is the initial temperature. The estimates are shown in the
bottom panel of Fig. 6 for 5°C. For ReZ, we used the time-weighted
average during the NLEIS sweep and Ry, = 04K W~

Interestingly, this thermal-only model produces second-order poly-
nomial behavior identical to the experimentally fitted R, versus cur-
rent relationship (see Fig. 4), despite the latter containing both thermal
and nonlinear contributions. This similarity demonstrates the difficulty
in distinguishing these mechanisms without additional experimental
approaches.

4.2. Single—frequency NLEIS

The Nyquist curves of Cell A at 5°C and 25°C are shown in Fig.
2. The impedance values closest to the single-frequency NLEIS fre-
quencies (fgr = 10;100;950 Hz) are indicated. For both temperatures,
they correspond to the low—, medium-, and high-frequency parts of the
charge-transfer semicircle.

Fig. 7 presents experimental results for Cell A at fgz = 10 Hz, show-
ing ReZ evolution, temperature change AT, and I' across three steps:
Step I (low—amplitude excitation), Step II (high-amplitude excitation),
and Step III (return to low-amplitude excitation). The THD and the
first three voltage harmonics are shown in Fig. S3 of the supplementary
material.

The left column of Fig. 7 presents results at 25°C. During Step I,
the cell is excited with a 10Hz sinusoidal current with 0.14C peak
amplitude. The cell maintains constant impedance and temperature,
with I' below 2.5 and THD below 0.3%, indicating linear behavior.
Transitioning to Step II decreases ReZ: AReZ;,; = 120pQ for the
0.14 to 2.57C transition, small relative to the absolute value of 29 mQ.
The Step II — III transition shows comparable impedance recovery:
AReZy i = 122pQ. The higher the excitation current, the larger the
fast impedance change.

During Step II, continued heating decreases impedance by 4AReZ;; =
1.16 mQ, with temperature increases of 2.67K, 2.98K, and 2.9K at
the positive terminal, negative terminal, and estimated internal cell
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Fig. 6. Top: Arrhenius plot of charge-transfer resistance R.. R, was esti-
mated from the Equivalent Circuit Model (ECM) fitting procedure defined
in Section 2.3. ECM fitting results as Nyquist plots and residuals between
measured impedance and fitted impedance model are shown in Fig. S2 of
the supplementary material. Bottom: Calculated charge-transfer resistance
R, with Joule heating incorporated into Arrhenius equation (Eq. (14)). K,
decreases quadratically with increasing excitation current i.. This thermal-
only model produces identical behavior to the experimentally fitted R, versus
current relationship (see Fig. 4), despite the latter containing both thermal
and nonlinear contributions. This similarity demonstrates the difficulty in
distinguishing these mechanisms without additional experimental approaches.

temperature, respectively. Passive cooling in Step III increases the
impedance by 4ReZ;; = 0.48 mQ.

We attribute the lower absolute I' and THD values and reduced
noise in both values during Step II compared to Step I and III to
higher signal-to-noise ratios due to higher excitation current and con-
sequently larger cell voltage response.

The maximum cell voltage response of 262mV at 2.57C coincides
with the measurement results of the NLEIS sweep in Fig. S1. Second |V, |
and third harmonics |V;| remain below 150uV throughout the entire
measurement.

Similar impedance and temperature behavior occurs at 5°C (right
column of Fig. 7 and Fig. S3), but with more pronounced changes.
Nonlinear behavior in Step II is confirmed by I" exceding 10, THD =
1.25%, and third harmonic magnitudes above 5mV at 2.57C. During
Step I and III, I" indicates linear cell behavior, confirming the fast
nature of nonlinearity.

The small periodic oscillations in I and voltage THD during the
first fgr measurement arise from incomplete settling following the
previous 1kHz measurement: the first of the three averaged periods is
influenced by the cell’s response to the prior excitation before reaching
quasi-steady-state. This transient effect introduces minor distortion
but remains negligible in magnitude. It can be further mitigated by
introducing a settling delay between consecutive measurements or av-
eraging additional periods, though this represents a trade—off between
measurement accuracy and temporal resolution.

As shown in the previous section, nonlinear effects are less pro-
nounced at higher frequencies. Results for excitation frequencies of
100Hz and 950Hz are provided in Section S1.2 of the supplementary
material.
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The four impedance parameters extracted from the measured
impedance evolution ReZ(f,t), namely AReZ;_y, AReZy_ 1, AReZy,
and AReZy; (defined in Section 2.2), and the temperature increase
of the estimated internal cell temperature during Step II AT, are
summarized in Table 5. The lower the temperature, the lower the
excitation frequency fgr, and the higher the excitation current i, , the
more pronounced the changes in impedance and temperature.

To test whether AReZ;_; and AReZ;;_y; resulted solely from ther-
mal effects, we calculated the temperature change required to produce
these impedance changes using Eq. (5). We then determined the excita-
tion current i,., needed to generate this temperature change within 4r =
3.9 s under adiabatic conditions using Eq. (7). The specific heat capacity
¢ was assumed to be 950Jkg™! K~! based on literature values [84-87].
For ReZ, we used the mean value during Step I or the mean of the first
five samples during Step III.

The calculated required current rates exceeded the actual applied
current rates by factors of 2.3 to 4.7 (Table 6). This discrepancy indi-
cates that thermal effects alone cannot account for the observed fast
impedance changes, pointing to significant nonlinear contributions.

Combining NLEIS sweep and single-frequency NLEIS results, we
quantify thermal and nonlinear contributions during NLEIS using
Eq. (4):

AReZ,;, = AReZ —AReZy , (15)

where AReZ is the difference in the real part of the impedance between
linear and nonlinear EIS excitation current amplitude from NLEIS
sweep experiments, and AReZy; is the fast nonlinear contribution from
single-frequency NLEIS experiments.

From the equation above, we can calculate the thermal contribution
AReZ,;, to the overall impedance decrease. We chose to analyze the
10Hz frequency point in the NLEIS frequency sweep. This point is
reached 20 s after the start of the frequency sweep. Therefore, we expect
negligible influence on the cell operating point and small temperature
changes that do not alter the nonlinear behavior of the cell, allowing
us to use AReZy; from the fgz = 10Hz experiment.

The total impedance change AReZ along with nonlinear AReZy;
and thermal AReZ,;, contributions are plotted in Fig. 8 for the 10Hz and
5°C case. Their dependence on excitation current can be described with
second-degree polynomial functions, where all decrease with increas-
ing excitation current, matching our predictions from K, = g (fexe) in
Eq. (14).

In addition to the absolute impedance values, Table 7 also sum-
marizes the percentage contributions of AReZy; and AReZ,. For low
excitation currents, the nonlinear contribution dominates: for Cell A
at 0.57C, the entire change in ReZ is attributed to nonlinearity. At
higher current rates, this share declines and the self-heating contribu-
tion increases. For example, at 2.57C, 14.5% of the impedance change
(0.52 mQ) stems from self-heating.

The difference between the charge and discharge capacity AQ before
and after each experiment, defined in Eq. (10), was maximal for the
single—frequency NLEIS experiment. The difference was 11 mAh, corre-
sponding to 0.63% of the charge at the set SoC of 50%, indicating stable
SoC throughout our experiments. The maximum impedance change at
35°C after charging to Q. and 12h relaxation from the first to the last
experiment for both real and imaginary parts is less than 120 pQ. These
checkups indicate stable cell behavior during our experiments and no
effects that might influence our interpretation of results.

High—frequency impedance anomaly

As shown in previous sections, nonlinear effects dominate below
100Hz for Cell A at 5°C. The nonlinearity manifests as impedance
decrease and distortion.

At 950 Hz, the real part of impedance increases at the transition from
Step I to Step II, as shown in Fig. S7 of the supplementary material.
However, I' < 2.5 indicates linear cell behavior.
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Fig. 7. Measurement results of single-frequency Nonlinear Electrochemical Impedance Spectroscopy (NLEIS) protocol for Cell A at 25°C (left) and 5 °C (right) for
different excitation current amplitudes: 0.5A, 2A, 5A, and 9 A corresponding to 0.14, 0.57, 1.43, and 2.57C, respectively. The excitation current frequency was
10 Hz. The measurement protocol, defined in Section 2.2, comprises three consecutive steps: Step I (low-amplitude excitation), Step II (high-amplitude excitation),
and Step III (return to low—-amplitude excitation). The top panels show real part of impedance ReZ evolution and temperature changes AT measured at negative
(Neg) and positive (Pos) terminals and internal cell temperature T, estimated via impedance phase at 1kHz. The distortion amplification factor I (defined in Eq.
(3)), is plotted over time as well. At 25°C, the cell operates within its liner regime (I" < 2.5), while at 5°C the cell shows nonlinear behavior at step transitions
characterized by fast increase of I and fast decrease of ReZ. The Total Harmonic Distortion (THD) of the excitation current I and the cell voltage response V,
as well as the magnitudes of the first three harmonics |V;|, |V,|, and |V;|, are shown in Fig. S3 of the supplementary material.

Table 5

Impedance parameters extracted from the measured impedance evolution during single-frequency Nonlinear Electrochemical Impedance Spectroscopy (NLEIS)
protocol defined in Section 2.2 at 5°C and 25°C. AReZ represents changes in the real part of the impedance during step transitions (4ReZ,_;, 4AReZ;_y;) or
during steps (4ReZy, AReZy). AT;, y is the internal cell temperature increase during Step II estimated from impedance phase. The lower the temperature, the
lower the excitation frequency fgr, and the higher the excitation current i, the more pronounced the changes in impedance and temperature.

25°C 5°C
Texe fsk AReZ,_y AReZy_ AReZy AReZyy,; AT AReZ,_y AReZ; AReZy AReZy,; AT
C-rate Hz mQ mQ mQ mQ K mQ mQ mQ mQ K
0.57 10 0.06 0.07 0.07 0.03 0.24 0.36 0.33 0.38 0.15 0.21
100 0.04 0.05 0.04 0.01 0.12 0.08 0.07 0.06 0.03 0.28
950 0.03 0.02 0.01 0.02 0.07 0.03 0.04 0.01 0.01 0.0
1.43 10 0.08 0.09 0.4 0.18 0.94 1.36 1.05 2.19 1.07 1.41
100 0.05 0.06 0.25 0.10 1.12 0.09 0.1 0.33 0.13 1.29
950 0.06 0.05 0.03 0.02 0.91 0.04 0.02 0.1 0.04 0.94
2.57 10 0.14 0.12 1.16 0.48 2.88 3.05 1.41 5.38 2.95 4.7
100 0.07 0.06 0.73 0.31 3.13 0.14 0.15 1.03 0.45 3.84
950 0.14 0.14 0.08 0.03 2.78 0.13 0.12 0.29 0.13 3.07
For more detailed analysis, we repeated the single-frequency NLEIS observed. Therefore, we rule out effects caused by our measurement
protocol at 25 °C with additional frequencies: 0.5 kHz, 2kHz, and 5 kHz. setup, including cell adapter, electrochemical workstation, and cabling,
Fig. S9 shows that A ReZ;_; increases linearly with increasing excitation ~ even though the load (resistor vs. battery) and operating voltage of the
current and frequency. However, when applying the same measurement ~ electrochemical workstation (0V vs. 3.7 V) differ significantly.
protocol to Cell R (aluminum reference cylinder with 18650 geom- Models accounting for electromagnetic effects inside cylindrical
etry), no AReZ dependence on excitation current or frequency was cells by considering their specific spiral-wound geometry might explain
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Table 6

Required currents i

req

to cause fast impedance changes 4AReZ,_; and AReZ;_

solely by thermal effects (Eq. (5) and Eq. (7)). The required current rates

exceed actual applied current rates i
significant nonlinear contributions to fast impedance changes.

exc

by factors of 2.3 to 4.7, indicating

5°C
Texe freq, 111 freq, 111/ Texe Ireq, 11111 freq, 11—/ fexc
C-rate C-rate C-rate
0.57 2.69 4.7 2.69 4.7
1.43 5.52 3.9 4.95 3.5
2.57 8.2 3.2 5.94 2.3
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Fig. 8. Top: Change in real part of impedance AReZ at 10Hz at different
excitation currents i, compared to linear excitation at 5°C of Nonlinear
Electrochemical Impedance Spectroscopy (NLEIS) sweep experiments. Middle:
Fast nonlinear impedance decrease AReZy, measured in single-frequency
NLEIS experiments defined in Section 2.2. AReZy; corresponds to AReZ_
in Table 5. Bottom: Calculated thermal contribution AReZ, of the overall
impedance decrease using Eq. (15). For low excitation currents, the nonlinear
contribution dominates, whereas at higher current rates, this share declines
and the self-heating contribution increases. Table 7 summarizes these findings.

frequency-dependent impedance changes [88-91]. However, influence
on cell impedance by inductive coupling inside the cell has been
reported to begin above 3kHz [88,89]. Furthermore, the skin effect
is only relevant at frequencies above at least 10kHz [92]. Neverthe-
less, these electromagnetic effects fail to explain our measured current
amplitude dependence of AReZ. This would only be possible if the
coupling inductance increases linearly with excitation current.
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Since the real part of impedance decreases during Step II, we can
also rule out that the fast impedance increase is triggered by a positive
temperature coefficient safety device or coating [93,94].

The observed linear scaling of AReZ;_,; with both excitation current
and frequency in the high-frequency range currently lacks a conclusive
physical explanation and warrants further investigation. Nevertheless,
since this behavior is confined to frequencies above 100 Hz, well sepa-
rated from the nonlinear regime, it does not affect the validity of the
results presented below 100 Hz.

5. Conclusion

The widely-adopted 20mV voltage response criterion, derived ex-
clusively from single—electrode charge-transfer kinetics, might be too
restrictive for practical linearity assessment of complete battery cells.
Our results for a 3.5 Ah GSi/NMC cylindrical 18650 cell demonstrate
linear cell behavior (I" < 2.5, THD < 0.22%) with voltage responses up
to 280 mV, 14 times the conventional threshold. This discrepancy arises
because the 20mV criterion is derived analytically by linearizing the
Butler—Volmer equation via first-order Taylor series expansion around
the equilibrium potential and imposing an acceptable error threshold.
This approach neglects ohmic, diffusion, and inductive contributions
to total cell impedance. The distortion amplification factor I", defined
as the ratio of voltage to current THD, provides a reliable linearity
indicator that distinguishes electrochemical nonlinearity (I" > 1) from
linear behavior (I" < 3).

Based on our experimental findings (Section 4), we propose the
following guidelines for reproducible cell impedance characterization:

(1) Monitor internal cell temperature during NLEIS measurements,
enabling quantification of self-heating contributions.

(2) Extend the 20mV criterion by cell-specific, frequency-, and
temperature-dependent linearity assessment using complementary val-
idation metrics: (i) distortion amplification factor I' < 3 as primary
linearity indicator, (ii) systematic amplitude-dependence testing to ver-
ify impedance independence, (iii) harmonic content analysis to identify
specific nonlinear processes, and (iv) Lin-KK validation as secondary
check for data quality rather than sole linearity criterion.

We introduced two complementary NLEIS measurement protocols
that quantitatively separate electrochemical nonlinearity from self-
heating effects by exploiting their distinct time scales: electrochem-
ical nonlinearity responds quickly to excitation amplitude changes,
while self-heating evolves slowly according to the cell’s thermal time
constant. The first protocol extends conventional NLEIS sweeps with
auxiliary 1kHz measurements to track internal temperature evolu-
tion via impedance phase (Fig. 1(a)). The second protocol employs
single—frequency NLEIS measurements with alternating low and high
excitation amplitudes, enabling direct observation of fast versus slow
impedance changes (Fig. 1(b)).

Impedance decrease during NLEIS results from both electrochem-
ical nonlinearity and self-heating. Below 100Hz at 25°C, impedance
changes are dominated by thermal effects, while at 5°C, electrochem-
ical nonlinearity becomes the primary contributor. These findings re-
solve previous contradictions in the literature by demonstrating that
both mechanisms contribute simultaneously, with their relative impor-
tance depending on specific measurement conditions.

Future work should extend our proposed NLEIS protocols to differ-
ent cell chemistries. The high—frequency impedance anomaly observed
above 500Hz (fast impedance increase with excitation amplitude)
needs further investigation.

The protocols and insights presented here provide a systematic
framework for physically-meaningful NLEIS measurements that reli-
ably separate electrochemical nonlinearity from thermal effects. By
resolving fundamental methodological limitations, this work enables
exploitation of nonlinear electrochemical information for battery re-
search.
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Table 7

Changes in real part of impedance AReZ at 10 Hz at different excitation currents i.,, compared to linear excitation at 5°C of Nonlinear Electrochemical Impedance
Spectroscopy (NLEIS) sweep experiments. The measured temperature change AT at negative (Neg) and positive (Pos) terminals and internal cell temperature T;,
estimated via impedance phase at 1 kHz, are summarized as well. AReZy; is the fast nonlinear impedance decrease measured in single-frequency NLEIS experiments
defined in Section 2.2. AReZy, corresponds to AReZ,_y in Table 5. Using Eq. (15) we can quantify the thermal contribution 4ReZ,, of the overall impedance
decrease. For low excitation currents, the nonlinear contribution dominates: at 0.57C, the whole change of ReZ is attributed to its nonlinearity. At higher current

rates, this share declines and the self-heating contribution increases. This is visualized in Fig. 8.

5°C
NLEIS Sweep Single-frequency NLEIS Eq. (15) Eq. (5)
fexe f AReZ AT, cq AT 05 AT,y fse AReZy;, AReZ,," ATy
C-rate Hz mQ K K K Hz mQ % mQ % K
0.57 10 0.35 0.0 0.0 0.0 10 0.36 101.4 0.0 -1.4 0.0
1.43 10 1.46 0.3 0.3 0.2 10 1.36 93.2 0.1 6.8 0.1
2.57 10 3.56 1.0 1.0 0.6 10 3.05 85.5 0.52 14.5 0.4
 AReZ,, = AReZ —AReZy,
i ATy, = AReZy, /SRCZTl
CRediT authorship contribution statement References

[1] Y. Ji, D.T. Schwartz, Second-harmonic nonlinear electrochemical impedance

Norbert Sailer: Writing — Orlglnal draft, Visualization, Methodol- spectroscopy: Part I. Analytical theory and equivalent circuit representations for

ogy, Investigation, Data curation, Conceptualization. Lukas Totschnig: planar and porous electrodes, J. Electrochem. Soc. 170 (12) (2023) 123511,
Validation, Methodology. Christoph Steffan: Writing — review & edit- http://dx.doi.org/10.1149/1945-7111/ad15¢ca.
ing, Validation, Supervision. Jan Philipp Schmidt: Writing — review & [2] N. Wolff, N. Harting, F. Roder, M. Heinrich, U. Krewer, Understanding non-

. . . . linearity in electrochemical systems, Eur. Phys. J. Spec. Top. 227 (18) (2019)
editing, Validation, Supervision. 2617-2640, http://dx.doi.org/10.1140/epjst/e2019-800135-2.
[3] N. Wolff, N. Harting, M. Heinrich, F. Roder, U. Krewer, Nonlinear frequency re-
. . . . . sponse analysis on lithium-ion batteries: A model-based assessment, Electrochim.
Deflf“'atlon of Generative Al and Al-assisted technologies in the Acta 260 (2018) 614-622, http://dx.doi.org/10.1016/j.clectacta.2017.12.097.
writing process [4] M.D. Murbach, D.T. Schwartz, Extending newman’s pseudo-two-dimensional
lithium-ion battery impedance simulation approach to include the nonlinear
harmonic response, J. Electrochem. Soc. 164 (11) (2017) E3311-E3320, http:
During the preparation of this work, the authors used Claude Sonnet //dx.doi.org/10.1149/2.0301711jes.
4.5 by Anthropic PBC, in order to improve the readability and lan- [5] X. Sun, Y. Zhang, Y. Zhang, L. Wang, K. Wang, Summary of health-state estima-
guage of the manuscript. After using these tools/services, the authors tion of lithium-ion batteries based on electrochemical impedance spectroscopy,

. . s Energies 16 (15) (2023) 5682, http://dx.doi.org/10.3390/en16155682.
reviewed and edited the content as needed and take full responsibility 6] K. Mi Carthy, H. Gullapalli, K.M. ;yan’ T Ken:e dy, Review—Use of impedance

for the content of the published article. spectroscopy for the estimation of Li-ion battery state of charge, state of health
and internal temperature, J. Electrochem. Soc. 168 (8) (2021) 080517, http:
//dx.doi.org/10.1149/1945-7111/ac1a85.

Declaration of competing interest [7] N. Meddings, M. Heinrich, F. Overney, J.-S. Lee, V. Ruiz, E. Napolitano, S. Seitz,
G. Hinds, R. Raccichini, M. Gabers¢ek, J. Park, Application of electrochemical
impedance spectroscopy to commercial Li-ion cells: A review, J. Power Sources

The authors declare that they have no known competing finan- 480 (2020) 228742, http://dx.doi.org/10.1016/j.jpowsour.2020.228742.

cial interests or personal relationships that could have appeared to [8] W. Chol, H.-C. Shin, J.M. Kim, J.-Y. Choi, W.-5. Yoon, Modeling and applications
of electrochemical impedance spectroscopy (EIS) for lithium-ion batteries, J.

influence the work reported in this paper. Electrochem. Sci. Technol. 11 (1) (2020) 1-13, http://dx.doi.org/10.33961 /jecst.
2019.00528.
[9] Y. Ji, A.-H. Shih, R.C. Vincent, R.Y. Lee, D.T. Schwartz, Measurement model val-
Acknow]edgments idation of second-harmonic nonlinear electrochemical impedance spectroscopy,
J. Electrochem. Soc. 172 (10) (2025) 103506, http://dx.doi.org/10.1149/1945-
7111/ae1064.

This work is part of the project NEMO which has been funded by the [10] J. Min Goh, C. Eluagu, J. Babauta, M.E. Orazem, Comparison of approaches
European Union under the Horizon Europe programme (Grant Agree- for assessing linearity of impedance measurements, J. Electrochem. Soc. 171 (3)

101102 1d lik . itud (2024) 036508, http://dx.doi.org/10.1149/1945-7111/ad3581.
ment No. 101102944). I wou ike to express my sincere gratitude [11] C. Fan, K. O’Regan, L. Li, E. Kendrick, W.D. Widanage, Frequency domain non-

to Giinter Hofer from Infineon Technologies Austria AG who greatly linear characterization and analysis of lithium-ion battery electrodes, J. Energy

contributed to depth and quahty of this research. Storage 36 (2021) 102371, http://dx.doi.org/10.1016/j.est.2021.102371.

[12] B. Liebhart, M. Satzke, L. Komsiyska, C. Endisch, Application of nonlinear
impedance spectroscopy for the diagnosis of lithium-ion battery cells under
various operating conditions, J. Power Sources 480 (2020) 228673, http://dx.
doi.org/10.1016/j.jpowsour.2020.228673.

[13] M.D. Murbach, V.W. Hu, D.T. Schwartz, Nonlinear electrochemical impedance

. . . . spectroscopy of lithium-ion batteries: Experimental approach, analysis, and initial

Supplementary material related to this article can be found online findings, J. Electrochem. Soc. 165 (11) (2018) A2758-A2765, http://dx.doi.org/
at https://doi.org/10.1016/j.jpowsour.2026.240924. 10.1149/2.0711811jes.

[14] N. Xu, J. Riley, Nonlinear analysis of a classical system: The double-layer
capacitor, Electrochem. Commun. 13 (10) (2011) 1077-1081, http://dx.doi.org/
10.1016/j.elecom.2011.07.003.

[15] M. Kiel, O. Bohlen, D.U. Sauer, Harmonic analysis for identification of nonlinear-
ities in impedance spectroscopy, Electrochim. Acta 53 (25) (2008) 7367-7374,
http://dx.doi.org/10.1016/j.electacta.2008.01.089.

[16] M. Gabers” cek, R. Dominko, J. Jamnik, The meaning of impedance measure-
ments of LiFePO4 cathodes: A linearity study, J. Power Sources 174 (2) (2007)
944-948, http://dx.doi.org/10.1016/j.jpowsour.2007.06.205.

Appendix A. Supplementary data

Data availability

All data used in this article are publicly available through a Mende-
ley Data repository at https://doi.org/10.17632/djzsz28xft.1.

14


https://doi.org/10.1016/j.jpowsour.2026.240924
https://doi.org/10.17632/djzsz28xft.1
http://dx.doi.org/10.1149/1945-7111/ad15ca
http://dx.doi.org/10.1140/epjst/e2019-800135-2
http://dx.doi.org/10.1016/j.electacta.2017.12.097
http://dx.doi.org/10.1149/2.0301711jes
http://dx.doi.org/10.1149/2.0301711jes
http://dx.doi.org/10.1149/2.0301711jes
http://dx.doi.org/10.3390/en16155682
http://dx.doi.org/10.1149/1945-7111/ac1a85
http://dx.doi.org/10.1149/1945-7111/ac1a85
http://dx.doi.org/10.1149/1945-7111/ac1a85
http://dx.doi.org/10.1016/j.jpowsour.2020.228742
http://dx.doi.org/10.33961/jecst.2019.00528
http://dx.doi.org/10.33961/jecst.2019.00528
http://dx.doi.org/10.33961/jecst.2019.00528
http://dx.doi.org/10.1149/1945-7111/ae1064
http://dx.doi.org/10.1149/1945-7111/ae1064
http://dx.doi.org/10.1149/1945-7111/ae1064
http://dx.doi.org/10.1149/1945-7111/ad3581
http://dx.doi.org/10.1016/j.est.2021.102371
http://dx.doi.org/10.1016/j.jpowsour.2020.228673
http://dx.doi.org/10.1016/j.jpowsour.2020.228673
http://dx.doi.org/10.1016/j.jpowsour.2020.228673
http://dx.doi.org/10.1149/2.0711811jes
http://dx.doi.org/10.1149/2.0711811jes
http://dx.doi.org/10.1149/2.0711811jes
http://dx.doi.org/10.1016/j.elecom.2011.07.003
http://dx.doi.org/10.1016/j.elecom.2011.07.003
http://dx.doi.org/10.1016/j.elecom.2011.07.003
http://dx.doi.org/10.1016/j.electacta.2008.01.089
http://dx.doi.org/10.1016/j.jpowsour.2007.06.205

N. Sailer et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

J.J. Giner-Sanz, E.M. Ortega, V. Pérez-Herranz, Total harmonic distortion based
method for linearity assessment in electrochemical systems in the context of EIS,
Electrochim. Acta 186 (2015) 598-612, http://dx.doi.org/10.1016/j.electacta.
2015.10.152.

F. Fasmin, R. Srinivasan, Detection of nonlinearities in electrochemical
impedance spectra by Kramers—Kronig transforms, J. Solid State Electrochem.
19 (6) (2015) 1833-1847, http://dx.doi.org/10.1007/s10008-015-2824-9.

M. Schénleber, D. Klotz, E. Ivers-Tiffée, A method for improving the robustness
of linear kramers-kronig validity tests, Electrochim. Acta 131 (2014) 20-27,
http://dx.doi.org/10.1016/j.electacta.2014.01.034.

B. Hirschorn, M.E. Orazem, On the sensitivity of the Kramers—Kronig relations
to nonlinear effects in impedance measurements, J. Electrochem. Soc. 156 (10)
(2009) http://dx.doi.org/10.1149/1.3190160.

B.A. Boukamp, A linear Kronig-Kramers transform test for immittance data
validation, J. Electrochem. Soc. 142 (6) (1995) http://dx.doi.org/10.1149/1.
2044210.

Y. Ji, D.T. Schwartz, Second-harmonic nonlinear electrochemical impedance
spectroscopy: Part II. Model-based analysis of lithium-ion battery experiments,
J. Electrochem. Soc. 171 (2) (2024) 023504, http://dx.doi.org/10.1149/1945-
7111/ad2596.

Y. Ou, J. Zhu, P. Hu, W. Hu, X. Zhao, X. Wang, B. Jiang, S. Ding, Z. Hao,
W. Xu, Y. Wang, H. Dai, X. Wei, Electrochemical characteristics analysis and
a combined alternating current heating-passive insulation strategy for lithium-
ion batteries at low temperatures, J. Energy Storage 167 (2026) 122478, http:
//dx.doi.org/10.1016/j.est.2026.122478.

R. Huang, X. Wang, B. Jiang, S. Chen, G. Zhang, J. Zhu, X. Wei, H. Dai, Revealing
the electrochemical impedance characteristics of lithium-ion battery (nickel-
cobalt-aluminum vs. graphite) under various alternating current amplitudes, J.
Power Sources 566 (2023) 232929, http://dx.doi.org/10.1016/j.jpowsour.2023.
232929.

N. Hallemans, D. Howey, A. Battistel, N.F. Saniee, F. Scarpioni, B. Wouters,
F. La Mantia, A. Hubin, W.D. Widanage, J. Lataire, Electrochemical impedance
spectroscopy beyond linearity and stationarity—A critical review, Electrochim.
Acta 466 (2023) 142939, http://dx.doi.org/10.1016/j.electacta.2023.142939.

J. Zhu, Z. Sun, X. Wei, H. Dai, Studies on the medium-frequency impedance arc
for lithium-ion batteries considering various alternating current amplitudes, J.
Appl. Electrochem. 46 (2) (2016) 157-167, http://dx.doi.org/10.1007/s10800-
015-0887-z.

D. Andre, M. Meiler, K. Steiner, C. Wimmer, T. Soczka-Guth, D.U. Sauer, Char-
acterization of high-power lithium-ion batteries by electrochemical impedance
spectroscopy. I. Experimental investigation, J. Power Sources 196 (12) (2011)
5334-5341, http://dx.doi.org/10.1016/j.jpowsour.2010.12.102.

N. Sailer, C. Steffan, J.P. Schmidt, Practical considerations and limitations of
online EIS-based battery internal temperature estimation in traction applications,
J. Power Sources 667 (2026) 239111, http://dx.doi.org/10.1016/].jpowsour.
2025.239111.

N. Sato, Thermal behavior analysis of lithium-ion batteries for electric and hybrid
vehicles, J. Power Sources 99 (1-2) (2001) http://dx.doi.org/10.1016/S0378-
7753(01)00478-5.

G. Song, Z. Xu, S. Liu, Y. Bai, P.D. Lund, Enhancing the sensitivity of lithium-
ion battery parameters via nonlinear electrochemical impedance spectroscopy,
J. Electrochem. Soc. 173 (2) (2026) 020510, http://dx.doi.org/10.1149/1945-
7111/ae3911.

J. Ulrich, A. Lindner, T. Brake, M. Winter, S. Wiemers-Meyer, A. Weber, U.
Krewer, Early detection of lithium plating during fast charging of lithium-ion
batteries using nonlinear frequency response analysis, J. Power Sources 647
(2025) 237358, http://dx.doi.org/10.1016/j.jpowsour.2025.237358.

H.S. Chan, Y.Y. Lee, D. Witt, J. Ulrich, A. Weber, U. Krewer, Improved
identifiability of kinetic parameters in lithium-Ion batteries via nonlinear fre-
quency response analysis, Batter. Supercaps (2025) http://dx.doi.org/10.1002/
batt.202500179.

C. Fan, K. Zhang, Q. Peng, J. Tian, K. Liu, C.Y. Chung, Fast characterization
of lithium-ion battery impedance and nonlinearity using optimized multisine
perturbation signal, IEEE Trans. Ind. Electron. 72 (11) (2025) 11395-11405,
http://dx.doi.org/10.1109/TIE.2025.3561879.

S.R. 0.C., S. Shepherd, Q. Kellner, O. Curnick, Non-linear frequency response
analysis for assessment of the ageing history of lithium ion batteries: A combined
simulation and experimental approach, J. Energy Storage 86 (2024) 111265,
http://dx.doi.org/10.1016/j.est.2024.111265.

T.L. Kirk, A. Lewis-Douglas, D. Howey, C.P. Please, S. Jon Chapman, Nonlinear
electrochemical impedance spectroscopy for lithium-ion battery model param-
eterization, J. Electrochem. Soc. 170 (1) (2023) 010514, http://dx.doi.org/10.
1149/1945-7111/acada?.

N. Harting, N. Wolff, F. Roder, U. Krewer, State-of-health diagnosis of lithium-ion
batteries using nonlinear frequency response analysis, J. Electrochem. Soc. 166
(2) (2019) A277-A285, http://dx.doi.org/10.1149/2.1031902]es.

N. Wolff, N. Harting, M. Heinrich, U. Krewer, Nonlinear frequency response
analysis on lithium-ion batteries: Process identification and differences between
transient and steady-state behavior, Electrochim. Acta 298 (2019) 788-798,
http://dx.doi.org/10.1016/j.electacta.2018.12.107.

15

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Journal of Power Sources 691 (2026) 240924

S.S. Bhoir, G. Thenaisie, C. Brivio, M. Paolone, Li-ion cells internal temperature
estimation using medium-frequency measurements of impedance argument, J.
Energy Storage 97 (2024) 112754, http://dx.doi.org/10.1016/j.est.2024.112754.
Y. Wu, X. Long, J. Lu, R. Zhou, L. Liu, Y. Wu, Long-life in-situ temperature
field monitoring using fiber bragg grating sensors in electromagnetic launch
high-rate hardcase lithium-ion battery, J. Energy Storage 57 (2023) 106207,
http://dx.doi.org/10.1016/j.est.2022.106207.

Z. Chen, Y. Zhang, R. Yang, C. Liu, G. Chen, Online internal temperature
estimation for lithium-ion batteries using the suppressed second-harmonic cur-
rent in single-phase DC/AC converters, IEEE Trans. Ind. Electron. (2023) 1-10,
http://dx.doi.org/10.1109/TIE.2023.3331090.

Y. Yu, T. Vincent, J. Sansom, D. Greenwood, J. Marco, Distributed internal
thermal monitoring of lithium ion batteries with fibre sensors, J. Energy Storage
50 (2022) 104291, http://dx.doi.org/10.1016/].est.2022.104291.

R.R. Richardson, S. Zhao, D.A. Howey, On-board monitoring of 2-D spatially-
resolved temperatures in cylindrical lithium-ion batteries: Part II. State estimation
via impedance-based temperature sensing, J. Power Sources 327 (2016) 726-735,
http://dx.doi.org/10.1016/j.jpowsour.2016.06.104.

C. Zhang, K. Li, J. Deng, Real-time estimation of battery internal temperature
based on a simplified thermoelectric model, J. Power Sources 302 (2016)
146-154, http://dx.doi.org/10.1016/j.jpowsour.2015.10.052.

T. Waldmann, G. Bisle, B.-I. Hogg, S. Stumpp, M.A. Danzer, M. Kasper, P.
Axmann, M. Wohlfahrt-Mehrens, Influence of cell design on temperatures and
temperature gradients in lithium-ion cells: An in operando study, J. Electrochem.
Soc. 162 (6) (2015) A921-A927, http://dx.doi.org/10.1149/2.0561506jes.

C. Veth, D. Dragicevic, C. Merten, Thermal characterizations of a large-format
lithium ion cell focused on high current discharges, J. Power Sources 267 (2014)
760-769, http://dx.doi.org/10.1016/j.jpowsour.2014.05.139.

G. Zhang, L. Cao, S. Ge, C.-Y. Wang, C.E. Shaffer, C.D. Rahn, In situ measurement
of radial temperature distributions in cylindrical Li-ion cells, J. Electrochem. Soc.
161 (10) (2014) A1499-A1507, http://dx.doi.org/10.1149/2.0051410jes.

R.R. Richardson, P.T. Ireland, D.A. Howey, Battery internal temperature es-
timation by combined impedance and surface temperature measurement, J.
Power Sources 265 (2014) 254-261, http://dx.doi.org/10.1016/j.jpowsour.2014.
04.129.

J.P. Schmidt, S. Arnold, A. Loges, D. Werner, T. Wetzel, E. Ivers-Tiffée,
Measurement of the internal cell temperature via impedance: Evaluation and
application of a new method, J. Power Sources 243 (2013) 110-117, http:
//dx.doi.org/10.1016/j.jpowsour.2013.06.013.

Y. Shang, C. Zhu, G. Lu, Q. Zhang, N. Cui, C. Zhang, Modeling and analysis of
high-frequency alternating-current heating for lithium-ion batteries under low-
temperature operations, J. Power Sources 450 (2020) 227435, http://dx.doi.org/
10.1016/j.jpowsour.2019.227435.

L. Zhang, W. Fan, Z. Wang, W. Li, D.U. Sauer, Battery heating for lithium-ion
batteries based on multi-stage alternative currents, J. Energy Storage 32 (2020)
101885, http://dx.doi.org/10.1016/j.est.2020.101885.

J. Zhu, Z. Sun, X. Wei, H. Dai, An alternating current heating method for lithium-
ion batteries from subzero temperatures, Int. J. Energy Res. 40 (13) (2016)
1869-1883, http://dx.doi.org/10.1002/er.3576.

J. Zhang, H. Ge, Z. Li, Z. Ding, Internal heating of lithium-ion batteries using
alternating current based on the heat generation model in frequency domain,
J. Power Sources 273 (2015) 1030-1037, http://dx.doi.org/10.1016/].jpowsour.
2014.09.181.

Y. Qin, J. Du, L. Lu, M. Gao, F. Haase, J. Li, M. Ouyang, A rapid lithium-ion
battery heating method based on bidirectional pulsed current: Heating effect and
impact on battery life, Appl. Energy 280 (2020) 115957, http://dx.doi.org/10.
1016/j.apenergy.2020.115957.

J.P. Schmidt, A. Weber, E. Ivers-Tiffée, A novel and precise measuring method for
the entropy of lithium-ion cells: 4s via electrothermal impedance spectroscopy,
Electrochim. Acta 137 (2014) 311-319, http://dx.doi.org/10.1016/j.electacta.
2014.05.153.

J.P. Schmidt, D. Manka, D. Klotz, E. Ivers-Tiffée, Investigation of the thermal
properties of a Li-ion pouch-cell by electrothermal impedance spectroscopy,
J. Power Sources 196 (19) (2011) 8140-8146, http://dx.doi.org/10.1016/j.
jpowsour.2011.05.047.

T.A. Stuart, A. Hande, HEV battery heating using AC currents, J. Power Sources
129 (2) (2004) 368-378, http://dx.doi.org/10.1016/j.jpowsour.2003.10.014.
M.D. Murbach, B. Gerwe, N. Dawson-Elli, L. kun Tsui, impedance.py: A python
package for electrochemical impedance analysis, J. Open Source Softw. 5 (52)
(2020) 2349, http://dx.doi.org/10.21105/j0ss.02349.

B. Hirschorn, M.E. Orazem, B. Tribollet, V. Vivier, 1. Frateur, M. Musiani,
Determination of effective capacitance and film thickness from constant-phase-
element parameters, Electrochim. Acta 55 (21) (2010) 6218-6227, http://dx.doi.
0rg/10.1016/j.electacta.2009.10.065.

S.M. Gateman, O. Gharbi, H. Gomes de Melo, K. Ngo, M. Turmine, V. Vivier,
On the use of a constant phase element (CPE) in electrochemistry, Curr.
Opin. Electrochem. 36 (2022) 101133, http://dx.doi.org/10.1016/j.coelec.2022.
101133.

P. Mauracher, E. Karden, Dynamic modelling of lead/acid batteries using
impedance spectroscopy for parameter identification, J. Power Sources 67 (1)
(1997) 69-84, http://dx.doi.org/10.1016/S0378-7753(97)02498-1.


http://dx.doi.org/10.1016/j.electacta.2015.10.152
http://dx.doi.org/10.1016/j.electacta.2015.10.152
http://dx.doi.org/10.1016/j.electacta.2015.10.152
http://dx.doi.org/10.1007/s10008-015-2824-9
http://dx.doi.org/10.1016/j.electacta.2014.01.034
http://dx.doi.org/10.1149/1.3190160
http://dx.doi.org/10.1149/1.2044210
http://dx.doi.org/10.1149/1.2044210
http://dx.doi.org/10.1149/1.2044210
http://dx.doi.org/10.1149/1945-7111/ad2596
http://dx.doi.org/10.1149/1945-7111/ad2596
http://dx.doi.org/10.1149/1945-7111/ad2596
http://dx.doi.org/10.1016/j.est.2026.122478
http://dx.doi.org/10.1016/j.est.2026.122478
http://dx.doi.org/10.1016/j.est.2026.122478
http://dx.doi.org/10.1016/j.jpowsour.2023.232929
http://dx.doi.org/10.1016/j.jpowsour.2023.232929
http://dx.doi.org/10.1016/j.jpowsour.2023.232929
http://dx.doi.org/10.1016/j.electacta.2023.142939
http://dx.doi.org/10.1007/s10800-015-0887-z
http://dx.doi.org/10.1007/s10800-015-0887-z
http://dx.doi.org/10.1007/s10800-015-0887-z
http://dx.doi.org/10.1016/j.jpowsour.2010.12.102
http://dx.doi.org/10.1016/j.jpowsour.2025.239111
http://dx.doi.org/10.1016/j.jpowsour.2025.239111
http://dx.doi.org/10.1016/j.jpowsour.2025.239111
http://dx.doi.org/10.1016/S0378-7753(01)00478-5
http://dx.doi.org/10.1016/S0378-7753(01)00478-5
http://dx.doi.org/10.1016/S0378-7753(01)00478-5
http://dx.doi.org/10.1149/1945-7111/ae3911
http://dx.doi.org/10.1149/1945-7111/ae3911
http://dx.doi.org/10.1149/1945-7111/ae3911
http://dx.doi.org/10.1016/j.jpowsour.2025.237358
http://dx.doi.org/10.1002/batt.202500179
http://dx.doi.org/10.1002/batt.202500179
http://dx.doi.org/10.1002/batt.202500179
http://dx.doi.org/10.1109/TIE.2025.3561879
http://dx.doi.org/10.1016/j.est.2024.111265
http://dx.doi.org/10.1149/1945-7111/acada7
http://dx.doi.org/10.1149/1945-7111/acada7
http://dx.doi.org/10.1149/1945-7111/acada7
http://dx.doi.org/10.1149/2.1031902jes
http://dx.doi.org/10.1016/j.electacta.2018.12.107
http://dx.doi.org/10.1016/j.est.2024.112754
http://dx.doi.org/10.1016/j.est.2022.106207
http://dx.doi.org/10.1109/TIE.2023.3331090
http://dx.doi.org/10.1016/j.est.2022.104291
http://dx.doi.org/10.1016/j.jpowsour.2016.06.104
http://dx.doi.org/10.1016/j.jpowsour.2015.10.052
http://dx.doi.org/10.1149/2.0561506jes
http://dx.doi.org/10.1016/j.jpowsour.2014.05.139
http://dx.doi.org/10.1149/2.0051410jes
http://dx.doi.org/10.1016/j.jpowsour.2014.04.129
http://dx.doi.org/10.1016/j.jpowsour.2014.04.129
http://dx.doi.org/10.1016/j.jpowsour.2014.04.129
http://dx.doi.org/10.1016/j.jpowsour.2013.06.013
http://dx.doi.org/10.1016/j.jpowsour.2013.06.013
http://dx.doi.org/10.1016/j.jpowsour.2013.06.013
http://dx.doi.org/10.1016/j.jpowsour.2019.227435
http://dx.doi.org/10.1016/j.jpowsour.2019.227435
http://dx.doi.org/10.1016/j.jpowsour.2019.227435
http://dx.doi.org/10.1016/j.est.2020.101885
http://dx.doi.org/10.1002/er.3576
http://dx.doi.org/10.1016/j.jpowsour.2014.09.181
http://dx.doi.org/10.1016/j.jpowsour.2014.09.181
http://dx.doi.org/10.1016/j.jpowsour.2014.09.181
http://dx.doi.org/10.1016/j.apenergy.2020.115957
http://dx.doi.org/10.1016/j.apenergy.2020.115957
http://dx.doi.org/10.1016/j.apenergy.2020.115957
http://dx.doi.org/10.1016/j.electacta.2014.05.153
http://dx.doi.org/10.1016/j.electacta.2014.05.153
http://dx.doi.org/10.1016/j.electacta.2014.05.153
http://dx.doi.org/10.1016/j.jpowsour.2011.05.047
http://dx.doi.org/10.1016/j.jpowsour.2011.05.047
http://dx.doi.org/10.1016/j.jpowsour.2011.05.047
http://dx.doi.org/10.1016/j.jpowsour.2003.10.014
http://dx.doi.org/10.21105/joss.02349
http://dx.doi.org/10.1016/j.electacta.2009.10.065
http://dx.doi.org/10.1016/j.electacta.2009.10.065
http://dx.doi.org/10.1016/j.electacta.2009.10.065
http://dx.doi.org/10.1016/j.coelec.2022.101133
http://dx.doi.org/10.1016/j.coelec.2022.101133
http://dx.doi.org/10.1016/j.coelec.2022.101133
http://dx.doi.org/10.1016/S0378-7753(97)02498-1

N. Sailer et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

The MathWorks Inc., MATLAB version: 23.2 (R2023b), 2023, URL https://www.
mathworks.com.

The MathWorks Inc., nlinfit, 2023, URL https://www.mathworks.com/help/
releases/R2023b/stats/nlinfit.html?s_tid=doc_ta.

E-One Moli Energy Corp., MOLICEL INR-18650-M35A, 2026, URL https://www.
molicel.com/product/inr-18650-m35a/. (Accessed 3 July 2026).

Bio-Logic SAS, VMP-300 potentiostat - BioLogic, 2026, URL https://www.
biologic.net/products/vmp-300/. (Accessed 3 July 2026).

FEINMETALL GmbH, FXB-CY-01-10 test adapter for cylindrical cells, 2026, URL
https://www.feinmetall.com/en/products/product-finder/1093370. (Accessed 3
July 2026).

FEINMETALL GmbH, High current probes (battery  contacting),
HCB056D29MS11TYPK, 2026, URL https://www.feinmetall.com/en/products/
product-finder/1034108. (Accessed 3 July 2026).

Pico Technology Ltd., PicoLog TC-08 high-resolution thermocouple data logger,
2026, URL https://www.picotech.com/data-logger/picolog-tc-08-thermocouple-
data-logger. (Accessed 3 July 2026).

N. Sailer, L. Totschnig, C. Steffan, J.P. Schmidt, Dataset: Quantitative separation
of thermal and electrochemical contributions in NLEIS measurements, 2026, URL
https://doi.org/10.17632/djzsz28xft.1, Mendeley dataset, Version 1..

Bio-Logic SAS, ZFit and equivalent electrical circuits (EIS battery equivalent
circuit) - application note 14, 2026, URL https://www.biologic.net/documents/
eis-equivalent-circuit-electrochemistry-battery-application-note-14/. (Accessed 3
July 2026).

S. Ludwig, M. Steinhardt, A. Jossen, Determination of internal tempera-
ture differences for various cylindrical lithium-ion batteries using a pulse
resistance approach, Batteries 8 (7) (2022) 60, http://dx.doi.org/10.3390/
batteries8070060.

Teledyne FLIR LLC, FLIR E85, advanced thermal camera, URL https://www.flir.
com/products/e85/. (Accessed 3 July 2026).

M. El-Dalahmeh, Z. Hui, J. Zhang, M. Mamlouk, Unlocking the potential of
second-life batteries: A nonlinear frequency and machine learning approach to
health prediction, J. Energy Storage 159 (2026) 121714, http://dx.doi.org/10.
1016/j.est.2026.121714.

D. Lederer, S. Schwunk, F. Zillken, C. Wett, B. Turan, C. Plank, M.A. Danzer,
Analysis of non-linearity and non-stationarity of electrochemical impedance
spectra of lithium-ion batteries with superimposed DC current, J. Electrochem.
Soc. 173 (4) (2026) 040502, http://dx.doi.org/10.1149/1945-7111/ae4274.

S. Wang, J. Tang, B. Xiong, J. Fan, Y. Li, Q. Chen, C. Xie, Z. Wei, Comparison of
techniques based on frequency response analysis for state of health estimation
in lithium-ion batteries, Energy 304 (2024) 132077, http://dx.doi.org/10.1016/
j.energy.2024.132077.

Y.Y. Lee, H.S. Chan, J. Ulrich, A. Weber, U. Krewer, Full-, half-, and symmetrical
cell analysis of lithium-ion battery using impedance and nonlinear frequency
response, J. Electrochem. Soc. 171 (7) (2024) 070543, http://dx.doi.org/10.
1149/1945-7111/ad5ef9.

H. Seng Chan, L. Bldubaum, D. Vijayshankar, F. Roder, C. Nowak, A. Weber, A.
Kwade, U. Krewer, Revealing the impact of particle size distribution on ageing
of lithium-Ion batteries with frequency response analysis, Batter. & Supercaps 6
(10) (2023) http://dx.doi.org/10.1002/batt.202300203.

D. Sarwar, C. Wang, T. Amietszajew, C. Zhang, C. Saha, O. Curnick, Capacity fade
detection in lithium-ion batteries using non-linear frequency response analysis
(NFRA) under multiple open-circuit voltages (OCVs), Electrochem. Commun. 140
(2022) 107338, http://dx.doi.org/10.1016/j.elecom.2022.107338.

H.S. Chan, E.J. Dickinson, T.P. Heins, J. Park, M. Gabers” cek, Y.Y. Lee, M.
Heinrich, V. Ruiz, E. Napolitano, P. Kauranen, E. Fedorovskaya, J. Moskon,
T. Kallio, S. Mousavihashemi, U. Krewer, G. Hinds, S. Seitz, Comparison
of methodologies to estimate state-of-health of commercial Li-ion cells from
electrochemical frequency response data, J. Power Sources 542 (2022) 231814,
http://dx.doi.org/10.1016/j.jpowsour.2022.231814.

16

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Journal of Power Sources 691 (2026) 240924

S.H. Kim, H.M. Lee, Y.-J. Shin, Aging monitoring method for lithium-ion batteries
using harmonic analysis, IEEE Trans. Instrum. Meas. 70 (2021) 1-11, http:
//dx.doi.org/10.1109/TIM.2020.3043097.

N. Harting, N. Wolff, U. Krewer, Identification of lithium plating in lithium-ion
batteries using nonlinear frequency response analysis (NFRA), Electrochim. Acta
281 (2018) 378-385, http://dx.doi.org/10.1016/j.electacta.2018.05.139.

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 (5) (2018) 821, http://dx.doi.org/10.
3390/app8050821.

N. Harting, N. Wolff, F. Roder, U. Krewer, Nonlinear frequency response analysis
(NFRA) of lithium-ion batteries, Electrochim. Acta 248 (2017) 133-139, http:
//dx.doi.org/10.1016/j.electacta.2017.04.037.

S. Okazaki, S. Higuchi, S. Takahashi, Second-order harmonic in the current
response to sinusoidal perturbation voltage for lead-acid battery: An application
to a state—of-charge indicator, J. Electrochem. Soc. 132 (7) (1985) http://dx.
doi.org/10.1149/1.2114157.

M. Steinhardt, E.I. Gillich, A. Rheinfeld, L. Kraft, M. Spielbauer, O. Bohlen,
A. Jossen, Low-effort determination of heat capacity and thermal conductivity
for cylindrical 18650 and 21700 lithium-ion cells, J. Energy Storage 42 (2021)
103065, http://dx.doi.org/10.1016/j.est.2021.103065.

Y.-S. Duh, J.-H. Theng, C.-C. Chen, C.-S. Kao, Comparative study on thermal
runaway of commercial 14500, 18650 and 26650 LiFePO4 batteries used in
electric vehicles, J. Energy Storage 31 (2020) 101580, http://dx.doi.org/10.
1016/j.est.2020.101580.

M. Balasundaram, V. Ramar, C. Yap, L. Li, A.A. Tay, P. Balaya, Heat loss
distribution: Impedance and thermal loss analyses in LiFePO4/graphite 18650
electrochemical cell, J. Power Sources 328 (2016) 413-421, http://dx.doi.org/
10.1016/j.jpowsour.2016.08.045.

N.S. Spinner, R. Mazurick, A. Brandon, S.L. Rose-Pehrsson, S.G. Tuttle, Analyt-
ical, numerical and experimental determination of thermophysical properties of
commercial 18650 LiCoO 2 lithium-ion battery, J. Electrochem. Soc. 162 (14)
(2015) A2789-A2795, http://dx.doi.org/10.1149/2.0871514jes.

M.R. King, P.T. Coman, R. Mollah, M.R. Khan, S. Karuppuswami, T.R. Garrick,
R.E. White, High-frequency impedance spectroscopy: Measurement reproducibil-
ity, electromagnetic, and ionic effects in cylindrical lithium-ion cells, J.
Electrochem. Soc. 172 (6) (2025) 060533, http://dx.doi.org/10.1149/1945-
7111/adelfd.

T.F. Landinger, G. Schwarzberger, A. Jossen, High frequency impedance char-
acteristics of cylindrical lithium-ion cells: Physical-based modeling of cell state
and cell design dependencies, J. Power Sources 488 (2021) 229463, http://dx.
doi.org/10.1016/j.jpowsour.2021.229463.

S. Schindler, M.A. Danzer, Influence of cell design on impedance characteristics
of cylindrical lithium-ion cells: A model-based assessment from electrode to
cell level, J. Energy Storage 12 (2017) 157-166, http://dx.doi.org/10.1016/j.
est.2017.05.002.

F.C. Laman, M.W. Matsen, J.A.R. Stiles, Inductive impedance of a spirally wound
Li / MoS2 cell, J. Electrochem. Soc. 133 (12) (1986) http://dx.doi.org/10.1149/
1.2108430.

A. Jossen, Fundamentals of battery dynamics, J. Power Sources 154 (2) (2006)
530-538, http://dx.doi.org/10.1016/j.jpowsour.2005.10.041.

H. Li, L. Wang, Y. Song, Z. Zhang, H. Zhang, A. Du, X. He, Significance of current
collectors for high performance conventional lithium-Ion batteries: A review,
Adv. Funct. Mater. 33 (49) (2023) http://dx.doi.org/10.1002/adfm.202305515.
B. Xu, J. Lee, D. Kwon, L. Kong, M. Pecht, Mitigation strategies for Li-ion battery
thermal runaway: A review, Renew. Sustain. Energy Rev. 150 (2021) 111437,
http://dx.doi.org/10.1016/j.rser.2021.111437.


https://www.mathworks.com
https://www.mathworks.com
https://www.mathworks.com
https://www.mathworks.com/help/releases/R2023b/stats/nlinfit.html?s_tid=doc_ta
https://www.mathworks.com/help/releases/R2023b/stats/nlinfit.html?s_tid=doc_ta
https://www.mathworks.com/help/releases/R2023b/stats/nlinfit.html?s_tid=doc_ta
https://www.molicel.com/product/inr-18650-m35a/
https://www.molicel.com/product/inr-18650-m35a/
https://www.molicel.com/product/inr-18650-m35a/
https://www.biologic.net/products/vmp-300/
https://www.biologic.net/products/vmp-300/
https://www.biologic.net/products/vmp-300/
https://www.feinmetall.com/en/products/product-finder/1093370
https://www.feinmetall.com/en/products/product-finder/1034108
https://www.feinmetall.com/en/products/product-finder/1034108
https://www.feinmetall.com/en/products/product-finder/1034108
https://www.picotech.com/data-logger/picolog-tc-08-thermocouple-data-logger
https://www.picotech.com/data-logger/picolog-tc-08-thermocouple-data-logger
https://www.picotech.com/data-logger/picolog-tc-08-thermocouple-data-logger
https://doi.org/10.17632/djzsz28xft.1
https://www.biologic.net/documents/eis-equivalent-circuit-electrochemistry-battery-application-note-14/
https://www.biologic.net/documents/eis-equivalent-circuit-electrochemistry-battery-application-note-14/
https://www.biologic.net/documents/eis-equivalent-circuit-electrochemistry-battery-application-note-14/
http://dx.doi.org/10.3390/batteries8070060
http://dx.doi.org/10.3390/batteries8070060
http://dx.doi.org/10.3390/batteries8070060
https://www.flir.com/products/e85/
https://www.flir.com/products/e85/
https://www.flir.com/products/e85/
http://dx.doi.org/10.1016/j.est.2026.121714
http://dx.doi.org/10.1016/j.est.2026.121714
http://dx.doi.org/10.1016/j.est.2026.121714
http://dx.doi.org/10.1149/1945-7111/ae4274
http://dx.doi.org/10.1016/j.energy.2024.132077
http://dx.doi.org/10.1016/j.energy.2024.132077
http://dx.doi.org/10.1016/j.energy.2024.132077
http://dx.doi.org/10.1149/1945-7111/ad5ef9
http://dx.doi.org/10.1149/1945-7111/ad5ef9
http://dx.doi.org/10.1149/1945-7111/ad5ef9
http://dx.doi.org/10.1002/batt.202300203
http://dx.doi.org/10.1016/j.elecom.2022.107338
http://dx.doi.org/10.1016/j.jpowsour.2022.231814
http://dx.doi.org/10.1109/TIM.2020.3043097
http://dx.doi.org/10.1109/TIM.2020.3043097
http://dx.doi.org/10.1109/TIM.2020.3043097
http://dx.doi.org/10.1016/j.electacta.2018.05.139
http://dx.doi.org/10.3390/app8050821
http://dx.doi.org/10.3390/app8050821
http://dx.doi.org/10.3390/app8050821
http://dx.doi.org/10.1016/j.electacta.2017.04.037
http://dx.doi.org/10.1016/j.electacta.2017.04.037
http://dx.doi.org/10.1016/j.electacta.2017.04.037
http://dx.doi.org/10.1149/1.2114157
http://dx.doi.org/10.1149/1.2114157
http://dx.doi.org/10.1149/1.2114157
http://dx.doi.org/10.1016/j.est.2021.103065
http://dx.doi.org/10.1016/j.est.2020.101580
http://dx.doi.org/10.1016/j.est.2020.101580
http://dx.doi.org/10.1016/j.est.2020.101580
http://dx.doi.org/10.1016/j.jpowsour.2016.08.045
http://dx.doi.org/10.1016/j.jpowsour.2016.08.045
http://dx.doi.org/10.1016/j.jpowsour.2016.08.045
http://dx.doi.org/10.1149/2.0871514jes
http://dx.doi.org/10.1149/1945-7111/ade1fd
http://dx.doi.org/10.1149/1945-7111/ade1fd
http://dx.doi.org/10.1149/1945-7111/ade1fd
http://dx.doi.org/10.1016/j.jpowsour.2021.229463
http://dx.doi.org/10.1016/j.jpowsour.2021.229463
http://dx.doi.org/10.1016/j.jpowsour.2021.229463
http://dx.doi.org/10.1016/j.est.2017.05.002
http://dx.doi.org/10.1016/j.est.2017.05.002
http://dx.doi.org/10.1016/j.est.2017.05.002
http://dx.doi.org/10.1149/1.2108430
http://dx.doi.org/10.1149/1.2108430
http://dx.doi.org/10.1149/1.2108430
http://dx.doi.org/10.1016/j.jpowsour.2005.10.041
http://dx.doi.org/10.1002/adfm.202305515
http://dx.doi.org/10.1016/j.rser.2021.111437

	Quantitative separation of thermal and electrochemical contributions in nonlinear EIS measurements
	Introduction
	nleis 
	Knowledge Gap and Motivation for This Study

	Methods
	Modified nleis Sweep with Internal Cell Temperature Tracking
	Single–Frequency NLEIS Protocol
	Data Validation and ecm Fitting

	Experimental
	Temperature Sensitivity of Impedance
	nleis Sweep
	Single–Frequency nleis 

	Results and Discussion
	nleis Sweep
	Linearity Criterion Evaluation
	Temperature Effects and Arrhenius Behavior

	Single–frequency nleis 
	High–Frequency Impedance Anomaly


	Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	Data availability
	References


