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Abstract: The electrochemical impedance spectrum (EIS) is a non-destructive technique for the on-line
evaluation and monitoring of the performance of lithium-ion batteries. However, the measured EIS
can be unstable and inaccurate without the proper resting time. Therefore, we conducted comprehen-
sive EIS tests during the charging process and at different state of charge (SOC) levels with various
resting times. The test results revealed two findings: (1) EIS tests with a constant long resting time
showed a clear pattern in the impedance spectral radius—a decrease followed by a slight increase. We
analyzed the impedance data using an equivalent circuit model and explained the changes through
circuit parameters. (2) We examined the effect of resting time on impedance at consistent SOC levels.
While low SOC levels exhibited significant sensitivity to resting time, medium SOC levels showed
less sensitivity, and high SOC levels had minimal impact on resting time. The equivalent circuit
parameters matched the observed trends. Kramers—Kronig transformation was conducted to assess
the reliability of the experiments. This study not only summarizes the relationship between the EIS
and SOC but also highlights the importance of resting time in impedance analysis. Recognizing the
role of the resting time could enhance impedance-based battery studies, contribute to refined battery
status evaluation, and help researchers to design proper test protocols.

Keywords: electrochemical impedance spectrum; resting-time; state of charge; equivalent circuit
model

1. Introduction

The electrochemical impedance spectrum (EIS) is an electrochemical technique that
measures the impedance curve versus multiple alternating current frequencies [1-3]. Be-
cause the EIS is a non-destructive and non-invasive technique, it is widely used for the
on-line evaluation and monitoring of the performance of lithium-ion batteries [4,5]. For
example, in 2011 the authors of [6] used the EIS to evaluate both the state of charge (SOC)
and the state of health (SOH), and the authors of [7] used the EIS to investigate the internal
mechanisms of lithium-ion batteries. However, the EIS is also influenced by the resting
time of the battery during the charge and discharge process [8,9]. If the resting time is not
considered, the EIS obtained from the same battery with the same SOC and SOH may vary
significantly. Therefore, it is important to study the effect of the resting time on the EIS and
find the optimal resting time for accurate and reliable battery evaluation.

The EIS is important for assessing various performance characteristics of batteries.
In 2011, the authors of [6] used the EIS to evaluate both the SOC and SOH. In 2021, Gao,
Orazem, et al. [10] published a study in Nature highlighting the applications of the EIS in
battery performance and electrochemical biosensing. Their research pointed out that the
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EIS could aid in the elucidation of other fundamental processes, such as: (1) the formation
of surface films on electrode materials, (2) interfacial contact issues between different
phases, and (3) the depletion of charge carriers within active phases or the electrolyte.
Messing et al. [11] recently proposed a strategy to estimate the state of charge (SOC) of a
battery using a deep neural network (DNN) and the EIS. The obtained EIS data were fed
into the DNN to obtain an accurate battery model and the corresponding parameters.

In addition, some studies have focused on monitoring or predicting other important
battery state information. For example, Koleti et al. [12] proposed a new method for lithium
precipitation detection based on battery impedance estimation. The in situ impedance-
based detection method could detect the onset of lithium precipitation during charging.
The authors further stated that this method could operate in real time during charging
and could therefore be transferred to a battery management system (BMS). Zhou et al. [13]
proposed a model-free physical-level battery diagnostic method combining the EIS and a
multi-output relevance vector machine (RVM). The multi-output RVM using impedance
data in the low-frequency domain could accurately and robustly identify the curvature,
porosity, and fraction of active materials in Monte Carlo simulations. Its potential for
practical application in battery monomer performance screening was demonstrated. In
addition, Zhang et al. [14] collected EIS data from more than 20,000 commercial lithium-
ion batteries under different health states, states of charge, and temperatures. The entire
EIS was used as input through a Gaussian process model to automatically determine
which spectral features could predict degradation without further feature engineering. The
adopted model accurately predicted the remaining lifetime of the battery. In summary, the
EIS is an important tool for battery evaluation.

Accurately measuring the EIS is crucial to understanding battery performance. Among
all the factors that affect EIS measurement, resting time is important. The resting time is the
period during which the battery is not subjected to any current or voltage. If the resting time
is not considered, the EIS obtained from the same battery with the same SOC and SOH may
vary significantly. In 2013, Waag et al. [15] investigated EIS variation and discovered that
the resting time is important to the EIS. In 2015, during a study of the long-term equalization
effects due to local state-of-charge inhomogeneities, Noel et al. [16] also pointed out the
dependence of the EIS on the resting time. However, how the resting time affects the EIS
under different SOC and the extent to which this occurs are still unknown. In particular,
regarding the increasingly popular method of SOC assessment using the EIS, this lack of
knowledge concerning the sensitivity of the EIS to the resting time at different SOC may
lead to significant estimation errors in the SOC or other factors. It is therefore necessary to
analyze the effect of the resting time on the EIS at different SOC.

In this study, we specifically investigated the correlation between the EIS value, rest
time, and SOC of Li-ion batteries. The test results revealed two findings: (1) EIS tests with
a constant long resting time showed a clear pattern in the impedance spectral radius—a
decrease followed by a slight increase. We analyzed the impedance data using an equivalent
circuit model and explained the changes through circuit parameters. (2) We examined the
effect of resting time on impedance at consistent SOC levels. While low SOC levels exhibited
significant sensitivity to resting time, medium SOC levels showed less sensitivity, and high
SOC levels had minimal impact on the resting time. The equivalent circuit parameters
matched the observed trends. Kramers—-Kronig transformation was conducted to assess the
reliability of the experiments. This study not only summarizes the relationship between
the EIS and SOC but also highlights the importance of the resting time in impedance
analysis. Recognizing the role of the resting time could enhance impedance-based battery
studies, contributes to refined battery status evaluation, and help researchers to build
proper test protocols.
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2. Method
2.1. Measurement Process

In this study, we used an electrochemical impedance spectroscopy test device based
on the DNB1168 single-chip test system [17], which has obvious volume and cost advan-
tages over electrochemical workstations. Only one flexible printed circuit board and one
acquisition board are needed to measure the EIS of lithium-ion batteries, which solves the
problem of the huge volume and high cost of electrochemical workstations for real-time
online impedance measurements. This advantage makes it promising for future real-time
impedance testing in automotive applications. At the same time, we made our own lithium-
ion battery for experimental investigations.

The overall study process is shown in Figure 1. The fresh battery was first fully
discharged, and after a period of resting, the charge capacity was controlled to be 5% every
time with the charge current set at 0.2 C; then, the EIS test was performed for different
resting times. Based on the test results, the variation relationship between the EIS and
SOC and the relationship between the EIS and resting time were analyzed by DRT and an
equivalent circuit model. Finally, the reliability of the impedance data was analyzed by KK
transformation. The ambient temperature of the battery measurement was controlled by
a thermal chamber during the test to exclude inconsistencies in the EIS results caused by
temperature differences as much as possible. The constructed experimental test platform
is shown in Figure 2. The experimental control of battery charging and discharging was
achieved by LANDdt. The charging process was suspended every 15 min to perform
the EIS test, which included measurements of different resting times, namely immediate
measurements at the end of 10 s, measurements at 15 min of resting, measurements at
30 min of resting, measurements at 1 h of resting, and measurements at 2 h of resting. The
EIS testing process is shown in Figure 3. Several different rest times were set to explore the
extent to which the resting time affected the impedance of the battery at different SOC.

2.2. Pouch Battery Fabrication

Cathode preparation: Polyvinylidene fluoride, conductive carbon black, and lithium
nickel-cobalt-aluminate material were added to N-methylpyrrolidone in the mass ratio of
2:1.5:96.5 to produce the cathode slurry, which was coated, dried, rolled, and pressed to
fabricate the cathode electrode. The single-sided loading of the electrode was 240 g m~2.

Anode preparation: In deionized water, according to the mass ratio of 1.5:1:6:90:1.5,
carboxy methyl cellulose, conductive carbon black, silicon(Il) oxide (SiOy), graphite (C),
and styrene-butadiene rubber were added sequentially to make the anode slurry. After
coating, drying, rolling, and cutting, the anode electrode was produced. The single-sided
loading of the sheet was 115 g m~2, and the N/P ratio of the battery was 1.07.

®

Cell testing

fresh cell : -

Analyze equivalent

. . circuit component

‘Fully Charge EIS Rela.tlonshlp between parameter values

discharge SOC+EIS resting time and EIS
EIS k-k transform
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@ Relationship between Comparison of DRT profiles of impedance data

SOC and EIS results

Determination of the equivalent circuit model structure by the number of DRT peaks ~ Summary and analysis of the phenomenon

Figure 1. Overall research process for the EIS experiment.
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Figure 2. (a) Schematic diagram of NXP experimental test platform. (b) NXP experimental test
platform and device connection diagram.
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Figure 3. EIS testing process.

Battery preparation: The battery was assembled in a low-dew-point room (<—40 °C),
and the electrolyte used for all cells was 1 mol L~! of LiPF6 in EC:DEC:EMC (1:1:2) with
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2% VC. The battery was sealed in an aluminum-laminated polymer film. The designed
capacity of the battery was 5 Ah.

3. Results and Discussion
3.1. Same Resting Time at Different SOC

The EIS measured in this study is shown in Figure 4. Firstly, the results for the same
resting time at different SOC are shown, from which it can be found that there was a
regular trend in the EIS of the lithium-ion batteries for the five resting times, and as
charging proceeded, the arc radius of the impedance spectrum demonstrated a gradual
decrease with until reaching an SOC of about 90%. With subsequent charging to 100%,
there was a tendency for the arc radius to become progressively larger, but the increase was
comparatively slight. The phenomenon was the same for the five resting times. Further,
in order to analyze more concretely the above impedance changes and their causes, we fit
the EIS using an equivalent circuit model (ECM) to explore how the battery impedance
variation reacted to the model parameters.
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Figure 4. (a—e) Results for the different SOC at the same resting time of 10 s, 15 min, 30 min, 1 h, and
2 h, respectively. (f) DRT results for EIS with resting time of 30 min and 50% SOC.

First, we used the distribution of relaxation times (DRT) [18-21] to determine the struc-
ture of the equivalent circuit model; ideally, a typical EIS consists of separated semicircles.
Each semicircle is associated with a specific time constant, which is represented in the
DRT plot as isolated straight lines corresponding to the respective parallel resistance and
capacitance circuits. In fact, the semicircles in the EIS are coupled with each other, and
it is difficult to distinguish them. DRT can transform the coupled EIS into a continuous
curve with several specific peaks, and based on the inverse convolution time constant,
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the relaxation time distribution of the electrochemical system can be extracted, which can
guide the electrochemical modeling of electrochemical systems. If it is assumed that the
voltage response is perturbed by a step current decay exponentially on a specific time scale,
the impedance of the electrochemical system can be written in the following form:

* _g(1)

where fooo ¢(1)dt = 1. In Equation (1), Ry is the ohmic resistance of the electrochemical
system, Z,,,(w) is the polarization impedance, R, is the polarization resistance, 7 is the
relaxation eigentime, g(7) is the distribution function of the relaxation eigentime, j denotes
the imaginary part symbol, and w is the angular frequency. The DRT method, which treats
the electrochemical system as an ohmic resistance Ry in series with an infinite number of
polarization processes, approximates the impedance model of an arbitrary electrochemical
system and avoids the problem of a priori assumptions in electrochemical modeling.

The results of the DRT for 30 min of resting at 50% SOC are shown in Figure 4f, which
reveals one clear peak, so the impedance data were fitted using a first-order ECM, as shown
in Figure 5a. An ECM utilizes a variety of series and parallel circuit components such as
resistors, capacitors, and voltage sources to simulate the external dynamic characteristics
of a battery, thus avoiding the need for complex calculations of internal electrochemical
processes. The basic idea is to consider the electrochemical system as a circuit system
consisting of various electronic and ionic components and to describe the electrochemical
properties of the electrochemical system in terms of the electrical properties of the circuit
components. Ry is used to represent the equivalent ohmic resistance of all materials inside
the battery. The charge transfer resistance represents the obstruction of the current by the
charge transfer process in an electrochemical reaction. In an equivalent circuit model, the
charge transfer resistance is usually expressed as R, and the magnitude of R is related to
the active area of the electrode surface, the electrochemical reaction rate constant, and the
concentration of the electrochemical reactants. The constant-phase-angle element (CPE) is
often used to describe electrochemical systems such as non-ideal capacitance or electrode
interfaces. It is a complex impedance element consisting of an imaginary impedance and
the phase angle. Unlike conventional capacitive elements, the impedance response of a
CPE element at different frequencies is not a pure phase shift but a compound effect of
a phase shift and a frequency-dependent capacitance value. The EIS curve could be well
fitted using a fractional-order CPE element since the EIS curve of the battery exhibited an
oblate semicircle in the mid-frequency band. The Warburg model is used to describe the
diffusion of charge through an electrolyte. The impedance spectrum corresponding to this
model exhibits a straight line with a 45° slope, called the Warburg segment. The model
can be used to analyze the diffusion process of ions or molecules in an electrolyte, denoted
as W in Figure 5a. The results for 30 min of resting were chosen for fitting, as shown in
Figure 5b. It can be noted that as charging proceeded, the ohmic resistance Ry remained
almost stable with a very slight increasing trend. The charge transfer resistance Rt of the
radius of the representative impedance spectrum arc varied significantly with an increasing
SOC during the charging process. A significant decrease occurred when the SOC was less
than 90%, followed by a slight increase during charging to 100% SOC, a phenomenon that
was very consistent with the geometrical variation in the impedance spectrum. R is linked
to electrochemical reaction kinetics as follows [22]:

_RT
™ nFAojo

@

where R is the gas constant, T is the absolute temperature in Kelvin, # is the number of
electrons, F is the Faraday constant, Ay is the active surface area, and jj is the exchange
current density. During charging, R first decreased in the low state of charge region
and remained at a steady level in the medium state of charge region until reaching the
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RO ) )_ 0.03 R,

CPE —

high state of charge region, where Rt then increased slightly. This parabolic-like trend
was consistent with previous EIS studies on similar Ni-rich cathode materials [23,24], For
electrodes from the same battery, Ay does not vary with the electrode potential, so jy should
show a parabolic-like curve, but with an opposite trend [25]. The parabolic-like trend of the
characteristic diffusion time constant as a function of the electrode potential is attributed to
the significant changes in the crystal structure in electrode potential regions below 3.7 V
vs. Li/Li* [23] and above 4.2 V vs. Li/Li". Therefore, the similar parabolic-like behavior
observed for Rt was possibly also related to the drastic crystal structure changes, which
might have altered the equilibrium oxidation/reduction rate, i.e., the exchange current
density [24-26] (jp in Equation (2)).
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ct
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Figure 5. Fitting results of the equivalent circuit. (a) Equivalent circuit structure. (b) Fitting results
for Ret and Ry.

The different impedance spectral shapes and different ECM parameters at different
SOC, as well as the phenomenon of regular changes in the two, corroborated the feasibility
of the SOC estimation of lithium-ion batteries via the EIS using data-driven and model-
driven methods.

3.2. Different Resting Times at the Same SOC

This section further explores the effect of the resting time on the impedance results.
As shown in Figures 6 and 7, we compared the EIS results at the same SOC under different
resting times and found that when the battery was at a low SOC, the resting time had a
significant effect on the impedance results, and the impedance spectral arc radius measured
immediately at 10 s was significantly smaller than that at other resting times, while the
results under other resting times also showed the phenomenon of a gradual increase in the
impedance spectral arc radius with an increase in the resting time. When the battery was
in a medium-high SOC, the impedance varied less with different resting times, and even
the immediate measurement at 10 s was very consistent with the other results. However,
it was still observed that the radius of the impedance spectrum arc increased with an
increasing resting time, but the increasing trend was relatively small. At a high SOC, i.e., an
80-100% SOC, the effect of the resting time on the impedance spectrum was very slight,
and the radius of the impedance spectral arc was almost constant. Based on the above
phenomenon, in order to further explore the effect of impedance measurements at different
resting times on the equivalent circuit model, we used the equivalent circuit to fit the above
impedance data.
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Figure 6. EIS for different resting times at the same SOC. (a-d) Results for 10% SOC, 20% SOC, 30%
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Figure 7. EIS for different resting time at same SOC. (a—f) results for 50% SOC, 60% SOC, 70% SOC,
80% SOC, 90% SOC, and 100% SOC, respectively.

The results for a low SOC of 20%, medium SOC of 50%, and high SOC of 80% were
chosen as examples for the ECM fitting, and the parameter results of the fitted model are
shown in Figure 8. The parameter R representing the radius of the impedance spectrum
arc was consistent with the analysis above, and at a low SOC, the resting time affected the
impedance results significantly. As the resting time increased, the Rt became significantly
larger. When the battery was at a medium to high SOC, the R.; showed relatively consistent
results, with the values varying slightly with the resting time. When the battery was
at a high SOC, the Rt was almost constant and varied very slight with the resting time.
The variation in the EIS with the resting time was more significant at a low SOC for the
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following probable reasons: (1) At low SOC levels, electrochemical polarization effects
are typically more pronounced [27,28], which will be reflected in the EIS. Electrochemical
polarization involves complex interactions at the electrode—electrolyte interface. As the
polarization effect subsides with an increasing resting time, it may result in a significant
change in impedance. (2) This may have been caused by the higher ion exchange resistance
of the anode surface [15,29] at a low SOC, which would limit the migration rate of ions
and electrons. This would lead to more pronounced diffusion effects within the battery,
which would increase the electrochemical impedance. The diffusion effect decreased with
an increasing resting time, making the EIS more responsive to changes in resting time. The
Ry remained very consistent in all conditions, except at a 20% SOC, when it decreased very
slightly with the resting time. This may have been due to the fact that the ohmic internal
resistance is largely determined by the conductivity between the electrolyte and electrode
material of the cell, and these factors do not usually change significantly over a short period
of time.

Therefore, when evaluating the above battery state using the EIS, if the battery was
at a low SOC state, the effect of the resting time on the impedance results needed to be
considered. When the SOC was high, the resting time could be appropriately ignored to
achieve a faster acquisition of the results because the effect of the resting time on the results
was slight.

20% SOC
0.024
0.020 a
s )
E o
o 0.016
0.012
10s 15min 30min 1h 2h
(a) Rest time
50% SOC
0.018
0.014 —— Ry a
G R, g
£ =
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0.006 . . . . :
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Figure 8. Cont.
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Figure 8. Equivalent circuit fitting results. (a—c) results for different resting times at 20% SOC, 50%
SOC, and 80% SOC, respectively.

3.3. Reliability Analysis of Impedance Results

In this study, the KK transform was used to check the reliability of the impedance data.
The method first fits the experimental impedance spectrum to the impedance expression
with clear physical meaning and then extrapolates the fitting result so that the KK integral
can be calculated over the whole frequency range from zero to infinity, which avoids
the error of integral calculation and improves the accuracy of analyzing the impedance
data reliability. For linear electronic component systems, the KK relationship for complex
impedance is generally satisfied; however, in electrochemical electrode systems, the four
conditions under which the KK relationship holds are not always satisfied. Therefore, the
reliability of the obtained electrochemical impedance spectra data can be checked by the
KK relationship [30-32], and based on reliable electrochemical impedance spectral data,
one can accurately analyze the physicochemical properties of a system [33]. When a battery
is in a quasi-steady state that satisfies the properties of causality, stability, linearity, and
finiteness, it can be regarded as a linear system perturbed by small signals, and the real
and imaginary parts of the measured impedance should satisfy the KK transformation
relationship shown in Equation (3):

Z!(w) = 2!() = (3) Jy o

Z'(w) = Z'(0) = (%) [y 7z dx 3)

21(w) = - () J;” Ha

In Equation (3), x and w are the angular frequencies, and Z'(w) and Z" (w) represent
the real and imaginary parts of the impedance Z(w), respectively.

In order to verify the reliability of the impedance test results measured by the above
experimental methods, we performed KK transformation on the impedance measurements,
including the results for a 20% SOC, 50% SOC, and 80% SOC, as shown in Figures 9-11
corresponding to low, medium, and high SOC levels, respectively. Special attention was
paid to the results with relatively short resting times of 10 s and 15 min, because their EIS
varied most significantly with the resting time.
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Figure 11. KK transformation results for different resting times at 80% SOC. (a—e) The results for
resting times of 10 s, 15 min, 30 min, 1 h, and 2 h, respectively.
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References

The KK transformation residual values of the impedance results were found to be less
than 1% for all resting times, proving the reliability of the impedance data results. It is
possible that the test equipment was subjected to external interference during the test, and
some of the results had slightly larger but acceptable residual values at low frequencies,
such as the results for 20% SOC, 2 h and the results for 80% SOC, 1 h and 2 h. In addition,
the results for the relatively short resting times of 10 s and 15 min did not show significantly
larger residual values, indicating that the measured EIS data were still highly reliable. In
conclusion, all impedance test results had low residual values with ideal reliability, deeply
satisfying the conditions for analysis.

4. Conclusions

This study investigated the EIS of lithium-ion batteries under various states of charge
(SOC) and resting times using DNB1168 as an impedance tester. The EIS were obtained
for different SOC levels with a fixed resting time, and the influence of the SOC on the
impedance characteristics was analyzed. The results showed that the impedance spectrum
arc radius magnitude decreased first and then slightly increased with an increasing SOC.
An equivalent circuit model was employed to fit the impedance data and interpret the
impedance data variation process through the parameters of the circuit elements. Although
some studies have demonstrated that the resting time significantly affects the EIS of lithium-
ion batteries, the literature has not yet comprehensively considered and analyzed the effect
of the resting time on the EIS under different SOC and the differences in its extent. Therefore,
the EIS were measured for different resting times at a constant SOC, and the effect of the
resting time on the impedance behavior was examined. It was found that the impedance
magnitude was significantly affected by the resting time at a low SOC, moderately affected
at a medium SOC, and barely affected at a high SOC. The equivalent circuit with extracted
parameters verified a similar pattern of variation concerning the SOC and resting time.
Finally, the reliability of the impedance data was verified by applying the Kramers—Kronig
(KK) transformation. This study revealed the impact of the resting time on the impedance
measurements, which could help researchers to consider this variable when constructing
EIS tests and to design accurate test protocols.
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