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Can Electrochemical Impedance Spectroscopy be Replaced

by Direct Current Techniques in Battery Diagnosis?

Jia Guo,™ " Yaolin Xu,*®™ 9 Pengwei Li,"” Kjeld Pedersen,'” Miran Gaberi¢ek,” and

Daniel-loan Stroe*™

Electrochemical impedance spectroscopy (EIS), a conventional
and alternating-current-(AC)-based technique for impedance
measurement, is commonly used in battery diagnosis. However,
it requires expensive equipment and demanding operating
conditions and is complex and model-dependent in data
analysis. Recently, novel direct current (DC) analytics have
emerged as an alternative to EIS. They are simple yet powerful,
being capable of revealing impedance information that tradi-
tionally could only be obtained through EIS and determining Li-

1. Introduction

With the ever-escalating demand for high-performance bat-
teries for sustainable mobility and energy storage, it is
imperative to gain a comprehensive and in-depth understand-
ing of their electrochemical behaviors to accelerate their
development and optimal use. Battery impedance is a pivotal
parameter that determines battery output voltage,” heat
generation,” and overall health status, and therefore demands
significant attention in the design and operation of the battery
system.®

Battery impedance measurement methods can be broadly
categorized into direct current (DC) and alternating current (AC)
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ion diffusion coefficient. Besides, a complete EIS spectrum can
be predicted based on constant current charging curves in the
support of machine learning methods. This work highlights the
similarities and discrepancies between DC techniques and EIS in
the electrochemical analysis of Li-ion batteries. Looking ahead,
DC techniques may be a promising substitute for EIS in future
battery diagnosis, requiring simplified equipment while offering
a deep understanding of battery impedance and its underlying
electrochemical processes.

methods based on the approach used to apply the current, as
shown in Figure 1.*! The DC methods comprise DC resistance
(DCR)® and hybrid pulse power characterization (HPPC).”’ The
DCR and HPPC methods differ primarily in the duration of their
charge and discharge currents, with the former generally having
shorter durations than the latter, which typically is 18 seconds
for DCR. Besides, for the impedance of Li-ion diffusion measure-
ments, galvanostatic intermittent titration technique (GITT)®
and intermittent current interruption (ICI)®' can be employed.
On the other hand, AC testing primarily pertains to EIS, which
can rapidly measure all the aforementioned impedances. Here,
we are using Li-ion batteries (LIBs) as an example to discuss the
functions of DC methods vs. EIS, emphasizing that this
discussion is not limited to LIBs.

LIBs are nowadays the dominant battery technology on the
market."” They have been extensively studied since the 1980s
and the principal electrochemical processes during battery
charging and discharging have been identified."" Nevertheless,
specific mechanisms, such as the impact of operating con-
ditions on the aging of battery components, have not yet been

DCR
Impedance HPPC

EIS
DC/ AC test
GITT

Li-ion diffusion icl
EIS
DC AC

Figure 1. Common DC and AC methods for battery impedance and Li-ion
diffusion measurements.
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fully understood."” EIS is a powerful technique capable of

providing insights and resolving the unanswered questions
related to battery research.™® The main function of AC-based
EIS in batteries is to determine the electronic and/or ionic
conductivity of electrodes, electrolytes, interphases and inter-
faces, and provide information on the reactance (e.g.,
capacitance)." Besides, EIS proves to be exceptionally fast for
measurement of the mass transfer (e.g., Li-ion diffusion)
coefficient in solid electrodes of batteries."” Furthermore, to
evaluate Li-ion diffusion resistance, the traditional GITT of DC
method is much more time-consuming than EIS."® However,
because EIS is highly sensitive and easily influenced by external
factors, it requires precise equipment and can be challenging to
use in various conditions."” This sensitivity can lead to
significant errors in real-world situations. Although dynamic or
operando EIS testing does not require the battery to be in
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equilibrium state, EIS testing under dynamic conditions is
technically demanding in terms of control and the accuracy of
the results is limited, compared with the conventional EIS.'"®%"
Despite the research efforts in the past years, dynamic EIS is
currently limited to the laboratory use and still far from real-life
application for battery diagnosis. In contrast, the DC impedance
measurement technique is easier to implement in practical
applications, which do not need long time for stable."
Although it may not provide the same level of precision as EIS
testing, it can quickly conduct many times in a short period,
resulting in consistent and reasonably stable results. This is
because the DC charging and discharging processes can be
executed during battery operation, and thus allows for the
realization of the DC impedance measurement while the battery
is in use, making in-situ or operando impedance measurement
feasible. Obviously, obtaining DC impedance test data is easier
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compared to acquiring EIS data. However, DC impedance
measurement cannot directly deconvolute electrochemical
processes, hindering mechanistic understanding of the detailed
electrochemical processes inside batteries. Achieving a wide
range of electrochemical analysis results from DC test data
poses a challenge for battery diagnosis.

With the development of theoretical computations, DC
impedance measurement techniques have been continuously
advanced, and can achieve some functions of EIS measurement.
For example, the results of DC impedance measurement also
have the potential to differentiate electrochemical processes
inside batteries." Through data training, the EIS impedance
spectrum (typically obtained with AC measurement methods)
can be simulated from the constant current charging curves
with the help of machine learning.”??® Furthermore, conven-
tional GITT method for measurement the impedance in Li-ion
diffusion is highly time-consuming, while the novel ICI technol-
ogy saves at least 75% of the measurement time."” As DC
measurement continues to advance, it is anticipated that it may
eventually be able to achieve all functions of EIS.

In this concept paper, we discuss the potential of DC
impedance measurement for obtaining similar battery electro-
chemical understanding as we get from EIS measurement.
Additionally, we explore the potential advancements and
prospects of impedance measurement technology from an
application perspective.

2. Origins of Impedance in Battery

Battery impedance is not only influenced by battery state of
charge (SOCs) but also by the state of health (SOH) and

@

Active material (AM)
particle
Separator

Carbon black (CB)
particle

CEl layer

operating temperature.”?" As discussed, battery impedance is
rooted in multiple processes, such as the electrode surface film
formation and growth, charge transfer, Li-ion diffusion inside
electrode materials, and Ohmic impedance. These specific
processes contributing to battery impedance and the battery
aging mechanisms are shown in Figure 2.** As the battery
impedance can be divided into ohmic impedance (related to
conductivity loss, electrolyte consumption, and electrolyte
decomposition),?" surface film impedance (related to loss of Li,
involving CEl on the cathode surface, i.e., R.;, and SEl on the
anode surface, i.e, R.)"? charge transfer impedance (R,
related to charge storage in double layer, and charge transfer
reaction),"**” and Li-ion diffusion impedance (R, also related
to loss of active materials, e.g., particles fracture and materials
structure change)®® during the measurement, the aging modes
of the battery can be easily identified. This will allow for
accurate and effective battery diagnosis. Therefore, EIS is often
used to identify the battery aging mechanism, and to unravel
the cause of battery aging. For instance, the loss of electrode
material and loss of Li can be identified from the R, and R,
features of EIS spectra.

EIS measurements are typically conducted at a specific state
of charge (SOC) because the distribution of Li-ions in electrode
materials can affect Li-ions diffusion and charge transfer
resistance. In addition, as the SOC increases, the volume of the
negative electrode (Graphite) also increases, resulting in a
reduction in battery impedance.”” Furthermore, temperature
will also have an impact on battery impedance, such as at low
temperature, the viscosity of the electrolyte is high, making it
difficult for Li ions to diffuse, which will also increase the battery
impedance.®” Meanwhile, the impedance is related to and can
be used to estimate battery SOH.

1
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Figure 2. The electrochemical processes inside LIBs, taking cathode as an example, and the impedance contributions during battery operation and aging.
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Currently, the diffusion coefficient of Li-ions in solid electro-
des can be measured using GITT, an intermittent constant
current technique, next to EIS measurement. However, in the
analysis of impedance contributions other than Li-ion diffusion
that are related to electrochemical processes, EIS remains the
preferred method that allows for the deconvolution and
detailed analysis of various electrochemical processes that
contribute to battery impedance.

3. EIS and DC Impedance Show Similar Results
in Impedance Identification

Both EIS and DC impedance measurements can be used to
identify different battery electrochemical processes, such as
Rorms Rseir Rew and Ry, (Figure 3)."¥ The EIS results are obtained
based on the changing of current frequency. With the
frequency changing, the transfer (Li-ions move and diffusion)
process can be identified from the EIS spectrum, as shown in
Figure 3a. In the high-frequency region, the primary occurrence
is the resistance (R,,, and R, of electron conductive and Li-
ions as they traverse the interface film. In the medium
frequency region, the impedance is from the charge transfer
process. In the low frequency region, the impedance is mainly
from the Li™ diffusion in electrode. Similarly, DC constant
current also can be used to measure battery impedance.
Depending on the duration of current applied, the battery
impedance originating from different electrochemical processes
can be calculated, as shown in Figure 3b. In the first few to tens
of milliseconds, the electron conductive occurs, followed Li-ions
go through the SEI film. The charge transfer process can be

(a) 1 EIS

Rohm‘ Rsei‘ Rct . Rmt

E
N

t-ocv
<+—— |[Rdrop

—_
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End of life
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polarization)
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polarization Higher rate
discharge

Voltage

Discharge capacity

finished within the following few seconds. In the next ten
seconds, the Li-ions diffusion process is finished. This means
that both EIS and DC techniques can obtain battery impedance
results, which are dependent on the rate of the chemical
reaction process. Stolz et al.*" summarized the mechanisms of
EIS impedance and DC impedance, respectively. They high-
lighted the advantages of DC measurement techniques. Con-
sistent with Stroe’s study, the advantage of the DC pulse
technique is that one can extract the impedance/resistance
directly from the battery’s real-life operation.?

Both EIS and DC measurements rely on discerning the
reaction rates of diverse electrochemical processes to deconvo-
lute these processes. In theory, DC testing can serve as a
replacement for EIS. However, some technical barriers need to
be addressed.

First, how to distinguish the timescales for R, R and R in
DC impedance measurement is still a challenge. This is
expected to be solved with the developments in computational
methods, such as employing advanced data fitting or prediction
methods to identify the timescales of individual reaction
processes. Besides, the battery’s SOC and electrochemical status
also change constantly during charging process. As shown in
Figure 3¢, the polarization of the battery is related to the
battery’s SOC. The SOC changes during the charging or
discharging process, leading to inaccurate test results. There-
fore, in DC impedance testing, DCR and HPPC testing, the test
time needs to be limited. For the identification of electro-
chemical processes by DC curve, it is necessary to consider the
gradual changes in this stoichiometry. Furthermore, DC impe-
dance results are additionally influenced by the magnitude of
the applied current, as shown in Figure 3d. The non-linear
fluctuations in voltage and current within the battery can lead

(b) I Constant current charging

/T R, SOVl i

% [ T Re =8Vt /i
g T Rsei :AVsei/i
I T Ropm=AVonm / i_
Time ]

Medium Current

Voltage

High Current

Discharge capacity

Figure 3. (a) EIS and (b) DC techniques, e.g. constant current charging, for identifying and quantifying battery impedance (including Ry Reeir R @and Ry,
modified based on Ref. [14]). (c) Battery polarization in battery discharging process®®; (d) Discharge voltage curves at different current rates.>”
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to corresponding variations in the impedance results. Usually,
DC impedance testing requires a lower current of 0.5C or 1C,
or even lower, to reduce the polarization effect caused by the
current magnitude. These challenges represent significant
hurdles in the advancement of DC impedance technology. If
these issues are resolved, there is no doubt that DC impedance
testing technology has the potential to supplement EIS
technology.

4. Determination of Li Diffusion Impedance in
Solid Electrodes with EIS and DC Techniques

As shown in Figure 4, both EIS and DC techniques can be used
to measure the Li diffusion coefficient.

EIS is the most convenient method for measuring Li-ion
diffusion as it takes as short as 5-30 min to measure the EIS of
LIBs, which can be used to determine Li-ion diffusion coefficient
in the electrodes. The low frequency range of the EIS spectrum
and the Nyquist plot can be used to calculate the Li-ion
diffusion coefficient.®”

GITT is a conventional and primary method for determining
Li* diffusion coefficients for insertion electrode materials. GITT
involves two consecutive steps: firstly, applying a constant
current for a duration where the assumption of semi-infinite
diffusion is valid, and secondly, interrupting the current until
the voltage stabilizes to indicate equilibrium.®® By analyzing
the electrode potential during the current pulse and the
subsequent change in equilibrium potential, GITT allows for the
determination of the chemical diffusion coefficient of the
charge-carrying ions."” The disadvantage is that GITT is time-
consuming, typically between hours to days, as it requires a
significant time interval (over 60 min) between current
pulses.k”

Recently, a novel ICI method has been proposed as an
alternative to the GITT measurement.” By conducting linear
regressions of the potential change against the square root of
step time during the current pauses, it becomes possible to
extract both the time-independent and time-dependent com-
ponents of the resistance. These components are referred to as
the internal resistance and the diffusion coefficient, respectively.
The ICI method shortens the relaxation interval to 1-10 sec-
onds, significantly reducing the measurement time. The
innovative ICI method can quickly determine the diffusion
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Figure 4. Methods for measuring Li* diffusion coefficient in insertion electrode materials. (a) EIS®*: the slope of the low-frequency region can be used to
calculate Li-ion diffusion coefficient; (b) ICl: the relaxation time is short (only a few seconds); and (c) GITT: the relaxation time is long (over 60 min)."”
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coefficient of Li-ions. It is also easier to apply in real-world
application. With a deep understanding of Li-ion diffusion
process in electrodes and advancement of data processing, a
more simplified DC technique determining Li diffusion may be
envisaged.

5. EIS Spectrum Prediction Based on Constant
Current Charging Curves

As mentioned before, conducting EIS tests in real vehicles poses
significant challenges. If the complete EIS can be approximated
through DC testing, it would provide essential information
required for subsequent battery management system.®® This
information encompasses parameters such as ohmic impe-
dance, charge transfer impedance, interface film resistance, and
lithium diffusion coefficient.®® Using some of this data as input,
models can be developed to accurately diagnose battery
health,***" even predict its future performance.*® The first
thing to note is the predictability of the constant current
charging curve and EIS.

Model training

With the development of machine learning, it has been
found that the constant current charging curve can be used to
predict the complete EIS spectra with marginal error.?>** The
prediction process is shown in Figure 5. First, the model
undergoes training with an extensive dataset, which includes
voltage-capacity curves collected at different SOH levels,
together with the corresponding EIS data. For the dataset used
by Guo et al.”*? they trained the model using 300 EIS datasets.
They then validated the model using 75 EIS datasets. Another
example, Duan et al.*® utilized 1200 pairs of EIS datasets and
battery voltage curves for training the model. They reserved
300 pairs for model validation. Then, the established model is
used to predict the complete impedance spectrum. Finally, the
machine learning model establishes a mapping between the
battery charging curve and the corresponding all EIS data
points. Because EIS is tested at certain fixed frequency points
from 6500 Hz to 0.01 Hz, the prediction results can correspond
to the test frequency one-to-one, ensuring the valuable of the
prediction results. In addition, the step time recording interval
of constant current charging is 10 s, and changing the time
interval has little impact on the prediction accuracy.

Online
prediction

Time domain

Partial
charge curve

Curve smooth

p

Partial voltage
range selection

Frequency
domain

—_
ML
Voltage —

sequence

Online partial
charging data
GPR, LR, KNN, RE, ME model
XGBoost, etc. '
-4
prediction

Parameter training
Z' sequence

Z" sequence

Prediction

¥

10+ .
g st :
£
Nooor ]
_5_ !_
20 30 40 50
@) Z'(mQ)

W & w
L= < <

Prediction (mQ)

58]
(=}

(b) 20 30 40 50
Ground truth (mQ)

Figure 5. Prediction of EIS results based on battery constant current charging curve with machine learning methods. The algorithm training process was

carried out using dataset collected at early stage.”?
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This demonstrates that there may exist a discernible
correlation between DC charging curve and EIS data. However,
the machine learning process is like a black box,*” and the
intricate relationship between battery charge curves and EIS
remains elusive. It is worth noting that, as illustrated in
Figure 3c previously, the charge and discharge curve of the
battery inherently encompasses polarization and impedance
data within the battery. These data points might exhibit some
numerical correlations with the EIS results. Furthermore, both
EIS and the battery charge-discharge curves can be employed
to quantify the battery’s electrode losses and impedance
increments, thereby further confirm the connection between
them.”*® Yet, we do not exclude the possibility that this
relationship is just a simple mathematical correlation between
battery charging curves and EIS spectra.

This prediction method, which relies on model training, has
the potential to accelerate the battery SOH diagnosis in vehicles
applications.”” The EIS information of the battery can be quickly
obtained according to the charging curve of the battery.

Here, the implementation of DC measurement method
demonstrates the potential as a substitute for EIS in application.
The development of machine learning will extend the use of DC
charging curve as replacement for EIS to study and diagnose
the battery electrochemical behavior.

6. Perspective for the Development of
Impedance Identification

6.1. Understanding the Underlying Mechanisms of Battery
Impedance

Understanding of the underlying mechanisms of impedance is
continuously evolving. Currently, it is broadly understood to be
associated with specific chemical reaction processes which can
be identified from the EIS measurement. In particular, the
resistance of the Li-ion diffusion process is mainly related to the
phase transition of the electrode material.*® To further under-
stand the Li diffusion resistance, it is necessary to clarify how
the structural change of the electrode material affects the
diffusion process of Li-ions in the electrode material. This
requires intensive material structure studies combined with
electrochemical measurement analysis. The transformation
process of the material structure corresponds to the change in
the diffusion coefficient of Li-ions.*? In this way, the relation-
ship between material structure and diffusion resistance can be
established accurately.

The charge transfer is a slower process than the Li-ion
transfer across the interfacial film, but faster than Li-ion
diffusion in the solid phase.”>" The Li-ion desolvation and
solvation processes involved in the charge transfer process
remains unclear. The microscopic process of charge transfer is
still inferred. Especially under different measurement techni-
ques. It is necessary to adopt advanced measurement methods
such as element labeling to track and clarify the charge transfer
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process. Then, the electrochemical process inside battery will be
subdivided again to achieve a more precise diagnosis.

For the surface film impedance, the components and
formation of the EEI (SEI and CEI) film are still unclear. Highly
ordered pyrolytic graphite with a smooth surface is usually used
to study the growth process and composition of SEI films
formed in LIBs.®? Cryogenic electron microscopy (cryo-EM) is a
powerful tool to study in detail the structure and chemistry of
SEl films, which helps to preserve the native state of sensitive
SEl films and greatly suppress electron damage of traditional
transmission electron microscopy (TEM).®¥ X-ray photoelectron
spectroscopy (XPS) and depth profile analysis is also useful for
analyzing the composition of the SEI films.®¥

The study of the underlying impedance mechanisms relies
on advanced detection equipment and powerful electrochem-
ical analysis techniques. Clear microscopic descriptions of the
mechanism will enhance the detail of the electrochemical
process, leading to highly accurate models and reliable
impedance calculations.

6.2. Development of Impedance Identification Methods

Time-consuming GITT measurements and DC impedance meas-
urements are still widely used. In principle, the DC impedance
measurement is similar to the EIS test, and various electro-
chemical processes are distinguished according to the duration
of the current application. Therefore, DC impedance measure-
ment is expected to replace EIS. However, it is difficult to
distinguish the time constants of different chemical processes
during DC impedance measurement. As shown in Figure 6, a
large amount of measurement data can be used to calibrate

Data collection
(EIS & the following DC curve)

Fitting EIS results

Finding out the corresponding
time constants on
the DC charging curve

Algorithm training to replace EIS
with DC impedance test

Figure 6. The algorithm training process for calculating DC impedance.
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and establish an accurate function, which will be benéeficial to
the development of DC impedance technology. In addition, the
advanced DC test algorithm also consider the impact of SOC
change and the magnitude of the applied current during DC
testing.

The test method of Li-ion diffusion coefficient GITT has
been simplified, and the ICl technology with fast measurement
is to establish a functional relationship under the unsteady state
of the battery. With the development of electrochemical models
and computing science, it is promising to find a more universal
and rapid impedance measurement method.

6.3. Development of Impedance Identification in the
Application

The battery’s charging voltage curve can serve as a basis for
predicting complete impedance spectra. While training the
predictive model initially demands a substantial dataset, it
ultimately enables accurate real-time impedance estimations
during battery charging in practical scenarios. As a result,
obtained EIS electrochemical diagnosis can furnish the battery
management system with additional insights into battery health
status. This enhanced feedback of battery information is
instrumental in advancing intelligent battery management
systems.

Furthermore, digitizing the potential connection between
the charging curve and EIS could simplify the direct acquisition
of battery impedance information through alternative means
e.g., partial charging curve.

Simplifying DC impedance measurement as an alternative
to EIS measurement or employing machine learning algorithms
to estimate battery impedance from extensive charging data-
sets holds promise for achieving practical automotive battery
impedance identification and advancing battery diagnosis and
health estimation. Furthermore, by identifying the inherent
relationship between the charge voltage curve and EIS, we can
enhance our understanding of the electrochemical implications
embedded within the charge and discharge curves. This deeper
comprehension enables us to conduct in-depth health diag-
nosis and directly explore the internal degradation modes
through the battery’s charge and discharge curves.

7. Conclusions

Impedance measurements are effective methods for battery
health diagnosis. From a mechanism perspective, both DC
techniques and EIS can be utilized to identify battery
impedance and their related electrochemical processes, and DC
impedance measurement can yield results equivalent to EIS,
such as, Ry R R and R.. However, DC impedance
measurement is underdeveloped at present and its implemen-
tation in real-life application is challenging, and many parame-
ters (e.g., time constants of electrochemical processes) cannot
be accurately determined. With the development of computa-
tional methods, DC impedance measurement is constantly
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being simplified, with the efficiency and accuracy being
advanced. Machine learning methods can enable the prediction
of EIS results based on DC curves by capturing the relationship
in between. Overall, DC impedance measurement is promising
and feasible to replace EIS measurement for battery health
status diagnosis. It is expected that accurate battery health
status will be obtained directly from DC testing in the near
future.

Acknowledgements

Jia Guo was supported by a fund from Otto Monsteds Fund
(4057941073). Jia Guo would like to thank Dr.Jinpeng Tian for
providing details of the cited paper. Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Keywords: Battery diagnosis Electrochemical impedance
spectroscopy (EIS) - Direct current (DC) impedance - Constant
current technique

[1] Y. C. Chien, H. Liu, A. S. Menon, W. R. Brant, D. Brandell, M. J. Lacey, Nat.
Commun. 2023, 14, 2289.

[2] J. Xu, C. C. Mi, B. Cao, J. Cao, J. Power Sources 2013, 233, 277.

[3] M. Fleckenstein, S. Fischer, O. Bohlen, B. Biker, J. Power Sources 2013,
223, 259.

[4] Y. Zheng, Y. Che, X. Hu, X. Sui, R. Teodorescu, IEEE Transactions on
Transportation Electrification 2023, 2, 10.

[5] J. Huang, H. Ge, Z. Li, J. Zhang, Electrochim. Acta 2015, 176, 311.

[6] T. Horiba, T. Maeshima, T. Matsumura, M. Koseki, J. Arai, Y. Muranaka, J.
Power Sources 2005, 146, 107.

[7] D. Dees, E. Gunen, D. Abraham, A. Jansen, J. Prakash, J. Electrochem. Soc.
2008, 155, 603.

[8] D.W. Dees, S. Kawauchi, D.P. Abraham, J. Prakash, J. Power Sources
2009, 189, 263.

[9] Z. Geng, T. Thiringer, M. J. Lacey, IEEE Trans. Transp. Electrif. 2022, 8,
2985.

[10] T. Placke, A. Heckmann, R. Schmuch, P. Meister, K. Beltrop, M. Winter,
Joule 2018, 2, 2528.

[11] H. Ahmad, K. T. Kubra, A. Butt, U. Nisar, F.J. Iftikhar, G. Ali, J. Power
Sources 2023, 581, 233518.

[12] J.S. Edge, S. O'Kane, R. Prosser, N.D. Kirkaldy, A.N. Patel, A. Hales, A.
Ghosh, W. Ai, J. Chen, J. Yang, S. Li, M.-C. Pang, L. Bravo Diaz, A.
Tomaszewska, M. W. Marzook, K. N. Radhakrishnan, H. Wang, Y. Patel, B.
Wu, G. J. Offer, Phys. Chem. Chem. Phys. 2021, 23, 8200.

13] M. Gabers¢ek, Nat. Commun. 2021, 12, 19.

[14] L. Stolz, M. Gaberscek, M. Winter, J. Kasnatscheew, Chem. Mater. 2022,
34,10272.

15] S.B.Tang, M. O. Lai, L. Lu, Mater. Chem. Phys. 2008, 111, 149.

16] R. Xu, D. Wang, G. Yan, J. Duan, H. Guo, J. Wang, Z. Wang, X. Li, G. Li, J.
Energy Storage 2023, 70, 108100.

[17]1 M. Zamzami, A. Ahmad, S. Alamoudi, H. Choudhry, S. Hosawi, G.
Rabbani, E. S. Shalaan, B. Arkook, Microchem. J. 2024, 199, 110190.

[18] T. Ohashi, T. Abe, T. Fukunaga, Z. Ogumi, E. Matsubara, J. Electrochem.
Soc. 2020, 167, 020502.

[19] J. Huang, H. Ge, Z. Li, J. Zhang, Electrochim. Acta 2015, 176, 311.

20] Z.Wang, T. Zhao, M. Takei, J. Electrochem. Soc. 2017, 164, A2268.

[21] K. Mc Carthy, H. Gullapalli, K. M. Ryan, T. Kennedy, J. Electrochem. Soc.
2021, 768, 080517.

[22] J. Guo, Y. Che, K. Pedersen, D.|. Stroe, J. Energy Chem. 2023, 79, 211.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85U80]7 SUOWILIOD BAEa.D 8|qed![dde aup Aq peusenob ae S9ole YO @S JO S8 10} A%euq1Taul|uO /8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M AlRIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWwie 1 8y} 89S *[5202/T0/62] U0 Akeid)Taulluo A8|iM N4 uljied wniuez-zioyw pH Aq 825001202 94do/Z00T 0T/10p/L0o" A8 M Ake.q 1 puluoadone-Alis iweyd//sdny oy pepeojumod ‘Tz ‘v§0z ‘Tr9L6evT



Chemistry
Concept Europe v
ChemPhysChem doi.org/10.1002/cphc.202400528 Socienes puiehing

[23] Y. Duan, J. Tian, J. Lu, C. Wang, W. Shen, R. Xiong, Energy Storage Mater. [40] D. Galatro, C. Da Silva, D. A. Romero, Z. Gong, O. Trescases, C. H. Amon,

2021, 41, 24. Energy Technology 2022, 10, 1.
[24] D. Qu, W. Ji, H. Qu, Commun. Mater. 2022, 3, 1. [41] R. Mingant, J. Bernard, V. Sauvant-Moynot, Appl. Energy 2016, 183, 390.
[25] W. Hu, Y. Peng, Y. Wei, Y. Yang, J. Phys. Chem. C 2023, 127, 4465. [42] Y. Li, M. Maleki, S. Banitaan, J. Energy Storage 2023, 73, 109185.
[26] M. Gauthier, T. J. Carney, A. Grimaud, L. Giordano, N. Pour, H. H. Chang, [43] X. Duan, H. Wang, Y. Jia, L. Wang, B. Liu, J. Xu, Energy Storage Mater.
D.P. Fenning, S.F. Lux, O. Paschos, C. Bauer, F. Maglia, S. Lupart, P. 2022, 45, 667.
Lamp, Y. Shao-Horn, J. Phys. Chem. Lett. 2015, 6, 4653. [44] W. Guo, Z. Sun, S.B. Vilsen, J. Meng, D. . Stroe, J. Energy Storage 2022,
[27] J. Zhu, M. S. Dewi Darma, M. Knapp, D. R. Sgrensen, M. Heere, Q. Fang, 56, 105992.
X. Wang, H. Dai, L. Mereacre, A. Senyshyn, X. Wei, H. Ehrenberg, J. Power [45] M. Mirzaeian, P. J. Hall, J. Power Sources 2010, 195, 6817.
Sources 2020, 448, 28. [46] C. Pastor-Fernandez, K. Uddin, G. H. Chouchelamane, W. D. Widanage, J.
[28] C. Pastor-Fernandez, K. Uddin, G. H. Chouchelamane, W. D. Widanage, J. Marco, J. Power Sources 2017, 360, 301.
Marco, J. Power Sources 2017, 360, 301. [47]1 X. Li, D. Yu, V. Seren Byg, S. Daniel loan, J. Energy Chem. 2023, 82, 103.
[29] J. Guo, S. Jin, X. Sui, X. Huang, Y. Xu, Y. Li, P. K. Kristensen, D. Wang, K. [48] A.@. Drejer, B. P. Andersen, D. B. Ravnsbaek, J. Power Sources 2023, 556,
Pedersen, L. Gurevich, D. I. Stroe, J. Mater. Chem. A Mater. 2022, 11, 41. 232435: . ) )
[30] H. Qu, J. Kafle, J. Harris, D. Zheng, J. Koshina, D. Boone, A. M. Drake, C. J. [49] A. Javaid, H.A. Khalid, S. A. Abbas Kazmi, G. Ali, J. Electroanal. Chem.
Abegglen, D. Qu, Electrochim. Acta 2019, 322, 134755. 2024, 952, 117991. —
[31] L. Stolz, M. Gaberi¢ek, M. Winter, J. Kasnatscheew, Chem. Mater. 2022, ~ 101 J. Guo, Y. Xu, M. Exner, X. Huang, Y. Li, Y. Liu, H. Wang, J. Kowal, Q.
34 10272. Zhang, P. K. Kristensen, D. Wang, K. Pedersen, L. Gurevich, D. I. Stroe, P.
[32] S.B. Vilsen, S.K. Kaer, D. l. Stroe, IEEE Trans. Ind. Appl. 2020, 56, 6937. Adelhelm, Adv. Energy Mater. 2024, 2400190, 1.
[33] M. Winter, R. J. Brodd, Chem. Rev. 2004, 104, 4245 [51] Y. Kondo, T. Abe, Y. Yamada, ACS Appl. Mater. Interfaces 2022, 14, 22706.
[34] B. Saha, K. Goebel, Annual Conference of the Prognostics and Health [52] Z. He, W. Li, Y. Chen, F. Huang, Y. Jie, X. Li, R. Cao, 5. Jiao, Battery Energy

2024, 3, 20230045.

[53] K. C. Matthews, B. Rush, R. Gearba, X. Guo, G. Yu, J. H. Warner, Adv.
Mater. 2024, 2308711, 1.

[54] N. Schulz, R. Hausbrand, L. Dimesso, W. Jaegermann, J. Electrochem Soc
2018, 165, A819.

Management Society, PHM 2009, 1, 1.

[35] J. Guo, Y. Li, J. Meng, K. Pedersen, L. Gurevich, D.|. Stroe, J. Energy
Chem. 2022, 74, 34.

[36] K. W. Knehr, S. Biswas, D. A. Steingart, J. Electrochem. SocO 2017, 164,
A3101.

[37] W. Weppner, R. A. Huggins, J. Electrochem. Soc. 1977, 124, 1569.

[38] C. Fleischer, W. Waag, H. M. Heyn, D. U. Sauer, J. Power Sources 2014,
260, 276. Manuscript received: May 10, 2024
[39] R. Suresh Kumar, K.V. Jithin, P.K. Rajesh, J. Energy Storage 2023, 70, Accepted manuscript online: June 30, 2024
108093. Version of record online: August 23, 2024
ChemPhysChem 2024, 25, 202400528 (9 of 9) © 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

a5UB0 |17 sUoWWOD aAIa.ID a|eal|dde ay) Aq pauienob afe Saole YO ‘8N JO SanJ Joj Ariq1T auluQ A3]1A\ UO (SUOIPUOD-PUB-SWIBIWL0D A8 | IM ARe.q 1 BUUO//:SANY) SUOIPUOD pUe SW L 8y} 88S *[G20z/T0/62] Uo ArigiTauliuQ AB|IM ‘Ind uleg wniuez-zljoyw pH Aq 8250017202 2Udo/z00T 0T/10p/wod A8 | 1m Aelq 1 puljuoadoine-As weyd//:sdny woly pepeojumoq ‘T2 ‘VR02 ‘TH9L6EVT



	Can Electrochemical Impedance Spectroscopy be Replaced by Direct Current Techniques in Battery Diagnosis?
	1. Introduction
	2. Origins of Impedance in Battery
	3. EIS and DC Impedance Show Similar Results in Impedance Identification
	4. Determination of Li Diffusion Impedance in Solid Electrodes with EIS and DC Techniques
	5. EIS Spectrum Prediction Based on Constant Current Charging Curves
	6. Perspective for the Development of Impedance Identification
	6.1. Understanding the Underlying Mechanisms of Battery Impedance
	6.2. Development of Impedance Identification Methods
	6.3. Development of Impedance Identification in the Application

	7. Conclusions
	Acknowledgements
	Conflict of Interests


