
ETH Library

On the use of electrochemical
impedance spectroscopy to
characterize and model the
aging phenomena of lithium-ion
batteries: a critical review

Review Article

Author(s):
Iurilli, Pietro ; Brivio, Claudio; Wood, Vanessa 

Publication date:
2021-09

Permanent link:
https://doi.org/10.3929/ethz-b-000489031

Rights / license:
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Originally published in:
Journal of Power Sources 505, https://doi.org/10.1016/j.jpowsour.2021.229860

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0003-2484-805X
https://orcid.org/0000-0001-6435-0227
https://doi.org/10.3929/ethz-b-000489031
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpowsour.2021.229860
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Journal of Power Sources 505 (2021) 229860

Available online 31 May 2021
0378-7753/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

On the use of electrochemical impedance spectroscopy to characterize and 
model the aging phenomena of lithium-ion batteries: a critical review 

Pietro Iurilli a,b,*, Claudio Brivio a, Vanessa Wood b 

a CSEM PV-Center, 2002, Neuchâtel, Switzerland 
b Department of Information Technology and Electrical Engineering, ETH Zürich, 8092, Zürich, Switzerland   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• In-depth analysis of several papers 
dealing with EIS applied to Li-ion cells. 

• Review of cycling and calendar aging 
experiments and their impacts on EIS 
spectra. 

• Review of the correlations between EIS 
spectra and degradation mechanisms. 

• Review of ECMs options to model 
ageing phenomena from EIS spectra. 

• Critical assessment of EIS interpretation 
to model aging phenomena.  
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A B S T R A C T   

Electrochemical Impedance Spectroscopy (EIS) is a powerful non-invasive technique used to characterize 
Lithium-ion cells. Its application allows to identify and track the evolutions of cell degradation processes within a 
short testing time. This review collects all the available works which have used EIS spectra either to characterize 
Li-ion cell degradation or to develop Electric Circuit Models (ECMs). The objectives of this work are: (i) to 
highlight the influence of different aging test conditions on the EIS spectra; (ii) to find the correlations between 
EIS spectra variations and the underlying degradation mechanisms and (iii) to list the available options to 
formulate ECMs from EIS spectra of aged cells. After an exhaustive analysis of the state-of-the-art, a critical 
review is presented to discuss the existing links between degradation mechanisms and the most reliable solutions 
to model them.   

1. Introduction 

Lithium-ion (Li-ion) batteries represent a pivotal technology to fulfil 
the ambitions of the European Green Deal [1]. They will contribute to 
the specific objectives of ensuring the supply of clean energy and 
accelerating the shift to sustainable mobility. On one side, Li-ion sta
tionary solutions allow indeed the large-scale utilization of intermittent 

renewable energy sources; on the other side, their high gravimetric and 
volumetric energy density allow the electrification and hybridization of 
vehicles overcoming space and weight limitations [2]. However, 
degradation and improper operation of Li-ion batteries can significantly 
affect performances. Battery leakage, insulation damage and partial 
short circuit problems lead to unsafe operation and, in the wort case, to 
accidents [3]. So that, Li-ion batteries require the so-called Battery 
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Management System (BMS) to ensure safe and reliable operations during 
their lifetime, to guarantee a more efficient use and possibly reuse in 
second-life applications [4]. The detection of battery aging is chal
lenging due to the interdependency of the various degradation mecha
nisms that manifest themselves by capacity and power fade and can have 
chemical and mechanical origins [2]. State of Health (SoH) is the indi
cator used to evaluate the status (i.e. health) of the battery, accounting 
the ability to convey a specific performance compared with a new bat
tery [5]. Several different estimation methods have been developed to 
calculate the SoH, depending on the battery chemistry, computational 
complexity, battery model and data processing mode. The simplest so
lutions are to track the decrease of cell capacity and the increase of in
ternal resistance [6]. A comprehensive review of the models and method 
developed in the last years and nowadays used is given by Ungurean 
et al. in [7]. All these methods are based on measurements done on the 
full cell and they can be categorized as non-invasive characterization 
technique. 

Another class of characterization technique is given by physico- 
chemical post-mortem analyses. By opening the cell and harvesting 
the materials, these techniques provide valuable and detailed informa
tion on the chemical composition and eventual degradation of the ele
ments inside the cell (i.e. electrodes, residual electrolyte and separator) 
[8,9]. The effects occurring at the electrodes can be separated by making 
experimental half cells that contain li-metal as counter-electrode or by 
including a reference electrode in the cell (three-electrodes configura
tion) [11,13,14,30,36]. The chemical structure and surface morphology 
of the electrodes harvested from dismantled cells can be investigated 
with several different techniques. The most used ones can be classified in 
three categories:  

- X-ray based techniques: such as X-Ray Diffraction (XRD) [8,10, 
14–20]; Energy Dispersive Spectroscopy (EDS) [8,12,16,19,21], 
X-ray Absorption Spectroscopy (XAS) [9,17], and X-ray Photoelec
tron Technique (XPS) [22–25].  

- Electron and Scanning probe microscopy: such as Scanning Electron 
Microscopy (SEM) [10,15,26] Transmission Electron Microscopy 
(TEM) [8,10,15,22,26], Electron Probe Microscopic Analysis 
(EPMA) [27] and Focused Ion Beam (FIB) technique [22]. 

- Spectroscopic techniques: such as Fourier Transform InfraRed spec
trometry (FTIR) [18], Raman spectroscopy [9] and Prompt Gamma 
Activation Analysis (PGAA) [14]. 

Even if all these invasive techniques allow a more precise under
standing of the degradation mechanisms, their application in a BMS is 
clearly unfeasible [28]. The BMS monitors simple variables, such as 
voltage, current and temperature and combines them with variable 
complexity depending on the available algorithm and computational 
power: degradation monitoring in real-time condition could be an issue 
[28]. In the last years, efforts have been made to determine battery 
states like temperature, State of Charge (SoC) and SoH by means of EIS 
coupled with an ECM [29]. EIS characterizes the impedance of an 
electrochemical system using low amplitude sinusoidal current or 
voltage signals excitations over a range of frequencies [30]. Being based 
on voltage and current measurements acquisition, EIS has been pro
posed as a fast, non-invasive and reliable technique, able to identify the 
actual origin of cell degradation processes [31,32]. So that, the imped
ance rise and the processes occurring inside the cell can be directly 
tracked with the Electric Circuit Model (ECM) parameters evolution 
[33]. 

Here, we collect the available articles where EIS has been exploited 
to analyse Li-ion cell degradation and to model it by means of ECMs. 
This review is addressed to both scientists and industrial representatives 
who aim to approach degradation modelling of Li-ion cells via EIS 
characterization. The readers will be able to replicate the described 
experiments or to apply the same methodology for their own 
experiments. 

2. Methodology and outline 

The reviewed papers are listed in Table 1, where the main author, 
year of publication, cathode chemistry type (i.e. Li-ion cells with 
graphite-based anode), the testing type and information about the use of 
invasive characterization techniques are given for each specific article. 
Since Li-ion cells show different characteristics (i.e. energy density, open 
circuit voltage and degradation phenomena) depending on the chemical 
composition of the cathode, four main chemistries have been taken into 
account in the review: Lithium Cobalt Oxide (LCO) cells [8,10,13,15,26, 
27,34–39]; Lithium Iron Phosphate (LFP) [16–18,40–46], Lithium 
Nickel Manganese Cobalt Oxide (NMC) cells [9,11,12,14,19,21,23, 
47–61] and Lithium Nickel Cobalt Aluminium Oxide (NCA) cells [20,24, 
25,32,62–65]. Minor influence and also smaller number of publication 
have been found for Li-ion Polymer (LiPO) [66] and Lithium Manganese 
Oxide (LMO) cells [22,67]. It is remarkable that, even if two cells have 
the same cathode chemistry type, they can have slightly different 
behaviour due to chemistry (e.g. different fractions of each element with 
respect the total mass of the electrode or presence of additives) and due 
to physical variables (e.g. thickness of the electrode). Looking at the year 
of publication and cathode chemistry type, it results that the oldest 
studies done in the first decade of 2000 are mostly related to LCO and 
LMO, while the studies published in the second decade of 2000 are 
related to LFP, NMC and NCA. This trend follows the development of 
Li-ion cells cathode materials with respect to the main technologies that 
have been commercialized along the years [68]. Two main testing types 
are normally exploited to study battery degradation: cycling and cal
endar aging tests. The first class consists in charging and discharging the 
cells with a predefined set of parameters: current rate, Depth of 
Discharge (DoD - voltage window used to run the test) and temperature. 
These parameters could be fixed differently for charging and discharging 
phase; symmetric cycling is defined when the current rate is fixed to the 
same value for both charge and discharge. The second class of tests 
consists in storing the cells for a predefined period at a specific tem
perature and SoC. Further details on the parameters used in the aging 
tests will be given in Section 3. To verify the existence of a link between 
EIS results and physical processes occurring inside the cell, it is possible 
to exploit invasive characterization techniques. This type of validation, 
combining EIS and other optical, chemical and electrochemical analyses 
is very often applied [69]. The last column of Table 1 lists the techniques 
exploited in the works under review. The description on the use of these 
techniques to detect specific processes or degradation mechanisms that 
occurred in the cell will be given in the next sections, where the findings 
of the reviewed articles are presented. 

All the works listed in Table 1 have been used to understand how the 
EIS curve is related to the cell application, to the cell degradation and to 
the ECM solutions applied to model the cell behaviour. These connec
tions are showed by the chart in Fig. 1 and they represent how this re
view article is organised (4 sections). In Section 3, the relationship 
between the cell application (i.e. the test characteristics) and the vari
ations in the impedance curve are analysed in the reviewed papers. In 
Section 4, the relationship between the registered impedance curve 
variations and the associated degradation mechanisms is highlighted. In 
Section 5, the proposed ECMs are analysed with specific attention on 
how the EIS variations are modelled. Finally, in Section 6, a critical 
review will be made on all the works included in this article and on any 
link between Sections 4 and 5, that is between the degradation mecha
nism occurring in the cell and the ECM specificity to model them. The 
final remarks and conclusions are given in Section 7. 

3. How the application impacts on the EIS spectra 

The slower or faster degradation of a Li-ion cell depends on how the 
cell is used during its lifetime. On top of the calendar and cycling aging 
difference, specific testing-types are a combination of the so-called 
extrinsic factors [28]: time, temperature, SoC level (or voltage level), 
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current rate (C-rate), DoD (or voltage interval) and mechanical stress. 
Their magnitude and variation affect the impedance of the cell and 
consequently the EIS curve. Table 2 and Table 3 describe respectively 
calendar aging and cycling aging experiments with the parameters 
chosen for the different experiments in the reviewed articles and the 
effects on the impedance curve. The first and second coloumns of the 
two tables give information about the article reference and the cathode 
chemistry type. A specific notation is introduced to define different re
gions of the impedance curve and to follow their changes with aging (i.e. 
impedance rise). This notation has been already used in other works, 
such as in [50,71], and it is shown in Fig. 2. The high frequency 
inductive behaviour of the cell does not provide useful information 
about the cell behaviour and is neglected in this work. EIS spectrum 
could be divided in 3 regions:  

- Ohmic region (frequency higher than 1000 Hz): it represents the 
internal resistance of the cell measured where the cell impedance 
switch from an inductive to capacitive behaviour [29]. The value of 
the internal resistance could be use as indicator of the state of health 
of the battery [33].  

- Mid-frequency region (frequency interval between 1000 Hz and 
0.1 Hz): it represents the charge-transfer processes, both from elec
trolyte to electrodes surface and from electrodes surface into the bulk 
active material of the electrodes. It has always the shape of depressed 
semi-circular arches. It is usually composed by a singular semiarch or 
by two semiarches, depending on the cell chemistries and/or the 
specific ongoing aging mechanism [33,50].  

- Low-frequency region (frequency lower than 0.1 Hz): it represents 
the diffusion processes at the two electrodes [29]. This region is often 
neglected [11,57,60] or even not measured [37]: the reasons could 
be traced in the longer time required to measure impedance at lower 
frequencies. 

When a specific part of the EIS curve is affected by the testing con
ditions, a X symbol is marked into the corresponding cell of Tables 2 and 

Table 1 
Overview of the articles analysed in the work with additional information: 
author, year of publication, cathode chemistry type, type of experimental test 
(cycling or calendar test) and specifications on invasive techniques (if any). The 
reference numbers (Ref) correspond to the ones given at the end of the work, in 
the References section.  

Ref Author Available 
online 

Cathode 
chemistry 
type 

Testing 
type 
(calendar/ 
cycling) 

Invasive 
Techniques 

[34] H. De Vries 2015 LCO cycling Not used 
[10] J. Li 2010 LCO calendar XRD, SEM, 

half cells 
[35] T. Osaka 2003 LCO calendar, 

cycling 
Not used 

[36] U. Tröltzsch 2005 LCO cycling Not used 
[37] K. Kato 2003 LCO cycling Not used 
[13] M. -S. Wu 2004 LCO cycling Three 

electrodes 
[38] D. 

Mukoyama 
2012 LCO cycling Not used 

[15] J. Li 2001 LCO cycling SEM, TEM, 
XRD 

[27] D. Zhang 2000 LCO cycling Half cells, 
EPMA 

[8] J. Zhou 2007 LCO cycling EDS, XRD, half 
cells, TEM 

[26] G. Ning 2003 LCO cycling Half cells, SEM 
[39] C. Lyu 2019 LCO cycling Not used 
[67] H. Popp 2012 LMO cycling Not used 
[22] T. Yoshida 2006 LMO calendar FIB, SEM, XPS 
[66] M. Galeotti 2016 LiPO cycling Not used 
[40] S. Schindler 2017 LFP cycling Not used 
[41] M. Petzl 2014 LFP cycling Half cells 
[16] E. 

Sarasketa- 
Zabala 

2014 LFP cycling SEM, EDS, 
XRD 

[42] Y. Zhang 2010 LFP cycling Not used 
[17] D. Wong 2015 LFP cycling XRD, SEM, 

XAS 
[43] M. A. 

Monem 
2015 LFP cycling Not used 

[44] D.-I. Stroe 2017 LFP calendar Not used 
[18] M. Kassem 2013 LFP calendar FTIR, XRD, 

SEM, half cells 
[45] T. G. Zavalis 2013 LFP calendar, 

cycling 
Three 
electrodes, 
SEM 

[46] X. Wang 2019 LFP cycling Not used 
[11] B. Stiaszny 2013 NMC cycling Half cells, 

SEM, light 
microscopy 

[47] Y. Leng 2017 NMC cycling Three 
electrodes 

[21] A. 
Maheshwari 

2018 NMC cycling SEM, EDS 

[48] S. F. 
Schuster 

2015 NMC cycling SEM 

[49] X. Zhou 2019 NMC cycling Not used 
[50] U. 

Westerhoff 
2016 NMC cycling Not used 

[12] X. Li 2019 NMC cycling Half cells, 
SEM, EDS 

[19] K. Jalkanen 2015 NMC cycling XRD, SEM, 
EDS 

[51] Q. Yang 2020 NMC cycling Not used 
[52] P. Aurora 2013 NMC cycling Not used 
[53] M. Klett 2016 NMC cycling Three 

electrodes 
[54] T. P. Heins 2019 NMC cycling Three 

electrodes 
[55] T. P. Heins 2020 NMC cycling Not used 
[56] R. Xiong 2017 NMC cycling Not used 
[14] I. 

Buchberger 
2015 NMC cycling XRD, PGAA, 

Three- 
electrodes 

[9] Y. Li 2013 NMC cycling  

Table 1 (continued ) 

Ref Author Available 
online 

Cathode 
chemistry 
type 

Testing 
type 
(calendar/ 
cycling) 

Invasive 
Techniques 

Three 
electrodes, 
SEM, XRD, 
XAS, Raman 
Spectroscopy 

[23] T. Joshi 2014 NMC cycling SEM, XPS 
[57] B. Stiaszny 2014 NMC calendar Half cells, 

SEM, light 
microscopy 

[58] J. Schmitt 2017 NMC calendar Not used 
[59] P. S. Sabet 2020 NMC calendar, 

cycling 
Not used 

[60] M. Ecker 2012 NMC calendar, 
cycling 

Not used 

[61] W. Waag 2013 NMC calendar, 
cycling 

Not used 

[20] Y. Zhang 2009 NCA cycling Three 
electrodes 

[32] C. P. 
Fernàndez 

2017 NCA cycling Not used 

[62] P. S. Sabet 2018 NCA cycling Half cells 
[24] X. Zhang 2020 NCA cycling XRD, XPS, 

SEM 
[63] D. Wong 2015 NCA cycling Not used 
[64] R. G. Jungst 2003 NCA calendar Not used 
[25] D. P. 

Abraham 
2005 NCA calendar Half-cells, XPS 

[65] H. Sun 2021 NCA cycling Not used 
[70] A. Eddahech 2011 n.d. cycling Not used  
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3. This symbol is followed by a qualitative indicator of its magnitude:   

- the single sign “-” means a decrease of the impedance, that in the 
Nyquist plot corresponds to a shift of the curve on the left side or a 
decrease of the size of the Mid-frequency semiarch; 

- the sign “+” means an impedance rise, that in the Nyquist plot cor
responds to a shift of the curve on the right side or an increase of the 
size of the Mid-frequency semiarch. 

When a double sign is used (e.g. “++“) it means that the effect is 
stronger than in the other regions where only a single sign is present. 

Looking at calendar aging experiments, from Table 2 it emerges that 
the impedance growth affects the different regions depending on the 
cathode chemistry type. In detail, the tests done on LCO cells in [10,35] 
show that at high temperature there is no effect on Ohmic region but 
only in the Mid-frequency region. It is remarkable the different duration 
of the tests: in [35], the experiments done by Osaka et al. lasted only 20 
days and show an impedance increase only in the 2nd semiarch of 
Mid-frequency region; in [10] the experiments lasted 5 times more (100 
days) and show an increase in both the semiarches. Looking at the SoC 
level, when it is high (up to 100% SoC), an impedance rise is also visible 
in the Low-frequency region [10]. A similar behaviour is described by 
Jungst et al. in [64] and by Abraham et al. in [25] for NCA cells: the tests 
were performed at 55 ◦C for about 140 days with SoC respectively of 
100% and 80%. A general impedance rise was observed in the 
Mid-frequency region for both the papers and a rise in the 
Low-frequency region was also observed in [25]. Looking at the other 
cathode chemistry types, i.e. at LMO, LFP and NMC cells, the effects of 
calendar aging have been also observed in the Ohmic region. In the first 
case, i.e. LMO cells, Yoshida et al. stored cells at 40 ◦C and 50% SoC for 
400 days [22]. The evolution of EIS spectrum shows a homogeneous 
impedance rise with a shift of the curve on the right side and a growth of 

the semiarch in the Mid-frequency region. Looking at LFP cells, no 
common results are highlighted between the articles under review. The 
effects of calendar aging appear only in one region per each different 
article. In [44] Stroe et al. observed a large increase of ohmic resistance, 
storing the cells for a duration up to 24 months, at high temperature and 
at three SoC levels (10%, 50% and 90%). Also Zavalis et al. observed the 
effects of calendar aging in the Ohmic region, but in this case with a 
decrease of ohmic resistance: the tests were performed at ambient 
temperature and 60% SoC; the test duration is not specified in days but 
the calendar tests lasted until the cells under cycling aging reached End 
of Life (EoL) [45]. The EoL condition is reached when the residual ca
pacity of a Li-ion cell is 80% of the nominal capacity given in the 
datasheet by the manufacturer (SoH = 80%). In [18] instead, Kassem 
et al. stored the cells for 8 months at 60 ◦C and 100% SoC observing only 
a rise in the size of Mid-frequency semiarch. As regards NMC cathode 
chemistry type, Schmitt et al. observed a homogeneous impedance rise 
within the Ohmic and Mid-frequency regions, storing the cells at 45 ◦C 
and 100% SoC for about 12 months [58]. Similar results have been 
collected by Sabet et al. in [59]: they observed a marked impedance rise 
in the Ohmic region and in both the two semiarches of Mid-frequency 
region storing the cells at 100% SoC and at 35 ◦C for about 23 
months. The authors also performed calendar aging tests storing cells at 
80% SoC at two different temperatures: 35 ◦C and 45 ◦C. The article does 
not include the evolution of EIS spectra in these two cases but includes 
the discussion about the specific impedance rise related to SEI layer (i.e. 
1st semiarch of Mid-frequency region). With respect to the case at 100% 
SoC and 35 ◦C, at 80% SoC the calendar aging is less severe at 35 ◦C and 
more severe at 45 ◦C. In the remaining cases the impedance rise is 
stronger in the Mid-frequency region than in the Ohmic one. Stiasnzy 
et al. observed a large impedance rise in the 2nd semiarch of 
Mid-frequency region storing the cells at 100% SoC level and high 
temperature (60 ◦C) for about 10 months [57]. In [61] Wang et al. 

Fig. 1. Graphical representation of the structure of the review. Section 3 (Sec. 3): link between cell application and EIS spectra; Sec. 4: link between EIS spectra and 
cell degradation; Sec. 5: link between EIS spectra and ECMs solutions; Sec. 6: link between the degradation mechanisms and the circuital elements. 

Table 2 
Calendar aging tests characteristics and correspondent effect on the impedance curve of the Li-ion cell. The impedance rise is marked with symbol X and its intensity is 
given by: (+) increase; (++) increase higher compared to the others.  

Ref Cathode chemistry type Time of storage Temperature SoC Ohmic region Mid-frequency region Low-frequency region 

Semiarch 1 Semiarch 2 

[10] LCO 100 days 55 ◦C 0%, 50% – X (+) X (+) – 
[10] LCO 100 days 55 ◦C 100% – X (+) X (+) X (+) 
[35] LCO 20 days 50 ◦C – – – X (+) – 
[22] LMO 400 days 40 ◦C 50% X (+) X (+) – 
[44] LFP 12–24 months 40 ◦C–55 ◦C 10%, 50%, 90% X (+) – – – 
[18] LFP 240 days 60 ◦C 100% – X (+) – 
[45] LFP Up to EOL of cycling test 22 ◦C 60% X (− ) – – – 
[57] NMC 300 days 60 ◦C 100% X (+) X (+) X (++) – 
[58] NMC 375 days 45 ◦C 100% X (+) X (+) – 
[59] NMC 700 days 35 ◦C 100% X (+) X (+) X (+) – 
[60] NMC 420 days 35 ◦C, 50 ◦C, 65 ◦C 50% X (+) X (++) – 
[61] NMC 18 months 50 ◦C–25 ◦C – X (+) X (++) – 
[64] NCA 140 days 55 ◦C 100% – X (+) – 
[25] NCA 142 days 55 ◦C >50% – X (+) X (+) 

Abbreviation: EOL = End Of Life. 
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combined calendar and cycling aging experiments to simulate the 
application in an electric vehicle. They stored the cells at various SoC 
levels and at different temperatures between 25 ◦C and 50 ◦C and they 
observed a negligible impedance rise in the Ohmic region compared to 
Mid-frequency one. Finally, Ecker et al. observed a doubled impedance 
value with respect to initial one in the Mid-frequency region, storing the 
cell for 420 days at three levels of temperature (35 ◦C, 50 ◦C and 65 ◦C) 

and at 50% SoC in [60]. 
Having analysed the articles listed in Table 2, the effects of the 

different parameters involved in calendar aging experiments onto the 
EIS spectra can be now analysed. A graphical representation of the EIS 
spectrum evolution during calendar aging experiments is given in the 
Nyquist plot of Fig. 3a. The Mid-frequency region is represented with a 
singular semiarch. The black arrows show the expected EIS shifts during 

Table 3 
Cycling aging tests characteristics and correspondent effect on the impedance curve of the Li-ion cell. When not available in the article, the SoH has been calculated 
with the given measurements of initial and EoL capacity. The impedance rise is marked with letter X and its intensity is given by: (+) increase; (++) increase higher 
compared to the others.  

Ref Cathode 
chemistry type 

Number of 
cycles 

SoH [%] Temperature DoD [%] C-rate Ohmic 
region 

Mid-frequency region Low-frequency 
region 

Semiarch 
1 

Semiarch 2 

[34] LCO 890 80% Tamb 100% C/2 d; 1C c – X (++) X (+) – 
[35] LCO 20 78% Tamb 100% 2C – X (− ) X (+) – 
[36] LCO 230 86% 19 ◦C 100% C/2 d; 1C c X (+) – X (+) X (+) 
[37] LCO 19,800 68% 25 ◦C 10% 0.1/0.3C X (+) – X (++) – 
[13] LCO 200 94% – 100% 0.2C X (+) X (+) X (+) – 
[38] LCO 550 <23% Tamb 100% 1C X (+) X (+) X (+) – 
[15] LCO 286 70% Tamb 100% 1C X (− ) X (+) X (+) – 
[27] LCO 800 68% – 100% 0.8C – X (+) X (+) – 
[8] LCO 500 87% – 100% 0.5C – X (+) X (++) – 
[26] LCO 300 83% Tamb 100% 3C – X (+) X (+) – 
[39] LCO 400 – 25 ◦C 100% 1C X (+) X (+) appears X – 
[39] LCO 360 – 25 ◦C 100% 2C X (+) X (+) appears and X 

(++) 
– 

[67] LMO 1400 67% 23 ◦C 100% 2C X (+) X (+) appears X X (+) 
[66] LiPO 315 60% 25 ◦C 100% 1C X (+) X (+) X (+) – 
[70] n.d. 3.8 × 105 81% 25 ◦C 100% Pulses 1C up to 

7C 
X (+) – appears and X 

(++) 
– 

[40] LFP 100 80% − 22 ◦C 100% 2C X (+) X (+) X (+) 
[41] LFP 300 74% − 22 ◦C 100% 1C X (+) – – – 
[16] LFP 3200 80% 30 ◦C 100% 1C X (+) – – – 
[42] LFP 600 86% 45 ◦C 50% US EPA UDDS X (+) X (++) X (+) 
[17] LFP 40 0% – 100% Pulses ≤ 15C X (+) – appears and X 

(+) 
– 

[43] LFP 500 95% Tamb 100% Pulses ≤ 1C c; 
5C d 

X (+) – X (+) X (+) 

[45] LFP n.d. 80% 22 ◦C 100% HDC X (+) – – – 
[46] LFP 800 80% 45 ◦C 100% 2C X (+) X (+) X (+) – 
[11] NMC 800 5% Tamb 100% 1C X (++) X (− ) X (+) – 
[47] NMC 1500 75% 25 ◦C 100% 1C c; 2C d – X (+) X (+) – 
[21] NMC 500 55% 20 ◦C 50% 1C c; 2C d X (++) X (+) – – 
[48] NMC 977 50% 35 ◦C 100% 1C X (+) X (+) – 
[49] NMC n.d. 71% 45 ◦C 100% ≥1C X (+) X (+) X (+) X (+) 
[50] NMC n.d. 86% Range 50 to 

− 20 ◦C 
100% 1C X (+) X (+) X (++) – 

[12] NMC 250 84% Tamb 100% 0.5C – X (+) X (− ) – 
[19] NMC 2500 80% Tamb 100% 1C X (+) X (+) X (+) – 
[19] NMC 1500 80% 45 ◦C c; 65 ◦C d 100% 1C X (++) X (+) X (++) – 
[51] NMC 550 82% Tamb 100% C/3 X (+) X (+) X (++) – 
[52] NMC 50 97% – 100% 1C X (+) – X (+) – 
[53] NMC 50 95% 30 ◦C 100% C/3 X (+) X (+) – X (+) 
[54] NMC 1000 95% – 100% 1.5C – X (+) – 
[55] NMC 450 85% 20 ◦C 100% 1C – X (+) – – 
[56] NMC 650 70% 10 ◦C 100% 1C c; 1C, 2C, 3C 

d 
– X (+) – – 

[14] NMC 300 60% 25 ◦C, 60 ◦C 100% 1C – X (+) X (+) – 
[9] NMC 1500 43% 30 ◦C 100% 0.5C – X (++) X (+) – 
[23] NMC 50 96% Tamb 100% 0.5C – X (+) – – 
[59] NMC 3000 92%, 85% 25 ◦C 80%, 

100% 
C/3 c; 1C d X (+) X (+) X (+) – 

[61] NMC 200, 1900 94%, 90% 40 ◦C to − 10 ◦C 100% EV profile X (+) X (++) – 
[20] NCA 5250 82% 40 ◦C 100% 5C X (+) X (+) X (++) – 
[32] NCA 500 84% 25 ◦C 100% C/2 c; 1C d X (+) X (+) X (+) – 
[62] NCA 120 70% ≥ − 10 ◦C 100% ≤3C X (+) X (+) X (+) – 
[24] NCA 400 75%, 72%, 

64% 
25 ◦C 100% 1C, 

2C, 
3C 

X (++) X (+) – 

[63] NCA 400 80% Tamb 100% Pulses ≤ 83C X (+) X (+) X (++) – 
[65] NCA 250 – 25 ◦C 100% 1C X(++) X(+) X(+) X(+) 
[65] NCA 250 – 45 ◦C 100% 1C X(+) X(+) X (+) X(+) 

Abbreviations: d = discharge; c = charge; Tamb = ambient temperature, HDC = Hybrid Drive Cycle. 
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aging: a homogeneous impedance rise in the Ohmic region (i.e. a shift 
from the left to the right) together with an enlargement of the semiarch. 
When the application of the cell implies high temperatures and/or 
storage at high or low SoC, the calendar aging becomes stronger. The 
effects are shown by the dotted arrows in Fig. 3a: a larger shift on the X- 
axis and a larger expansion of the Mid-frequency semiarch, which im
plies a greater shift of the diffusive tail to the right side. Across the 
different chemistry types, LCO and NCA cells showed an impedance rise 
only in the Mid- and Low-frequency regions [10,25,35,64]; LFP, LMO 
and NMC showed an impedance rise in the Ohmic and Mid-frequency 
regions [18,22,44,45,57,59–61]. Moreover, NMC cells exhibited the 
largest EIS spectra shifts with respect to the other cathode chemistries 
[57,59–61]. Further details and a critical assessment about the reviewed 
works on calendar aging will be given in Section 6. 

Looking at the cycling aging experiments in Table 3, it emerges that 
the effect of degradation is observable both in the Ohmic and in the Mid- 
frequency regions for all the different cathode chemistry types. For an 
effective analysis of the experimental results, the SoH values of the cells 
have been reported with the number of cycles. When this variable was 
not available in the article under review, it has been calculated as 
fraction of the measured capacity after cycling over the nominal ca
pacity. Almost the totality of the works reviewed exploited the full ca
pacity of the cells: only in four cases the DoD is lower than 100% [21,37, 
42,59]. As regards the current rate, most of the articles used high rates 
(equal or higher than 1C) obtaining EIS spectra that could be categorized 
depending on their evolution: (i) impedance rise only in one frequency 
region; (ii) homogeneous impedance rise in different frequency regions 

and (iii) generalized impedance rise with larger increase in one or more 
areas of the whole EIS spectrum. Looking at the first category, a further 
distinction could be based on the cathode chemistry. LFP cells showed 
only an increase of ohmic resistance with 1C cycling at − 22 ◦C and at 
30 ◦C respectively in [41] and in [16]. At very low temperature (− 22 ◦C) 
the cells under testing reached 74% SoH after 300 cycles while at higher 
temperature (30 ◦C) the cells reached 80% SoH after 3200 cycles. The 
same EIS spectrum evolution has been observed by Zavalis et al. in [45] 
simulating the Hybrid Electric Vehicle (HEV) application until the cells 
reached 80% SoH. For LCO and NMC cathode chemistry types the 
impedance changes have been observed in the Mid-frequency region. 
LCO cells showed an impedance rise in both the two semiarches of 
Mid-frequency region in [26] and in [27] with respectively 3C and 0.8C 
symmetric cycling reaching 83% SoH (300 cycles) and 68% SoH (800 
cycles). A peculiar behaviour is observed by Osaka et al. cycling LCO 
cells at 2C in [35]: after 20 cycles the cell reached 78% SoH and showed 
an impedance reduction in the 1st semiarch and an augmentation in the 
2nd semiarch. In the case of NMC cells, the impedance rise in the 
Mid-frequency region (both the semiarches) has been observed by Leng 
et al. in [47] with 1C charge-2C discharge cycling; by Heins et al. in [54] 
with 1.5C symmetric cycling and by Buchberger et al. in [14] with 1C 
symmetric cycling conditions. The same behaviour has also been 
detected by Li et al. in [12] with lower current rate (0.5C). In other 
works testing NMC cells, the impedance rise was detected only in the 
first semiarch of the Mid-frequency region [23,55,56]. In [55] the au
thors applied 1C symmetric cycling, reaching 85% SoH after 450 cycles 
at 20 ◦C; in [56] Xiong et al. applied a constant charging rate of 1C and 
different discharging rates (1C, 2C and 3C) at 10 ◦C and they reached 
70% SoH after 650 cycles; in [23] Joshi et al. made laboratory cells and 
applied a lower rate cycling (0.5C)reaching 96% SoH after 50 cycles. As 
regards the second category (homogeneous impedance rise in different 
frequency regions) similar results have been observed for different 
cathode chemistry types with impedance rise both in the Ohmic and 
Mid-frequency regions: applying 1C symmetric cycling to LCO cells [15, 
38], to LiPO cells [66] and to NMC cells [48]; applying C/3 charge and 
1C discharge cycling to NMC cells in [59] and applying 0.5C charge and 
1C discharge cycling to NCA cells in [32]. The same result has been also 
obtained by Sabet et al. for NCA cells in [62] and by Wang et al. for LFP 
cells in [46]. In the first case, Sabet et al. applied very severe testing 
conditions: the cells reached 70% SoH after 400 cycles down to − 10 ◦C 
and with a current rate up to 3C. In the second case, Wang et al. per
formed 800 cycles at 45 ◦C with high current rate (2C) reaching 80% 
SoH. The third category includes all the works where a generalized 
impedance rise with larger increase in one or more areas of the whole 
EIS spectrum was observed. As regards NMC cells, 1C symmetric cycling 

Fig. 2. Representation of the frequency regions on a Nyquist plot. The typical 
EIS spectrum of a Li-ion cell could be composed of a unique semiarch or two 
semiarches in the Mid-frequency region. 

Fig. 3. (a) Representation of the EIS spectrum evolution of a cell subjected to calendar aging experiments. Depending on the cell application, the impedance rise 
could be smaller (black arrows) or larger (dotted arrows). Large impedance rise is mainly due to high temperature and low or high SoC at which the cell is stored. (b) 
Representation of the EIS spectrum evolution of a cell subjected to cycling aging experiments. Depending on the cell application, the impedance rise could be smaller 
(black arrows) or larger (dotted arrows). Large impedance rise is mainly due to low temperature (in the Ohmic region), high temperature (in the Mid-frequency 
region) and high C-rate. 
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was performed in [11,19,50,52] reaching respectively 5%, 86%, 80% 
and 97% of SoH. In the first case, Stiaszny et al. performed 800 cycles at 
ambient temperature and observed a large increase of ohmic resistance, 
coupled with a small decrease and a small increase of impedance 
respectively in the first and second semiarches of Mid-frequency region 
[11]. In the second case, Westerhoff et al. tested the cells in a temper
ature range between 20 ◦C and 50 ◦C observing a strong impedance rise 
in the 2nd semiarch of the Mid-frequency region [50]. In the latter cases, 
Jalkanen et al. performed long term cycling tests (1500 cycles) at high 
temperature (45 ◦C during charging phase and 65 ◦C during discharging 
phase) while Aurora et al. performed a short test campaign (50 cycles) 
obtaining similar results: an increase of ohmic resistance and an 
augmentation of the 2nd semiarch with a small or negligible impedance 
rise in the 1st semiarch of Mid-frequency region [19,52]. Looking at 
other experimental conditions, Maheshwari et al. performed 500 cycles 
at 1C in charging phase and 2C in discharging phase with 50% DoD in 
[21]. After cycling they reached 55% SoH and the EIS spectrum evolu
tion showed a large increase of ohmic resistance coupled with a small 
impedance rise in the 1st semiarch of Mid-frequency region. In [61] 
instead, Waag et al. applied a specific current profile to simulate EV use: 
they reached 90% SoH with 1900 cycles. As already mentioned, they 
coupled cycling and calendar aging tests and they observed a larger 
impedance rise in the Mid-frequency region than in the Ohmic one. As 
regards NCA cells, a strong impedance rise was observed in the 2nd 

semiarch of Mid-frequency region by Zhang et al. performing symmetric 
cycles at high current rate and temperature (5C and 40 ◦C) reaching 82% 
SoH with 5250 cycles [20]. The same impedance evolution behaviour 
has been observed by Wong et al. in [63]. They studied the impact of 
high pulsed rate discharge with current peak of 83C; the charging phase 
was fixed to 1C to neglect its effect on the impedance curve with respect 
to the discharging phase. The cells under testing reached 80% SoH after 
400 cycles. A different result was observed by Zhang et al. in [24]: they 
cycled different cells at different symmetric cycling conditions obtaining 
a strong increase of Ohmic resistance and a small augmentation of the 
Mid-frequency semiarch. Testing the cells at 1C, 2C and 3C, they 
reached respectively 75%, 72% and 64% SoH after 400 cycles. As 
regards LFP cathode chemistry, Zhang et al. simulated Plug-in Hybrid 
Electric Vehicle (PHEV) application applying a pulsed profile defined by 
the United States Environmental Protection Agency (US EPA) and 
named Urban Dynamometer Driving Schedule (UDDS) [42]. A general 
impedance rise is observed, with an increase of three times of the size of 
the Mid-frequency semiarch with respect to the value before cycling. 
Looking at the other works where high rate cycling experiments were 
performed (Table 3), a peculiar behaviour is observed in [17,39,67,70] 
where the 2nd semiarch of Mid-frequency region appeared and grew due 
to cycling. In [39] Lyu et al. performed 1C and 2C symmetric cycling 
tests on LCO cells at 25 ◦C. In the first case the authors observed an 
impedance rise in the Ohmic region and in the 1st semiarch, with the rise 
of the 2nd semiarch. With higher rate, they observed a similar behaviour 
with a more pronounced impedance rise in the 2nd semiarch. In [67] 
Popp et al. cycled LMO cells with a symmetric rate of 2C and reached 
67% SoH after 1400 cycles. The EIS spectrum evolution showed a gen
eral impedance rise for the whole curve and the appearance and large 
growth of a 2nd semiarch in the Mid-frequency region. In [70] Eddahech 
et al. monitored aging of Li-ion cells during power cycling tests: they 
reached 81% SoH performing 3.8⋅105 micro-cycles with current pulses 
from 1C to 7C. They observed the appearance and growth of 2nd semi
arch in the Mid-frequency region and a small shift to the right of the EIS 
curve due to grow of the ohmic resistance. The same behaviour was 
observed by Wong et al. in [17]. They tested LFP cells with pulsed 
current up to 15C: after 40 full cycles the ions intercalation was 
completely inhibited leading to no available capacity for cycling (i.e. 
SoH = 0%). In a smaller number of cases, a large impedance rise in the 
1st or 2nd semiarch of Mid-frequency region is observed when cycling 
tests were performed at reduced current rate (i.e. lower than 1C). This is 
the case in [37], where Kato et al. tested LCO cells with a protocol 

composed by repetition of 200 symmetric cycles at 0.3C with 10% DoD 
and one full cycle (i.e. 100% DoD) at 0.1C. After 19,800 cycles, the cells 
reached 68% of SoH showing a large augmentation of the 2nd semiarch. 
The same result was obtained by Zhou et al. for LCO cells in [8] and by 
Yang et al. for NMC cells in [51]. In [8] the authors performed 0.5C 
symmetric cycling tests and they reached 87% SoH after 500 cycles; in 
[51] the authors applied C/3 symmetric cycling protocol and they 
reached 82% SoH after 550 cycles. Another example is given by Li et al. 
in [9], where they reached a very low residual capacity (43% SoH) with 
1500 cycles at 0.5C. Among all the works listed in Table 3, only few 
cases present impedance variations in the Low-frequency region: these 
variations are always coupled with impedance rise in the Ohmic and in 
the Mid-frequency regions, as in the work on LMO cells of Popp et al. 
already presented [67]. In [36] Tröltzsch et al. performed cycling tests 
on LCO cells with high rate charging phase (1C) and 0.5C discharging 
phase. They observed the impedance rise in the Ohmic region, in the 2nd 

semiarch of Mid-frequency and in the Low-frequency region. As regards 
LFP cells, the impedance rise in the Low-frequency region was observed 
with high current rate testing at different temperatures in [40,42,43]. In 
the first case, Schindler et al. performed 100 cycles at − 22 ◦C reaching 
80% SoH; they applied 2C symmetric cycling protocol and they observed 
a homogeneous impedance growth among the different frequency re
gions [40]. In the second case, Zhang et al. simulated PHEV application 
at 45 ◦C (the cycling tests have been already presented) [42]. In the third 
case, Monem et al. evaluated different pulsed charging protocols [43]. 
Exploiting a constant current-constant voltage with negative pulse 
(maximum 1C) protocols and constant discharge at 5C at ambient 
temperature, the authors reached 95% SoH after 500 cycles. Looking at 
NMC cells, the impedance rise in the Low-frequency region was 
observed in [49] and in [53]. In the first case, Zhou et al. performed 
cycling tests at 45 ◦C with two different cycling rates: 1C symmetric rate 
and more severe conditions not specified. In the worst case the cell 
reached 72% SoH [49]. In the second case, Klett et al. performed a short 
test campaign, composed by 50 symmetric cycles at 30 ◦C. They reached 
95% SoH with a current rate of C/3. Finally, concerning NCA cells, Sun 
et al. performed 1C symmetric cycling at two different temperatures: 
25 ◦C and 45 ◦C [65]. In both the cases the impedance rise was gener
alized overall the EIS spectra. However, at 25 ◦C a larger increase of 
Ohmic resistance was observed compared to the other part of EIS 
spectrum. At 45 ◦C instead, the impedance rise was larger than at 45 ◦C 
but it was homogeneous overall the different frequency regions. 

Having analysed the articles listed in Table 3, the effects of the 
different parameters involved in cycling aging experiments onto the EIS 
spectra can be now analysed. The graphical representation in the 
Nyquist plot is given in Fig. 3b, where only one semiarch is represented 
in the Mid-frequency region. In general, as the number of cycles in
creases (i.e. the cycled energy increases), the EIS spectrum is shifted on 
the right side (increase of ohmic resistance) together with a specific 
impact on the Mid- and Low-frequency regions. A stronger impedance 
rise, marked by the dotted arrows in Fig. 3b, is caused by severe tem
peratures. On the one side, low temperatures mainly impact on the 
ohmic resistance of the cell, leading to large shift of the EIS spectrum on 
the right side of the Nyquist plot [41]. On the other side, high temper
atures impact mainly on the Mid-frequency region, leading to an 
enlargement of the semiarch (or of the two semiarches if present) [19, 
42,61]. High current rates also have their impacts onto the EIS spectra 
and mainly on the 2nd semiarch, when it is present [15,20,50,63,70]. 
The combination of severe conditions, e.g. low temperature and high 
C-rate clearly shows an even more severe effect on the cycled cell [40, 
61,62]. On the contrary, a parameter that usually reduces the severity of 
cycling is DoD. At reduced DoD the impedance rise is slowed if 
compared to higher DoD [59]. Further comments and the critical 
assessment of the impact of the cycling aging application on the EIS 
spectra will be given in Section 6. 
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4. How EIS spectra are linked to degradation 

Degradation in Li-ion cells is caused by many physical and chemical 
mechanisms, which affect the different elements inside a cell: the elec
trodes, the electrolyte, the separator and the current collectors [31,72, 
73]. The most common reported degradation mechanisms in Li-ion cells 
will be mentioned in this review; the list is given in the left side of Fig. 4 
(first column). These degradation mechanisms do not leave a unique 
fingerprint in the cell’s OCV and impedance curve, but they can be 
clustered into the so-called degradation modes, as shown in Fig. 4. The 
three commonly reported modes, with the respective degradation 
mechanisms, are [32,74–76]:   

1. Loss of Lithium inventory: lithium ions are consumed by processes 
such as parasitic reactions, decomposition reactions (SEI layer 
decomposition, electrolyte decomposition), SEI layer growth, 
lithium plating and they are no longer available for cycling between 
anode and cathode. So that, the available capacity of the cell de
creases leading to capacity fade.  

2. Loss of anode active material: active material of the anode is no 
longer available due to structural disordering, particle cracking, 
graphite exfoliation, loss of electrical contact or blocking of the 
active sites by passivation surface layers. Consequently, the effects 
can be accounted both in capacity and power fade.  

3. Loss of cathode active material: this mode is similar to the previous 
one but it concerns the cathode. Active material is no longer avail
able due to structural disordering, particle cracking, loss of electrical 
contact or Cathode Electrolyte Interface (CEI) formation. This 
degradation mode leads both to capacity and power fades. 

A more specific description of the degradation mechanisms is out of 
the objective of this work. However, the readers interested in more 
details are addressed to the work of Vetter et al. [31] and to the review 
article of Agubra et al. [73]. 

The relationship between Li-ion cell degradation and impedance 
curve variations is shown in Table 4: the four main row-sections of the 

table represent the three distinctive regions of EIS curve with the specific 
distinction of Mid-frequency region semiarches. These row-sections are 
divided in 5 rows representing the different cell chemistries. On the 
other side, each column represents a different degradation mechanism. 
For a more effective analysis of the literature, the degradation mecha
nisms (graphite exfoliation, structural disordering and particle cracking) 
related to the anode have been grouped in the “loss of anode active 
material” degradation mode. When a correspondence between EIS re
gion and degradation mechanism is found, the article reference number 
is used to mark the link in the correspondent cell. 

As will emerged in the discussion below, most of the degradation 
mechanisms are not uniquely assigned to a specific region of the 
impedance curve. When available from the reviewed paper, the vali
dation of EIS observation via more detailed characterization has been 
included in the analyses to deepen the investigation. 

As regards of LCO chemistry, in [34] De Vries et al. studied the cell 
lifetime depending on the DoD in cycling. In the results, they showed the 
impedance spectra of a cell aged with 100% DoD. They observed a 
pronounced impedance rise in the Mid-frequency region, assigning this 
variation to SEI layer growth, in agreement to previous investigations. 
Similarly, Mukoyama et al. observed variations along the whole 
impedance spectra in [38]: they assigned SEI layer growth to semiarch 1 
and disconnection/cracking of cathode particles to semiarch 2. In [35] 
Osaka et al. observed an increase of interfacial resistance of the cathode 
during cycling and nearly a constant value for the anode. They explained 
this observation with the formation of stable SEI layer on anode surface 
during formation and a growing CEI layer on the cathode surface due to 
the strong oxidizing power of cobalt ions. This effect is assigned to the 
Mid-frequency region of impedance spectra. The same degradation 
mechanism has also been addressed in the Mid-frequency region by the 
analyses of Li et al. in [15] and of Zhang et al. in [27]. In the first case, 
the authors validated their results by detecting the formation of defect 
on the cathode and the growth of passivation layer by means of SEM, 
TEM and XRD [15]; in the latter case the authors made half-cells to 
analyse the EIS spectra of the two electrodes separately [27]. Differ
ently, Tröltzsch et al. measured an increase of the ohmic resistance and 

Fig. 4. List of the commonly reported degradation mechanisms in Li-ion cells, associated degradation modes and related fade caused on the cell. Adapted from [76].  
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an impedance rise in the Mid- and Low-frequency regions in [36]. They 
assigned the variations in the Ohmic region to electrolyte decomposition 
and the variations in the Mid- and Low-frequency regions to cathode 
charge transfer slow down. Analogous result was obtained by Lyu et al. 
in [39]: however, in this case, the 1st semiarch of Mid-frequency region 
was not assigned to cathode related degradation but it was assigned to 
SEI growth. In [8] Zhou et al. used half-cells for the characterization of 
the electrodes. They found out that the variations in anode impedance 
are negligible and they focussed on the cathode: the EIS spectra showed 
variations in the Ohmic and in the Mid-frequency regions (2nd semi
arch). These variations have been respectively assigned to CEI layer 
formation and growth and to cracks and defects in the cathode structure 
(validation with TEM imaging). A similar analysis has been performed 
by Ning et al. in [26], using half-cells and SEM imaging to validate the 
results. They observed degradation and charge transfer slow down on 
the cathode side in the second semiarch of Mid-frequency region. 
Differently from the previous work, the anode impedance rise was not 
negligible and SEI layer growth has been addressed in the 1st semiarch of 
Mid-frequency region. 

As regards of LMO chemistry, in [67] Popp et al. addressed the 
changes in the impedance curve of the cell to lithium plating and to 

electrolyte decomposition. These mechanisms have been identified by a 
huge shift of the impedance curve to the right-hand side of the Nyquist 
plot and by a growth of the size of the semiarches related to 
Mid-frequency region. So that the degradation has been assigned to all 
the three regions of the impedance spectra. Different results have been 
presented by Yoshida et al. in [22]. They exploited FIB, XPS and SEM 
imaging to characterize the electrodes after aging and to measure the 
thickness of the SEI layer. They concluded that both the electrodes 
contribute to the cell degradation: increase of ohmic resistance is due to 
SEI layer growth and the impedance rise in the Mid-frequency region is 
due to cathode charge transfer slow down. 

As regards of LFP chemistry, in [40] Schindler et al. assigned the 
increase of ohmic resistance to corrosion of current collector and elec
trolyte decomposition. Observing the EIS spectra variations in the Mid- 
and Low-frequency regions, they addressed the impedance rise respec
tively to SEI layer processes (growth and decomposition) and particle 
cracking of the cathode. In [41] Petzl et al. assigned the increase of 
ohmic resistance to electrolyte decomposition caused by surface film 
formation on plated lithium and to SEI layer growth; these investigations 
have been validated by material characterization of the anode. Also 
Zhang et al. highlighted the relationship between the electrolyte 

Table 4 
Correlation between impedance curve variations and degradation mechanisms. The cathode chemistry types are specified per each different EIS region. The region 
interested by a specific degradation mechanism is marked with the reference number of the related article. Specific notation is given for: * = the Mid-frequency region 
is described only with a singular semiarch; for half-cells or three-electrodes configuration:C measurement related to the cathode side; A measurement related to the 
anode side.  

EIS region Cathode 
chemistry 
type 

Degradation mechanism 

SEI growth SEI 
decomposition 

Li plating / 
dendrites 
formation 

Loss of 
anode 
active 
material 

Electrolyte 
decomposition 

Structural 
disordering / 
particle cracking 
of the cathode 

CEI formation 
and charge 
transfer slow 
down 

Corrosion of 
current 
collectors 

Ohmic region LCO     [36], [39]  [8]C  

LiPO – LMO 
– n.d. 

[22], [66]  [67]  [67]    

LFP [41], [16], 
[17]  

[41]  [40], [41], [16], 
[42]   

[40] 

NMC [11], [50], 
[48], [59],  

[48] [53]A [19], [60], [11], 
[57], [58], [21], 
[50], [53]C   

[60] 

NCA [62], [24]    [62], [24]   [32] 
Mid- 

frequency 
region 
[semiarch 
1] 

LCO [34]*, [38], 
[26], [39]      

[15]*, [35], 
[27]  

LiPO – LMO 
– n.d.   

[67]  [67]  [22]*  

LFP [42]*, [40]*, 
[46] 

[40]*, [18]A*     [42]*, [18]C*  

NMC [60]*, [57], 
[19], [50], 
[48], [59], 
[58]*, [12]A, 
[21], [56], 
[23] 

[60]* [19], [48], [53]A, 
[54]*, 
[55] 

[50], [12]C, [53]C 

, [14] 
[58]*, [55], [14], 
[9] 

[47], [58]*, 
[12]C  

NCA [20], [32], 
[62], [24]*, 
[63], [65] 

[32], [65] [32], [62]  [24]*, [25]* C [62], [25] C*, 
[63], 

[25] C*, [64]*  

Mid- 
frequency 
region 
[semiarch 
2] 

LCO      [38], [8]1 [36], [34], 
[27], [26], 
[39]  

LiPO – LMO 
– n.d. 

[70] [70] [67]  [67]  [22]*  

LFP       [17], [46]  
NMC [50], [48],  [48] [12]A, [50], [12]C, [14] [19], [59], [14], 

[9] 
[11], [57], 
[12]C, [59]  

NCA [24]*, [32] [32], [63], [32]  [24]*  [20], [63], 
[65]  

Low- 
frequency 
region 

LCO       [36]  
LiPO – LMO 
– n.d.   

[67]  [67]    

LFP      [40]   
NMC     [53]C    

NCA      [32], [65]    
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decomposition and passivation film formation on the negative electrode 
in [42]. 

The first mechanism has been assigned to the Ohmic region and the 
second one to the Mid-frequency region, coupled with formation of a 
passivation layer on the positive electrode (CEI). All the remaining 
works on LFP cells exploited invasive characterization techniques to 
validate the EIS characterization results: in [16] Sarasketa-Zabala et al. 
exploited SEM, EDS and XRD and they observed an increase of the ohmic 
resistance due to SEI layer growing and non-uniform electrolyte 
decomposition; in [18] Kassem et al. exploited half-cells attributing the 
cathode impedance rise to formation of CEI layer and the anode 
impedance rise to decomposition of SEI layer. They demonstrated that 
the cell degradation is mainly due to loss of lithium inventory (by means 
of XRD and residual capacity measurements) and that there is no loss of 
active material (by means of capacity measurements on separate elec
trodes). Similar conclusions have been presented by Wong et al., in [17]. 
They showed that the rapid impedance rise in the Mid-frequency region, 
with the appearance of the 2nd semiarch, is mainly due to the formation 
of CEI layer; minor influence is due to SEI layer growth. In this case, the 
authors validated their results exploiting SEM and X-ray techniques 
(XRD and XAS). In [46] Wang et al. performed cycling tests to develop a 
model for SoH estimation. Analysing the EIS spectra evolution, they 
assigned the impedance rise of the Mid-frequency region to SEI layer 
growth (1st semiarch) and to charge transfer slow down (2nd semiarch). 

As regards of NMC chemistry, many studies are available in litera
ture. The results of the characterizations lead to clustering the works in 
two groups: the ones addressing the degradation only to loss of lithium 
inventory related processes and the ones addressing the degradation also 
to loss of active material at positive, negative or both the electrodes. 
Looking at the first group, in [21] Maheshwari et al. addressed the 
ohmic resistance rise to electrolyte decomposition and the impedance 
rise in the Mid-frequency region to SEI layer growth; they validated the 
results with electrochemical measurements and material analyses (SEM 
and EDS). In [56] Xiong et al. confirmed that the impedance rise in the 
Mid-frequency region is due to SEI layer growth and they indicated this 
phenomenon as the most sensitive one to describe cell degradation. Also 
Joshi et al. assigned the Mid-frequency region impedance rise to SEI 
layer growth in [23]. The authors demonstrated that the addition of 
transition metal species in the electrolyte facilitate the growth of SEI 
layer. The EIS measurement were coupled with SEM and XPS experi
ments to analyse the SEI layer and measure its thickness. In [48,50] the 
degradation mechanisms have been attributed indistinctly to the 
impedance rise in Ohmic and Mid-frequency regions. In the first case, 
Schuster et al. studied the nonlinear aging characteristic of NMC cells: 
until 80% SoH the impedance rise is mainly due to SEI layer growth 
(linear aging behaviour); afterwards, the cell capacity drops with a 
nonlinear behaviour and the impedance rise is faster. This degradation 
has been attributed to SEI layer growth and lithium plating (validation 
with SEM experiments) [48]. In the second case, Westerhoff et al. 
attributed the impedance rise to SEI layer growth and to electrolyte 
decomposition. In [60] Ecker et al. analysed the EIS spectra of a cell 
stored at high temperature: the impedance rise is larger in the 
Mid-frequency region than in the Ohmic region. This huge rise has been 
addressed to SEI layer growth and decomposition. The minor rise of the 
Ohmic region has been addressed to electrolyte decomposition and 
corrosion of current collector. Looking at the second group of works, i.e. 
the ones considering both loss of lithium inventory and loss of active 
material related processes, in [54] Heins et al. applied Distribution of 
Relaxation Time (DRT) to EIS, observing an impedance rise in the 
Mid-frequency region due to loss of anode active material. DRT is a 
mathematical operation that allows to find the time constants of the 
different processes and to track their changes to understand how the 
behaviour of the cell evolves [77]; this method is effective to extract 
useful information by the EIS spectra that are not so evident only ana
lysing the EIS curve in the Nyquist plot. DRT has been also applied in the 
same research group by Heins et al. in [55] to evaluate the impact of 

erroneous cell assembly on aging of NMC cells. They discovered a faster 
degradation of the cathode due to incomplete coverage: in this case the 
impedance rise was assigned to anode active material loss and to 
structural disordering of the cathode. In [59] Sabet et al. assigned the 
impedance rise in the Ohmic region and in the first semiarch of 
Mid-frequency to SEI layer growth and the impedance rise in the second 
part of Mid-frequency region to CEI formation. In [19] Jalkanen et al. 
performed cycling aging on NMC cells, characterizing them by means of 
EIS, SEM imaging, XRD and EDS. Disassembling the cell, they found 
almost dry electrodes, meaning the electrolyte was consumed during 
testing: they assigned the increase of ohmic resistance to electrolyte 
decomposition. As regards the impedance rise in the Mid-frequency re
gion, they assigned it to SEI layer growth and lithium plating for the 1st 

semiarch and to mechanical cracking and loss of contact of the cathode 
active material for the 2nd semiarch. In [11] and in [57] Stiaszny et al. 
performed electrochemical characterization and post-mortem analyses 
of cells subjected respectively to cycling and calendar aging experi
ments. They exploited half-cells and imaging techniques (light micro
scopy and SEM) to separate the effects at the two electrodes and to 
validate their results of EIS characterization. They found that the in
crease in ohmic resistance is caused by the growth of the SEI layer and by 
electrolyte decomposition while the impedance rise in the 
Mid-frequency region is caused by CEI layer formation. Analogous re
sults have been found by Schmitt et al. in [58], exploiting only EIS 
characterization and adding also structural disordering to the causes of 
Mid-frequency region impedance rise. In [53] Klett et al. exploited a 
three-electrodes configuration to address separately the phenomena 
occurring at the two electrodes: for the cathode EIS curve, they attrib
uted the general impedance rise to electrolyte decomposition; for the 
anode EIS curve they assigned loss of anode active material to the Ohmic 
and Mid-frequency regions. Analogous results have been presented by Li 
et al. in [12] using half-cells and validating the measurements by means 
of SEM and EDS. The Mid-frequency region impedance rise was attrib
uted to electrolyte decomposition and to CEI formation for the cathode 
half-cell and to SEI layer growth (1st semiarch) and loss of anode active 
material (2nd semiarch) for the anode half-cell. Interesting results are 
showed by Buchberger et al. in [14] performing cycling aging tests at 
different temperatures. At ambient temperature the pronounced 
impedance rise has been observed in the Mid-frequency region and it has 
been assigned to electrolyte decomposition and dissolution of transition 
metal from NMC cathode. At 60 ◦C instead the impedance spectrum 
showed negligible variations with respect to the reference one: this ef
fect has been attributed to partial SEI dissolution, that is a decrease of 
SEI layer resistance that compensate the resistance increase at cathode 
side. The authors validated their results by means of XRD and PGAA 
[14]. As observed in the EIS spectra evolution by Buchberger et al., also 
in [47] and in [9] the cell degradation caused an impedance rise only in 
the Mid-frequency region. In [47] Leng et al. introduced a novel meth
odology to perform three electrodes measurements without dismantling 
the cell. Analysing the EIS spectra of the two electrodes they stated the 
cathode has the highest influence on the full cell EIS spectrum and the 
impedance rise is due to CEI formation. In [9] Li et al. applied several 
material characterization techniques to validate the results obtained 
with EIS measurements on a three electrodes cell. Comparing the EIS 
spectrum of the full cell with the ones of the two electrodes, they found 
the cathode is the main responsible of the impedance rise of the full cell. 
This impedance rise is concentrated in the 2nd semiarch, with almost no 
variations in the 1st semiarch and it has been attributed to cathode’s 
structural disordering and particle cracking. 

As regards of NCA chemistry, in [20] Zhang et al. exploited a 
three-electrodes configuration to study the impedance variations of NCA 
cells. The impedance rise is observed in the Mid-frequency region: the 
variation of the 1st semiarch is assigned to SEI layer growth and the 
variation of the 2nd semiarch is assigned to cathode charge transfer slow 
down. Similar results have been presented by Sabet et al. in [62], 
exploiting half-cells and DRT analysis. They identified electrolyte 
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decomposition and in the Ohmic region, lithium plating and cathode 
structural disordering in the Mid-frequency region and SEI layer growth 
in both the two mentioned regions. In [24] Zhang et al. exploited XRD, 
XPS and SEM to characterize the SEI layer during cell degradation and to 
validate the results of EIS. They assigned the impedance rise in the 
Ohmic and Mid-frequency regions to SEI layer growth and to electrolyte 
decomposition. A more detailed attribution of EIS spectra variations has 
been carried out by Pastor-Fernàndez et al. in [32]. They assigned 
corrosion of current collector to the Ohmic region, lithium plating and 
SEI layer processes (growth and decomposition) to the Mid-frequency 
region and cathode particle cracking to the Low-frequency region. In 
this case no material characterization or separation of electrodes con
tributions was directly applied: the EIS spectra characterization was 
based on an exhaustive review of previous works [32]. As in the previous 
work, Sun et al. assigned the impedance rise in the Low-frequency region 
to particle cracking [65]. The two semiarches of the Mid-frequency re
gion instead, were assigned respectively to SEI layer growth and 
decomposition and to charge transfer slow down at the cathode side. In 
[63] Wong et al. studied the impact of high rate discharge on aging of 
NCA cells. The characterization results showed an impedance rise in the 
Mid-frequency region: SEI layer growth and small structural damage of 
the cathode were attributed to the 1st semiarch and SEI layer decom
position and CEI formation on the cathode side were attributed to the 
2nd semiarch. In [64] instead, Jungst et al. performed accelerated cal
endar aging tests. The experimental results showed a large variation in 
the Mid-frequency region semiarch after 20 weeks. This impedance rise 
has been attributed to CEI formation and charge transfer slow down 
exploiting three-electrodes measurements of a previous work [78]. 
Similarly, calendar aging tests have been carried out by Abraham et al. 
in [25]. The authors analysed the EIS spectra of half-cells and exploited 
XPS for material characterization. They observed that the EIS variations 
of the full cell could be almost entirely attributed to the positive elec
trode. The impedance rise in the Mid-frequency region is due to cath
ode’s particle cracking and to CEI formation, with consequent 
consumption of the electrolyte. So that, they stated that during cell 
degradation, the CEI formation process enable and speed up the elec
trolyte decomposition. 

5. How EIS spectra are modelled trough ECMs 

The most common approach used to evaluate impedance spectra of 
Li-ion cells is to choose an ECM according to the shape of the impedance 
curve on the Nyquist plot and a subsequent Complex Nonlinear Least 
Square (CNLS) fitting [69]. The choice of the elements constituting the 
circuit depends on the complexity of the impedance curve. In general, 
the model includes a resistor for the Ohmic region and an inductance or 
a parallel circuit of inductance and resistor when the inductive tail is 
present. This scheme is shown in Fig. 5. The Mid- and Low-frequency 
regions are represented with a general impedance because they can be 
modelled with several different elements. These elements are: 

- RC element: parallel circuit of resistor and capacitor. In electro
chemistry, this element is usually applied for the description of 
interface loss processes, for instance a charge transfer process 

between electrode and electrolyte. The resistor represents the limited 
exchange rate and the capacitor describes the double layer capacity 
[69].  

- Constant Phase Element (CPE): the CPE is an empirical element 
without a direct physical meaning; it is used to describe the disper
sion effect and its behaviour deviates from the capacitance [79]. 
When its exponent is equal to 1 it behaves as capacitor and when its 
exponent is equal to 0 it corresponds to a resistor [69,80].  

- Zarc element: parallel circuit of resistor and CPE. This element is 
used to increase the accuracy when fitting the impedance curve of Li- 
ion cell [81]. The CPE leads to fit semiarches that does not have 
constant radius.  

- HN element: it is a generalized Zarc element. This element has been 
developed by Havriliak and Negami. They introduced empirical 
equations to describe relaxation processes in polymer. These HN- 
equations were applied to describe dielectric relaxation in Li-ion 
conducting polymer electrolytes [82].  

- Warburg (W) element: it is used to describe the diffusion mechanism 
in the low frequency region. Several different models of Warburg 
element are available in literature, depending on the dimensions 
considered in the problem and on boundary conditions [83–85]. One 
dimensional elements are the mostly used in ECM of Li-ion cells [69].  

- Transmission Line Model (TLM): it defines a complex ECM design to 
take the impact of the electrode structure on its loss mechanisms into 
account. In detail, a TLM is designed to describe a porous electrode 
structure comprising an electron and an ion conducting path and an 
interface between them [69]. 

Table 5 shows how these elements have been combined in literature 
to model the Mid- and Low-frequency regions of impedance curve. Each 
column includes an element or series of elements that are intended to be 
in series with the elements given in the other columns on the same 
circuit. The first and second columns include respectively the reference 
of the article and the cathode chemistry type, while the last column 
includes information about the presence of a voltage source in series to 
simulate the SoC of the cell. 

The description of the work listed in Table 5 will be given by ana
lysing the similarities of ECMs across the different cathode chemistry 
types. In most of the cases the circuit configuration is independent by the 
cathode chemistry type and it presents different layouts depending on 
how the elements are combined. Several publications use RC elements to 
characterize the Mid-frequency region of the impedance: in [8,26, 
34–37,39] for LCO cells; in [43] for LFP cells; in [54–56,61] for NMC 
cells; in [20,63] for NCA cells. As shown in Table 5, most of these cases 
present RC elements in series and an element to describe the 
Low-frequency region. However, in specific cases, the RC elements are 
modified with additional elements on the two different branches. This is 
the case in [35], where the authors use an RC with additional Warburg 
element on the resistive branch to describe the anode processes and a 
capacitance in parallel to two series of a resistor and a Warburg element 
to describe the cathode. This choice has been made with the presump
tion that the electrode is constituted of two different particle sizes. 
Looking at low level of model complexity, in [37] the authors used 4 RC 
elements in series: 3 for the 1st semiarch and the latter for the 2nd 

semiarch. They explained that the elements do not completely corre
spond to separated physical processes but all together they describe the 
double layer capacity, reaction resistance and possible SEI at anode and 
cathode. An analogous choice has been made by Ning et al. in [26] 
exploiting 3 RC elements to represent: (i) the SEI layer; (ii) charge 
transfer resistance and double layer capacitance and (iii) the electric 
conductivity of the bulk of electrode material. This model has been 
derived by studies of [86]. Looking at NMC cathode cells, a similar so
lution has been adopted by Heins et al. in [54,55]: 4 RC elements are 
used to model the Mid-frequency region. However, in this case the 
number of elements is defined by the number of peaks identified 
applying the DRT transformation to the impedance curve. In this way, 

Fig. 5. Representation of ECM model of a Li-ion cell. Inductance and resistance 
are used to model the high frequency region (inductive and Ohmic regions). 
The specifications about Mid- and Low-frequency regions are given in Table 5. 
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each element is related to a physical process occurring at a specific time 
constant [87]. A different approach, with the same objective of model
ling the physical processes, is presented in [36] for LCO cells. For an 
accurate modelling of the EIS paired with an easily handling model, 
Tröltzsch et al. combined an RC element with a composite electrode 
model to represent the cell behaviour in Mid- and Low-frequency re
gions. This model gives a clear idea of the processes occurring at the 
cathode. With 8 parameters, the authors claimed a simple estimation 
process able to represent the porous structure of the electrode, the 
electrolyte and their interactions. A simpler solution is given in [34] for 
LCO cells: the 1st semiarch is modelled with a RC element and the 2nd 

semiarch with a modified RC that includes a CPE to describe the diffu
sive behaviour of the cell and also fit the low frequency tail of the 
impedance curve. In [39] instead, the authors exploited a simple RC 
element to model the 2nd semiarch, representing the cathode, and a 
more sophisticated element to model the anode and its passivation layer: 
a capacitance in parallel to a series connection of an RC element and a 
resistor. The resistor and the capacitance are used to describe the SEI 
layer and the RC element for the anode. 

To increase the robustness of the model and to reinforce the 
connection with the physical processes occurring inside the cell, it is 
possible to exploit the results of invasive characterization to build the 
ECMs. So that the model is not anymore only based on fitting of EIS 
spectra and experience gained by previous works dealing with the same 
topic. Half-cells, three-electrodes configuration and material charac
terization can be used to validate the results of EIS and to distinguish the 

contribution of anode and cathode in the Nyquist plot. This is the case in 
[10] where half-cells have been exploited to make cathode- and 
anode-ECMs. Both the two models include a Zarc element for semiarch 
1, respectively to describe SEI layer for anode-cell and the CEI layer for 
the cathode-cell. Then, they show two different structures: the anode 
ECM includes a Zarc element to describe charge transfer and double 
layer and a CPE for the diffusion processes of Low-frequency region; the 
cathode ECM instead includes a modified RC element with a Warburg 
element in the capacitive branch. This choice allowed to a better 
description of the cathode EIS spectrum. A similar solution, exploiting 
half cells, has been applied by Li et al. in [12] for NMC cells. The anode 
-cell model includes two Zarc elements (as in [10]) and a Warburg 
element to describe the diffusive tail; the cathode-cell model presents an 
identical configuration to [10], using CPE elements instead of Warburg 
to describe the diffusive behaviour. In [8] Zhou et al. stated that the 
positive electrode contributes almost solely to the increase of the total 
battery impedance in LCO cells. So that, they introduced an ECM to 
evaluate the impedance variation only of the cathode half-cell. This 
circuit is a modified Randles model: an RC element is used to model 
surface layer process; a second RC element is used to model charge 
transfer and double layer effects and a Warburg element in parallel to a 
capacitance is used to model the low frequency tail. A similar result is 
presented by Zhang et al. in [20], where the tests have been done on 
NCA cells in a three-electrodes configuration. The EIS spectra evolution 
of the negative electrode did not show a rising trend during aging. The 
authors built the ECM for the positive electrode including a RC element 

Table 5 
List of the ECMs used in the works under review. When half cells have been used, the label is added to the reference of the article with the name of the electrode used vs 
lithium. The model structure is given by using symbols and abbreviations: - = series connection; //= parallel connection; R = resistance; C = capacitance; 
CPE = constant phase element; W = Warburg element; Zarc = parallel circuit of resistance and constant phase element; RC = parallel circuit of resistance and 
capacitance; TLM = Transmission Line Model; HN = Havriliak and Negami element (generalized Zarc).  

Reference Cathode chemistry Mid-frequency region [0.1 Hz < f < 1000 Hz] Low frequency region [f < 0.1 Hz] Voltage source 

Semiarch 1 Semiarch 2 

[34] LCO RC C//(R – CPE) N 
[10] anode half cell LCO Zarc Zarc CPE N 
[10] cathode half cell LCO Zarc C//(R – W) N 
[35] LCO C//(R – W) C//(R – W)//(R – W) N 
[36] LCO RC Z_composite_electrode N 
[37] LCO RC-RC-RC C//(R – W) [Not measured] N 
[38] LCO Zarc CPE//(R – W) – CPE//(R – W)//(R – W) N 
[15] LCO Zarc Zarc N 
[8] cathode half cell LCO RC RC C//W N 
[26] LCO RC – RC – RC W – C N 
[39] LCO C//(RC-R) RC [Not in the model] N 
[66] LiPO Zarc Zarc CPE N 
[70] n.d. Zarc Zarc CPE Y 
[43] LFP (R – W)//C Y 
[44] LFP Zarc Zarc N 
[46] LFP Zarc Zarc W N 
[11] anode half cell NMC Zarc Zarc – Zarc [Not in the model] N 
[11] cathode half cell NMC Zarc TLM [Not in the model] N 
[47] NMC Zarc Zarc [Not in the model] N 
[21] NMC Zarc Zarc CPE N 
[12] anode half cell NMC Zarc Zarc W N 
[12] cathode half cell NMC Zarc Zarc – CPE//(R – CPE) N 
[51] NMC Zarc Zarc N 
[52] NMC Zarc CPE//(R – W) – CPE//(R – W) N 
[54,55] NMC RC – RC RC – RC W N 
[56] NMC Zarc Zarc W Y 
[56] NMC RC RC [Not in the model] N 
[57] NMC Zarc – Zarc TLM [Not in the model] N 
[58] NMC Zarc CPE [Not in the model] N 
[59] NMC HN HN W N 
[60] NMC Zarc Zarc [Not in the model] N 
[61] NMC RC [Not in the model] Y 
[20] positive electrode NCA RC C//(R – W) N 
[32] NCA Zarc CPE//(R – W) Y 
[62] NCA HN HN W N 
[63] NCA RC Zarc CPE N 
[65] NCA Zarc CPE//(R – W) N  
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to describe the 1st semiarch of Mid-frequency region and a modified RC 
element with a Warburg element on the resistive branch to describe the 
2nd semiarch of Mid-frequency region and the diffusive tail. The 
impedance rise is tracked with the two resistors that represent respec
tively the CEI layer and the charge transfer resistance. Finally, Stiaszny 
et al. exploited half cells to study NMC cells in [11]. In their models they 
only considered the Mid-frequency region. As regards the 1st semiarch, 
the two models are identical, exploiting a Zarc element to describe the 
particle-current collector resistance. As regards the 2nd semiarch, the 
two models are different: for the anode ECM two Zarc elements are used 
to describe SEI layer and charge transfer; for the cathode ECM the charge 
transfer process is described by a TLM. As already mentioned, the TLM is 
used to account the impact of the electrode structure on the cell 
degradation [69]. 

In the other works under review, material characterization has been 
used to build a unique ECM for the full cell. In [47] Leng et al. exploited 
a three-electrodes configuration and modelled the Mid-frequency region 
with two Zarc elements. The first element describes the migration of ions 
through the surface film on the positive electrode and the electronic 
transport in the positive electrode; the second element represents the 
charge transfer phenomena at positive and negative electrodes. In [21] 
Maheshwary et al. applied EIS and characterize the electrodes with SEM 
and EDS. They developed an ECM with two Zarc elements for the 
Mid-frequency region (one per each semiarch) and a CPE for the 
Low-frequency region. The three elements represent respectively the SEI 
layer related processes, the cathode related processes and the solid state 
mass diffusion effects. In [57], Stiaszny et al. created a model based on 
the DRT analysis of the impedance spectra. The DRT showed three main 
peaks corresponding to three different processes: SEI layer, modelled 
with Zarc element; anode charge transfer, modelled with a Zarc element 
and cathode charge transfer modelled with a TLM. A solution similar to 
TLM is applied by Xiong et al. in [56]: the authors identified the ECM 
considering the inner structure and general behaviour of Li-ion cells. The 
model consists in two Zarc elements to describe the Mid-frequency re
gion (the first one corresponding to the SEI layer of the anode and the 
second one accounting for the charge transfer processes) in series with a 
Warburg element to model the diffusion processes. However, to achieve 
the objective of online identification, Xiong et al. decided to simplify 
their model by substituting the Zarc elements with RC elements and by 
neglecting the Low-frequency region. Furthermore, an ideal voltage 
source has been added to describe open circuit voltage. This simplified 
model is the so called “dual polarization model” [88]. 

Looking at Table 5, there are modelling solutions that have not been 
clustered in any of the groups already discussed. These models can be 
classified in three categories. The first one, where the ECM is made only 
of two Zarc elements, as in [15,44,51,60]. In the first two cases, one 
element is assigned to the Mid-frequency region and the other one to the 
Low-frequency region for LCO [15] and for LFP cells [44]. In [51] 
instead, Yang et al. applied the same model to NMC cells, exploiting one 
element to describe the 1st semiarch and the other one for the 2nd 

semiarch and the Low-frequency region. Also in [60] Ecker et al. 
exploited the same structure for NMC cells ECM but describing only the 
two semiarches of the Mid-frequency region. The second category in
cludes the solutions where Zarc elements are modified or coupled with 
other elements to model and describe the diffusive tail. Galeotti et al. in 
[66] and Eddahech et al. in [70] applied the same ECM, with two Zarc 
elements describing the Mid-frequency region and a CPE describing the 
Low-frequency region. The same choice was taken by Lyu et al. in [46], 
exploiting a Warburg element instead of a CPE to describe the 
Low-frequency region. A similar configuration with only two elements 
was adopted by Schmitt et al. in [58], with a Zarc element to describe the 
1st semiarch (capacitive effects and polarization resistance) and a CPE to 
describe the 2nd semiarch of Mid-frequency region (solid state mass 
diffusion). In [32] Fernàndez et al. tested NCA cells and adopted a so
lution with a Zarc element to model the 1st semiarch and a modified Zarc 
element with a Warburg element on the resistive branch to model the 

remaining part of the EIS spectrum and to describe cathode related 
processes and diffusion processes. The same configuration was also 
adopted for NCA cells by Sun et al. in [65]. For NMC cells instead, 
Aurora et al. modified the configuration used by the two previous works 
placing an additional modified Zarc element [52]. An additional level of 
complexity, with respect to the previous work, has been presented by 
Mukoyama et al. in [38] for LCO cells. To model the 2nd semiarch and 
the Low-frequency region the authors exploited a modified Zarc ele
ments (with Warburg element on the resistive branch) and an element 
made of a CPE in parallel to two series connections of a resistor with a 
Warburg element. This modelling choice has been taken to represent 
respectively the anode and the cathode with two different particle size 
components [38]. The third category includes two articles of the same 
research group where the same ECM has been adopted for NMC [59] and 
NCA cells [62]. The authors exploited HN elements to model the 
Mid-frequency region; they adopted an ECM that was developed by 
Witzenhausen in [89]. As mentioned before, HN elements are general
ized Zarc elements; in the EIS fitting process they could represent better 
than Zarc elements the depressed semiarches [82]. 

Several different model options have been found in literature, but no 
predominant model architecture per each different cathode chemistry 
type. In some case, as for LFP cells, the few publications cannot motivate 
any conclusion. In other cases, such as LCO, NCA and NMC cells, the 
larger number of publications clearly allow for a comparison. Fig. 6 
shows the main ECMs emerged from the reviewed works listed in 
Table 6. LCO cells are commonly modelled by exploiting RC elements for 
the Mid-frequency region and Warburg element for the Low-frequency 
region. Two main ECM options are found for this chemistry: (a) the 
Warburg element is placed in series with respect to the other circuital 
elements, (b) the Warburg element is placed on the resistive branch of 
the 2nd RC element. NMC and NCA cells are usually modelled similarly 
(i.e. they have similar performances). The model, showed in Fig. 6c, 
includes two Zarc elements to describe the two semiarches of the Mid- 
frequency region and an in-series connected Warburg element to 
describe the diffusive tail. In all chemistry types, a resistor is used to 
account for the Ohmic resistance changes. Further analyses and the 
critical assessment of the reviewed works will be given in Section 6. 

Fig. 6. ECMs developed by the review of the articles listed in Table 5. (a) Model 
developed for LCO cells with Warburg element in series to RC elements; (b) 
model developed for LCO cells with Warburg element on the resistive branch of 
the 2nd RC element; (c) model developed for NMC and NCA cells with two Zarc 
elements and a Warburg element in series. The Ohmic region is always 
modelled with a resistor. 
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6. Critical assessment 

After having detailed the impact of cell application on EIS spectra in 
Section 3, the connections among EIS spectra and degradation mecha
nisms in Section 4 and the multiple options to build ECM from EIS in 
Section 5, a critical assessment of the reviewed papers (Table 1) is 
proposed in this section aiming at investigating the link between 
degradation mechanisms and the most correct option to model them. 

Fig. 7A analyses the findings of Section 3 by showing the impact of 
different types of aging tests on the EIS. The analysis has been done by 
clustering the publications with similar testing conditions (e.g. calendar 
aging tests with SoC lower than 20%) and counting the cases in which a 
specific EIS region was impacted; the results are normalized on the total 
number of publications per each different set of parameters.  

• Calendar aging tests: Fig. 7A–a shows how the EIS spectrum is 
similarly impacted both in the Ohmic and in the Mid-frequency re
gions; almost the totality of the tests have been performed at tem
perature higher than 30 ◦C. The different SoC levels at which the cells 
have been stored did not show different behaviours across the EIS 
regions; however an impedance rise in the Low-frequency region was 
only detected with SoC ≥80% [10,25]. Among the different cathode 
chemistries, the experimental results of LCO and NCA cells showed 
an impedance rise concentrated in the Mid- and Low-frequency re
gions while the tests on NMC, LFP and LMO cells showed EIS vari
ations in the Ohmic and Mid-frequency regions.  

• Cycling aging tests: Fig. 7A and b shows how the different tests 
conditions impact on the EIS regions, accounting all the experiments 
at 100% DoD. Here the impedance rise is stronger than in calendar 
aging tests. Specifically:  

1. For medium temperature (10 ◦C < T < 25 ◦C) and high current rate 
(equal or larger than 1C) experiments, the EIS curve is mainly 
impacted in the Mid-frequency region, specifically in the 2nd 

semiarch. 
2. For medium temperature and low current rate (lower than 1C) ex

periments, the behaviour is similar, impacting mainly Mid-frequency 
region. However, the EIS variations are smoother than in the previ
ous case and are concentrated in the area of 1st semiarch.  

3. For low temperature (T < 10 ◦C) and high current rate experiments, 
the rise of ohmic resistance is stronger and the impact on EIS is 
equivalent both in the Ohmic and Mid-frequency regions (mainly in 
the 1st semiarch).  

4. For high temperature (T > 25 ◦C) and high current rate experiments, 
the impact is relevant in the ohmic region but mostly concentrated in 
the Mid-frequency region. 

In a small number of the reviewed publications a reduced DoD is 
applied. The impact is generally observable in the Ohmic region and in 
the 1st semiarch of Mid-frequency region. In contrast to the reviewed 
articles on calendar aging tests, it is not possible to clearly describe 
different behaviours depending on the cathode chemistry type for the 
works related to cycling aging tests. The impedance rise is mostly 
impacted by the experimental parameters described above. 

Fig. 7B analyses the findings of Section 4 by showing how the 
different degradation mechanisms have been assigned to the different 
EIS regions for all the cathode chemistries under review. The chart  

• The resistance rise in the Ohmic region is mainly attributed to 
electrolyte decomposition, as shown in 49% of the cases and to SEI 
layer growth (29% of the cases). Among the other mechanisms 
assigned to this region, corrosion of current collector is the only one 
that is univocally attributed to ohmic resistance rise. However, it has 
been reported only in three of the articles under review: by Schindler 
et al. in [40] for LFP cells, by Ecker et al. in [60] for NMC cells and by 
Pastor-Fernàndez et al. in [32] for NCA cells.  

• The Mid-frequency region has been attributed mainly to two 
different classes of degradation: 

1. Loss of lithium inventory processes. SEI layer growth and decom
position are mentioned in 40% of the studies, while electrolyte 
decomposition and lithium plating are mentioned in 14% of the 
cases.  

2. Loss of cathode active material. The degradation is attributed to 
structural disordering/particle cracking in 14% of the studies and 
CEI formation in 28% of the studies. Minor influence is given to loss 
of anode active material mentioned in less than 5% of the cases. 

When two separated semiarches are highlighted in the study, a 
clearer separation of processes occurs and these processes are often 
assigned to the two different electrodes (Fig. 7B – details about Mid- 
frequency region). The 1st semiarch is attributed to SEI layer growth 
and decomposition in 49% of the cases, to lithium plating and electro
lyte decomposition in 24% of the cases and to loss of anode active ma
terial in 5% of the cases. This leads to a value of 78% of the cases where 
semiarch 1 is related to the anode, its passivation layer and loss of 
lithium ions. The remaining 22% of cases is referred to the cathode side. 
However, the cathode is the main actor of the 2nd semiarch, representing 
61% of the cases with respectively 18% of the cases addressing particle 
cracking and 42% of the cases addressing CEI formation.   

• The Low-frequency region is considered only by 7 reviewed works: in 
4 cases the impedance rise is attributed to structural disordering of 
the cathode and to CEI formation while in the other 3 cases is 
attributed more in general to loss of lithium inventory processes. The 
predominant attribution to cathode-related processes can be justified 
knowing that in this region it is possible to track the intercalation 
process. This process describes the accumulation and depletion of 
lithium ions within the cathode. So that, the capacity fade related 
processes observed in this region could be directly pointed to the 
cathode degradation. In fact, in some studies the authors coupled the 
variations of the Low-frequency region to the ones occurring in 
correspondence of the second semiarch of the Mid-frequency region 
(i.e. to the degradation of the positive electrode) [10,12,20,32,36,38, 

Table 6 
Outcomes of the assessment of Section 4 and Section 5 by cross-referencing the 
information collected in Fig. 7B and in Fig. 7C. The table shows the most 
occurring degradation modes and the most used circuital elements for each re
gion of the EIS spectrum.  

EIS region Ohmic 
region 

Mid-frequency region Low- 
frequency 
region 

Degradation 
mode 

Loss of 
lithium 
inventory: 
78% 

Loss of lithium inventory: 54% 
Loss of cathode active material: 

42% 

Loss of 
cathode 
active 
material: 
57%   

Semiarch 1 Semiarch 2    

Loss of Lithium 
inventory +
loss of anode 
active material: 
78% 

Loss of 
cathode 
active 
material: 
61%  

Circuital 
element for 
ECM 

Resistor: 
100% 

Zarc element: 50% Warburg 
element: 
59%   

Semiarch 1 Semiarch 2    

Zarc element: 
59% 

Zarc 
element: 
50%   
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51,52]. Other works instead, truncated the EIS measurement at 
0.1 Hz [11,37,47,56–58,60,61]. 

If one would like to separately analyse the main findings for the 

different chemistry, Fig. 7B–b presents the distribution of degradation 
mechanisms for LCO, NMC and NCA cells in the Mid-frequency region 
(the remaining cathode chemistries have been neglected due to few 
available publications). 

Fig. 7. (A) Critical assessment of the impact of aging tests procedures on EIS spectra given in Section 3. The analysis has been done by clustering the publications 
with similar testing conditions and counting the cases in which a specific EIS region was impacted; the results are normalized on the total number of publications per 
each different set of parameters. (a) Impact of calendar aging tests at temperature higher than 30 ◦C and at different SoC levels on the EIS curve; (b) impact of cycling 
aging tests at 100% DoD, different temperature levels and current rate on the EIS curve. (B) Critical assessment of the connections among EIS spectra and degradation 
mechanisms given in Section 4. (a) Distribution of the degradation mechanisms in the three regions of the impedance curve; the Mid-frequency region includes the 
details on the different contributions of the two semiarches. (b) Distribution of the degradation mechanisms in the Mid-frequency region for LCO, NMC and NCA 
cathode cells. The results are normalized on the total number of cases per each region given in Table 4. (C) Critical assessment of the connections among EIS spectra 
and circuital elements given in Section 5. (a) Use of ECM elements to model the different regions of the impedance curve. The ohmic region is neglected because it is 
always modelled with a simple resistance; the Mid-frequency region includes the details on the different contributions of the two semiarches. (b) Use of specific ECM 
elements to model the impedance curve in the Mid-frequency region for LCO, NMC and NCA cathode chemistry cells. The results are normalized on the total number 
of cases recorded for each region given in Table 5. 
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• In LCO cells, the impedance rise is mainly addressed to the degra
dation of the cathode, with the formation of CEI and structural 
degradation/cracking. In a smaller number of cases the impedance 
rise is attributed to the anode passivation layer growth.  

• In NMC cells, the distribution of degradation mechanisms is very 
similar to the general distribution showed in Fig. 7B-a. Lithium 
plating, electrolyte decomposition, SEI layer growth and decompo
sition account for 64% of the cases; the remaining share is attributed 
to loss of active material in the anode and in the cathode. The sep
aration of contribution between the first and the second semiarch 
shows respectively prevalence of SEI and anode related degradation 
in the first area and cathode related degradation in the second area.  

• NCA cells show similar results with respect to NMC cells. However, it 
is peculiar the observation of SEI layer decomposition, not present in 
the other cases. 

Finally, Fig. 7C analyses the findings of Section 5 by showing how 
different circuital elements have been assigned to the different EIS 
characteristic regions to build ECMs. These elements have been analysed 
in the Mid- and Low-frequency regions; the Ohmic region is always 
modelled with a resistor.  

• The resistive-capacitive behaviour observable in the Mid-frequency 
region of the impedance curve have been mainly described with 2 
elements:  

1. RC element: it is the simplest element that can be used in this region, 
describing a perfect semicircle; it has been chosen in 31% of the cases 
under review.  

2. Zarc element: it has the advantage to reproduce the depression of the 
semicircles and it has been chosen in 51% of the cases. Its disad
vantage is the absence of Laplace transformation that make its use in 
time domain models problematic [90]. 

These two elements are used without big distinctions in both the two 
semiarches. It is remarkable the exploitation of other elements to 
describe the 2nd semiarch region, mostly assigned to cathode-related 
processes. Specifically:  

1. HN element has been used in 6% of the cases, allowing to a similar 
description of depressed semicircle as the Zarc element.  

2. CPE has been used in 6% of the cases to specifically describe the 
diffusion processes that are usually attributed to Low-frequency 
region.  

3. TLM and composite electrode models have been exploited in 9%; the 
choice is justified assuming that the impedance curve is related to the 
cathode in that specific area [11,36,57].  

• The diffusion processes observable in the Low-frequency region have 
been mainly described with two elements. However, these elements 
present different placement in the ECM. Specifically:  

1. CPE is used in 26% of the cases. It has mainly been placed in series to 
the other elements, such as in [10,21,63,66], and [70]. Another so
lution has been to place it on the resistive branch of RC or of Zarc 
elements, such as in [12,34].  

2. Warburg element is applied in 59% of the cases. As described in 
Section 5, this is a more complex solution to describe the diffusive 
processes, with different structure depending on the boundary con
dition chosen for the specific problem [83]. This element has been 
placed on the resistive branch of RC and Zarc, such as in [10,20,32]. 
More complex configurations have been exploited in [35,38,52]. 

A smaller number of publications exploited the Zarc element to 
describe the diffusive processes (7% of the cases). A specific mention is 
needed to the small number of works (another 7% of the cases) that 

exploited a capacitor in this region: this element is used to describe the 
intercalation process, that, has already mentioned, represents the 
accumulation and depletion of lithium ions within the cathode. So that, 
in passive electrical model the charge stored in this capacitor is assumed 
to be the charge stored in the battery [91,92]. 

If one would like to separately analyse the main findings for the 
different chemistry, Fig. 7C–b presents the distribution of circuital ele
ments used to describe the Mid-frequency region for LCO, NMC and NCA 
cells (as before, the remaining cathode chemistries have been neglected 
due to few available publications).  

• In LCO cells the most used element is RC (57% of the cases); it is used 
singularly to describe a semiarch or in a series chain up to 3 elements. 
Increasing the number of RC elements in series is a way of improving 
the quality of the approximation [50].  

• In NMC cells the most used element is Zarc (60% of the cases). It is 
dominant in the first semiarch area and less used in the second 
semiarch, where other solutions have been applied. A specific 
mention is needed for CPE, used in 10% of the reviewed articles. This 
element is not used to model the electrodes but for the diffusion 
processes occurring at low frequency. This is the case in [58], where 
the Low-frequency region is not measured and the EIS is truncated at 
0.1 Hz.  

• NCA cells shows a prevalence of the elements able to describe 
depressed semicircles: Zarc element and HN element exploited 
respectively in 50% and 17% of the cases. In the remaining cases, RC 
elements have been chosen. 

By cross-referencing the information collected in Fig. 7B and in 
Fig. 7C, one can now infer which is the most occurring degradation 
mode in each specific region of the EIS spectrum and which is the most 
used circuital element to model it. The results are showed in Table 6. 
Specifically:  

- Ohmic region: degradation is caused by loss of lithium inventory 
(78% of the reviewed cases); the most occurring degradation 
mechanism is electrolyte decomposition. The effect is an increase of 
ohmic resistance and it is modelled in all the reviewed publications 
by a simple resistor.  

- Mid-frequency region: the impedance rise is mainly caused by loss of 
lithium inventory and loss of cathode active material, respectively in 
54% and 42% of the cases. Looking at the two separated semiarches, 
the first one is related to loss of lithium ions (mainly SEI growth and 
SEI layer decomposition mechanisms) and loss of anode active ma
terial degradation modes in 78% of the cases. The second semiarch is 
related to loss of cathode active material in 61% of the cases, mainly 
due to CEI formation and electrode particle cracking. The most 
effective way to model the resistive-capacitive behaviour and the 
shape variations of the semiarches is using the Zarc element. It is 
applied in 51% of the reviewed articles and more specifically in 59% 
of the cases to describe the first semiarch and in 50% of the cases to 
describe the second semiarch. However, simple RC elements are 
more suitable when dealing with time domain models, thanks to 
their Laplace transformation. 

- Low-frequency region: the impedance rise is caused by loss of cath
ode active material in 57% of the cases, mainly addressed to struc
tural changes of the electrode and charge transfer slow down. The 
attribution of this region to the cathode is strengthened by the 
presence of the intercalation process. The most effective way to 
model the diffusive tail is to use the Warburg element, exploited in 
the 59% of the reviewed publications. 

Finally, Fig. 8 summarises the main findings of this critical assess
ment. The typical EIS spectrum of a Li-ion cell is represented at the top, 
specifying the different frequency regions. For each of these regions, the 
most occurring degradation mechanisms (described in the previous 

P. Iurilli et al.                                                                                                                                                                                                                                    



Journal of Power Sources 505 (2021) 229860

17

paragraphs) are shown at the middle of the figure, grouped in the cor
responding degradation modes. At the bottom of the figure, the most 
used ECM option is presented; the model includes a resistor for the 
Ohmic region, two Zarc elements for the Mid-frequency region (one 
element per each semiarch) and a Warburg element for the Low- 
frequency region. 

7. Conclusions 

This paper work presented a comprehensive review on the use of 
Electrochemical Impedance Spectroscopy (EIS) to characterize Li-ion 
battery degradation phenomena and to model them through Electric 
Circuit Models (ECMs). The review process allowed to highlight three 
main aspects: (i) the existence of links between the cell application (i.e. 
experimental parameters) and their impacts on the EIS spectra, pre
sented in Section 3; (ii) the existence of links between the EIS spectra 
variations and the underlying degradation mechanisms, presented in 
Section 4 and (iii) the existence of many options to build ECMs from EIS 
spectra, presented in Section 5. Finally, the critical assessment given in 
Section 6 allowed to formulate links between the degradation mecha
nisms and the most reliable options to model them. 

As regards of point (i) – cell application, the EIS spectra showed clear 
impedance shifts in different frequency regions depending on the 
magnitude of the chosen parameters (T, DoD, C-rate, etc.). The EIS 
variations were more pronounced for cycling aged cells than calendar 
aged cells. The use of heavy calendar or cycling aging conditions (e.g. 
high temperature, high current rate) led to accelerated degradation 
which can be easily sensed via EIS. 

As regards of point (ii) – cell characterization, the observed EIS 
variations have been attributed to specific degradation mechanisms for 
each characteristic frequency region. Specifically, electrolyte decom
position was associated to Ohmic region shift; anode degradation and 
SEI layer growth to shifts in the first semiarch of Mid-frequency region; 
CEI layer formation and cathode particle cracking to shifts in the second 
semiarch of Mid-frequency region and cathode structural disordering to 
shifts in the Low-frequency region. Minor differences have been found 
among the different cathode chemistries. Many studies used invasive 
techniques to properly attribute degradation mechanisms and validate 
EIS interpretation. Alternatively, an effective solution to improve the EIS 

interpretation is the application of DRT transformation. DRT allowed to 
understand how the behaviour of the cell evolves by tracking the time 
constants of the different processes. 

As regards of point (iii) – cell modelling, many ECM options have 
been reviewed which were not strictly related to the cathode chemistry 
type. Specifically, in-series resistor is usually used for the Ohmic region; 
one or two Zarc elements for the Mid-frequency region and Warburg 
element for the Low-frequency region. Most of the works used ECMs to 
fit the EIS measurements and to track the evolution of the degradation 
phenomena through the associated model’s parameters. Few cases 
showed that the same modelling approaches can be implemented into 
BMS to improve the estimation of main battery indicators (i.e. SoC, SoH, 
etc.) or to enhance battery lifetime prediction. 

In short, the results of this work motivate the exploitation of EIS as a 
fast, non-invasive, and reliable characterization tool which help in 
building cell’s models able to track the main degradation phenomena. 
However, further studies and analyses are needed to reinforce the 
strength and reliability of this characterization method: an important 
role is played by the validation process via half-cell tests, three- 
electrodes tests and material characterization. 
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[66] M. Galeotti, L. Cinà, C. Giammanco, S. Cordiner, A. Di Carlo, Performance analysis 
and SOH (state of health) evaluation of lithium polymer batteries through 
electrochemical impedance spectroscopy, Energy 89 (Sep. 2015) 678–686, https:// 
doi.org/10.1016/j.energy.2015.05.148. 

[67] H. Popp, M. Einhorn, and F. V. Conte, ‘Capacity Decrease vs. Impedance Increase of 
Lithium Batteries. A comparative study.’, p. 6. 

[68] M. Li, J. Lu, Z. Chen, K. Amine, 30 Years of lithium-ion batteries, Adv. Mater. 30 
(33) (2018) 1800561, https://doi.org/10.1002/adma.201800561. 

[69] J. Illig, ‘Physically Based Impedance Modelling of Lithium-Ion Cells’, p. 231. 
[70] A. Eddahech, O. Briat, H. Henry, J.-Y. Delétage, E. Woirgard, J.-M. Vinassa, Ageing 

monitoring of lithium-ion cell during power cycling tests, Microelectron. Reliab. 51 
(9) (Sep. 2011) 1968–1971, https://doi.org/10.1016/j.microrel.2011.07.013. 

[71] S. Skoog, S. David, Parameterization of linear equivalent circuit models over wide 
temperature and SOC spans for automotive lithium-ion cells using electrochemical 
impedance spectroscopy, J. Energy Storage 14 (Dec. 2017) 39–48, https://doi.org/ 
10.1016/j.est.2017.08.004. 

[72] P. Verma, P. Maire, P. Novák, A review of the features and analyses of the solid 
electrolyte interphase in Li-ion batteries, Electrochim. Acta 55 (22) (Sep. 2010) 
6332–6341, https://doi.org/10.1016/j.electacta.2010.05.072. 

[73] V. Agubra, J. Fergus, Lithium ion battery anode aging mechanisms, Materials 6 (4) 
(Mar. 2013) 1310–1325, https://doi.org/10.3390/ma6041310. 

[74] V. Pop, H.J. Bergveld, P.P.L. Regtien, J.H.G.O. het Veld, D. Danilov, P.H.L. Notten, 
Battery aging and its influence on the electromotive force, J. Electrochem. Soc. 154 
(8) (May 2007) A744, https://doi.org/10.1149/1.2742296. 

[75] M. Dubarry, C. Truchot, B.Y. Liaw, Synthesize battery degradation modes via a 
diagnostic and prognostic model, J. Power Sources 219 (Dec. 2012) 204–216, 
https://doi.org/10.1016/j.jpowsour.2012.07.016. 

[76] C.R. Birkl, M.R. Roberts, E. McTurk, P.G. Bruce, D.A. Howey, Degradation 
diagnostics for lithium ion cells, J. Power Sources 341 (Feb. 2017) 373–386, 
https://doi.org/10.1016/j.jpowsour.2016.12.011. 

[77] E. Ivers-Tiffee, A. Weber, Evaluation of electrochemical impedance spectra by the 
distribution of relaxation times, J. Ceram. Soc. Jpn. 125 (4) (2017) 193–201, 
https://doi.org/10.2109/jcersj2.16267. 

[78] G. Nagasubramanian, Two- and three-electrode impedance studies on 18650 Li-ion 
cells, J. Power Sources 87 (1) (Apr. 2000) 226–229, https://doi.org/10.1016/ 
S0378-7753(99)00469-3. 

[79] J. Ross Macdonald, Note on the parameterization of the constant-phase admittance 
element, Solid State Ion. 13 (2) (May 1984) 147–149, https://doi.org/10.1016/ 
0167-2738(84)90049-3. 

[80] M.R. Shoar Abouzari, F. Berkemeier, G. Schmitz, D. Wilmer, On the physical 
interpretation of constant phase elements, Solid State Ion. 180 (14) (Jun. 2009) 
922–927, https://doi.org/10.1016/j.ssi.2009.04.002. 

[81] J.R. Macdonald, New aspects of some small-signal ac frequency response functions, 
Solid State Ion. 15 (2) (Mar. 1985) 159–161, https://doi.org/10.1016/0167-2738 
(85)90095-5. 

[82] N.K. Karan, D.K. Pradhan, R. Thomas, B. Natesan, R.S. Katiyar, ‘Solid polymer 
electrolytes based on polyethylene oxide and lithium trifluoro- methane sulfonate 
(PEO–LiCF3SO3): ionic conductivity and dielectric relaxation’, Solid State Ion. 179 
(19–20) (2008) 689–696, https://doi.org/10.1016/j.ssi.2008.04.034. 

[83] E. Barsoukov, J.R. Macdonald, Impedance Spectroscopy: Theory, Experiment, and 
Applications, second ed., Wiley, 2005. 

[84] T. Jacobsen, K. West, Diffusion impedance in planar, cylindrical and spherical 
symmetry, Electrochim. Acta 40 (2) (Feb. 1995) 255–262, https://doi.org/ 
10.1016/0013-4686(94)E0192-3. 

[85] J. Bisquert, Theory of the impedance of electron diffusion and recombination in a 
thin layer, J. Phys. Chem. B 106 (2) (Jan. 2002) 325–333, https://doi.org/ 
10.1021/jp011941g. 

[86] F. Nobili, R. Tossici, R. Marassi, F. Croce, B. Scrosati, An AC impedance 
spectroscopic study of LixCoO2 at different temperatures, J. Phys. Chem. B 106 
(15) (Apr. 2002) 3909–3915, https://doi.org/10.1021/jp013569a. 

[87] J. Bartoszek, Y.-X. Liu, J. Karczewski, S.-F. Wang, A. Mrozinski, P. Jasinski, 
Distribution of relaxation times as a method of separation and identification of 
complex processes measured by impedance spectroscopy, in: 2017 21st European 
Microelectronics and Packaging Conference (EMPC) & Exhibition, Warsaw, Sep. 
2017, pp. 1–5, https://doi.org/10.23919/EMPC.2017.8346901. 

[88] H. He, R. Xiong, J. Fan, Evaluation of lithium-ion battery equivalent circuit models 
for state of charge estimation by an experimental approach, Energies 4 (4) (Mar. 
2011) 582–598, https://doi.org/10.3390/en4040582. 

[89] D.-W. H. Witzenhausen, ‘Elektrische Batteriespeichermodelle: Modellbildung, 
Parameteridentifikation und Modellreduktion’, p. 276. 

[90] D. Andre, M. Meiler, K. Steiner, H. Walz, T. Soczka-Guth, D.U. Sauer, 
Characterization of high-power lithium-ion batteries by electrochemical 
impedance spectroscopy. II: Modelling, J. Power Sources 196 (12) (Jun. 2011) 
5349–5356, https://doi.org/10.1016/j.jpowsour.2010.07.071. 

[91] J. Gomez, R. Nelson, E.E. Kalu, M.H. Weatherspoon, J.P. Zheng, Equivalent circuit 
model parameters of a high-power Li-ion battery: thermal and state of charge 
effects, J. Power Sources 196 (10) (May 2011) 4826–4831, https://doi.org/ 
10.1016/j.jpowsour.2010.12.107. 

[92] Y. Gao, J. Jiang, C. Zhang, W. Zhang, Z. Ma, Y. Jiang, Lithium-ion battery aging 
mechanisms and life model under different charging stresses, J. Power Sources 356 
(Jul. 2017) 103–114, https://doi.org/10.1016/j.jpowsour.2017.04.084. 

P. Iurilli et al.                                                                                                                                                                                                                                    

https://doi.org/10.1149/2.0271606jes
https://doi.org/10.1149/2.0271606jes
https://doi.org/10.1002/ente.201900279
https://doi.org/10.1002/ente.201900288
https://doi.org/10.1002/ente.201900288
https://doi.org/10.1016/j.apenergy.2017.05.124
https://doi.org/10.1016/j.jpowsour.2014.02.019
https://doi.org/10.1016/j.jpowsour.2017.03.090
https://doi.org/10.1016/j.jpowsour.2017.03.090
https://doi.org/10.1016/j.jpowsour.2019.227369
https://doi.org/10.1016/j.jpowsour.2019.227369
https://doi.org/10.1016/j.jpowsour.2012.05.012
https://doi.org/10.1016/j.apenergy.2012.09.030
https://doi.org/10.1016/j.apenergy.2012.09.030
https://doi.org/10.1016/j.jpowsour.2018.10.024
https://doi.org/10.1016/j.jpowsour.2015.01.110
https://doi.org/10.1016/S0378-7753(03)00193-9
https://doi.org/10.1016/S0378-7753(03)00193-9
https://doi.org/10.3390/en14020350
https://doi.org/10.3390/en14020350
https://doi.org/10.1016/j.energy.2015.05.148
https://doi.org/10.1016/j.energy.2015.05.148
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1016/j.microrel.2011.07.013
https://doi.org/10.1016/j.est.2017.08.004
https://doi.org/10.1016/j.est.2017.08.004
https://doi.org/10.1016/j.electacta.2010.05.072
https://doi.org/10.3390/ma6041310
https://doi.org/10.1149/1.2742296
https://doi.org/10.1016/j.jpowsour.2012.07.016
https://doi.org/10.1016/j.jpowsour.2016.12.011
https://doi.org/10.2109/jcersj2.16267
https://doi.org/10.1016/S0378-7753(99)00469-3
https://doi.org/10.1016/S0378-7753(99)00469-3
https://doi.org/10.1016/0167-2738(84)90049-3
https://doi.org/10.1016/0167-2738(84)90049-3
https://doi.org/10.1016/j.ssi.2009.04.002
https://doi.org/10.1016/0167-2738(85)90095-5
https://doi.org/10.1016/0167-2738(85)90095-5
https://doi.org/10.1016/j.ssi.2008.04.034
http://refhub.elsevier.com/S0378-7753(21)00399-2/sref83
http://refhub.elsevier.com/S0378-7753(21)00399-2/sref83
https://doi.org/10.1016/0013-4686(94)E0192-3
https://doi.org/10.1016/0013-4686(94)E0192-3
https://doi.org/10.1021/jp011941g
https://doi.org/10.1021/jp011941g
https://doi.org/10.1021/jp013569a
https://doi.org/10.23919/EMPC.2017.8346901
https://doi.org/10.3390/en4040582
https://doi.org/10.1016/j.jpowsour.2010.07.071
https://doi.org/10.1016/j.jpowsour.2010.12.107
https://doi.org/10.1016/j.jpowsour.2010.12.107
https://doi.org/10.1016/j.jpowsour.2017.04.084

