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Abstract: In the automotive industry, ageing mechanisms and diagnosis of Li-ion batteries depending
on charge rate are of tremendous importance. With this in mind, we have investigated the life-
time degradation of lithium-ion battery cells at three distinct charging rates using Electrochemical
Impedance Spectroscopy (EIS). Impedance spectra of high-energy Panasonic NCR18650B batteries
have been analysed in light of two distinct approaches, namely the time-dependent evaluation of the
Constant Phase Element (CPE), and the single parameter investigation of resonance frequency of the
circuit. SOH percentages were used to validate our approach. By monitoring the CPE-Q parameter at
different charge rates of 0.5 C, 1 C, and 1.5 C, respectively, we applied a degradation speed analysis,
allowing us to predict a quantitative value of the LIBs. The results are in complete agreement with
the resonance frequency single parameter analysis, in which quite a similar trend was obtained after
the spline fitting.

Keywords: Li-ion battery; electrochemical impedance spectroscopy; ageing degradation; SOH
analysis; resonance frequency; constant phase element

1. Introduction

Due to their tremendous performance benefits [1-4], lithium-ion batteries (LIBs) have
nowadays become indispensable in the development of modern society, being used in
several applications including the automotive industry [5-7], energy storage platforms [8,9],
advanced designs aerospace [10,11], defence [12], mobile power systems [13], etc. Various
types of LIBs with distinct anode and cathode materials have been developed, as well as
electrolytes and/or separators capable of offering a reliable integration of such complex
application demands [14-19]. Their high energy density and voltage make them suitable
to be employed in a large spectrum of applications that imply increased miniaturization.
Moreover, they are highly superior in terms of leakage resistance under environmental
variation due to the organic electrolytes that have a solidifying point much lower than
aqueous solution electrolytes, thus offering better operation capabilities in a wide range of
temperatures [17,18]. All these advantages of lithium batteries, in terms of technological
engineering and environmental entanglement, clearly have the potential to innovate and
improve our future [20], and, finally, to ensure a sustainable future.

Within the last decade, new lithium battery technologies have been developed based
on different active material chemistry and structure/shape, with their own advantages and
disadvantages related to cost, performance efficiency, life cycle, and safety [21-31]. The
vast research in the field has brought significant refinements to lithium batteries [32-37].

However, the main working principle of Li-ion batteries is the same, namely, a battery
is made up of several individual cells connected between them. Each cell encompasses
three distinct parts: the cathode, the anode, and the liquid electrolyte. In the charging
phase, lithium ions pass from the positive side to the negative one, while ions move in
the opposite direction during the discharge phase. Between the charging/discharging
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phase, the separator (i.e., an insulating layer) blocks the electrons, allowing lithium ions to
pass through the conductive material. These movements will then create a difference in
electrical potential, a voltage corresponding to the electrical potential amount that a battery
is capable of incorporating. A schematic illustration is shown in Figure 1, emphasizing the
current Li-ion cell materials.
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Figure 1. Li-ion cell fabrication concept.

Despite the continuous development and technological engineering of new prototype
materials, there is a strong demand for innovative diagnostic tools that are capable of man-
aging an early identification of degradation processes that occur in lithium batteries [38—40].
We refer here to cells operating limits implying the inhomogeneous current distribution,
temperature distribution, voltage, charge—discharge characteristics (during battery ageing),
the performance decrease vs. time, etc.

The modelling of state of charge (SOC) and state of health (SOH), as essential param-
eters for the battery management system (BMS), were analysed by different approaches,
encompassing mathematical algorithms [41,42], energy discharge level [43], neural net-
work [44], data driven through convolutional and recurrent neural networks [45], or
physics-based SOC algorithms applied in advanced BMS [46]. An interesting theoretical
approach that can be further tested in LIBs is described by Mathé et al. [47,48], in which the
electrical transport mechanisms can be analysed.

Another battery model is investigated using electrochemical impedance spectroscopy
(EIS), in which the equivalent Randles circuit model describes the (nonlinear) operating
characteristics of LIBs in terms of variable parameters such as resistance, capacitance,
constant phase elements, or voltage source [49]. This method is capable of offering a detailed
examination of physical chemistry processes that occur at both electrodes of lithium-ion
batteries, thus offering important knowledge about the power delivery capabilities in
LIBs [50-52]. A single experiment can divide and quantify in detail the characteristic shapes
of impedance graphs in LIBs. As such, during the battery ageing cycling procedures, several
Nyquist plots will be acquired and interpreted in terms of an equivalent circuit model,
capable of providing insight phenomena of battery SOH and SOC (State of Charge). Due to
continued technological improvement, this powerful characterization tool is currently used
in various particular domains, such as corrosion [53], supercapacitors [54], catalysts [55], or
fuel cells [56].

In these perspectives, we have applied in this work the EIS analysis of three commer-
cial Panasonic NCR18650B batteries with the aim of accurately predicting their degradation
speed depending on the variation of charging rates from 0.5 C to 1 C and 1.5 C. Their perfor-
mance and durability analysis depending on the charge rate have first been investigated by
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gathering the data of impedance modifications. The dependence of the values for parame-
ters of the Randles circuit was analysed, with particular attention paid to constant phase
element (CPE) time-dependent behaviour. Moreover, we employed a second approach
for the evaluation of Li-ion batteries vs. charge rate, which has been used successfully in
our previous works [57,58], in the framework of a single parameter, namely the resonance
frequency of the circuit. A spline fitting has been applied, and the rate of change has been
determined for each charging rate.

2. Materials and Methods
2.1. Lithium Batteries

Three commercially 3.25 Ah Panasonic NCR18650B-type batteries, Japan (referred to
as B1, B2, and B3, respectively) have been purchased from the market and used as part
of this study. The battery characteristics, together with the cell type graphical image, are
summarized in Table 1. Due to their particular features, such as good life cycle performance,
high energy density, low self-discharge, long storage reliability through reduced metal elu-
tion, and durability in actual use [59], this particular type of lithium battery has been used
in TESLA MODEL S previous model, and as a consequence, received a lot of attention in
recent years [60,61]. Currently, this Panasonic type is also used on e-bike accumulators [62]
and is described as optimal for notebook PCs, boosters, portable devices, etc. [63].

Table 1. NCR18650B batteries specifications.

Rated capacity 3200 mAh

Nominal Capacity Min. 3250 mAh

at25°C Typ. 3350 mAh

Nominal Voltage 3.6V

Charging Method cCc-cv

Charging current 1625 mA

Charging voltage 42V

Charging Time 2h

Cathode material Nichel Oxide-Based New Platform (NNP)

2.2. Experimental Set-Up

A VSP multichannel potentiostat from BioLogic, controlled by EC-Lab software
(V11.46), was used for impedance battery characterization. The battery measurement
setup is shown in Figure 2, in which the VSP and its modules are shown in the back. The
battery holder of each battery is connected to the VSP cables by means of crocodile clips. In
terms of working procedure, the potentiostat registers the impedance measurements by
applying a potential wave to the WE (working electrode) and then records as a spectrum
the resulting current waves at different frequencies. Thus, it will analyse the impedance Z
as the real part of impedance Z’ vs. the imaginary part of Z”. A schematic illustration of
the measurement process is shown in Figure 2-right.

All the EIS measurements were performed in a controlled temperature room, in which
the temperature was set to 21 degrees, all along the period (several months of cycling). We
are fully aware of the impact of temperature effects on lithium-ion batteries, in which the
electrochemical reactions that govern the lithium batteries” performance are susceptible to
temperature variations, but the scope of this paper is not focused in this direction.
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Figure 2. The measurement setup (left); impedance Z as the as the real part of impedance Z' vs. the
imaginary part of Z" (right).

2.3. Electrochemical Impedance Spectroscopy (EIS)

EIS was employed as a key approach in the modelling and characterization of elec-
trochemical reaction in our Li-ion batteries. Being capable of scanning from rather high
(MHz) to low (mHz) frequencies, we were allowed to correlate the elements of battery
cell models within the physical chemical mechanisms that occur inside their dynamic
behaviour. Within a single scan, most of the processes, from slowest to fastest, can be
analysed and separated, thus highlighting the influence of various components in terms of
double-layer capacity, electron transfer resistance, diffusion, etc.

The electrical equivalent circuit has been induced by the identification of characteristic
shapes of impedances graphs. In Figure 3-top, the Nyquist diagram for Li-ion batteries
within the equivalent Randles circuit is schematically shown. As can be observed, the results
of EIS analysis are described in the framework of an imaginary part of the impedance vs.
the real part. The very high frequency domain is related to the L2 inductor and the resistor
R2, directly implicated in the conduction trial at the crossing of impedance spectrum and
the real axis (Im(Z) = 0). Within the decrease of frequency, two arcs related to the presence
of the solid electrolyte interface and to the charge transfer mechanisms are described by
the resistor R3 and the Constant Phase Element CPE-Q3 (the small semicircle), and R4 and
CPE-Q4, respectively (the larger semi-circle). The last semicircle is usually associated with
the charge transfer mechanism and the double layer capacitance, while the last domain at
small frequencies corresponds to the diffusion case.

In order to describe the arcs as a representation of the CPE and a resistor, the impedance
of Q depending on a frequency can be deducted by following the formula:

Zarsl)) = gy

where Q is the impedance coefficient and a represents the order.
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Figure 3. The typical Nyquist diagram for Li-ion batteries within the equivalent Randles circuit (top);
half-battery illustration showing the correlation with the Li ion battery internal reactions (down). The
dotted lines of different colours are corresponding to different areas on the plot.

2.4. Ageing Method Protocol

At the beginning of the workflow, the new batteries have been cycled four times for
initial capacity measurement. The EIS measurements were performed in the VMP3B-5
module, using Potentio Electrochemical Impedance Spectroscopy (PEIS) technique. This
technique can be selected from the stand-alone PEIS module or added using the Modulo
Bat (MB) technique. Thus, in the simplified PEIS sequence under MB, the sinus signal
was applied only around the DC potential close to the equilibrium state. It is important to
mention that this approach can easily lead to overcharging in a fully charged Li-ion cell,
especially at low frequencies (below 50 mHz).

The PEIS settings in the stand-alone module allow us to superimpose a sinus signal
over a fixed DC potential, E, which is sufficiently small, so the upper voltage limit is not
exceeded at low frequencies. A total of 10 mV has been set for the fixed potential and the
frequency ranges between 5 mHz and 10 kHz. The sinus amplitude is 20 mV and two
measures per frequency were used for the recordings. Before each PEIS measurement,
thirty minutes of relaxation time have been imposed, and then we have verified the state of
the battery at the end of the relaxation period. The difference in the voltage change after
30 min is less than 0.032%; therefore, we consider that the cell is in a stable state.

Two PEIS measurements have been employed in this experiment: one in the fully
charged state and the other in the fully discharged state. The PEIS data obtained in the
discharged state have no risk of overcharging; therefore, the DC potential around the
equilibrium state can be used.

The initial capacity of all three batteries had closely related values. The ageing process
has been implemented according to the workflow diagram in Figure 4. The discharge
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current for all the experiments has been set to 1.5 C as a compromise between fast discharge
and battery degradation. If the discharge current is too high, the desired parameters
analysis is then compromised.

START
k v A 4
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Figure 4. Ageing workflow for three Li-ion batteries: B1, B2, and B3.

The current limitation during the CV charging has been set to 200 mA, otherwise the
overcharge during the PEIS sequence will force the device to pause the experiment in order to
avoid damage. This is most likely to occur for the charging current of 0.5 C, where the charge
build-up is maximum. The ageing duration varied according to the charge current and
battery degradation. As Li-ion batteries can withstand a high number of charge/discharge
cycles, the PEIS technique has been employed every fourth charge/discharge cycle in order
to reduce the amount of data for the processing stage. The ageing process ended when the
battery capacity dropped below 65%. We extended the end-of-life capacity from 80% as it
is set for the EV industry so that the frequency resonance becomes clearer.

3. Results and Discussion
3.1. Dependence of Li-Ion Batteries Impedance on the SOH vs. Charge Rate

The dependence of the three batteries” impedance spectra on the SOH is explored at
different I parge, from 0.5 C to 1 C and 1.5 C, respectively. Figure 5 emphasises the results of
Nyquist diagrams in both cycling states of charging and discharging.
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Figure 5. Nyquist diagrams in charge state (left) and discharge state (right).

The evolution to the right of the impedance spectra during the ageing process is
illustrated by different colours, being directly related to the Li battery’s internal reactions.
There is a smooth battery ageing, highlighting in all cases a decreasing performance of
usage and time. Nevertheless, the Nyquist shape plots are similar to that found in the
literature, separated into four major areas as follows: (1) high frequencies, which are related
to an inductive effect determined by the cylindrical cell geometry and/or porosity of the
electrode plates; (2) the total value of the ohmic resistance, impedance spectrum intercepting
the real axis; (3) middle frequencies, related to the semicircles on the Nyquist curves, which
mainly correspond to the solid electrolyte interface or separator; and (4) low frequencies
that are attributed to the diffusion effects. The first semicircle belongs to the relaxation of
charge carriers at the solid-electrolyte interface (see also Figure 3), and the second semicircle
is subordinate to the electrode potential, shaped by a double-layer capacitance and charge-
transfer resistance. At the end of the semicircle in low-frequency ranges, a spike is present,
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corresponding to thee Li+ cation diffusion process in the solid-state phase. Figure 6 shows
an example of a Nyquist curve fit.

0.025

-Im(Z)/0Ohm
<)
o
o
(53]

-0 005

-0.01

-0.015

0.05 0.1
Re(Z)/Ohm

Figure 6. Example of fitting for a Nyquist curve in B2.

The fitting of the Nyquist curves exhibits high similarities between the measured
spectrum and the fitted spectrum. In order to quantify the quality of the fit, we analysed
the error coefficient for each value of v, defined as the mean squared error divided by
the average value of the impedance. This has an advantage over the mean squared error
since it indicates the error as a fraction. This is computed according to EC-Lab, using the

following formula:
2

)y N Zgip(i) — Zexp (i)
i=1

X= .
| Zexp (0]

in which the fit tab specifies the fitting conditions set for the fitting procedure in terms of
number of iterations, relative error, and fit duration. The simplex method has been applied
as a minimisation method by minimizing the criterion x?, using the following formula:

N 2
Xz = Zi:1(ImEﬂS(Ei) - Isimul(Ei/ Parum))

where I;;e05(E;) is the current value at the potential E; of the experimental voltammogram
and Iy, (E;, param) is the simulated current, which is a function of the chosen mechanism.
Usual values for the error coefficient x are between 1 and 3%.

We are also aware that the appearance of a semi-circle in the Q3 region is unusual for
pristine commercial cells and typically appears later in the cell’s life cycle. However, the
appearance is due to the many PEIS curves, and because they were cycled four times prior
aging protocol for capacity determination, as was mentioned previously in Section 2.4. For
clarity, please see below in Figure 7 the first three PEIS curves for the B1 (0.5 C) battery, in
which the first semicircle is not present at all.

We have also plotted the efficiency in Figure 8 as an example for the Bl type in
order to verify if the batteries are all in a good state. Their capacity was tested before the
ageing process.
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Figure 8. The efficiency of the B1 (0.5 C) battery.

3.2. Variation of the Equivalent Electrical Circuit CPE-Q Parameter with SOH

Because the RC parallel circuit in real practice does not fit exactly with the charge
transfer impedance (due to capacitor imperfections), we have considered in our fit proce-
dure the Constant Phase Element (CPE). In particular, we focused on the Q parameter of
the CPE element, which has been analysed depending on the charging rate of the batteries.
By increasing the charge from 0.5 C (B1) to 1. C (B2), and, respectively 1.5 C (B3), a clear
exponential trend has resulted for the Q3 and Q4 elements. For a better illustration of their
growth rate, we averaged the values of the Q spectra for the Bl and B3 batteries. As can
be seen from Figure 7, the effects on the solid electrolyte interface and/or separator are
significantly influenced by the charging rate.

Depending on Igparge, it seems that in the middle-frequency spectrum, the thin film
formation on the surface of the anode electrode (from the electrochemical reduction in
electrolytes) plays a decisive role in the long-term battery cyclability, and, in particular,
in the performance of the electrode materials. Taking into account that it starts forming
from the first cycle and continues to thicken when the cell is used, we can see a linear
exponential shift in the function of the charge rate by monitoring the Q element of the CPE
parameter. If we look at Figure 9, we can easily observe a much lower shift at the beginning
due to the fact that the solid electrolyte interface layer is thin, thus the performance is not
so much affected.
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Figure 9. The dependence on the cycle number for selected fit Q3 (Top) and Q4 (Down) parameters
in B1, B2, and B3 batteries.

As the battery ages, the shifts become much larger depending on the charge rate due
to the fact that the film layer increases its thickness and starts interfering within the major
chemical reactions inside the battery. Moreover, as the film thickness increases till electrons
cannot pass through it, there will appear a new passivation layer, which finally will inhibit
the prolongation of redox reaction.

Despite the physical chemical explanations described above, we also performed a Q3
and Q4 curve calibration analysis depending on the cycle number in the smoothest domain
between cycle 21 and cycle 31. In this manner, we were able to highlight the degradation
speed of these curves, taking into account the second part of the batteries” lifetime, in which
they are supposed to be more stable. The following equation has been used for the linear fit:

_ AQs4
Acycle

in which « describes the quantitative quality estimation of the batteries. In Table 2, we have
summarised the resulted values of AQ3 and AQ4 at different charge rates.

From the linear trend robustness curve analysis of AQ3, we obtained a higher ratio
value of 4.7 for B1, 3.2 for B2, and 2.3 for B3, while from the AQ4 data, we get the following
values: 4.6 for Bl, 3 for B2, and 2.3 for B3. These data allow us to predict a quantitative
value, in which the lowest charging of 0.5 C applied to the Li-ion batteries emphasized a
significant improvement of their lifetime performance between 30 and 35% over the 1 C
charging rate increment, and between 45 and 50% for the highest charging rate of 1.5 C.
The cycling at the higher charge (in this case) will clearly favour a different formation of
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solid electrolyte interface film, from a lower to low rate of 0.5 C, and then increasing for 1
C, and even more for 1.5 C. This means that, depending on charge rate, in the formation
of the thin film, more lithium ions will be consumed, which finally reduce the charge and
discharge efficiency of the electrode materials. As the batteries undergo multiple cycles,
the electrolyte starts to decompose differently from lower to higher charge rates due to the
reduction in the electrolyte chemicals.

Table 2. Values of AQ3 and AQ4 at different charge rates.

Battery Charge Rates 0.5 C (B1) 1C (B2) 1.5 C (B3)
AQ3 Cycle 21 Cycle 31 Cycle 21 Cycle 31 Cycle 21 Cycle 21
19.47 28.35 13.73 18.2 10.58 12.33
AQ4 Cycle 21 Cycle 31 Cycle 21 Cycle 31 Cycle 21 Cycle 31
18.66 27.32 13.24 16.91 10.48 12.6
Acycle 10 10 10

3.3. SOH Dependency on Charging Rate

In Figure 10, the evolution of the SOH with cycling is presented. The SOH for each
C-rate has been determined according to the standard formula [64]:

Cdischarged

SOH = x 100 [%]
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Figure 10. The dependence of SOH vs. cycle number in B1, B2, and B3 batteries.

The SOH dependence of the C-rate can be depicted in terms of degradation level. A
C-rate of 0.5 C and more than 300 charge—discharge cycles determine a SOH of 69%. For a
charging current of 1 C, the SOH reaches 54%, which means a 21.4% deeper decrease in the
SOH. The fastest C-rate extends the SOH far down to 29%, which signifies a 58% decreasee
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towards the 0.5 C-rate. Thus, the SOH dependency on the charging rate, and not on the
cycle number can be clearly deducted.

3.4. Resonance Frequency Analysis

The resonance frequency of each battery has been determined from PEIS measurements
for all three charging rates. In Figure 11, an ordering algorithm is applied to the resonance
frequency data so a better view of the trend can be observed. Battery B2 had the lowest
number of cycles and, therefore, the shortest life. We relate this state to a low-quality
manufacturing process. The resonance frequency for Li-ion batteries was found in a
frequency range of 900-1800 Hz. Battery Bl had a resonance frequency starting near
1100 Hz and ending around 1750 Hz. As the charging current increased, the starting point
of the resonance frequency interval started to decrease. For battery B3, the resonance
frequency range dropped below 950 Hz in the mid-frequency range.
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To obtain a smoother version of the data, spline fitting was employed (red line in
Figure 11) and the slope of the data for each case has been calculated. The battery with
the smallest charging current, B1, has the lowest slope. As the charging rate increases, the
slope of B2 and B3 rises by 9.6% and ~50%, respectively.

The rate of change of the resonance frequency is smoother at a high SOH and becomes
steeper as the battery ages. At 1.5 C, a significant decrease in the smoother part is observed
as a result of a faster degradation of the battery. The resonance frequency parameter
growth becomes faster as the charging current increases. This is mostly due to the internal
resistance of the battery, which degrades with ageing. This trend is schematically illustrated
in Figure 12.

Resonance frequency

fo/'fO/'fo/'f

Figure 12. The evolution of resonance frequency with ageing.

4. Conclusions

The lifetime degradation of the Panasonic NCR18650B lithium-ion battery, depending
on three distinct charge rates of 0.5 C, 1 C, and 1.5 C, was investigated using EIS methodol-
ogy. We focused on the dependence of the values for equivalent Randles circuit parameters,
with particular attention paid to constant phase element (CPE) time-dependent behaviour.
We made a performance appraisal of the parameters used for the fitting of Nyquist dia-
grams, focusing on the dependence of the values for equivalent Randles circuit parameters,
with particular attention paid to constant phase element (CPE) time-dependent behaviour.
By monitoring the Q3 and Q4 elements of the CPE parameter, a linear exponential shifting
in the function of the charge rate resulted. By analysing their linear trend robustness curves,
we obtained for AQ3 a higher ratio value of 4.7 for B1, 3.2 for B2, and 2.3 for B3, while from
the AQ4 results, we obtained appropriate values of 4.6 for B1, 3 for B2, and 2.3 for B3.

These results allowed us to predict a quantitative value of the LIBs depending on the
charge rate, in which the lowest charging of 0.5 C highlights a significant improvement of
their lifetime performance of ~30-35% over the 1 C charging rate increase, and somewhere
between 45 and 50% for the highest charging rate of 1 C. The cycling at a higher charge
will favour a distinct formation of solid electrolyte interface film, from a lower charging
rate of 0.5 C to 1 C, and even more from a higher charge rate of 1.5 C. The effects on the
solid electrolyte interface and/or separator are significantly influenced by the charging
rate, in which the thin film formation on the surface of the anode electrode (from the
electrochemical reduction of electrolyte) plays a decisive role in the long-term battery
cyclability, and in particular on the performance of electrode materials.

The dependency of SOH with the C-rate has been expressed as degradation speed
percentages. Due to different calculation methods and different meanings of each param-
eter considered, the percentages slightly differ, but the dependency on the charge rate is
maintained in all cases. Furthermore, the degradation speed is confirmed in both methods
and validated by SOH.

By analysis of the resonance frequency of a single parameter, we have gathered the EIS
survey of Li batteries, providing a fast and reliable connection without any intermediary
fitting procedures between batteries” SOH and their lifetime prediction. The rate of change
of the resonance frequency parameter with cycling shows that when the charging rate
increases, the cycle number decreases, thus the slope of the resonance frequency data
is directly proportional to the charging rate. Applying spline fitting, the data for each
case have been calculated, highlighting the lowest slope for the battery with the smallest
charging current, B1. As the charging rate increases, the slope of B2 grows by ~10%, while
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for B3, a significant increment of 50% is obtained. Moreover, the starting point of the
resonance frequency interval shifts towards the mid-frequency region as the charging rate
increases to 1.5. This peculiar behaviour observed on this Li-ion battery type is in very
good agreement with the first analysis of the CPE-Q parameter, showing that after a certain
number of charging/discharging trials, resonance frequency variation is affected by the
charging rate. As such, it can be considered a fast-ageing EIS analysis by simply monitoring
one parameter.
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