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Abstract: The capacitance of Lithium-ion Capacitors (LiCs) highly depends on their terminal
voltage. Previous research found that it varies in a nonlinear manner with respect to the voltage.
However, none of them modeled the capacitance evolution while considering the physicochemical
phenomena that happen in a LiC cell. This paper focuses on developing a new capacitance model
that is based on the Stern model of the electrochemical double layer capacitance. The model accounts
for the asymmetric V-shape of the C(V) curve, which reflects the variation of the capacitance with
respect to the voltage. The novelty of this study concerns the development of a model for LiCs that
relies on the fundamental theory of Stern for the differential capacitance. The basic model of Stern is
modified in order to account for the hybrid physicochemical structure of LiCs. Moreover, the model
was applied to three aged cells to which accelerated calendar aging tests were applied at three voltage
values: 2.2, 3 and 3.8 V. A drift of the voltage corresponding to the minimum capacitance was detected
for the aged cells. This voltage is related to the neutral state of the positive electrode. The main
cause of this phenomenon concerns the loss of lithium ions from the negative electrode of a LiC.
In addition, capacitance values decreased after aging, showing an eventual blocking of the pores of
the positive electrode. Therefore, the analysis of the C(V) curve was found to be an interesting tool
for the interpretation of aging mechanisms.

Keywords: lithium-ion capacitor; C(V) curve; capacitance evolution; stern model; differential
capacitance; aging mechanisms; performance degradation; lifetime analysis

1. Introduction

Online monitoring of Energy Storage Systems (ESSs) relies on several tools such as the estimation
of the current state of charge and state of health [1-4]. As a first step towards this goal, the amount of
energy stored in the ESS should be assessed. For this reason, capacitance estimation is an important
factor to be studied [5,6]. It particularly depends on the operating principle of the ESS. For example,
in Supercapacitors (SCs), the storage of energy is based on the formation of an electrochemical double
layer at the surface of two activated carbon electrodes [7,8]. This phenomenon induces the creation
of the electrochemical double layer capacitance that was discovered and modeled by Helmholtz in
1879. The model was then enhanced by Gouy-Chapman, and finally completed by Stern [9]. Following
this research, several models were developed for the capacitance evolution of an activated carbon
electrode with respect to the potential of the electrode [10-12]. As a result, the capacitance of a SC
was found to be increasing with the increase in the voltage of the cell [13], as can be seen in Figure 1.
The characteristic curve, C(V), that shows the capacitance evolution of a cell with respect to its terminal
voltage is an effective illustration of the properties of the cell.
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Figure 1. The capacitance evolution as a function of the voltage of a conventional supercapacitor [13].

The models previously implemented for conventional SCs cannot be applied to the hybrid
technologies of SCs. In fact, asymmetric Lithium-ion Capacitors (LiCs), whose operating principle
combines the physicochemical phenomena that exist in conventional SCs and Lithium-ion Batteries
(LiBs), have a nonlinear capacitance evolution [14,15] with respect to the voltage. The C(V) curve has
an asymmetric V-shape with a minimum at the middle of the nominal voltage window that goes from
2.2t0 3.8V, as can be seen in Figure 2.
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Figure 2. The nonlinear evolution of the capacitance of an asymmetric Lithium-ion Capacitor (LiC)
(3300F, JSR Micro) with respect to its terminal voltage [14].

This type of hybrid supercapacitor has the advantage of a higher energy density than that of
conventional ones. However, their power density is still low with respect to SCs. Moreover, their energy
density is lower than that of lithium-ion batteries.

In [16,17], polynomial curve fitting was used in order to model the C(V) curve of LiCs.
Therefore, the developed models did not consider the physicochemical phenomena happening
inside the cells. A detailed description of these phenomena, that are responsible for the nonlinear
evolution of the capacitance, can be found in [14]. In fact, the capacitance of a LiC mainly depends on
the capacitance of the positive electrode made of activated carbon. Therefore, the formation of the
double layer at its surface contributes to the increase in the total capacitance of the cell. The minimum
capacitance is found to be at 3 V which corresponds to a neutral state of the positive electrode.
This neutral voltage value of the cell depends on the level of pre-lithiation of the negative electrode
made of graphite [18,19]. In the tested LiCs, the pre-lithiation is done using a sacrificial lithium
electrode that is short-circuited with the negative electrode. When the cell is charged from 3 to 3.8 V,
the capacitance increases due to the double layer formed by the anions present in the electrolyte and
the positive electronic charges present at the surface of the positive electrode. However, when the
cell is discharged from 3 to 2.2 V, the capacitance increases due to the formation of the double layer
by the cations of the electrolyte and the negative electronic charges at the surface of the positive
electrode [14,15].
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Throughout the lifetime of a LiC, several aging mechanisms may arise. One major mechanism
is the loss of lithium ions that are pre-intercalated in the graphite negative electrode [3,20-26].
Consequently, the potentials of both electrodes derive due to aging and the neutral voltage value
changes. Moreover, the capacitance of the LiC decreases, demonstrating less ability to store energy [3,24].
Therefore, the C(V) curve would be highly affected by the aging of the LiC cell. This is not yet studied
in the literature.

Since the C(V) curve can illustrate the physicochemical states of the components of LiC cells, it is
interesting to find a model that is able to provide insights on both electrodes. Therefore, based on a
previous research paper that presented several accelerated aging tests applied to LiCs [24], the aim
of the current study is to develop a capacitance model that can be valuable throughout their aging
cycle. Section 2 will present the conventional model of the double layer capacitance and the modified
one that is developed to fit the behavior of LiCs. The effects of aging on the C(V) curve will be then
discussed in Sections 3 and 4.

2. Capacitance Model

An electrochemical double layer is formed when ions in the electrolyte accumulate at the surface
of an electrode, facing the opposite electronic charges. The first and simplest model of the double layer
was created by Helmholtz [27]. The model assumes that the electrode maintains a density of electrons
in excess or deficit on its surface. Its charge is then balanced by redistributing the ions in the electrolyte
solution with an equal number of ions but having an opposite charge. This results in two layers of
opposite charges separated by a distance d, limited by the diameter of the attracted ions with their
eventual solvation layer. The double layer capacitance model developed by Helmholtz is expressed by
the following equation [27]:

Can = 22 &
where ¢ is the dielectric permittivity of the solvent and S is the surface of the interface between the
electrode and the electrolyte. However, this model does not take into account the dependence of the
measured capacitance on the potential or the concentration of the electrolyte. Another disadvantage is
not considering the interactions that occur far from the distance d of the compact double layer. As a
result, several modifications were made to the original model.

2.1. Gouy-Chapman and Stern Model

Gouy and Chapman [10,11] were the first to consider the thermal movement of ions near a charged
surface. They imagined a diffuse double layer formed by ions and counterions. Therefore, the surface
attracts ions and repels counterions according to the Poisson-Boltzmann (PB) equation. The diffuse
capacitance model is represented by the following equation [28]:

2XgXngx € zX ¥y
= 2x | TS e cosh( 22 ) 2
Ciyigc=2zX U X oS % Ur )

where z is the valence of the ions, 1y is the concentration of the anions or cations in the solution, g is the
elementary charge, ¥ is the surface potential between the electrode and the electrolyte and Ur is the
thermodynamic potential. This capacitance model highly depends on the potential of the electrode
and has a parabolic V-shape, symmetrical with respect to a neutral potential that defines the potential
of the electrode when no ion is adsorbed at its surface [29]. The neutral potential of the electrode is
often denoted as Ep. (potential of zero charge). When the potential of the electrode decreases and
therefore becomes lower than Ep;, the cations accumulate on the surface of the electrode. On another
hand, when its potential increases and becomes higher than E,, the anions accumulate on its surface.
However, the approach of Gouy-Chapman does not include the size of the ions. It considers them as
statistical points without possible attributes for a physical dimension. Therefore, capacitance values are
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generally over estimated, especially for electrolytes having a low concentration of ions. Equation (2)
can also be expressed by this equation:

BV +e—a2AV)
Cagc= n—— 3)

. 2XgXngX€E oz
where, 11 = z X ‘,U—T and a, = Uy

AV describes the following potential difference:
AV = E = Epzc 4)

where E is the potential of the electrode. Cy; ¢ is a symmetric curve with respect to AV.

In 1924, Stern [12] developed the theory of the electric double layer in a more realistic manner by
describing the physical situation at the interface. He combined the two previous models by considering
the compact layer, used by Helmholtz, next to the diffuse layer of Gouy-Chapman that is usually
extended in the electrolyte. He took into account the size of the ions, considering that the capacitance
of the compact layer varies with respect to their radius. The differential capacitance (Cy_girf) of the
double layer is then equivalent to the one of two capacitors in series:

(N S
Cadiff Can  Cace

©)

In this case, the C(V) curve has a symmetric V-shape and converges at high potentials to the value
Of Cdl_H [29].

2.2. Modified Stern Model

According to the operating principle of a LiC, its total capacitance is mainly influenced by that
of its positive electrode [14]. The storage of energy at the positive electrode of activated carbon is
based on the formation of the electric double layer. Therefore, the models of this layer can be used
to describe the capacitance of the LiC. However, since three-electrode measurement techniques are
not suitable for the current study, the potential of the positive electrode cannot be followed separately.
Therefore, Ey;c of Equation (4) is considered as the voltage of the cell when the capacitance is at its
minimum (3 V as per Figure 2) and E as the total voltage of the cell.

The symmetric C(V) curve of the previous models does not fit the evolution of the capacitance of a
LiC that is shown in Figure 2. In fact, when AV is negative (E < Ep), the double layer is formed by the
cations and the negative electronic charges on the surface of the activated carbon. For example, at the
lowest voltage value of a LiC, 2.2V, the cations Li* accumulate at the surface of the positive electrode,
as can be seen in Figure 3 [24]. When AV is positive (E > Ej;), the double layer is formed by the anions
and the positive electronic charges on the surface of the activated carbon. In fact, at the highest voltage
value of a LiC, 3.8 V, the anions PF, accumulate at the surface of the positive electrode (Figure 3).

A symmetrical curve considers a unique and identical size of positive and negative ions. In order
to include the effect of the size of the ions on the value of the capacitance, knowing that in a LiC the
cations Li* have a larger size than the anions PF; [30,31], an asymmetrical curve with respect to AV
must to be considered. Therefore, the Gouy-Chapman model is modified in this study in order to be
able to describe an asymmetric curve with respect to AV:

eazAV +e—a3AV)
Ca_cc.m =m — (6)
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Figure 3. The chemical states of a LiC at 2.2 V (E < Epz), 3 V (E = Epzc) and 3.8 V (E > Epz).

Considering the capacitance of Helmholtz as a constant capacitance (ar) which does not depend
on the voltage, the differential capacitance of the electric double layer based on the Stern model of
Equation (5) can be expressed by the following equation:

1 1 n 1 @
Cdlfdifffm T ay o (e28Y 1138V
2

2.3. Validation

The parameters of Equation (7) are identified by minimizing the mean square error between
the model and the data in Figure 2. Table 1 shows the values of the identified parameters. Figure 4
compares the experimental values of the capacitance and the estimated ones whose prediction method
produces an error of 1.3%.

Table 1. The identified parameters of the modified Stern model.

ag® B a1 ay v
4475 6211 2.4 1.5

The capacitance of a LiC significantly depends on the voltage. During the charge from 2.2 V to
the neutral voltage, 3 V, the capacitance decreases. On the other hand, during the charge from the
neutral voltage to 3.8 V, the capacitance increases. The neutral voltage of 3 V of the LiC cell relies on a
very low potential of the negative electrode, approximately 0.1 V vs. Li/Li" [18]. The corresponding
potential depends on the level of lithiation of the carbon negative electrode. This is the most common
configuration of commercial products. Therefore, the modified Stern model can be applied to LiCs
made of similar electrodes by adjusting the value of the corresponding neutral voltage.

The potential of the negative electrode may increase due to the loss of pre-intercalated lithium
ions in the negative electrode. In this case, the neutral voltage decreases. This phenomenon was found
during continuous cycling of a LiC with similar electrodes [18]. The effects of calendar aging on the
neutral voltage are not yet studied in the literature. For this reason, the following section will present
the effects of calendar aging on the variation of the capacitance with respect to the voltage.
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Figure 4. Comparison of the experimental data and the estimated values of the capacitance using the
modified Stern model.

3. Calendar Aging

Accelerated calendar aging tests were applied to LiCs as described in [24]. The aim of these tests
was to assess the influence of three voltage values (2.2, 3 and 3.8 V) and two temperatures (60 °C
and 70 °C) on the lifetime of LiCs. Float charge was used throughout the aging tests. In order to
follow the evolution of the aging process, cell capacitances were measured only at the aging voltage
in order to ensure that aging conditions were not modified. For this reason, it was not possible to
follow the evolution of the C(V) curve during the tests. However, characterizations were applied
to the cells at 25 °C and five voltages (2.2, 2.6, 3, 3.4 and 3.8 V) before and after the aging process.
Therefore, the results of these measurements can be compared in order to investigate aging effects on
the C(V) curves. Since cells that aged at 60 °C had a similar degradation behavior as the ones that aged
at 70 °C but with less pronounced effects [24], only C(V) curves of cells aged at 70 °C will be shown in
this paper. Three cells that aged at different voltage values and at 70 °C were chosen to be assessed.
The values of their capacitances were extracted from their measured impedances at 100 mHz using
electrochemical impedance spectroscopy.

3.1. Calendar Aging at 2.2 V at 70 °C

A LiC that aged at 2.2 V and 70 °C for 20 months lost around 55% of its initial capacitance that was
measured at the aging conditions (2.2 V and 70 °C). This was confirmed by the final characterizations
that showed a 60% decrease in the capacitance that was measured at 2.2 V and 25 °C. Figure 5 compares
the C(V) curves extracted from capacitance measurements before and after aging.

Before aging, the C(V) curve has an asymmetrical V-shape with a minimum at 3 V. On the other
hand, after aging, the capacitance increases with the increase in the voltage from 2.2 to 3.8 V. The voltage
corresponding to the minimum capacitance derives from 3 V to less than 2.2 V. Since the cell cannot
be discharged below the minimum nominal voltage of 2.2 V, the eventual rise of the capacitance
for voltages below 2.2 V cannot be detected. Therefore, one can conclude that the potential of the
negative electrode increased with aging. This is directly related to the loss of Li" lithium ions, which is
commonly attributed to the growth of the SEI (Solid Electrolyte Interface) layer on the surface of the
negative electrode. However, according to aging mechanisms that were deduced in [24], the functional
groups present on the surface of the positive electrode of the cells aged at 2.2 V may irreversibly adsorb
the Li™ cations. This causes the potential of the positive electrode to drift towards higher potentials [22].
Therefore, in order to maintain a voltage of 2.2 V throughout the test period, additional Li* ions must
be deintercalated from the negative electrode to accumulate on the surface of the positive electrode.
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In this case, the main cause of lithium ions loss from the negative electrode can be associated with the
aging mechanisms that occur at the positive electrode [24].
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Figure 5. Comparison between the capacitances of a LiC, measured at 25 °C, before and after aging at
2.2V and 70 °C for 20 months.

Considering the new variation of the capacitance with respect to the voltage, the storage of the
energy during the charge from 2.2 to 3.8 V seems to depend only on the accumulation of the PF, anions
on the surface of the positive electrode and the intercalation of the cations Li™ in the negative electrode.
The accumulation of Li™ ions at the surface of the positive electrode that happens during the charge of
anew cell from 2.2 to 3 V no longer occurs due to the potential drifts of both electrodes.

In order to confirm this new evolution of the capacitance with respect to the voltage, additional
measurements were done for 17 potentials, ranging from 2.2 to 3.8 V with a step of 0.1 V. The model of
the differential capacitance of Equation (7) was then applied to these data assuming that Ep. is equal

to 2.2 V (Equation (4)). The new evolution of the capacitance as a function of the voltage is shown in
Figure 6.
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Figure 6. C(V) curve of a LiC that aged at 2.2 V and 70 °C for 20 months.

Table 2 combines the identified parameters of the modified Stern model before and after aging.
The capacitance a; related to the diffuse layer decreases much more than the capacitance ag related to
the compact layer of Helmholtz. Recalling Equations (2) and (3), a; depends on the concentration of
the anions or cations in the solution, the surface potential between the electrode and the electrolyte and
the thermodynamic potential. Therefore, the decrease in a; shows possible damages at the interface
between the electrode and the electrolyte and in the electrolyte of the LiC cells.
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Table 2. Comparison of the C(V) model parameters before and after aging at 2.2 V and 70 °C during
20 months.

Parameters of the Modified Stern Model Epze (V) agF) a B  ay (VD as v

Brand new cell 3 3089 7264 2.7 1.5
Aged cell at22 V.and 70 °C <2 2682 1570 23 15
(Figure 6)

3.2. Calendar Aging at 3 V at 70 °C

A second LiC that aged at 3 V and 70 °C for 20 months lost 7% of its initial capacitance that was
measured under the corresponding aging conditions (3 V and 70 °C). The same percentage decrease in
the capacitance was found by the final characterizations at a temperature of 25 °C. Figure 7 illustrates a

comparison between the capacitances extracted from the initial and final characterizations done at
25 °C and at five different voltages.
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Figure 7. Comparison between the capacitances measured at 25 °C before and after aging for a LiC
that aged at 3 V and 70 °C for 20 months.

The usual shape of the C(V) curve is no longer detected after the accelerated aging at 3 V. In the
first voltage window from 2.2 to 3 V, the capacitance decreases the most. In order to further interpret
the mechanisms involved at the different voltage values, impedance measurements were carried out
for 17 potentials, as previously described. The subsequent capacitances are shown in Figure 8.
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Figure 8. C(V) curve of a LiC that aged at 3 V and 70 °C for 20 months.

The capacitance does not increase in a monotonous way with the increase in the voltage. In fact,
from 2.2 to 2.6 V, the capacitance increases with voltage rise, then decreases to 2.8 V and then increases
again from 2.8 to 3.8 V. According to the literature [32], when the ions approach a surface subjected
to a voltage that exceeds a threshold voltage, steric overcrowding of ions can occur. A sufficiently
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large electric field can attract a large number of ions, creating a concentrated solution in the diffuse
layer [32]. Ionic overcrowding against the surface develops the diffuse double layer and thus decreases
the differential capacitance. The positive electrode could therefore suffer from the blocking of its
pores since they no longer seem to accept the same number of ions as before aging. As can be seen in
Figure 8, the saturation phenomenon starts at a threshold voltage of 2.6 V. In addition, the voltage
of 3 V, which corresponds to the minimum value of the capacitance before aging, shifts to 2.8 V after
aging. This is certainly due to the growth in the SEI layer at the negative electrode and the resulting
slight drift of its potential. Unlike the cell that aged at 2.2 V, the positive electrode of cells aging at 3 V
is close to the neutral state. This eliminates the possibility of relating the loss of lithium ions from the
negative electrode to the aging mechanisms of the positive electrode.

The operating principle of the LiC is then modified. From 2.2 to 2.8 V, the Li* cations leave the
surface of the positive electrode and intercalate in the carbon layers of the negative electrode. From 2.8
to 3.8V, the anions PF,, present in the electrolyte, accumulate at the surface of the positive electrode
while the Li* cations of the electrolyte intercalate in the negative electrode. Since the capacitance
model based on Stern model does not take into account the saturation phenomenon, it can no longer
be applied to cells that aged at this voltage value of 3 V.

3.3. Calendar Aging at 3.8 V at 70 °C

The third tested LiC aged at 3.8 V and 70 °C for 17 months instead of 20 months. In fact, cells
that aged at 3.8 V suffered from swelling issues. For this reason, their aging process was interrupted
after 17 months [24]. This LiC lost around 36% of its initial capacitance that was measured at the aging
conditions (3.8 V and 70 °C). According to the final characterizations at 25 °C, the percentage decrease
in the capacitance at 3.8 V is 30% compared to the characterizations done before aging. Figure 9 shows
a comparison between capacitances measured at 25 °C before and after aging. One can conclude that
the degradations affect the capacitance values over the entire potential window. The asymmetrical
V-shape of the C(V) curve is also no longer observed.
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Figure 9. Comparison between the capacitances measured at 25 °C before and after aging for a LiC
that aged at 3.8 V and 70 °C for 17 months.

The complete evolution of the capacitance as a function of the voltage, extracted from impedance
measurements at 17 potentials, is shown in Figure 10, as well as the resulting modified Stern model.



Batteries 2020, 6, 0054 10 of 13

2200 T
O Meaured values
2000 | * Modified Stern model s & 6
@
—~1800 | Q #
b @
% 1600 r o)
ke 8
® 1400 | 5
Q.
8 ()
1200 L4
0 @
1000 | ° Q
(]
2 2.5 3 3.5
Voltage (V)

Figure 10. C(V) curve of a LiC that aged at 3.8 V and 70 °C for 17 months.

Similar to the cell that aged at 2.2 V, the minimum capacitance corresponds to a voltage value
below 2.2 V. Therefore, Epzc is considered equal to 2.2 V since the cell cannot be discharged below
2.2 V. The potential of the negative electrode clearly drifted towards higher potentials. This induces a
change in the operating principle of the positive electrode whose double layer can only be formed by
the accumulation of PF, anions on its surface. Therefore, a monotonous increase in the capacitance
during charging from 2.2 to 3.8 V is found. Significant growth of the layer SEI at the negative electrode
can cause this potential drift of the negative electrode related to a loss of pre-intercalated lithium ions
in the carbon layers. The pre- and post-aging parameters of the modified Stern model are shown in
Table 3. The capacitances related to the compact and diffuse layers significantly decrease (by 29%
and 80% respectively) during aging at 3.8 V. Damages at the interface between the electrode and the
electrolyte and in the electrolyte of the LiC cells can be the reason behind the significant decrease in the
parameter a;.

Table 3. Comparison of the C(V) model parameters before and after aging at 3.8 V and 70 °C for
17 months.

Parameters of the Modified Stern Model  Ey.c (V) ag(F) a1 (F) a v as v

Brand new cell 3 3113 7257 2.6 1.4
Aged cell at 3.8 V and 70 °C
(Figure 10)

<22 2228 1502 22 1.1

4. Discussion

The hybrid composition of LiCs directly affects their aging mechanisms that strongly depend on
their terminal voltage. The analysis of the evolution of the capacitance with respect to the voltage
(the C(V) curve) through aging is a way towards the interpretation of the generated degradations.
According to accelerated aging tests applied to LiCs [24], two main mechanisms, whose origins differ
from one voltage to another, can be highlighted:

e theloss of pre-intercalated lithium ions from the negative electrode,
e the blocking of the pores of the positive electrode.

The graphs in Figure 11 summarize the effects of the blocking of the pores of the positive
electrode as well as the loss of pre-intercalated lithium ions in the negative electrode on the C(V) curve.
The blocking of the pores of the positive electrode induces the decrease in the capacitance, as shown in
the first graph of Figure 11. At 2.2V, the products of the reactions between the lithium ions and the
functional groups present on the surface of the positive electrode block its pores. At 3.8 V, the reaction
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products between electrolyte components, that decompose at high temperatures and high potential
values, and the functional groups also cause pores to block [24].

Capacitance

Voltage (V)

(@)

Capacitance
Pores blocking of the

Loss of lithium ions from
the negative electrode
positive electrode

22 23 24 25 26 27 28 29 3 31 32 33 34 35 36 37 38
Voltage (V)

(b)

Figure 11. Effects of aging mechanisms on the C(V) curve related to: (a) the positive electrode,
(b) the positive and the negative electrodes.

The loss of the cyclable lithium ions of the negative electrode causes the drift of its potential.
The voltage Ejc, which corresponds to the minimum capacitance of the C(V) curves, drifts progressively
with aging from 3 to less than 2.2 V. In addition, the total capacitance of the LiC decreases because
of the decrease in the capacity of the negative electrode causing a limitation of the use of the total
capacitance of the positive electrode. If the LiCs are stored at 2.2 V, this loss of capacity is caused by
the potential drift of the positive electrode that irreversibly adsorbs the lithium ions. An additional
deintercalation of lithium ions from the negative electrode is then required. On the other hand, if the
LiCs are stored at 3.8 V, the growth of the SEI layer on the surface of the negative electrode is the reason
behind the loss of capacity. As for LiCs that are stored at 3 V, the positive electrode is at the neutral
state, which reduces the effects of floating aging on its surface. However, a saturation of the electrode
was noticed at a threshold voltage value of 2.6 V. Moreover, a small shift of E,,c from 3 V to 2.8 V was
recorded showing the potential drift of the negative electrode due to the growth of the SEI layer.

In a LiC, these two mechanisms are complementary. Consequently, their respective effects
accelerate the degradation of the two electrodes. The second graph in Figure 11 shows the effects of the
combined two mechanisms on the C(V) curve. The voltage corresponding to the minimum capacitance
decreases as well as the capacitance values. These results correspond well to the cells aging at 2.2 and
at 3.8 V. At 3V, the effects of these two mechanisms are less pronounced since a lower voltage drift and
a smaller decrease in the capacitance were found.

5. Conclusions

The nonlinear capacitance evolution of LiCs was modeled based on a physicochemical analysis of
the electrochemical double layer capacitance. Simulation results show a good accordance between the
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measured values of the capacitance and the estimated ones. The model was able to follow the evolution
of calendar aging of LiCs at the maximum and the minimum nominal voltages. Since the tested
LiCs are made of activated carbon at the positive electrode and pre-lithiated graphite at the negative
electrode, the model can be applied to LiCs with the same chemical structure since the operating
principle is the same. This chemical structure of LiCs is the most common one.

The interpretation of the C(V) curve was found to be a significant indicator of the aging mechanisms
of LiCs. Degradations of the cells were deduced from the decrease in the capacitance values and
the shift of the voltage corresponding to the minimum capacitance. The blocking of the pores of the
positive electrode and the loss of lithium ions from the graphite negative electrode are the two aging
mechanisms directly influencing the shape of the C(V) curve.

Online estimation of the capacitance during the operation of LiCs is a beneficial process that can
contribute to the state of health estimation. Additional tests should be applied to LiCs in order to
assess the effects of cycling on the evolution of the C(V) curve.
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