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Abstract— Lifetime of Energy Storage Systems (ESSs) is a key factor that is extremely influenced by the operating conditions. For this
reason, Lithium-ion Batteries (LiBs) and Supercapacitors (SCs) were subjected to accelerated aging tests in several previous research
in order analyze their lifespan. Lithium-ion Capacitors (LiCs), which fall in between LiBs and SCs, are still considered as a novel
technology. Their behavior during accelerated aging tests is not yet well studied in the literature. This paper focuses on studying the
degradation of their properties during floating aging. Eighteen samples were tested under three different voltage values and two
different temperatures over twenty months. Cells that were discharged to the minimum voltage showed a severe capacitance decrease
that was much higher than the one of fully charged cells. The best storage voltage of LiCs was found to be 3 V, which is equivalent to a
half charging state. The hybrid structure of LiCs was found to be the major cause of this change in behavior during aging at different
voltages. Mechanisms that affect the electrodes and the internal composition of the cells in the diverse conditions were analyzed and

predicted.
Index Terms—Lithium-ion capacitor, floating aging, aging mechanisms, performance degradation, lifetime analysis.

I. INTRODUCTION

Energy Storage Systems (ESSs) are increasingly gaining attention in a world threatened by global warming. Renewable
energy sources, which aim to replace conventional electricity generation techniques, profit from these devices that can store the
generated energy and enhance power quality [1-3]. Moreover, transportation facilities, which extremely contribute in the rise of
pollution, have been lately employing ESSs in order to limit their harmful emissions [4, 5]. Different types of ESSs were used for
these purposes such as batteries, supercapacitors and hybrid systems combining both of them [6-8].

Among all categories of batteries, Lithium-ion Batteries (LiBs) have proven promising characteristics. Their storage of energy
that is based on electrochemical reactions between two electrodes separated by an electrolyte make them high energy sources [9].
In addition, Supercapacitors (SCs) are known for their power density and lifetime higher than that of LiBs since the storage of

energy in these devices is based on fast electrostatic mechanisms [10]. A new hybrid supercapacitor combining the



electrochemical characteristics of the former ESSs was developed in order to relatively ensure both high power and energy
densities [11, 12]. The new hybrid device is known by the Lithium-ion Capacitor (LiC) that has a negative electrode similar to
the negative electrode of LiBs and a positive electrode similar to the positive electrode of SCs.

Since ESSs are electrochemical devices, their behavior and their lifespan depend on their working conditions such as
temperature, voltage and current [13]. Therefore, prior to their integration in any application, evaluating their lifetime in the
corresponding conditions seems particularly beneficial [14—16]. This can avoid future failure and reduce the cost of the overall
system [17, 18]. In order to assess this criterion, accelerated aging tests are applied to ESSs by using stresses that induce their
degradation. Two types of tests are usually performed: calendar aging and cycle aging [10, 15, 19, 20]. Calendar aging aims to
study the effects of constant temperature and voltage on the performance of the ESS. Thus, the behavior of the ESS at rest, which
could be during its storage, is revealed. When the cells are maintained on a float charge mode during aging, this type of process
can be referred to as floating aging [10]. On the other hand, cycle aging provides information on the deterioration of the ESS on
duty. Specific current profiles are applied to the system so the resulting loss of performance could be analyzed [21-23]. Several
previous research had studied the effects of both aging tests on LiBs and SCs [13, 14, 20, 24] . Based on the deterioration of the
electrical characteristics throughout the process, the aging mechanisms were predicted and analyzed [10, 15]. However, lifetime
of LiCs is not yet well studied in the literature. Only one research paper had assessed the aging of LiCs in spacecraft applications
[25]. Calendar aging tests were done at high and low temperatures while charging the cells to high voltage values. An aging
model was then established based on their capacitance degradation. Nevertheless, a physicochemical analysis that describes the
causes of the capacitance decrease and the resistance increase was missing.

This paper focuses on the floating aging of LiCs at high temperatures and different voltage values. Since LiCs are hybrid
components, the electrochemical processes that engender the storage of energy differ from one state of charge to another.
Therefore, the novelty of this study concerns the use of three states of charge that are electrochemically meaningful to accelerate
the aging of LiCs and the establishment of a physicochemical analysis afterwards. The best storage condition that ensures the
minimum loss of performance of LiCs during storage will be introduced for the first time in this paper.

As for the organization of the paper, section II will present the operating principle of LiCs that explains the choice of the
voltage values during aging. Different conditions of the accelerated tests will be introduced as well. Throughout the aging
process, the properties of the tested cells were followed using impedance measurements. Therefore, section III will be dedicated
to the presentation of this measurement technique. The results of the aging process and the analysis of the possible aging

mechanisms responsible for the performance degradation will also be developed in this section.



II. OPERATING PRINCIPE

In order to assure high energy and power densities, the negative electrode of a LiB was combined with the positive electrode
of a SC to form the LiC. Commercial cells are made of a negative electrode of carbon pre-doped with lithium and a positive
electrode of activated carbon [11]. Electrodes are separated by an electrolyte that is usually used in LiBs. It is made of the
lithium salt LiPFg in an organic solvent like the ethylene carbonate and dimethyl carbonate (EC/DMC). Such devices operate
over a voltage window ranging from 2.2 to 3.8 V [26].

At the negative electrode, redox reactions similar to the ones in a LiB happen. Small particle size of the electrode should be
assured in order to ensure fast redox reactions that increase the power density of the device [27]. At the positive electrode, the
double layer formed by the ions near the charged activated carbon electrode take place similarly to SCs. This electrode should
have an improved specific area in order to balance the high capacitance of the negative electrode [27]. Due to the hybrid
structure of a LiC, the operating voltage window could be divided into 2 parts [28]. In fact, the open circuit voltage of the LiC is
around 3 V [29]. Discharging the cell from 3 to 2.2 V induces the deintercalation of the lithium ions Li* from the pre-doped
carbon negative electrode and their movement towards the surface of the positive electrode [30]. On the other hand, charging the
cell from 3 to 3.8 V causes the dissociation of the salt LiPF into cations Li* and anions PFg . This initiates the movement of the
anions towards the surface of the activated carbon and the intercalation of the cations into carbon layers of the negative electrode
[28, 31].

Therefore, at 2.2, 3 and 3.8 V, the positive electrode of a LiC possesses different states. In order to analyze the effects of each
state on the aging of the LiC, these values were chosen to be the tested voltages during floating aging. Based on previous
research on the electrochemical phenomena in a LiC cell [28-31], Fig. 1 was plotted in order to summarize the chemical
behavior of the LiC at the spotted voltages.

LiCs (Ultimo Prismatic Cells) developed by JM Energy and JSR Micro were chosen to be tested. Table 1 recapitulates their
main properties. As the maximum temperature that could be supported by these cells is equal to 70°C, it was chosen to accelerate

their aging. An additional temperature of 60°C was also used for further comparison.

III. FLOATING AGING

Each aging condition was applied on three samples so reproducible and accurate results are guaranteed. Table II shows the
distribution of the samples on different aging conditions taking into account temperature and voltage.
Float Charge (FC) of the cells is used during the whole aging process in order to maintain the voltage of the cells constant. The

impedance of the cells was regularly measured so its evolution could be spotted at several aging stages.



Vﬂ," =2.2V V(eu =3V

:::::n\::;l- eparat Cthvatad Cans0n pre- Activated
iyl SEPArlOr  Carhon doped with  separator
lithium lithium ; Carbon

i

Negative Positive
Electrode Electrolyte Electrode

Negative  LIPFe pogrive
Electrode Electrolyte Electrode

Veen =3.8V
Carbon pre-
doped with Activited

Separator
lithium ' Carbon

.
L]
Negative Electrolyte Positive

Electrode Electrode

Fig. 1. The chemical composition of a LiC at 2.2, 3 and 3.8 V.

TABLE |
CHARACTERISTICS OF LIC CELLS.
Voltage range (V) 22-38
Capacitance (F) 3300
Energy density (Wh/kg) 13
Equivalent series resistance at 1 0.7
kHz (mQ) )
Power density (kW/kg) 10
Temperature range (°C) -30—70
TABLE Il
DISTRIBUTION OF LIC CELLS ON DIFFERENT TEMPERATURE AND VOLTAGE CONDITIONS.
Float Charge (FC)
Temperature (°C) Voltage (V) Number of cells
2.2 3
60 3 3
3.8 3
2.2 3
70 3 3
3.8 3

A. Periodic Impedance Measurements

Electrochemical Impedance Spectroscopy (EIS) was the tool for finding the impedance of the cells. This measurement
technique is frequently used for the characterization of ESSs [12, 32-36]. The impedance was measured at different aging times
and the normalized capacitance and resistance were calculated accordingly. These two properties measured at 100 mHz and at

the aging voltage were used to follow the aging of the LiC cells.



B. Experimental Test Bench

The eighteen samples were installed in two separate climatic chambers at 60°C and 70°C. Fig. 2 shows one of these chambers
in which LiCs are mounted and connected to external terminals that facilitate the measurements done at the tests temperatures.
During the aging process, cells were connected to power supplies in order to ensure the continuous float charge. LiCs aging at

the same voltage value were connected in parallel.

Fig. 2. Liés.;nounted in a climatic chamber.
C. Aging Results

After 20 months of floating aging, the rate of degradation varied extensively from one condition to another. Some of the cells
aging at 3.8 V encountered swelling issues. Therefore, their corresponding accelerated aging tests were stopped after 17 months.
Fig. 3 and 4 show the evolution of the normalized capacitance and resistance with respect to the aging time at the two tested
temperatures. Each curve represents one sample.

Comparing Fig. 3 and 4, one can conclude that the highest the temperature is, the highest the rate of degradation becomes.
This was also commonly found in research studying the aging of LiBs [15, 16, 20, 21, 23, 37, 38] and SCs [10, 13, 19]. In fact,
for LiC cells aging at 2.2 V, the capacitance decrease reaches around 51 % at 60°C and 55 % at 70°C respectively. As for the
resistance, 12 % was added to its value at 60°C and 14 % at 70°C. Cells aging at 3.8 V have less capacitance decrease. When the
values of the corresponding cells are averaged, the decrease is equal to 18 % at 60°C and 40 % at 70°C. On the other hand, an
important difference in the increase of the resistance is noticed. Two cells that belong to a specific production batch have around
74 % and 95 % of increase in the resistance at 60°C and 70°C respectively after 17 months of aging. As for the other cells that
come from another production batch, the resistance increase is around 26 % after 20 months at 60°C and 60 % after 17 months at
70°C. These differences between curves aging in the same conditions might be related to small differences in the internal
constitution of the cells between one production batch and another. The rest of LiCs that were aging at 3 V, have a small

capacitance decrease. They lost around 2.5 % at 60°C and 7 % at 70°C. The resistance increase is also insignificant; 4 % at 60°C



and 6 % at 70°C. Impedance measurements at 25°C were also applied to the cells before and after aging in order to validate the
aging results. Fig. 5 compares the capacitance decrease and the resistance increase, measured at 25°C, of 6 cells that aged at
different temperatures and different voltage values. Higher temperature clearly induces higher deterioration of the cells.

These results show that leaving LiCs at a low state of charge induces their deterioration, while fully charging them also harms
their performance but less than fully discharging them to the minimum voltage of 2.2 V. The best way to extend their lifetime is
to half charge them. This behavior of LiCs is particular. In fact, according to [13, 19], the capacitance of SCs during calendar
aging decreases with the test voltage increase. A high state of charge induces a high drop of the capacitance after several months
of accelerated aging. This applies to the majority of the LiBs too. In fact, since many chemistries belong to the LiB type, the
effects of temperature and voltage differ from one chemistry to another. However, for most of them, a low state of charge
provokes less capacity decrease than a high state of charge [16, 39 — 42].

In order to explain this specific aging behavior of LiCs, the aging mechanisms generated by their hybrid composition were

analyzed at each voltage value.
D. Aging Mechanisms

Since the negative electrode of a LiC is made of carbon similarly to LiBs, it is worthwhile to recall the main aging
mechanisms of this type of electrodes. According to the literature, it has the major effect on the aging of LiBs because at its
interface with the electrolyte, the organic electrolyte is highly reactive with the components of the electrode [43]. In fact, at the
negative side of the cell, the operation of the electrode is over a voltage window that does not cover the electrochemical stability
range of the electrolyte. Therefore, its components are reduced at the surface of the electrode forming a protective layer called
the Solid Electrolyte Interface (SEI). This often happens when the electrode is fully charged, which is equivalent to a total

intercalation of lithium ions into carbon layers [44, 45]. During the lifetime of the battery, this SEI might grow and enter into
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Fig. 3. Capacitance and resistance evolution after 20 months of aging at 60°C. Each curve belongs to one tested LiC.
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Fig. 4. Capacitance and resistance evolution after one 20 months of aging at 70°C. Each curve belongs to one tested LiC.
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Fig. 5. Comparison between the normalized capacitance and resistance measured at 25°C of cells aged at different conditions.
into the pores of the electrode and even in those of the separator. As a consequence, the surface area that can be reached by the
ions diminishes. Therefore, the growth of this layer induces the increase of the impedance of the cell during aging [46].
Moreover, reactions contributing to the formation of this layer may generate gases that cause the deterioration of the electrode
[47]. Lithium plating might also occur at the negative electrode especially when its potential is very low [48].

The positive electrode of a LiC is similar to the one of a SC. However, aging mechanisms could not be considered completely
the same because the electrolyte solution used in LiCs differs from the electrolyte employed in conventional SCs. Activated
carbon electrodes of a SC are treated chemically and thermally in order to produce nanopores that enhance the capacity of
storage [49]. Some surface groups, known as parasitic groups, reside after the process. They are oxygenated phenol, carboxyl,
and carbonyl groups [10, 50]. At high temperatures and voltages, redox reactions may occur between them and the components
of the electrolyte. This may lead to gas generation that increases the pressure in the cell. Electrode cracks may result afterwards.
Solid products of these reactions may also be deposited on the surface of the activated carbon causing the blocking of pores [10,

51]. The surface of the electrode is modified because of the precipitated insulating products. With increasing aging, the portion



of surface covered with these elements increases. As a result, the ability of the device to store energy decreases. These
mechanisms initiate the decrease of the overall capacitance and the increase of the resistance. The microstructure of the activated
carbon electrodes are also affected due to the consequent change of the size of pores [52].
Using this background information on the aging of both electrodes, the causes of LiCs degradation during floating aging were
analyzed. In fact, observing the compositions of the cell in Fig. 1 at 2.2 V and 3.8 V, the main differences were spotted:
e The negative electrode at 2.2 V is less lithiated than the negative electrode at 3.8 V.
e The positive electrode at 2.2 V has the cations Li* accumulated at its surface while the positive electrode at 3.8 V has
the anions PFg accumulated.

Regarding the first point, in [53] it was proven that, during calendar aging, the lower the potential of the negative electrode is,
the higher the capacitance fade becomes. Knowing that lithiation decreases the potential of the electrode leads to deducing that
the negative electrode of a LiC at 2.2 V is less aged than the one at 3.8 V because it is less lithiated. However, according to Fig. 3
and Fig. 4, cells aging at 2.2 V have higher capacitance decrease than cells aging at 3.8 V. Therefore, one can conclude that the
main contribution on the capacitance decrease of cells aging at 2.2 V comes from the positive electrode having the cations Li* on
its surface. Since the accumulation of Li* on the surface of the activated carbon is a phenomenon specific to LiCs, little research
had investigated its effects. In [54], a SC composed of two activated carbon electrodes and an electrolyte similar to the one used
in LiCs was studied. A potential drift of the activated carbon electrodes was noticed after several cycles. One possible reason
behind this loss of performance was suggested to be the irreversible adsorption of the cations Li* by the parasitic groups present
on the surface of the activated carbon. However, this is still unclearly explained in the literature [55, 56]. The huge decrease of
the capacitance of the cells aging at 2.2 V could be then related to the interactions between the cations Li™ that are already
accumulated on the surface of the activated carbon and the functional groups present there. Products of these reactions would
have blocked the pores of the activated carbon at the positive side and decreased the active surface. This storage condition should
be avoided; LiCs should not be discharged to the minimum voltage when stored. It is recommended to maintain their voltage at
3V.

The mechanisms behind the loss of performance of cells aging at 3.8 V are different. In fact, swelling of these LiCs was
noticed after several months of aging. This is a typical aging effect in LiBs and SCs as well. The negative electrode fully lithiated
in LiCs at 3.8 V would suffer from the growth of the SEI [44, 45]. As mentioned previously, this layer would decrease the active
surface that can be attained by the ions and increase the overall impedance of the cells. This would explain the huge increase of
their resistance in Fig. 3 and Fig. 4. Moreover, gases generated during the reactions forming this layer would contribute in the
swelling of the cells. In addition, the potential of the aged negative electrode would increase due to the loss of lithium-ions.

Therefore, in order to maintain a total voltage of 3.8 V, due to the continuous float charge, the potential of the positive electrode



would drift to more positive values. This induces the decomposition of electrolyte molecules at the positive side of the cells [57].
As a result, they may react with the parasitic groups present on the surface of the positive electrode made of activated carbon and
generate more gases causing the swelling of the LiCs. For example, in [58], it was suggested that the high polarization of the
positive electrode, (above 4 V VS Li/Lit), induces the formation of the hydrofluoric acid (HF) due to the decomposition of PF; .
The HF then migrates to the negative electrode where it reacts with the components of the SEI layer such as the Li, COs.

The minimal degradation was found for the cells aging at 3 V. According to Fig. 1, at this voltage value, the positive electrode
of activated carbon is at the neutral state. Therefore, undesirable mechanisms generated by the accumulation of ions at the
surface of this electrode could be suppressed. As a result, the capacitance decrease and the resistance increase of these cells are
much less than the ones of LiCs aging at 2.2 V and 3.8 V. The electrode that would be contributing the most to the degradation
of cells at 3 V is the negative electrode. The growth of the SEI layer would be the main aging mechanism of this electrode
similarly to the cells aging at 3.8 V but with restrained effects. In fact, the level of lithiation of the negative electrode at 3 V is
less that the one at 3.8 V. Therefore, as concluded previously from [53], the negative electrode at 3.8 V is more damaged than the

oncat3 V.

IV. DISCUSSION

Due to the hybrid constitution of LiCs, the effects of floating aging on their lifetime strongly depend on the level of the
applied voltage. Following the results of capacitance decrease and resistance increase presented in this paper, the best storage
condition of LiCs can be deduced for the first time. Whether implemented in backup systems, electric vehicles, hybrid electric
vehicles or any application, LiCs at rest should be always half charged. Otherwise, their lifetime would be extremely influenced
especially if they were completely discharged during their storage. Since the majority of commercial LiCs have quite similar
chemical composition, this conclusion can be generalized to cover cells produced by other manufacturers. This method can
reduce the cost of the overall system by limiting the failure of the LiCs. For example, in a specific application, when the LiC
completes its required task, its voltage should be then maintained to 3 V using an appropriate management system. Therefore,
severe aging consequences could be avoided. The neutral state of the positive electrode at this voltage value reduces the effects
of stresses during the lifetime of LiCs.

Aging mechanisms responsible for the degradation of their performance were found by analyzing the ones in LiBs and SCs.
However, at 2.2 V, they were specific to LiCs. The irreversible adsorption of the cations Li* on the positive electrode had a
significant effect on the aging acceleration. This aging mechanism would also occur during cycling of LiCs. The depth of

discharge would then affect the lifespan of LiCs since low depth induces increasing adsorption. Further tests should be done in



order to analyze this particular phenomenon happening inside the cells. Moreover, additional detailed research should be
conducted in order to find the products generated during this irreversible adsorption.

Since the energy density of SCs was improved in LiCs, it is vital to compare their lifetime in adjacent conditions. In [10], the
calendar aging of SCs from two manufacturers A and B, was evaluated at 60°C and 2.8 V. The changes in the capacitance and

the resistance are shown in Fig. 6.
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Fig. 6. Capacitance and resistance evolution of SCs aging at 2.8 V and 60°C [10].

According to this figure, the decrease of the capacitance reaches 20 % after around 1500 hours of aging for cells from
manufacturer A and 3100 hours for cells from manufacturer B. As for the resistance increase, the end of life criterion (increase of
100%) was not attained. However, it is not negligible at all. Therefore, if the results presented in this paper are recalled, LiCs
aging at 3 V and 60°C lost around 2.5 % of capacitance after more than 14000 hours. In addition, the resistance increase was
small. This confirms that the lifespan of LiCs, if stored at the optimal conditions, is much longer than that of SCs. Therefore,
both energy density and lifetime are improved in LiCs. In fact, storing LiCs at 3 V reduces the aging of the positive electrode
since it is at the approximate neutral state (Fig. 1). However a SC at 2.8 V has a charged positive electrode. The double layer
formed at the surface of the activated carbon by the negative ions and the positive electronic charges accelerates the aging of a

SC at high voltage values.

V. CONCLUSION

The expeditious development of new ESSs aims to satisfy power and energy requirements of advanced applications. However,

the lifetime of these devices remains a critical factor that must be evaluated. The lifespan of LiCs during floating aging was



investigated in this paper. Several voltage and temperature conditions were tested over 20 months and the results of capacitance
decrease and resistance increase were analyzed. Each voltage value had a specific effect on the aging. In fact, the hybrid
composition of LiCs was reflected by the voltage of the cell. At the lowest potential of the cell, the aging was extremely
accelerated. The rate of the degradation of the cells was less at the highest potential but also not negligible. However, at 3 V,
which is the middle of the nominal potential window, the performance of the cells during aging was the best. Only a small
decrease of the capacitance and a slight increase of the resistance were noticed. In fact, at 60°C, the capacitance decrease was
around 2.5 % while at 70°C it was found to be around 7 %. In addition, the resistance increase was 4 % at 60°C and 6 % at 70°C.
Therefore, according the novel results established in this paper, it is advised to maintain the voltage of LiCs at 3 V during their
storage in order to extend their lifetime.

Aging mechanisms at different voltage values were analyzed based on the physicochemical phenomena inside LiCs. Some of
them were very specific to this technology. Others were common in SCs and LiBs. According to the presented results, in order to
avoid strong aging effects during storage, cells must be half charged before being left at rest. This would increase the lifetime of
the cells.

For further explanations regarding the failures in LiCs, another type of accelerated aging tests will be applied in a later stage.
It will be based on applying high amplitude current profiles on the cells at high temperatures. Aging effects will be then

compared along with a detailed description of the possible mechanisms in both cases.
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