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Abstract

Lithium-ion Capacitors (LiCs) have recently emerged in the market of energy storage systems as a new technology having
some of the advantages of Lithium-ion Batteries (LiBs) and Supercapacitors (SCs). As an important number of commercial
LiCs combine the negative electrode of LiBs with the positive electrode of SCs, the lifetime of this new technology requires
an effective analysis that can underlie degradation mechanisms related to each electrode. In order to evaluate the aging
behavior of LiCs, calendar accelerated aging tests were applied to eighteen cells for twenty months in a previous study. Two
temperatures, 60°C and 70°C, and three storage voltage values, 2.2 V, 3.0 V and 3.8 V were used to accelerate their aging. the
The lifetime of LiCs was found to be particularly dependent on the storage voltage and the degradations of the cells were most
pronounced at the highest temperature, 70°C. Therefore, in the current study, post-mortem analyses are applied to three cells
that aged at different storage voltage values and 70°C. Considering the same aging mechanisms at high temperatures, only
one high temperature was chosen. Two main aging mechanisms were observed: the pores blocking of activated carbon at the
positive electrode and the loss of lithium ions from the negative electrode of pre-lithiated graphite. Elements responsible for
these degradations were different at each voltage condition. Additional mechanisms were identified such as the degradation
of the electrolyte and the decomposition of the positive current collector.

Keywords: Lithium-ion capacitor, Post-mortem analysis, Electrochemical impedance spectroscopy, Electrode degradation, Aging mechanisms, Electrochemical

characterization

1. Introduction

Aging behavior of Energy Storage Systems (ESSs) depends on several factors related to their operational conditions, such as
temperature, voltage range and current. The electrochemical properties of the cells degrade in different manners inducing the
decrease of their electrical performances. For this reason, lifetime analysis of ESSs, prior to their integration in a specific
application, can help in avoiding future failure, arranging predictive maintenance and reducing the total cost of the system.

In order to properly evaluate aging behavior of ESSs, accelerated aging tests are implemented and followed by post-mortem
characterizations. Consequently, lifetime and aging mechanisms can be analyzed as well as possible enhancement of cells

composition. Several research studies evaluated lifetime of Lithium-ion Batteries (LiBs) and Supercapacitors (SCs) [1]-[4].
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However, Lithium-ion Capacitors (LiCs), which were recently developed for filling the gap between SC’s low energy density and
LiB’s low power density [5], are still considered as a new technology with a limited number of studies on their lifetime. A
considerable number of commercial LiCs are composed of a positive electrode of activated carbon, similar to the one used in SCs,
and a negative electrode of pre-lithiated graphite that is usually employed in LiBs [6]. Concerning the aging of LiCs, multiple
queries may arise, mainly related to the combination of degradation mechanisms of former ESSs in this new component.

The main aging mechanism in LiBs was found to be the growth of a passivation layer, known as Solid Electrolyte Interface
(SEI), at the negative electrode when lithiated [7], [8]. Since LiCs possess a similar negative electrode, its aging may be a huge
concern. This layer is originally formed during the first charge of the LiB. In fact, the electrolyte is decomposed at the surface of
the graphite that is negatively charged due to its lack of thermodynamic stability. This happens at a potential range between 1.2
and 0.8 V with respect to the potential of Li/Li* and above the potential domain where the lithium insertion occurs (between
0.25 V and 0.01 V). Products of electrolyte decomposition, which can be organic or inorganic, form a passivation layer at the
surface of the electrode. As a result, additional decomposition of the electrolyte is avoided while the transport of lithium ions is
still assured during the cycling of the LiB [9]. The potential of the SEI formation cannot be assigned to a specific value, although
0.8 V vs. Li/Li* is the most commonly used one. This potential usually depends on the type of the electrode and the employed
solvents [10]. At high temperatures, the SEI becomes unstable and several parasitic reactions might occur generating solid products
such as Li;CO3[11]. The properties of the modified passivation layer can significantly affect the performance of the battery. Its
growth induces the decay of its capacity (i.e. reversible lithium ions) and the rise of its internal resistance [12]. Other aging
mechanisms might affect the negative electrode of a LiB such as the exfoliation of the graphite due to the intercalation of the
solvated lithium ions in its layers [9]. Moreover, at low potentials vs. Li/Li*, metallic lithium may be deposited at the graphite
electrode, especially at low temperatures. The persistent of dendritic lithium deposition can cause a short-circuit inside the battery
cell which increases the risk of thermal runaway [13].

Since the positive electrode of LiCs is made of activated carbon, similarly to SCs, it is important to recall aging mechanisms
of this electrode that were highlighted in SCs. In fact, after the chemical and thermal treatments of a carbon electrode, some
functional groups may reside at its surface [14]. These treatments are used to produce pores in the electrode so its capacitance can
be enhanced. At high temperature and voltage values, redox reactions are encouraged between these functional groups and
electrolyte components. As a result, solid products may be deposited at the surface of activated carbon leading to the blocking of
pores [2], [15]. Consequently, the total capacitance of the SC decreases. Moreover, gases may be generated inducing the increase
of the pressure, which can make the packaging swell. These products can also be adsorbed at the surface of the activated carbon
or even at the separator, which causes the decrease of the ionic conductivity. Therefore, the total resistance of the SC may

significantly rise. The high pressure in the packaging of the SC may lead to electrodes cracking or the degradation of the current



collectors. This also extremely affects the series resistance of the SC. Post-mortem studies applied to a SC that had undergone
calendar aging at high voltage and high temperature have shown that the local structure properties of the positive electrode change
during aging [16]. Images obtained using field effect scanning electron microscopy before and after aging showed a noticeable
change in the morphology of the electrode surface. In fact, larger crystals were formed and the surface of the electrode became
less rough. In addition, the porosity of the positive electrode decreased, most likely because of pores blocking by the products of
the electrolyte degradation.

Aging mechanisms of these electrodes may also appear in LiCs. However, the effect of the SEI growth on the aging of the
negative electrode can most probably be reduced since the capacity of negative electrode is oversized with respect to the positive
one. In fact, in [17], several sizing strategies were tested to find the optimal ratio between the masses of the positive electrode and
the negative electrode. When the ratio was high (the mass of the positive electrode was larger than that of the negative electrode),
the complete charge of the positive electrode was long enough for the negative electrode to operate over a large potential window.
In fact, when the positive electrode has a higher mass than the negative electrode, the positive electrode can accept more charges
which extends the time of charging. This results in an additional charge of the negative electrode whose potential varies
accordingly. As a result, the potential of the negative electrode entered a region where the decomposition of the electrolyte started
to occur. Therefore, a significant SEI layer was formed at its surface, which induced an increase of the series resistance of the LiC.
On the other hand, a ratio lower than 1 (the mass of the negative electrode was larger than that of the positive electrode) induced a
smaller charge transfer resistance. This configuration was based on a positive electrode with a smaller thickness than the previous
one. The charge of the positive electrode was then faster, leading the negative electrode to operate over a smaller potential window.
Consequently, the negative electrode intercalated a smaller amount of lithium ions in its structure and the growth of the SEI layer
was less pronounced [17]. Moreover, the larger the negative electrode is, the higher the state of charge during storage can be,
without reaching the regime that causes a strong degradation of the capacitance [18]. Even though few studies evaluated the aging
of LiCs, the behaviors of the two electrodes of a LiC during a continuous cycling were analyzed in [19]. The tested LiC included
a positive electrode of activated carbon and a pre-lithiated hard carbon negative electrode. The employed electrolyte was made of
1 mol/L LiPF, in a mixed solvent, EC/DMC/DEC (Ethylene Carbonate / DiMethyl Carbonate / Diethyl Carbonate). During cycling
of the LiC, potential drift of electrodes was observed, followed by a decrease of the capacitance and an increase of the equivalent
series resistance. The decay of the capacitance is attributed to the negative electrode of hard carbon. In fact, the increase of the
internal resistance and the consumption of cyclable lithium ions are the causes of capacitance decrease during cycling. The
resistances due to the SEI and the diffusion in the negative electrode increase progressively, leading to the increase of the
polarization of the negative electrode and the reduction of its capacity. As a result, the negative electrode can no longer be fully

charged (lithiated) and the capacitance of the LiC decreases. In addition, the consumption of lithium ions causes a positive drift of



the potential of the negative electrode and reduces the usable cathodic potential range. Therefore, raising the potential of the
positive electrode accelerates the aging of LiCs [20]. Its potential should not usually exceed 4 V vs. Li/Li* [21]. Otherwise, the
negative electrode degrades more rapidly. In fact, the higher the potential of the positive electrode is, the lower the capacity of the
negative electrode becomes. This is attributed to a generation of lithium fluoride (LiF) when the positive activated carbon electrode
is highly polarized [21]. The functional groups of the positive electrode can also participate in this product formation by providing
H* ions.

The aging of commercial LiCs has not been well studied in the literature. Accelerated aging tests were applied in only one
previous study [22]. As expected, it was proved that the higher the temperature is, the greater the degradation of LiCs becomes.
For example, a calendar test at 60°C and 3.8 V resulted in a 10 % decrease of the capacitance after 5000 hours while another one
at 0°C and 3.8 V caused a decrease of less than 2%. However, the effects of low voltages on the lifetime of LiCs have not been
evaluated.

Aging mechanisms in LiCs are still not well defined due to the absence of previous post-mortem studies. For this reason, the
aim of this study is to apply different accelerated aging tests to LiCs, follow the evolution of the aging and then use post-mortem
analyses to identify and compare aging mechanisms. The implemented tests were based on the floating aging that consists on
maintaining the cells on a float charge at a certain voltage and at a constant temperature. Section 2 will describe the experimental
conditions of the accelerated aging tests. Section 3 will present the physicochemical and electrochemical techniques used during
the post-mortem studies. Section 4 will be then dedicated to the results of the post-mortem analyses. These results will be discussed

in sections 5 and 6.

2. Experimental accelerated aging tests

Commercial LiCs made of an activated carbon positive electrode and a pre-lithiated graphite negative electrode were chosen to
be tested in this study. This is the most common configuration of LiCs. These cells have an energy density of 13 Wh/kg and a
power density of 10 kW/kg. At the positive electrode, the current collector is made of aluminum while at the negative electrode, a
copper current collector is used. In the selected products, the pre-lithiation of the graphite electrode is done using the external
short-circuit technique [23]. A sacrificial lithium metal electrode is inserted in the cell and connected through a copper current
collector to the negative electrode. This external short-circuit between the negative electrode and the sacrificial electrode induces
the migration of lithium ions in the electrolyte through the separator towards the negative electrode in which they intercalate. As a
result, lithium metal completely disappears from the cell [24]. The pre-lithiation of the negative electrode aims to reduce the
potential of the negative electrode in order to increase the total voltage of the cell [5], [25]. The conventional potential window of

LiCs is between 2.2 V and 3.8 V. However, three characteristic values extracted from the operating principle of LiCs are



highlighted: 2.2 V, 3.0 V and 3.8 V [5], [25]. In fact, the open circuit voltage of the LiC is around 3 V [26]. When the cell is
discharged from 3t0 2.2 V, lithium ions Li* are deintercalated from the pre-doped graphite negative electrode. They move towards
the surface of the positive electrode where they accumulate [27]. On the other hand, when the cell is charged from 3 to 3.8 V, the
anions of the electrolyte move towards the surface of the activated carbon and the cations intercalate into graphite 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 find the influence of the storage voltage on the lifetime of LiCs, accelerated aging tests based on the floating aging
were realized. Detailed description of the tests that were done at 60°C and 70°C during 20 months can be found in [30]. In fact,
eighteen samples were mounted in two different climatic chambers at 60°C and 70°C. The voltage constraint was ensured by power
supplies connected to the cells during the whole aging process. Three voltage values were applied to different cells: 2.2, 3 and
3.8 V. Therefore, three samples per aging condition were assessed; one aging condition concerns one temperature and one voltage
value. In order to follow the evolution of aging, periodic impedance spectroscopy measurement were done. Results showed that
temperature increase accelerates aging of the cells since capacitance decrease and resistance increase were higher at 70°C than at
60°C. Concerning voltage effects, cells that aged at 2.2 V had the highest capacitance decrease (51 % at 60°C and 55 % at 70°C).
At this storage voltage value, the double layer at the positive electrode is formed by lithium ions, the negative electronic charges
and the anions PF, . The negative electrode has the lowest state of charge at 2.2 V which is equivalent to the lowest amount of
lithium ions intercalated in graphene layers [31]. On another hand, cells that aged at 3.0 V barely aged during the 20 months of
floating aging. In fact, their capacitance decreased by around 2.5 % at 60°C and 7 % at 70°C. Their resistance increase was not
significant as well, 4 % at 60°C and 6 % at 70°C [30]. At this voltage value, which is the open circuit voltage of the LiC right after
its assembly, the positive electrode is at the neutral state while the state of charge of the negative electrode is higher than the one
at 2.2 V. In addition, cells that aged at 3.8 V lost around 18 % of their capacitance at 60°C and 40 % at 70°C. However, their
resistance increase was significant, reaching 95 % at 70°C and 60% at 60°C after 17 months of aging. As a result, swelling of these
LiCs was noticed so their aging tests were interrupted after 17 months.

As can be seen from these results, storage voltage has a major influence on the aging of LiCs. Storing them at their lowest
nominal voltage affects their capacitance while the highest voltage value affects their resistance. This indicates that aging
mechanisms are different at each voltage value. In order to investigate the distinct degradations of the aged cells, post-mortem
analyses were applied to three cells that aged at different voltage values. An additional brand new cell was disassembled as a

reference cell for potential comparison.

3. Experimental post-mortem analyses



The four cells were disassembled in a glove box and free liquid electrolyte was collected from each one. The voltage of the aged
cells was 2.2 V before disassembling while the one of the fresh cell was 3 V. No gassing was noticed for all cells, even the one

that aged at 3.8 V and had significant swelling issues. The components of the cells were then retrieved to be analyzed and compared.

Physicochemical methods were selected according to the aging mechanisms involved. Figure 1 presents the sampling process
and the post-mortem physicochemical techniques applied to each component of a LiC. An electrochemical analysis that aims to
interpret the characteristics of each electrode separately was also employed. It is based on the assembly of symmetrical coin cells
which contain two pellets of the same electrode, separated by appropriate electrolyte and separator. The evolution of electrode

impedances with floating aging can then be depicted.
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Figure 1. Overview of the components of LiCs, the extraction of samples and the applied post-mortem characterization techniques.

The electrolytes were analyzed using the GC-MS technique ('Gas Chromatography - Mass Spectrometry"). This method aims to
separate volatile components of a sample in order to identify and then quantify them. The constituents of the electrolytes were
identified by GC-MS technique. The GC-MS device having a 30 cm capillary column, an internal diameter of 0.25 mm and a 0.25
um film was used. The temperature of the injector is 280°C. The injected sample was kept at an initial temperature of 40°C for 4
minutes and then the temperature increased at a rate of 10°C/min to 250°C where it was maintained for 2 minutes. Prior to the
analysis, the samples were diluted five times in the same amount of acetonitrile (ACN), which is the most commonly employed

carrier solvent of lithium-ion batteries electrolytes. Similar volumes of different samples were injected in the column.

The specific surfaces of the positive and negative electrodes were measured by the BET method (according to the model of

Brunauer, Emmett and Teller). Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-ray microanalysis



(EDX) was applied to samples of the negative electrodes. The purpose of this technique is to reveal the structure of small objects

with higher resolution than that of optical microscopes and to determine the chemical composition of the analyzed area [32].

Electrochemical analyses were also applied to the cells. The electrochemical measurements aim to isolate the two electrodes in
order to determine their impedances separately. Electrodes are integrated in symmetrical coin cells that comprise a pellet of a given

electrode in front of another pellet of the same electrode. Both pellets are separated by an electrolyte and two membranes of

separators (Viledon in glass fibers and Celgard 2400 in polypropylene).

An interpretation of the results of the physicochemical and electrochemical analyses will be presented in the following section.
4. Results of post-mortem analyses
4.1 The electrolytes

The amount of free electrolyte retrieved from the four cells was approximately the same. However, the color significantly

differed from one aging to another. The electrolyte of the fresh cell had a transparent color. On the other hand, the color became

darker with the increase of the aging storage voltage.

The results of the GC-MS technique are presented in the chromatogram of figure 2.
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Figure 2. The evolution of ions total number with respect to the retention time of the four samples.

The components of the fresh electrolyte are identified as follows: EC/DMC/EMC (Ethylene Carbonate / Dimethyl carbonate /
Ethyl methyl Carbonate) with a volume ratio of 25:27:48 (i.e. roughly %vol. EC/DMC/EMC v/v 1/1/2). Following the floating
aging, the degradation of solvents and the appearance of numerous electrolyte degradation products are clearly observed, especially

at 3.8 V. Moreover, an additional peak, corresponding to the DEC (Diethyl Carbonate) formation, appears. This is in agreement



with the literature, where DEC and DMC have already been observed by transesterification of EMC [33]-[35]. Three small peaks
related to carbonate degradation products are also detected between 12 and 14 minutes, especially at 3.8 V. Several solvent
decomposition reactions can cause the generation of these products. For example, a reduction reaction of DEC and EMC can lead
to the formation of an alkoxide, which can contribute to the formation of a dialkyl carbonate [35].

The amount of additive A that appears at 5.05 minutes varies with aging conditions. This component could also be an impurity.
In fact, it is consumed during the floating aging tests, especially at 2.2 V. However, it has not been identified. By enlarging the
spectrum of figure 2, additional degradation products are observed such as the diethyl fluorophosphate, which could be a
degradation product of LiPF, salt.
The ionic conductivity was determined by sandwiching SS/electrolyte/SS (Stainless Steel (SS) blocking electrodes) cells at room
temperature. Results of the measurements are shown in Table 1. The conductivity did not significantly change after aging for the
cell that aged at 3.0 V. As a result, one can deduce that the amount of salt present in the electrolyte was not consumed. On the
other hand, the ionic conductivity of the electrolyte depends on the lithium salt concentration and on the mixture of solvents [36],
[37]. The composition of the electrolyte did not significantly change with aging. The electrolyte is mainly composed of
EC/DMC/EMC 1:1:2. However, even a small change in this ratio can affect the value of the ionic conductivity. Therefore, one can
relate the increase of the ionic conductivity of cells that aged at 2.2 and 3.8 V to a small change of the ratio between solvents.
Moreover, the presence of DEC in the electrolyte of the cell that aged at 3.8 V can contribute to this enhancement of ionic

conductivity [36].

Table 1. Comparison of the conductivities of the electrolytes extracted from the new cell and from the aged ones.

Aged cells at 70°C

Brand new cell 22V 3.0V 3.8V

Conductivity (mS.cm?) 9.5 11.0 9.6 11.0

4.2 The negative electrodes

The most common aging mechanism of a graphite negative electrode is the growth of the SEI layer on its surface. Visual

inspections of the negative electrodes derived from the fresh cell and the aged ones are given in Table 2.



Table 2. Visual inspections of the negative electrodes of LiCs after calendar aging tests at 70°C during 20 months for cells that aged at 2.2 V and 3.0 V, and

during 17 months for cells that aged at 3.8 V. Voltage values before dissembling are the following: 3 V for the brand new cell and 2.2 V for the aged ones.

Observations on the graphite based anode

Brand new | e Lithiated electrode whose surface shows different colored areas varying

cell from brown to grey.

o Lithiated electrode whose surface shows different inhomogeneous
colored areas varying between blue and red, which indicates that the
29V degrees of lithiation of surface particles are different.

e Delamination of the electrode material from the current collector

especially at the folded areas.

o Lithiated electrode whose surface shows different inhomogeneous
colored areas varying between dark blue and brown, which indicates

Aged cells that the degrees of lithiation of surface particles are different.

at 70°C 3V e Delamination of the electrode material from the current collector

especially at the folded areas.

o Presence of few areas with visible white deposits.

e Lithiated electrode whose surface shows more homogenous colored
areas varying between blue and brown.
38V ¢ More frequent delamination of the electrode material from the current

collector especially at the folded areas.

o Presence of several extended areas with visible white deposits.

The coloration of the negative electrode depends on its degree of lithiation (blue for LiCssg, red for LiCs, and gold for LiCs
[38]). According to the results presented in table 2, the aging storage voltage has a very important impact on the degradation of the
negative electrode. In fact, during disassembling, the higher the storage voltage is, the higher the delamination of active material

from the current collector (that consists of a copper mesh) becomes. This reflects a loss in the adhesion between the collector and



the active material. At a certain stage, the copper becomes visible in some areas. In fact, when the SEI layer grows at the surface
of the negative electrode, chemical reactions can be induced between the separator and the electrode, causing the detachment of
the current collector during the opening of the cell and the separation of the separator from the electrode. Moreover, the color of
the electrode surfaces changes. Despite the fact that chemical changes in the SEI layer are not assessed at this stage, color changes
may indicate changes in the thickness or the chemistry of the material [39].

Lithium deposition, which appears slightly for cells aging at 3.0 V and more frequently for cells aging at 3.8 V, was not
expected. In fact, for negative electrodes of lithium-ion batteries, this aging mechanism is mainly encountered during their cycling
or during their operation at a specific current at low temperatures [13]. In [32], commercial NMC (Nickel Manganese Cobalt)
lithium-ion cells, 16 Ah, that underwent calendar aging tests at 45°C and 60°C, exhibited a white deposit at the negative electrode.
This was revealed during their post-mortem studies. The corresponding tests included periodic galvanostatic characterizations.
Other tests were then conducted without the periodic characterizations. As a result, no lithium deposits were noticed on the negative
electrodes of these cells. Therefore, the results showed that the lithium deposit was due to the periodic galvanostatic
characterizations since the same phenomenon was not found during the tests without periodic interruptions. During the accelerated
aging tests of this study, there was no galvanostatic charging and discharging of the cells. Only periodic impedance spectroscopy
measurements were applied to LiCs. Therefore, the initial and final characterizations could be the reason behind the formation of
the visible lithium metal on the surface of their negative electrodes. These characterizations are based on the standard protocol of
charging a LiC by a constant current, maintaining its voltage constant by a float charge at 3.8 V for 30 minutes, then discharging
it to 2.2 V by a constant current [25].

In order to analyze the growth of the SEI layer on the surface of the aged negative electrodes, their mass was measured and
compared to that of the fresh negative electrode. Thus, six pellets per electrode were washed with DMC and then dried. Their mass
was measured with a balance having an accuracy of +/- 0.1 mg. The mass measurements were carried out in the glove box to
prevent the electrodes from gaining weight with humidity and the surface from reacting with the air. The percentages of mass
increase (M (%)) measured at the interface (at the beginning of the unwinding of the negative electrode), in the middle and at the
center (at the end of the complete unwinding of the assembly) of the winding are present in table 3. The mass of the negative
electrode increases with the increase of the aging voltage. This is an indicator of the growth of the SEI layer with voltage increase,

in accordance with visual inspections.

Table 3. The increase of electrodes mass measured at three different locations.

m (%)

Calendar aging condition at 70°C Interface Middle Center




22V 0 0.2 0.3

3V 0.9 15 0.7

3.8V 1.2 3.1 14

Surfaces of electrodes were observed using SEM in order to visualize the morphology of surface materials. SEM is often
combined with EDX analysis for determining the chemical composition of the studied area [40]. The samples were transferred to
the SEM measurement tool through an adequate chamber in order to avoid their exposure to the air. Figure 3 shows images taken
by the SEM of the negative electrodes of graphite extracted from the brand new cell and the aged ones under different conditions.

The graphite based electrode extracted from the cell that aged at 2.2 V has a surface quite similar to the fresh electrode.
Nevertheless, few scattered filaments can be seen on the surface. In the image corresponding to the cell that aged at 3.0 V, the
particles appear to be covered by a surface layer. There are areas containing a filament-shaped white deposit. As for the cell that
aged at 3.8 V, the surface of its negative electrode has filament deposits as well. However, they do not cover the surface and are
not visible on a macroscopic scale. Zones with particles having an iridescent effect are also observed.

Table 4 presents the percentage of each element detected by the EDX for all samples. At 3.0 and 3.8 V, the fluorine level
increases showing a possible formation of LiF. Areas with a white deposit have a significant percentage of fluorine. The aluminum
appears in the iridescent areas that can be observed on the surface of the negative electrode from the cell that aged at 3.8 V. This
indicates the degradation of the positive current collector of the LiC and the migration of particles to the negative electrode where
they are reduced. Another source of aluminum can be the separator that is covered with a layer of alumina. Some particles of
alumina could be detached from the separator and adhered on the negative electrode of the cell that aged at 3.8 V. In order to
investigate the origin of the aluminum, the SEM-EDX data of the electrode were observed. The aluminum was detected in all EDX
analyzes that were performed on four different zones of the electrode. On the other hand, the quantity of aluminum was more
important on a distinct particle. This particle could actually be a particle of alumina. However, since aluminum is also detected on
the other zones of the electrode, without the presence of this type of particles, one can conclude that aluminum generated from the
corrosion of the current collector is detected. In addition, during the disassembly of the cell, the positive electrode was more fragile
than the other electrode. This may be caused by the oxidation of the aluminum current collector and its deposition on the negative
electrode.

BET surface measurements were also applied to the negative electrodes. The results are present in table 5.

Fresh electrode of lithiated graphite
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Figure 3. Comparison of SEM images of the negative electrodes extracted from the brand new cell and the cells aged at 70°C.

Table 4. Percentage of each element detected by SEM/EDX applied on samples of graphite electrodes extracted from the fresh cell and the aged ones.

Element C F (0] P S Al

% at. Brand new cell 84.2 10.28 49 0.48 | 0.15 X

22V 9145 | 344 4.36 0.53 | 0.22 X




Aged cells | 3V 75.38 | 15.67 8.06 069 |02 X

at70°C 3.8V 71.22 | 17.22 10.09 | 0.85 | 0.26 0.37

Table 5. Comparison of specific surfaces of the negative electrodes.

Aged cells at 70°C

Brand new cell 22V 3V 38V

BET surface (m?/g) 4.55 6.06 3.94 7.84

The surfaces of the electrodes that aged at 2.2 and 3.8 V increase during aging while the one of the electrode that aged at 3 V
decreases. According to figure 3, many deposits in the form of filaments or zones with different visual aspects are found on the
negative electrode extracted from the cell that aged at 3.8 V. Same applies for the negative electrode originating from the cell that
aged at 2.2 V, but with a less rate. This may explain the increase of the surface. In this case, new surfaces are created. On the other
hand, for the electrode extracted from the cell that aged at 3 V, it can be observed that in certain areas of the electrode, the particles
are covered by a layer, which explains the decrease of the BET surface. As a result, the irreversible loss of lithium ions from the

negative electrode induces the decrease of the capacity of LiCs, which is noticed for cells aging at 2.2 and 3.8 V.

4.3 The positive electrodes

According to the literature, the main aging mechanism of the positive electrode is the pore blocking of the activated carbon due
to parasitic reactions between the functional groups present on its surface and the components of the electrolyte [2], [15]. This
phenomenon is not visible on a macroscopic scale because of nanoscale porosity. In fact, the visual inspections do not reveal
differences between the surfaces of the fresh electrode and the aged ones. Nevertheless, during the dismounting of the cell that
aged at 3.8 V, it was found that the positive electrode was very fragile. A significant delamination of the active material from the
current collector was noticed. In addition, the separator facing this electrode had a brownish color and its membrane was
significantly adherent. This could be due to the thermal and electrochemical degradation of LiPFs. In fact, in [42], the thermal
stabilities of two electrolytes containing the same solvent but different salts, LiPFs and LiN(SO2CzFs)2, were compared. Visual
inspections showed that only the color of the electrolyte containing LiPFs changed at high temperatures. It became gradually darker
at increasing temperatures such as 60°C. These interpretations can be the reason behind the strong increase of the series resistance
of cells aged at 3.8 V.

BET surface measurements (Nitrogen at 77K) were applied to the positive electrodes after washing them in a Soxhlet extractor



for 48 hours with ACN and then scraping them. The results are present in table 6.

Table 6. Comparison of the specific surface areas of the positive electrodes.

Aged cells at 70°C

Brand new cell 22V 3.0V 3.8V

BET surface (m?/g) 1341 1199 1375 1156

The active surfaces of the positive electrodes of the cells aged at 2.2 and 3.8 V decrease after aging, showing a potential pore
blocking. As a result, their respective capacities also decrease. As previously seen, capacities of the negative electrodes also
decrease because of the loss of cyclable lithium ions. These post-mortem analyses are therefore consistent with the observed loss
of capacitance of cells that aged at 2.2 and 3.8 V.

In order to analyze the electrochemical characteristics of the electrodes, symmetrical coin cells were manufactured according

to the protocol explained in the following paragraph.

4.4 Electrochemical analyses

The impedances of the manufactured coin cells were measured using Electrochemical Impedance Spectroscopy (EIS) over a
frequency range from 100 mHz to 100 kHz with an excitation amplitude of 5mV. The cells were completely discharged to 0 V
before the measurement. Nyquist diagrams of four coin cells formed by positive electrodes from the four disassembled LiCs are

shown in figure 4.
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Figure 4. Comparison of Nyquist diagrams of symmetric coin cells at 0 V, each one formed by pellets from a positive electrode of a disassembled LiC.



The Nyquist diagrams of the aged electrodes do not show any major difference between them. However, comparing them to the
Nyquist diagram of the fresh positive electrode, it can be concluded that the resistance of the electrodes has increased as the values
of the real parts of the impedance are higher after aging.

Figure 5 shows the Nyquist diagrams of four coin cells formed by the negative electrodes extracted from the four disassembled

LiCs.
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Figure 5. Comparison of Nyquist diagrams of symmetric coin cells at 0 V, formed by pellets from a negative electrode of a disassembled LiC.

The Nyquist diagrams of the three aged cells clearly differ from the Nyquist diagram of the fresh cell. The greatest difference is
observed for the electrode of the cell that aged at 2.2 V. On the other hand, the previous post-mortem analyzes did not show any
major damage to the surface of this electrode. In order to better understand the changes that affect the negative electrode at different

voltages, figure 6 shows two enlargements of the Nyquist diagrams at medium and high frequencies.
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Figure 6. Enlargement scale of Nyquist diagrams of symmetrical button cells, formed by pellets from a negative electrode of a disassembled LiC.

The Nyquist diagram of the fresh electrode corresponds to the diagram of a completely lithiated graphite electrode [43]. Three
semi-circles appear in this diagram: the first one at high frequencies (above 1 kHz) corresponds to interactions between the current
collector and the particles, the second one at medium frequencies is related to the SEI (between 1 kHz and 100 Hz) and the third
one at low frequencies (between 100 Hz and 1 Hz) is related to charge transfer. The size of second and third semicircles is reduced
at the end of the lithiation, which reflects the behavior of the graphite electrode extracted from a fresh LiC. The Nyquist diagrams
of the aged electrodes present only two semicircles. The first semicircle is not affected by aging while the second one becomes
larger showing an increase of the resistance due to the SEI. The third semicircle disappears indicating a potential drift of the
negative electrode due the rise of the charge transfer resistance [43]. The potential drift is mainly attributed to an irreversible loss
of lithium ions. Therefore, the negative electrode of the LiC aged at 2.2 V has lost more cyclable lithium ions than the one of the
LiC aged at 3.8 V. However, according to the previous post-mortem analysis on the negative electrode of LiC aged at 2.2 V, no
important modification of the SEI layer was reported. The morphology of its surface and its chemical composition were not affected
by aging. Therefore, this potential drift of the negative electrode can be related to an irreversible adsorption of lithium ions by the
functional groups present on the surface of the positive electrode. In fact, according to the operating principle of a LiC, at 2.2 V,
lithium ions accumulate at the surface of the positive electrode. The parasitic groups present at the surface of the positive activated
carbon electrode could irreversibly adsorb these cations Lit* inducing the decrease of its performance [30], [44], [45]. A clear
explanation of this phenomenon is still missing in the literature [44], [45]. SEI layer growth was mainly observed on the negative
electrodes of cells aged at 3.0 and 3.8 V. This phenomenon can be the main cause of the increase of the potential of their electrodes

generating such evolutions of their Nyquist diagram.



5. Discussion

Due to the hybrid composition of LiCs, aging mechanisms strongly depend on their state of charge (reflected by their terminal
voltage). According to accelerated aging tests applied to these new devices, two main mechanisms whose origins differ from one
voltage to another can be highlighted:

« the loss of lithium ions pre-intercalated in the negative electrode,
« the pore blocking at the positive electrode.

The pore blocking of the of the positive electrode results in a decrease in the value of the capacitance. At 2.2 V, 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 products between electrolyte components that decompose at high temperatures and the functional groups also
cause pore blocking. Since at 3.0 V the positive electrode of a LiC is at the approximate neutral state [30], the pore blocking is less
pronounced at this voltage value.

The loss of the cyclable lithium ions of the negative electrode causes the drift of its potential. As a result, the total capacity of
the LiC decreases because of capacity decrease of the negative electrode, causing a limitation of the use of the total capacity 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,
which irreversibly adsorbs the lithium ions. This requires additional deintercalation of lithium ions from the negative electrode.
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. This aging mechanism is also found for the cell that aged at 3.0 V but with less damage to its
performance.

Ina LiC, these two mechanisms are complementary. Consequently, their respective effects accelerate the degradation of the two
electrodes. According to the post-mortem analyses, other degradations have been noticed such as the decomposition of the
electrolyte and the degradation of the positive current collector. Figure 7 summarizes the aging mechanisms as a function of the

voltage of the LiC.



—»
>

Influence of aging
mechanisms

3

Voltage (V) 3.8

Degradation of the positive current collector
m Growth of the SEI layer at the surface of the negative electrode
m Degradation of the electrolyte components

1 Pores blocking of the positive electrode

Figure 7. Summary of aging mechanisms with respect to the storage voltage of the LiC.

6. Conclusion

Even though the anode of the LiCs is similar to the anode of lithium-ion batteries, the structure and the aging of LiCs are not
similar to the ones of lithium-ion batteries. For the majority of LiBs, the highest the calendar voltage is, the stronger the aging
becomes. This was not found in LiCs whose capacitance decreases at 2.2 V at a higher rate than at 3.8 V. This difference is mainly
related to their positive electrode made of activated carbon. Therefore, a unique post-mortem study was done on LiCs that aged at
three different voltage values and 70°C during 20 months. Conventional characterization techniques were applied to the aged cells.

Aging mechanisms that depend on the state of charge of a LiC were revealed for the first time in the literature. The decrease of
the capacitance values were related to the pore blocking at the positive electrode and / or the potential drift of the negative electrode.
This latter mechanism is caused by the loss of pre-intercalated lithium ions in the negative electrode. At 2.2 V, the loss was due to
an irreversible adsorption of lithium ions by the functional groups present at the surface of the positive electrode. However, at
3.8V, the loss was related to the growth of the SEI layer at the surface of the negative electrode. In addition, the degradation of

the electrolyte accelerated with the increase of the voltage. A decomposition of the positive current collector was observed only at

3.8 V.



At 3.0 V, the main aging mechanisms were the growth of the SEI layer at the graphite electrode and the degradation of
electrolytes components. However, their effects did not cause to the complete deterioration of the cell. Even after 20 months of
aging, the performance of the cell was still acceptable.

In order to improve the lifetime of LiCs, an electrochemical analysis concerning the irreversible adsorption of lithium ions by
the functional groups that reside on the surface of the activated carbon should be performed. This phenomenon, which is not studied
in details in the literature, is responsible for a major degradation of LiCs. A potential solution to avoid this aging mechanism would

improve the operation of this new technology.
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