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A B S T R A C T

Safety issues related to lithium-ion batteries are a driving force in the search for new energy storage systems.
Lithium-ion capacitors are becoming recognised as promising devices to address the question of safety. These
products are a combination of lithium-ion batteries and electric double-layer capacitors in terms of energy and
power density. The aim of this work is to assess lithium-ion capacitor safety under over-charge and under-dis-
charge processes for pouch and prismatic cells. In the course of performing abuse tests, no evidence was found of
severe hazard (explosion, fire or flame, rupture or major leakage). Quantitative external parameters (thickness,
resistance and mass) and electro-thermal measurements showed an increase of swelling and internal resistance,
which caused a decrease of capacity and energy efficiency in all cases. The ultrasound characterization technique
confirmed that there were irreversible physical modifications of the materials under abuse conditions on pris-
matic cells, which could not be seen with the commonly used magnitudes (U, I, T). This technique was also used
for the identification of the start of cell degradation. In post-mortem analysis, were observed different degrada-
tion phenomena such as melting of the separator and delamination in the electrodes.

1. Introduction

The world is undergoing an energetic revolution moving from the
unsustainable fossil-fuel based energy approach to renewable energies.
Added to that, some forecasts show a trend of increasing demand on
world energy consumption over the next three decades due to the in-
dustrialization of non-developed countries. In 2040, the annual world
energy consumption is expected to reach more than 200.10 ⁠12 TWh [1].
Therefore, we must reform the generation, transmission, distribution
and storage of energy to cope with future needs [2,3].

Energy Storage Systems must evolve and adapt, as they are a key
factor in applications such as renewable energies, smart grids, transport
and consumer electronics. Renewable energies, the use of which is on
the rise, rely heavily on energy storage systems as the generation of
such energy is random and heavily dependent on climatic conditions
[4]. Its distributed generation causes a reform on the distribution of
energy, tending to smart grids [5]. Moreover, electro-mobility applica-
tions (trains, trams, electric vehicles etc.) are a critical research area as
it is highly dependent on the advances of new storage systems [6]. In

the past few years, the number of electronic devices such as laptops and
mobile phones has increased while batteries are developed [7]. That is
why we need to upgrade cells to improve safety, durability and perfor-
mance (power density, energy density, efficiency in a wide temperature
range) with a decrease of the cost.

One of the most critical issues for energy storage systems is safety.
Nowadays, Lithium Ion Batteries (LIBs) are dominant in applications
such as consumer electronics or transportation due to their high en-
ergy density [8]. However, the tight operational safety window, the lack
of power density, their limited cycle life and cost are the major draw-
backs of this technology [9,10]. Safety in lithium-ion batteries is prob-
ably, the main factor that causes the lack of confidence in this technol-
ogy, as we must guarantee human safety in all applications. Recently,
some incidents with LIBs resulting in fires or explosions in electric ve-
hicles [11], laptops, mobile phones or electronic cigarettes [12] have
drawn considerable attention [13]. This raises the question of whether
lithium-ion batteries are ready and safe enough for everyday use. Con-
ventional Electric Double-Layer Capacitors (EDLCs) are safe devices,
however their low energy density means that they are usually used as
high-power buffers in conjunction with batteries [14].
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In order to surpass the main shortcomings of electrochemical stor-
age systems, new materials and configurations are being widely stud-
ied [15,16]. Among them, lithium-ion capacitors (LiCs) are a promis-
ing energy storage technology, which combines a supercapacitor-like
electrode (non-faradaic electrode) with a battery-like electrode (faradaic
electrode). On the one hand, activated carbon is used for the positive
electrode where a rapid lithium ion adsorption-desorption process oc-
curs on the surface area [17]. On the other hand, the negative electrode
is mainly composed of graphite or hard carbon materials in which a
lithium insertion/deinsertion process predominates. In opposite to LIBs,
LiCs require a pre-lithiation process of the negative electrode. Different
strategies can be used for the pre-lithiation of the negative electrode, de-
pending on the source of lithium ions: sacrificial metallic lithium elec-
trode, dissolved lithium salt contained in the electrolyte or over-lithi-
ated transition metal oxides in the positive electrode [18]. Moreover, re-
cent studies shows different material combinations to increase the per-
formance of those devices [19]. LiC devices are more efficient, have
faster charge-discharge cycles, are safer and can provide higher current
density than LIBs. In contrast to EDLCs, LiCs have higher energy density
(more energy per unit of mass) and a more useful operational voltage
range for applications (3.8 V to 2.2 V in LiCs vs 2.7 V to 0 V in EDLCs)
[20]. Hence, external circuits that augment complexity of the system are
reduced.

In order to launch new products in the market, it is important to
assess the safety of the technology. Researchers use widespread abu-
sive tests such as nail penetration, short circuit, over-charge, under-dis-
charge and thermal stability to evaluate safety. Different standards are
available in the literature for LIBs and EDLCs [21], however, to our
knowledge; no common method has been established for LiCs. It is nec-
essary to identify the causes that could lead to abnormal operation
of the cells. For example, a malfunction of the charger or inappropri-
ate design of the battery management system (BMS) could cause an
over-charge (OC) or under-discharge (UD) of the devices. Furthermore,
improper use could cause cells to reach a very low voltage, resulting in
cell failure (up to 0 V). The over-charge and under-discharge processes
of an LIB have been investigated in depth in the literature [22,23]. In
a deep under-discharge of an LIB, the metal-oxide based material of the
positive electrode host structure is destroyed due to the over-lithiation
process. The release of oxygen could cause the decomposition of organic
electrolyte and increase the inner temperature of the cell. Under these
conditions, the entire cell becomes unstable leading to a thermal run-
away [23].

To overcome this, BMSs are used to ensure that cells work within the
safe operating window, preventing different kinds of events [24], which
are defined by the EUCAR hazard table [25]. In a BMS, voltage, current
and temperature magnitudes are monitored. Despite the fact that those
three magnitudes are commonly used, very little is known about the in-
ternal stability of the cells after abuse tests [26]. It is possible to employ
techniques such as ultrasound characterization to analyse and identify
physical changes in the cell materials during ageing and cycling. Ultra-
sound characterization (UsC) is an active non-destructive technique of
characterization in which acoustic waves of a defined wavelength are
injected from a piezoelectric transducer within the sample material. The
acoustic waves interact with the materials and can be absorbed or re-
flected by defects [27]. It provides real time information about physical
changes in the materials, structural evolution operando, state of charge
(SoC) and state of health of the cells to identify future failures or abnor-
mal behaviour [26–29].

Post-mortem analysis provides an overview of the inner damage of
the cells after the abuse tests. The opening of the cell gives more infor-
mation about the inner degradation of the cells in a specific state. In the
literature, many studies have been undertaken to determine the failure
mechanisms and degradation phenomena in LIBs [30].

To our knowledge, exhaustive analysis of lithium-ion capacitors dur-
ing over-charge and under-discharge processes have not been done.

There are some qualitative results of JM Energy products evaluated
by NASA in collaboration with JSR Micro Inc. [31] in which the re-
searchers affirm that LiCs did not show venting or fire during the OC
and UD tests [32]. However, the study of degradation phenomena or
stability of the cells after abuse tests where not in scope of that project.

The aim of this work is to study the over-charge and under-dis-
charge processes of lithium-ion capacitors giving quantitative results
and insight view of the material changes of the cell with two differ-
ent forms (pouch and prismatic cells). In the study, several topics are
covered: evaluation of external parameters of the cells (thickness, resis-
tance and mass), monitorization of electro-thermal magnitudes, physi-
cal modification analysis via ultrasound characterization technique and
post-mortem analysis.

2. Experimental set-up: cells, equipment and procedure

2.1. Main characteristics of the cells and test equipment

In this paper, two commercial lithium-ion capacitor products are in-
vestigated and compared: 1100 F pouch and 3300 F prismatic cells man-
ufactured by JM Energy [33]. The electrical specifications of the cells
are shown in Table 1. For both cells, the active material of the nega-
tive electrode is made of graphite, while the positive electrode is made
of activated carbon. The electrolyte is a mixture of lithium hexaflu-
orophospate salt (LiPF⁠6) with commonly used organic solvents (ethyl
methyl carbonate, ethylene carbonate and dimethyl carbonate).

To ensure the safety of the experiment, the tests were performed
under controlled conditions inside a THT EV + Accelerating Rate
Calorimeter. A BCS815 BioLogic cycler was used for cell cycling and
recording the external temperature of the cell. To measure the resistance
at 1 kHz, a Hioki BT3554 battery tester was employed. Moreover, the
mass was measured with a precision balance with ± 1 g of maximum er-
ror.

During the abuse test of the prismatic cells, the UsC was employed
as an operando monitoring technique. The acoustic emission (AE) equip-
ment is composed of several components: piezoelectric transducers, an
amplifier, pass band filters and a data acquisition/digital signal process-
ing system (PCI-2 AE, multi-channel board & system, Physical Acoustic
Corporation, MISTRAS Group, Inc.). The AE signals were visualized
and recorded by the software AEWIN for PCI2 (Physical Acoustic, MIS-
TRAS Group, Inc.). Ultrasound characterization setup is composed of
two small ceramic piezoelectric transducers EPZ-27MS44 W. The first
one is excited by an electric signal with frequency sweeping between
120–500 kHz (200 ms) generated by an ARB-1410 Arbitrary Waveform
Generator Board designed on the WaveGen1410 Software (Physical
Acoustic Corporation, MISTRAS Group, Inc.). The vibration generated
by the first transducer is transmitted throughout the battery and de-
tected by the second transducer. This vibration is converted into an elec-
trical signal and recorded with the same measuring chain as for AE sig-
nals.

After the abuse test of the pouch cells, they were opened in an Argon
environment, in a Jacomex glovebox, to determine the possible causes
of failure.

Table 1
Main characteristics of analysed products [29].

Characteristics 1100 F LiC 3300 F LiC

Range of operating temperatures (ºC) −30 ‒ 70 −30 ‒ 70
Operating voltage range (V) 2.2 ‒ 3.8 2.2 ‒ 3.8
Capacitance (F) 1100 3300
Capacity (Ah) 0.5 1.5
ESR (mΩ) 0.8 0.7
Energy Density (Wh kg ⁠−1) 10 13
Mass (kg) 0.144 0.350
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2.2. Over-charge and under-discharge test procedure

In order to define a test protocol for LiCs, data available of LiC abuse
tests in the literature was collected. JM Energy provide information
about test conditions and general results of the OC and UD abuse tests
[31,32]. They performed tests in two different ways, and no quantita-
tive results were given (see Table 2).

In this research, for the over-charge of the pouch cell, the applied
charge current was 5 A, which corresponds to a rate of 10C of the cell
and the test limit was set to twice the maximum voltage of the cell
(7.6 V). Additionally, a capacity limit of 200% was established in order
to compare results, however the abuse test was continued until the cell
was completely damaged. For the under-discharge of the pouch cell, the
same current was applied (5 A) to be able to compare the results, and
the voltage limit was set to 0 V. This procedure enables comparing ex-
ternal and electro-thermal measurements (U, I, T) of both tests and as-
sessing the degradation phenomena after opening the cells. In both cells,
the test started from the storage voltage of 3 V.

For the prismatic cell, a different test procedure was followed.
Firstly, three normal cycles at 10 A (6.6C) and operating voltage range
(3.8 V – 2.2 V) were performed. This allowed us to record the acoustic
signal in the normal operating conditions that serves as a reference for
the abuse tests. Then, two mild-charge/discharge cycles up to 4.5 V and
2.0 V were done. Those cycles determine if cells remain stable (under
these conditions) or present an abnormal behaviour. Finally, 5 A (3.3C)
of constant current charge/discharge was set for the full over-charge or
under-discharge. As in the case of the pouch cell, 200% of rated capac-
ity was set as a comparable limit, although the test continued until the
complete damage or 7.6 V.

3. Results and discussion

In this work, over-charge and under-discharge tests were evaluated
addressing several topics: (1) quantification of the variation of exter-
nal parameters (thickness, resistance and mass); (2) abnormal behavior
identification based on electro-thermal parameters (U, I, T); (3) stabil-
ity of the cells and irreversible physical modifications of materials with

Table 2
Test conditions and general results for LiCs from sources [31,32]. NI: no information.

Tests Conditions Fire Rupture Explosion

Over-
charge
[29]

Current: 200 A SoC: 250 %
Max voltage: 20 V with
constraining unit

Not
observed

Not
observed

NI

Over-
charge
[30]

Charge up to 250 % of rated
capacitance with 1 A
constant current

Pass NI Pass

Under-
discharge
[29]

Current: 200 A Voltage: 0 V Not
observed

Not
observed

NI

Under-
discharge
[30]

Discharge to 0 V with 1 A
constant current

Pass NI Pass

UsC; and (4) degradation phenomena of lithium-ion capacitors after
abuse tests.

3.1. Visual inspection and external parameters

In order to quantify the swelling rate, cells thickness was measured
in the centre of the cell (where higher difference is expected) (see Table
3). It is difficult to quantify the maximum variation of the thickness, as
after the abuse test several cycles on the operational voltage range were
performed to analyse the remaining capacity and resistance of the cell.
The thickness after abuse test was measured for all cases in a discharged
state. All the cells were significantly swollen after the abuse tests. Un-
surprisingly, the swelling rate of the pouch cells was far more important
than for the prismatic cell, for both the OC and UD tests. Furthermore,
the OC test showed higher swelling rate, which could mean that the
over-charge process is more harmful to these devices and probably leads
to higher gas evolution. A similar tendency was observed in the resis-
tance (Table 3). In all the cases, the resistance increased, but a lower in-
crease occurred in under-discharge. For the prismatic cell, this was neg-
ligible. No significant difference was observed in the under-discharged
cells; the small variation of mass measured before and after the tests
was due to balance imprecisions (Table 3). However a 6.2% and 3.3%
decrease were measured in over-charged pouch and prismatic cells, re-
spectively.

A visual inspection of the over-charged pouch cell revealed that the
gas made a path on the left side of the safety valve (when the positive
tab was on the left side). A small amount of electrolyte was stored be-
tween the metallic case and a thin plastic film covering the case, which
indicates that a small leak occurred (Fig. 1a). As for the over-charged
prismatic cell, the safety valve was opened, causing a slight mass loss
(Fig. 1b). On the other hand, for the under-discharged cells (both con-
figurations), visual inspection did not find evidence of any venting (Fig.
1c, d).

From the visual inspection and external measurements, it was pos-
sible to conclude that there was no severe hazard such as explosion,
fire or flame, rupture and major leakage. A minor leakage in the
over-charged products was reported. Considerable swelling was noted
in the under-discharged pouch cells, so, irreversible damage makes re-
placement or repair needed. For the prismatic under-discharged cell, no
significant signs of degradation were reported based on those results.
Fig. 1 shows the final shape of the four samples tested.

3.2. Electro-thermal parameter evaluation

For both LiCs cells, during normal cycling (2.2–3.8 V) at room tem-
perature and low current, the cell temperature slightly decreases during
charge and increases during discharge. This is the sign that endothermal
processes occur during charge, and that the energy absorbed from the
surrounding is only partially compensated by the Joule effect (RI²).

The heat transferred reversibly to the surrounding (Q⁠rev) was mea-
sured by heat flux sensors on the prismatic LiC cells in a thermal cham-
ber set at 25 °C during cycling at a constant current of 5 A (see Table
4). It was found to be 1032 J (189 mJ/C). The heat exchanged with the

Table 3
Initial and final external parameter comparison. ⁠*1Internal resistance and mass were measured for the over-charged cells when the cell was completely damaged, not when the cell reached
twice capacity.

Cell Test Thickness (mm) Resistance (mΩ)⁠*1 Mass (g) ⁠*1

Initial Final Swelling rate (%) Initial Final Difference (%) Initial Final Difference (%)

LiC pouch OC 5.3 53.0 900 0.8 234.0 27592 145 136 −6.2
LiC pouch UD 5.5 37.8 587 0.9 2.19 158 145 144 −0.7
LiC prism OC 15.7 26.2 67 0.7 1.3 74 360 348 −3.3
LiC prism UD 16.0 16.5 3 0.8 0.8 0 358 360 0.5

3
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Fig. 1. Visual inspection of tested cells after the abuse tests. a) 1100 F pouch OC; b) 3300 F prism OC; c) 1100 F pouch UD; d) 3300 F prism UD.

Table 4
Electro-thermal parameters of prismatic and pouch cells calculated from heat flux sensors measurements during charge - discharge cycling at a continuous current of 5 A.

Q⁠tot (J) Q⁠rev (J) Q⁠irrev (J) (A².s) R⁠equivalent (mΩ)

Prismatic cell 1.5 Ah Charge −917 −1,032 115.7 27,050 4.24
Discharge 1,147 1,032 115.5 27,240

Pouch cell 0.5 Ah Charge −199 −235 36.5 9,011 4.05
Discharge 272 235 36.9 9,111

surrounding was negative during charge and positive during discharge.
At the same time, the total heat lost to the surroundings (Q⁠irrev) by Joule
effect during both charge and discharge only reaches 115 J (internal
equivalent resistance of 4.2 mΩ). During charge at 5 A, the energy ex-
changed with the surrounding is thus clearly negative with −917 J (de-
creases the cell temperature) and positive during discharge with 1147 J
(increases the cell temperature).

Pouch cell tests (OC and UD) started at 3.0 V. During the normal
charge, up to 3.8 V, the endothermic process took place in the cell as
the cell temperature remained stable or even slightly decreased (see
Fig. 2a). When the cell voltage exceeded 3.8 V (normal cut-off voltage),
the cell showed an exothermic reaction. At first, the temperature rose
slightly and then increased sharply when the charge exceeded 150% of
the nominal capacity. This is probably mainly due to exothermic oxida-
tion reaction of the electrolyte, resulting in the production of gaseous
products at both positive [34–37] (CO⁠2) and negative electrodes [37,38]
(CO, C⁠2H⁠4…), and the swelling of the cell.

During under-discharge test of the pouch cell, the voltage decreased
almost linearly until 0.5 V (see Fig. 2a) while the temperature of the cell
increased sharply. At that stage, the potential of the graphitic electrode
is expected to increase and the copper foil used as the negative electrode
current collector can start to oxidize to copper ions. A different behavior
occurs in the voltage range of 0.5 V – 0 V which is not appreciable in the
prismatic cell. Just before reaching 400% of discharge, the temperature
of the cell decreased. This could be due to the swelling of the cell. After
the full discharge, the relaxation of the voltage was measured, rising to
0.33 V; thus, the 0 V state was not at equilibrium.

Similar voltage and temperature evolution with charge were noted
for the pouch and prismatic cells. For the prismatic cells, the endother-
mic process occurred in the charge process up to 150% of the nominal
capacity, at voltages lower than 4.4 V (see Fig. 2b). Then, the temper-
ature of the cell increased and the cell voltage reached the maximum
value of 5.0 V at 200% of the nominal capacity. The over-charge period
was continued (not plotted in Fig. 2b), the voltage dropped gradually
while the cell temperature increased until 76 °C (which exceeded the
maximum temperature limit of the cells of 70 °C). In the region of the
maximum temperature, the vent opened, and the temperature started to
decrease. During under-discharge, the behaviour of prismatic cell was
very close to the one reported for pouch cell.

Fig. 2. Voltage and temperature evolution during abuse tests. a) OC/UD of pouch cells; b)
OC/UD of prismatic cells.

In Table 5, the main results of electro-thermal parameters for the
abuse tests are summarized. The energy density during the OC is higher
than for the UD, as the voltage range used during the abuse test was
wider. The under-discharge process of the pouch cell presented an un-
expected behaviour that is reflected in the obtained value for the ca-
pacity. For all the cases, the coulombic and energy efficiency of the

4
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Table 5
Electro-thermal parameter comparison. ⁠*1Data from 2.2 V to 3.0 V were calculated based
on previous normal cycles of the same cell, in order to obtain comparable results with the
prismatic cell. Capacity obtained directly from the experiment appears between brackets
which corresponds to the abuse test starting from 3.0 V. ⁠*2For the over-charged cell, the
cell was discharged to remove the remaining energy until a voltage of 2.2 V. For the un-
der-discharged cell, no evaluation cycles were performed at the end of the abuse tests, as
the aim was to open the cell at the complete under-discharged state.

Characteristics
OC
pouch

UD
pouch

OC
prismatic

UD
prismatic

Voltage (V) Initial 3.0 3.0 2.2 3.8
Final 4.6 0.0 5.0 0.0

Temperature
(ºC)

Initial 26.6 24.8 28.3 24.7

Maximum 30.7 37.3 31.1 33.9
Capacity per

mass (Ah
kg⁠−1)

Normal cycle 3.5 3.5 4.0 4.0

Abuse test 6.9
(5.6)⁠*1

19.4
(18.1)⁠*1

8.6 6.9

Faradaic
efficiency
after test (%)

86.6⁠*2 -⁠*2 90.6 96.2

Energy
density (Wh
kg⁠−1)

Normal cycle 10.4 10.4 11.7 11.7

Abuse test 26.4
(20.8)⁠*1

22.2
(16.7)⁠*1

33.1 20.6

Energy
efficiency
after test (%)

22.3⁠*2 -⁠*2 75.0 84.2

cells in the last cycles decreased, which indicates that there is evidence
of parasitic reactions after the abuse test.

Taking into account the electrical parameter control and the external
temperature of the cell, we cannot confirm that the cell was not dam-
aged after a short period of OC or UD. With a small increase or decrease
of the voltage out of the normal operating range, it was not possible to
see significant modifications of the voltage path or temperature profile.
To overcome to that problem, the acoustic emission technique was em-
ployed for prismatic cells, to evaluate the techniques for advanced de-
vice monitoring.

3.3. Ultrasound characterization during abuse tests

Ultrasound characterization allows early detection of signs of degra-
dation in abnormal operating conditions (over-charge, under-dis-
charge). Indeed, each cell has conservative fixed operation limits, set
by the manufacturer. However, it is possible to limit premature loss of
cell performance by adapting the operation conditions (voltage and cur-
rent). Accurate device monitoring enables the collection of operando in-
formation from the cell behaviour. In this section, two conditions out-
side the safe voltage window are analysed and discussed: higher voltage
than the manufacturer operating region (mild over-charges up to 4.5 V
and full over-charge) and lower voltage of the operating region (mild
under-discharge up to 2.0 V and full under-discharge).

To compare the evolution during abuse tests, reference cycles were
performed under normal conditions (Fig. 3a). In the Fig. 3b, the evo-
lution of the acoustic signal strength [39] transmitted through the cell
during the experiment (one normal cycle 2.2–3.8 V, followed by two cy-
cles with mild over-charge 2.2–4.5 V, then full over-charge 2.2–5.2 V) is
shown.

Each acoustic signal recorded is reported on the voltage versus time
and signal strength versus time diagrams as coloured dots. The colour
is attributed after applying a clustering method of analysis based on
the Euclidean distance between each signal recorded. A 2D represen-
tation map based on the nearest neighbour classifier is used and each
point refers to a registered waveform. The X and Y axis do not have
any physical signification (the map is invariant by rotation and symme

Fig. 3. Acoustic signal in OC a) Voltage vs time plot; b) Signal strength vs time plot.

try). Thereafter, the proximity between waveforms is coded by colour of
points. A specific colour is attributed to each waveform, as a function of
its position on the map. Points with similar colour correspond to similar
acoustic signal waveforms.

During the normal charge – discharge cycle (2.2–3.8 V), the colour of
the dots changed from light blue (fully discharged state, signal strength
of 33 nV.s) to green (fully charged state, signal strength of 40 nV.s),
which would indicate that UsC measurements are repeatable. The mea-
surements are highly sensitive to very small differences in waveforms.
Moreover, the mapping for normal cycles of the prismatic cell shown
in Fig. 4.a, presents a repeated path of points going from discharge to
charge state.

3.3.1. Mild and full over-charge characterization
Two mild over-charge cycles are shown in Fig. 3, after the last cy-

cle under normal operating conditions. The same colors were seen un-
til 3.8 V (upper voltage limit in normal range). However, at the end of
the first over-charge (6000 s) abnormal behavior clearly appeared on
the acoustic signal (Fig. 3b). Whereas the electrical signal appeared nor-
mal, acoustic signal revealed that the system became unstable. The sig-
nal strength started to decrease and did not follow the pattern of pre-
vious cycles. During the complete over-charge, the signal strength was
higher than previous cycles, as shown in Fig. 3b. We obtained the great-
est change of the acoustic signal during the full over-charge (between
4.5 V and 5.2 V). After 5.2 V, the piezoelectric sensor lost contact with
the casing of the cell, due to the swelling of the cell. Therefore, no more
signals were recorded.

In Fig. 4b, it is possible to see the mapping during the entire
over-charge test. Several clusters of points can be identified, which are
highlighted in circles with different colors. The first mild over-charge
up to 4.5 V is similar to that presented in Fig. 4a for normal cy-
cles. However,
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Fig. 4. Mapping for OC of prismatic cell. a) Normal cycling; b) All the cycles.

a significant change during the next discharge was observed and the
evolution continued during the second mild over-charge. After the full
over-charge, the completely discharged state was completely different
to previous cycles.

The time of flight (ToF) of the over-charge test was also analysed.
The ToF represents the duration between the signal emission and the
signal reception. The greater the ToF, the greater the distance between
the emitter and receptor. This suggests a relationship between swelling
and the ToF (see Fig. 5a). In the over-charge of the prismatic cell, the
ToF increased after the first mild-OC, during discharge. The ToF con-
tinue to rise during the next cycles (see Fig. 5b). It is interesting to note
that the swelling of the cell was most likely initiated during the dis-
charge after the first mild over-charge (de-lithiation of the graphite) and
continued during the cycling thereafter. This swelling was most proba-
bly due to the gas evolution in the cell.

In conclusion, after the first mild over-charge at 4.5 V, the cell is
no longer stable, as the acoustic signal is not repeatable during cycling.
This was of considerable interest as we know that it is not possible to
detect any difference in the electro-thermal measurements during the
mild over-charge cycles. This means that those magnitudes are not suffi-
cient to identify the abnormal behavior of the cell in that case. After full
over-charge, the capacity and energy efficiency of the cells decreased as
shown in Table 5, which is an indicator of malfunctioning. A rise in tem-
perature was also reported in such tests.

3.3.2. Mild and full under-discharge characterization
When the lower cell voltage exceeded the minimum recommended

voltage of the supplier to 2.0 V (mild under-discharge) (Fig. 6a), blue
dots and lower signal strength appeared (Fig. 6b). Nevertheless after
the first partial discharge, the acoustic signal of the next cycle was
comparable with previous cycles. Therefore, it is possible to confirm

Fig. 5. Time of flight (ToF) a) ToF diagram; b) d(ToF) vs voltage and time.

Fig. 6. Acoustic signal in UD a) Voltage vs time plot; b) Signal strength vs time plot.

that acoustic signals can be used to detect internal consequences of mild
under-discharge (2.0 V). Under tested conditions, it was observed that
after under-discharge at 2.0 V the cell remained stable.

The greatest change in the acoustic signal was seen in the complete
under-discharge (see Fig. 6b). During the cycles after the UD, no re
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peatable pathway was observed, which suggests that the cell was unsta-
ble. Indeed, higher signal strength was recorded during the last cycles
(>50 nV.s compared to 40 nV.s). Afterwards, even though it was still
possible to cycle the cells, the acoustic signal was not repeatable during
cycling and the coulombic efficiency of the cell decreased (sign of para-
sitic reactions occurring).

uring the charge process after a normal cycle (2.2 V cut-off-volt-
age) and mild under-discharge (2.0 V cut-off-voltage) different path-
ways were observed (see Fig. 7a, b). The same pathways can be seen
during the constant current discharge process (except at the end of
the dis

Fig. 7. Mapping for UD of prismatic cell. a) Normal cycling; b) All the cycles.

charge, SoC 0%) despite the different behaviour in the charge. There
are significant differences between acoustic signals recorded at SoC 0%
when the cell is discharged at 2.2 V and 2.0 V. At the end of the charge,
constant voltage phase and five minutes rest period were applied, while
after the discharge, only a rest period of five minutes was applied.

After mild under-discharge until 2.0 V, the cell showed all indica-
tions of remaining stable and thus could be used normally. However,
after the full under-discharge, signs of irreversible damage were evident
even though it could still be cycled. When the cell reached 0 V, it was
immediately charged up to normal operating conditions as a long period
at 0 V could also affect the degradation.

3.4. Degradation phenomena of lithium-ion capacitors

We performed a post-mortem analysis after OC and UD of pouch
cells. Devices were disassembled to investigate the inner change of the
components separately, and possible failure methods. For the under-dis-
charged cell, once the case was punched and all the gas was released,
no appreciable degradation of the inner cell was discerned. The appear-
ance of some bubbles in the separator was the only sign of degradation.
In contrast, the over-charged cell presented significant damage in all the
components. The internal components of the over-charged cell appears
in Fig. 8.

The yellow color in the first layer of separator is noticeable, which
is a sign of electrolyte degradation [40]. We found that the connections
of the copper current collector were more damaged than the aluminum
current collector. Probably due to the oxidation of Cu to Cu⁠+ (around
3.92 V vs Li/Li⁠+) and further oxidation of Cu⁠+ to Cu⁠2+ (around 4.17 V
vs Li/Li⁠+) on the positive electrode [41]. The separator was melted in
some small areas; the melted area is highlighted inside a red circle (see
Fig. 8b). This indicates that a micro short circuit could have occurred
inside the cell. This might be due to the dendrite growth during the
lithium deposition [42]. Moreover, adhesion of the graphite electrode to
the separator and gas bubbles were also seen. This suggests that the ac-
tive material of the negative electrode was seriously damaged, and the
gas evolution was another reason for the malfunction of the device.

The electrode degradation was more obvious in the graphitic elec-
trode (see Fig. 8c). First, in the electrodes different colors appeared,
possibly indicating that there were different SoCs in the same elec-
trode. During the charge, lithium is inserted in the graphite. When the
electrode is completely lithiated, it has a bright gold color, while it
tends to darken in a non-lithiated state [28]. When the negative elec-
trode is full of intercalated lithium LiC⁠6, metallic lithium is deposited
and dendrites can form on the surface of the electrode. This lithium

Fig. 8. Pouch cell inner components after the OC test. a) Cell; b) Separator; c) Graphite electrode; d) Activated carbon electrode.
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can react with the electrolyte, increasing the Solid-Electrolyte Inter-
phase (SEI) film, and therefore increasing the ohmic resistance of the
cell [42]. The metallic lithium reacts with the solvent of the electrolyte
to form Li salts. When these salts are exposed to the air the color
changes to white. In the tested sample, this was evident from the white
color of the degraded cell [42]. The cell was opened in a pure argon
environment; however, some O⁠2 or H⁠2O ppm could also have provoked
the color change. The positive electrode (activated carbon) is less de-
graded than the graphite electrode (Fig. 8d), although it was rigid and
deformed at the time of the opening.

4. Conclusions

The purpose of the current study was to assess lithium-ion capaci-
tor safety under electrical abuse tests. JM Energy pouch and prismatic
cells were tested and the results show that are safe under tested condi-
tions. No severe hazardous consequences like firing or explosion were
reported after electrical abuse tests. In both products (pouch and pris-
matic LiC) the over-charge case was more harmful for the cells, in which
only slight venting was observed. Due to degradation phenomena inside
the cell, gas evolution increased the internal pressure causing swelling
and higher internal resistance (up to 234 mΩ). In the worst case, after
the over-charge process of the pouch cell, 86.6% and 22.3% of faradaic
and energy efficiency were reported respectively, which is an indicator
of the abnormal behaviour of the cells. After the partial OC and UD cy-
cles, early signs of degradation were not identified with the commonly
used magnitudes (U, I, T).

Under the operating range of the manufacturer (2.2–3.8 V), the sig-
nal strength of UsC measurements was repeatable, changing from a
value of 40 nV.s in the charged state to 33 nV.s in the discharged state.
Ultrasound characterization confirmed that there are irreversible phys-
ical modifications of the materials under abuse conditions, in both OC
and UD, as the signal strength after abuse tests is higher (approximately
55 nV.s). After the mild-UD at 2.0 V the cell remained stable, whereas at
4.5 V irreversible changes in the materials occurred. Moreover, the time
of flight (ToF) is a good indicator of the swelling of the cell, which was
initiated during the discharge after the first mild-OC and increased lin-
early during cycling thereafter. Via the post-mortem analysis different
degradation phenomena were directly seen, such as melting of the sep-
arator and adhesion loss of the graphitic electrode.
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