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The Many Deaths of Supercapacitors: Degradation, Aging,

and Performance Fading

Emmanuel Pameté, Lukas Kdps, Fabian Alexander Kreth, Sebastian Pohlmann,
Alberto Varzi, Thierry Brousse, Andrea Balducci, and Volker Presser*

High-performance electrochemical applications have expedited the research
in high-power devices. As such, supercapacitors, including electrical
double-layer capacitors (EDLCs) and pseudocapacitors, have gained
significant attention due to their high power density, long cycle life, and fast
charging capabilities. Yet, no device lasts forever. It is essential to understand
the mechanisms behind performance degradation and aging so that these
bottlenecks can be addressed and tailored solutions can be developed.
Herein, the factors contributing to the aging and degradation of
supercapacitors, including electrode materials, electrolytes, and other aspects
of the system, such as pore blocking, electrode compositions, functional
groups, and corrosion of current collectors are examined. The monitoring and
characterizing of the performance degradation of supercapacitors, including
electrochemical methods, in situ, and ex situ techniques are explored. In
addition, the degradation mechanisms of different types of electrolytes and
electrode materials and the effects of aging from an industrial application
standpoint are analyzed. Next, how electrode degradations and electrolyte
decompositions can lead to failure, and pore blocking, electrode composition,
and other factors that affect the device’s lifespan are examined. Finally, the
future directions and challenges for reducing supercapacitors’ performance
degradation, including developing new materials and methods for
characterizing and monitoring the devices are summarized.

1. Introduction

Electrification is an enabling technology
for mobile computing, communication,
and transportation and is essential for
the large-scale implementation of renew-
able energy.!! The ever-growing increase
in energy demand has led to increased
scientific research in electrochemical en-
ergy storage.l’) The primary focus was
on the development of fresh technolo-
gies or innovative electrode materials for
batteries and supercapacitors.[*] The lat-
ter represents an emerging class of en-
ergy storage systems that complement
batteries in terms of power and conven-
tional capacitors in terms of energy.*
Supercapacitors find their use in vari-
ous high-power applications like vehi-
cles, memory backup, tramways, etc. Fur-
thermore, their lifespan can be increased
when combined in a hybrid system with
high energy density components like fuel
cells and batteries.**]

The class of supercapacitors (or: ultra-

capacitors) can be sectioned into electri-
cal double-layer capacitors (EDLCs) and
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pseudocapacitors.l EDLCs function by quickly and reversibly
electrostatic accumulation of ions, forming an electrical double-
layer at the interphase between the electrode and electrolyte.l’]
Pseudocapacitors take advantage of redox reactions occurring on
the surface of the electrode material to achieve electrochemical
features similar to EDLCs.[8] However, since chemical reactions
are not involved in the charging mechanism in EDLCs, the en-
ergy stored in these devices is lower than in lithium-ion batter-
ies (LIBs).”) Supercapacitors have several benefits, such as fast
charge and discharge times, high specific power, and extended cy-
cle life. Additionally, electrode materials with high electrical con-
ductivity and a well-developed specific surface area can signifi-
cantly improve their power density and charge storage capacity.’!

Depending on the type of electrolyte and electrode materials,
EDLCs have a lifetime of more than 1 000 000 cycles, while the cy-
cle life of pseudocapacitors is generally less than 10 000 cycles.!'’!
These numbers, by themselves, are insufficient to judge the tech-
nology. The target cycle number largely depends on the target
application and operation parameters, including the rate and
temperature.l'') As the main symptoms during cell aging are
the loss of their capacitance and the increase in their resistance,
many authors diagnose the state of health of supercapacitors by
monitoring only these two parameters at different periods during
the operation of the system.['2) However, understanding super-
capacitor failure modes and underlying mechanisms remains an
ill-explored territory.

In this review, we assess supercapacitors’ performance decay
and failure mechanisms while paying particular attention to the
general process of their degradation from the industrial point
of view. First, appropriate methods and strategies for monitor-
ing the performance degradation of EDLCs and pseudocapaci-
tors are revised. Next, the reasons for the performance fading
of supercapacitors are thoroughly examined for different types
of electrolytes (aqueous, organic, ionic liquids, and solid-state)
and electrodes (carbons, metal oxides, and 2D materials) mate-
rials. Beyond electrode degradations and electrolyte decompo-
sitions, we looked at many other factors affecting the lifespan
of supercapacitors, such as pore blocking, electrode composi-
tions (e.g., functional groups, binder), volume expansion of elec-
trode materials during cell operation, materials dissolution, elec-
trolyte interphase, and passivation/corrosion of the current col-
lectors. Furthermore, the effects of aging from an industrial ap-
plication standpoint are discussed. Finally, future directions and
challenges for reducing supercapacitors’ performance degrada-
tion are summarized.

2. Supercapacitors

2.1. General Processes of Supercapacitors

Supercapacitors generally consist of two physically separated
electrodes immersed in an electrolyte. However, based on their
material composition and the arising charge storage mecha-
nism(s), they can be divided into EDLCs, pseudocapacitors, and
hybrid capacitors.”?3] With the charge storage mechanism of
EDLCs relying on charge separation on the electrode surface, ac-
tivated carbons with high surface area (up to 2000 m? g') are
commonly used to achieve a high capacitance of the device.l'¥]
Upon applying current to the system, charge carriers of the
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ion-containing electrolyte migrate toward the oppositely charged
electrode and form an electrical double layer.!*>] While the for-
mation of this electrical double layer is exploited to store energy
electrostatically in the EDLC, redox reactions in this system are
undesirable.['%]

In contrast, pseudocapacitors take advantage of redox reac-
tions occurring on the surface of the electrode material to achieve
electrochemical signatures similar to EDLCs.[*17) Using different
materials, for example, metal oxides like MnO, or RuO, redox
processes lead to higher charge storage and enable higher en-
ergy density while keeping (ideally) EDLC-like power density.!*®)
With the same goal of combining battery-like energy density with
EDLC-like power density, hybrid capacitors were designed with
one electrode consisting of battery material and the other of ac-
tivated carbon. Lithium-ion capacitors are their most prominent
example among hybrid capacitors, usually applying graphite as
the negative electrode material and activated carbon as material
for the positive electrode.[') While graphite-based lithium-ion ca-
pacitors enable higher energy densities, they struggle with lack-
ing a Li-containing cathode requiring them to introduce lithium
through sacrificial electrodes or salts, adding additional process
or material costs.?%] Yet, the technology is not limited to lithium,
with promising results also for sodium ion and potassium ions
energy storage.l”!l However, combining two different charge stor-
age mechanisms in a single device requires careful tuning of the
materials and voltage windows to ensure the high performance
of the hybrid capacitor.

Naturally, different material compositions and charge storage
mechanisms promote a variety of various aging mechanisms
due to the different stability limits of the utilized compounds.!'!!
Additionally, supercapacitors storing charges by redox reactions
tend to be less stable since redox processes are always less re-
versible than the pure movement of ions and the formation of
an electrical double layer. This makes it challenging to describe
universal aging processes occurring in EDLCs, pseudocapacitors,
and hybrid capacitors. However, operating conditions such as
temperature, voltage, or current all have comparable effects on
the speed of aging of the various supercapacitors.[??! Higher tem-
peratures improve molecular transport and faster reaction kinet-
ics, increasing the available energy storage metrics.[?*! This en-
ergy may be essential to overcome activation energy barriers and
can therefore initiate a decomposition reaction that would not oc-
cur at lower temperatures. In addition, the cell voltage and elec-
trode potentials have a comparable impact on electrochemical
reactions.[?*] Exemplary, when charging an EDLC, the cell volt-
age increases, which leads to the occupation of higher energy lev-
els of the molecules by charges.[?! Subsequently, electrochemical
decomposition of the respective compound is initiated as soon as
enough energy for the decomposition process is provided.

Temperature and voltage deliver energy to reach the neces-
sary activation energy and thus initiate similar electrochemical
decomposition reactions.!?! Conversely, this means that the ag-
ing of a supercapacitor, which would occur at a specific temper-
ature and cell voltage, cannot occur if one of these parameters
is decreased. Furthermore, in addition to inducing electrochem-
ical reactions, increasing the cell voltage results in a proportion-
ally stronger electric field.?”] This leads to a higher attraction
of the oppositely charged ions to the respective electrodes and
thus accelerated aging processes. Last, the current rate strongly
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Figure 1. Overview over common degradation pathways and failure mechanisms in supercapacitors. Electrolyte decomposition can occur due to factors
such as high temperatures, high voltages, and prolonged cycling, resulting in the formation of gases, solids, or other degradation products that can
clog the pores of the electrode or lead to the formation of a passivating layer on the electrode surface. The active materials used in supercapacitors can
undergo structural and chemical changes during charge/discharge cycles, leading to a decrease in their capacitance and/or stability. The performance
and stability of supercapacitors can also be affected by the operating conditions such as temperature, humidity, and voltage. Elevated temperatures can
cause chemical reactions in the supercapacitor, leading to electrolyte decomposition and a decrease in capacitance. Conversely, low temperatures can
cause the electrolyte to freeze, resulting in mechanical stress and possible damage to the supercapacitor. The interphase between the electrode and
electrolyte can also degrade over time due to factors such as electrochemical reactions, charge/discharge cycling, and mechanical stress. When exposed
to the electrolyte the metal current collectors can undergo corrosion upon cell operation, which is a significant failure mechanism in supercapacitors.

influences all processes in the supercapacitors, including the
charge storage mechanisms and aging processes, kinetically.[?8]
Thus, a high current rate might reduce decomposition reaction
rates but can stress and degrade the active material at the same
time. Especially redox-based systems, which feature naturally
slower charging mechanisms than EDLCs, are somewhat lim-
ited in performance by higher current rates and show acceler-
ated aging since thermodynamically not preferred reaction prod-
ucts might be formed. Therefore, these reaction pathways might
be less reversible than intended and strongly contribute to cell
aging.

In addition to these environmental conditions, the chemical
purity of the utilized materials plays a crucial role in the ag-
ing of supercapacitors. Since impurities might introduce less
stable compounds to the system, their decomposition could
occur under less harsh conditions than the actual cell ma-
terials (Figure 1). While these parasitic redox reactions con-
sume charges, formed decomposition products can undergo
further reactions with cell components, leading to additional
cell degradation. Exemplary, in the case of EDLCs, the carbon’s
surface functions strongly influence the device’s stability and
lifetime since functional groups are more prone to reduction
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or oxidation than pure carbon, especially at elevated electrode
potentials.[?]

All this indicates the complexity of aging processes in super-
capacitors. The immense number of different material combi-
nations enables many possible decomposition mechanisms, and
the operating conditions can influence that. Thus, it is incredi-
bly challenging to describe aging by universal aging processes.
However, aging processes occurring in specific supercapacitors
can be investigated in detail to understand their impact on the
device and design a tailor-made solution to overcome this aging
process. Experimental methods and known failure mechanisms
(Table 1) from the literature will be summarized in the following.

2.2. How to Monitor the Degradation of Supercapacitors?

The degradation of supercapacitor performance (Figure 2A) can
be described by an electrical model consisting of two branches
of parameterized capacitor-resistor (RC) networks.[*) Classically,
the main assessment methods consist of measuring the changes
in electric parameters, mainly the equivalent series resistance
(ESR) responsible for the electrical losses and the capacitance
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Table 1. Summary of commonly used aqueous, non-aqueous, ionic liquid, and solid-state electrolytes with their failure mechanisms.

Electrolyte

Failure mechanisms

Aqueous NaCl; KCl; Na,SO,;Li,SO4; NaHCO;; NaNO,

NaOH; KOH; LiOH

H,S0,

ZnCl,; NH,Cl

Organic Acetonitrile-based organic electrolytes

Propylene carbonate and Ethylene carbonate-based
organic electrolytes

Non-conventional organic electrolytes

lonic liquids 1-ethyl-3-methylimidazolium tetrafluoroborate;
1-butyl-3-methylimidazolium hexafluorophosphate;
N-butyl-N-methylpyrrolidinium

bis (trifluoromethylsulfonyl)imide;
N-methyl-N-propylpiperidinium

bis (trifluoromethylsulfonyl)imide

Solid and quasi-solid state  Poly(ethylene oxide)-based

Gel polymer electrolytes;
Inorganic solid-state electrolytes

Corrosion of electrode materials, gas evolution, water decomposition. Low
conductivity due to dissociating only a tiny fraction of the salt molecules into
ions.

Corrosion of metal electrodes due to the formation of metal hydroxides and metal
oxide layers, low voltage window due to water electrolysis, water
decomposition., gas evolution,

Corrosion of electrode materials and dendrite formation, gas evolution, low
voltage window, water decomposition.

Corrosion of current collectors; Corrosion of metal electrodes due to the
formation of metal chlorides and low voltage window due to water electrolysis,
low conductivity.

Formation of a passivation layer on the electrode surface due to the oxidation of
acetonitrile at high voltages, which reduces the effective surface area of the
electrodes and leads to capacity fading. Electrolyte decomposition: hydrolysis,
(cyclo-) polymerization, Hofmann elimination, and fluorination reactions.

Reductive decomposition of PC or EC at high voltages, resulting in the formation
of SEI on the electrode surface, which increases the cell resistance and reduces
the effective surface area of the electrodes; gas evolution.

Electrolyte breakdown, formation of SEI, dendrite formation, gas evolution

lon transport limitations due to low ionic conductivity and/or high viscosity,
which can limit ion transport and increase internal resistance;
electrode/electrolyte interface instability caused by changes in the surface
chemistry of the electrodes; electrolyte decomposition under certain conditions
(such as high temperatures or high potentials); electrochemical window
limitations, water absorption.

Low ionic conductivity, limited electrochemical stability window, formation of SEI,
dendrite formation

Limited ionic conductivity, formation of SEI, dendrite formation, gas evolution

(C) of the interphase between the conductive electrode and the
electrolyte.3!l Accordingly, capacitance must be a constant value
all over the investigated potential window. Thus, the decrease
in capacitance leads to decreasing energy density, whereas the
power density decreases as the ESR increases.’?] Accordingly,
a supercapacitor is considered degraded when its initial capac-
itance decreases by 20% and/or its ESR increases by 100% com-
pared to its initial value.?33] Therefore, precisely evaluating
these two parameters is essential, and the measurement meth-
ods must respect a rigorous protocol to avoid incertitude in the
parameter’s characterization.[>*]

Nevertheless, since supercapacitors are very sensitive to tem-
perature, significant temperature changes may also influence
their lifespan. As their degradation is generally evaluated at high
rates, considerable temperature variations may arise due to the
heat generated inside the cell. The heat generations occur from
an irreversible Joule heat generation and an irreversible heat gen-
eration from the ion motion during discharging and charging.**’
Hence, supercapacitors’ cycle life should be assessed at con-
trolled thermal conditions, and their thermal behaviors should
not be neglected.

The degradation of supercapacitors is often evaluated by
recording several thousands of galvanostatic charge/discharge
(GC/GD) cycles.®31361 Although the cycling stability test is
straightforward, it is highly time-consuming, mainly because a
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20% capacitance loss is generally observed for commercial su-
percapacitors after 500 000 to 1 000 000 cycles. For example, Ri-
zoug et al. reported 560 000 cycles recorded in almost one year
(325 cumulated days) of continuous charge/discharge cycling.[*”]
Such long cycling is sometimes because most authors perform
the cycling test at low specific currents to keep the IR voltage
drop small. Consequently, the delay of a single cycle of some re-
ported GC/GD is in the range of minutes, corresponding to rel-
atively mild operation conditions, which limits the monitoring
of potential degradation caused by stress and fatigue resulting
from the alternating charge/discharge processes. Therefore, to
conduct practical and effective cycling tests, the length of one gal-
vanostatic charge/discharge cycle of supercapacitors should be
in the order of seconds. Hence, realistic and meaningful cycling
tests should be performed at currents adapted to the use of su-
percapacitors, recommended at relatively high specific currents
of atleast 1 A g~!. Nevertheless, the resulting Ohmic drop at such
high rates is relatively high.

A more accurate lifespan of carbon/carbon supercapacitors
can be determined in potentiostatic mode by performing the so-
called floating test, consisting of holding the cell at the nomi-
nal voltage and determining the capacitance and ESR as a func-
tion of time by occasional GC/GD.[**38] The floating test offers
the advantage of requiring a much shorter time than galvanos-
tatic charge/discharge cycling while giving the proper maximum
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Figure 2. A) Schematic representation of pristine and the degrading states of supercapacitor electrodes. Cross-section high-resolution scanning electron
microscopy micrographs of pristine and aged carbon electrode. lon transport and pore blocking on a supercapacitor electrode held cumulatively for 30 d
at 5 V. Reproduced with permission.['2] Copyright 2017, Elsevier. Galvanostatic charge/discharge cycling and floating (holding) test of supercapacitors
utilizing activated carbon electrodes in organic B) and aqueous C) electrolytes. Reproduced with permission.[31:3¢] Copyright 2013 and 2019, Elsevier.

operating voltage value, owing to the very low leakage current
and, consequently, negligible ohmic drop. Weingarth et al. re-
ported a comparative study of both cycling and floating tests
on supercapacitors utilizing a standard organic electrolyte (1 m
TEABF, in acetonitrile) (Figure 2B).3%l For the device tested
in potentiostatic mode, 30% of capacitance loss was observed
after only 30 h of floating, whereas 350 h (corresponding to
10000 GC/GD cycles) was needed to monitor the same capac-
itance loss using the cycling test (Figure 2B). Later work con-
firmed that the floating test is much aging-effective for capacitors
in aqueous media as its time of operation for reaching the same
end-of-life (20% capacitance drop) is about three times shorter
than in cycling test (Figure 2C).3!

Though the above-listed methods help to quantify perfor-
mance decay, they provide indirect information on the degrada-
tion mechanism. Thus, advanced in situ/operando techniques
and post-mortem methods are essential tools for understand-
ing (during cell operation) how supercapacitors degrade. Many
in situ/operando techniques are being used under cell op-
eration to evaluate the structural and morphological degra-
dation process over extended cycles. The set of methods in-
cludes electrochemical dilatometry, electrochemical quartz crys-
tal microbalance, scanning electrochemical microscopy, electro-
chemical mass spectrometry, X-ray diffraction, atomic force mi-
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croscopy, small-angle X-ray scattering, X-ray absorption spec-
troscopy, X-ray photoelectron spectroscopy (XPS), nuclear mag-
netic resonance spectroscopy, electron microscopy, and Raman
spectroscopy.l*”! Each technique has its unique way of providing
a comprehensive understanding of the relationship between the
electrode material and electrolyte and the charge storage mech-
anism during the electrochemical operation of supercapacitors.
The primary information under in situ/operando conditions in-
cludes the Faradaic and non-Faradaic mechanism, the electrode-
electrolyte reaction, the electrolyte ion transport behavior, and the
structural and morphological evolution of the cell. More detailed
information on the in situ/operando techniques in supercapaci-
tors research can be found in ref. [40], where the authors reviewed
recent advances in these techniques and provided insights on
computational simulations to model supercapacitor systems and
predict their degradation process during long-term cycling.[*?!
The main factors reducing the capacitance and ESR of super-
capacitors primarily stem from electrode oxidation, electrolyte
decomposition products blocking the pores, ionic starvation in
the electrodes, and weakening of the adhesion between the elec-
trode active mass and the current collector. Thus, postmortem
analyses are essential to identify (and quantify) the degra-
dation mechanisms. Many post-mortem experimental meth-
ods include X-ray photoelectron spectroscopy, Fourier-transform
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Figure 3. Schematic concept of the approach used for assigning the charge passing through a carbon-based supercapacitor in the aqueous electrolyte
under aging by prolonged potentiostatic floating: A) Simplified scheme of the EMS system; B-D) Illustration of the analysis realized for determining the
processes taking place during high voltage performance of the supercapacitor: B) electrochemical measurement of the leakage current, C) post-mortem
surface functionality analyses realized by TPD on aged AC electrodes, D) operando EMS analysis and pressure records. Reproduced with permission.[41]

Copyright 2019, Wiley-VCH GmbH.

infrared spectroscopy, and temperature-programmed desorption
(TPD), which is the most used. The combination of EMS and
TPD was also proposed to obtain quantitative and qualitative in-
formation on all mechanisms of supercapacitors during and af-
ter aging (Figure 3).*!) While the in situ technique was used to
monitor the gas evolution in the cell during its cycling, the post-
mortem analysis (TPD coupled with MS) was implemented after
its death to measure oxygenated surface functionalities on the
electrodes.

2.3. Degradation from an Industrial Perspective: What Metrics
Count?

Supercapacitors are considered aged when they degrade in ca-
pacitance, exhibit increased internal resistance,*?! or are oth-
erwise affected by any condition that results in a deformed,
opened, or otherwise damaged cell or energy storage module.[**]

Adv. Energy Mater. 2023, 13, 2301008 2301008 (6 of 36)

End-of-life can also be considered from an application per-
spective: End-of-life conditions for any industrial energy stor-
age device are deemed to be reached when the device can-
not provide enough energy or power for the application in
question.

Three metrics need to be considered for the industrial rele-
vance of supercapacitor device degradation: Energy, power, and
device integrity.!*] It depends on the application profile on
which metric is the most relevant. While most applications re-
late to short-term energy storage for a charge or discharge pulses
shorter than 30 s, the actual performance requirements are gen-
erally defined by the lowest acceptable power the system can pro-
vide at the lowest adequate voltage. Studies of industrial super-
capacitor applications in different systems (tram kinetic energy
recuperation!*! and wave power peak shaving!*’l) show that the
application power profile alone decides the difference in perfor-
mance between a beginning-of-life and end-of-life supercapacitor
system.
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Figure 4. Constant power discharge profile simulation data for a 51V. Supercapacitor pack consisting of 18 industrial 3200 F cells in series. The discharge
power is set to 10 kW for A,B) 10 s or 50 kW for C,D) 1's . Pack current (red) and pack voltage (blue) develop over the constant power pulse as the pack
discharges. A,C) The left sides of the image shows simulation data for the beginning of life with 4 mQ ESR and 177 F capacitance. B,D) Right side of
the image shows simulation data for end-of-life with 8 mQ ESR and 141.6 F capacitance. A pale red dotted line indicates the application voltage limit.
Simulations have been carried out using Skeleton Technologies’ model for industrial Supercapacitor cells.

Figure 4A,B shows the simulated behavior of a 51 V
supercapacitor cell pack under a 10 s, constant 10 kW discharge
pulse within the voltage boundaries of a common 48 V system
(51 to 36 V). To keep the power constant over 10 s, the current
needs to increase throughout the power pulse due to the decreas-
ing voltage over time. Consequently, reduced capacitance and in-
creased resistance, both encountered in aged supercapacitors, in-
fluence application performance. The decreased capacitance will
impact the slope of the voltage decay when drawing constant
power, meaning that decreased system capacitance will result in
higher peak currents, as seen by reaching a current of 250 A after
5 s of pulse time for an aged cell pack (80% of initial capacitance,
141.6 F; 200% of initial ESR, 8 mQ) in comparison to reaching
250 A after 8 s for a pristine cell pack (177 F, 4 mQ).

An increased equivalent series resistance will increase the volt-
age drop upon current switching, as seen by the increased volt-
age drop for the aged cell pack at the start of the test. This in-
creased voltage drop contributes to the voltage loss over time but
is less relevant for longer pulses such as the 10 s pulse seen in
Figure 4A,B. To illustrate the effect of aging on higher power
pulse applications, Figure 4C,D considers a 1 s 50 kW pulse for
both a pristine and an aged cell pack. Although this pulse con-
tains only 50% of the energy contained in the 10 kW, 10 s pulse
described in Figure 4A,B, the high voltage drop at the onset of the
pulse results in a similar overall voltage drop after the pulse has
ended, indicating that much of the energy is lost in the resistive
heating of the cell pack. For the aged cell pack (Figure 4D), the
doubled ESR results in most of the supercapacitor pack’s energy
being dissipated into heat during the pulse onset, not allowing
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it to fulfill the same 1 s pulse length before passing the lower
voltage limit.

The comparison of simulated behavior of both a pristine and
an aged supercapacitor cell pack yields the conclusion that while
both the decay in capacitance and the increase in ESR need to be
considered for the performance of the supercapacitor cell pack
under end-of-life conditions, their impact is much different de-
pending on the nature of the application use case. ESR plays
a more critical role in performance than capacitance for short,
high-power pulses. For longer pulses, the capacitance and, thus,
the overall energy content of the pack becomes more dominant in
impacting the cell pack performance. In turn, the importance of
different degradation metrics heavily depends on the envisioned
application: An excellent capacitance retention is very relevant
to low-power pulses with a limited voltage drop. In contrast, a
high-power pulse application benefits more from reduced ESR
increase over the device lifetime.

From the mechanical stability and device integrity perspec-
tive, it is essential to consider that supercapacitors can develop
gaseous decomposition products when aged.[*l As these prod-
ucts accumulate within the cell, internal pressure builds up. To
prevent the cell from rupturing uncontrollably, industrial su-
percapacitor designs comprise an overpressure breakpoint that
opens at a predefined pressure and releases the accumulated
gases in a controlled manner. This event renders most super-
capacitor cells unusable as the cells’ integrity is damaged.[*l In
turn, the evolution of gases for different voltages and tempera-
tures must be understood in detail when providing supercapaci-
tor aging models relevant to industrial cell designs.
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Figure 5. A) Cell internal overpressure evolution at 24 °C during galvanostatic cycling of an AC/AC electrochemical capacitor with 1 m Li,SO, elec-
trolyte followed by floating at 1.8 V and B) magnification of the pressure evolution during galvanostatic cycling. Effect of the floating voltage on C) the
relative capacitance and D) the relative resistance of the same type of capacitor. Reproduced with permission.[38] Copyright 2014, Elsevier. Postmortem
N, adsorption/desorption isotherms with surface area values of E) positive AC electrodes after cycling and floating tests in 1 m Kl electrolyte and
F) of negative AC electrodes after the same tests performed in a hybrid electrolyte system (K,SO,/KI). Reproduced with permission.[*"] Copyright 2019,
Elsevier. G) Voltage profiles of a supercapacitor with 20 m LiTFSI WiSE a cycle of heating and cooling cycle from 25 °C to 100 °C and backward. Reproduced

with permission.[®8] Copyright 2019, Elsevier.

3. Failure Mechanisms of Electrolytes

3.1. Aqueous Electrolytes

Aqueous solutions are a natural choice when developing elec-
trolytes for electrochemical energy storage devices. The appeal of
water-based electrolytes mainly arises from their intrinsic safety
(non-flammability and non-toxicity) and reduced cost (of both
materials and manufacturing process). The high ionic conduc-
tivity, which can exceed 1 S cm™! (i.e., at least one order of mag-
nitude higher than organic electrolytes), is a further feature par-
ticularly sought after in supercapacitors applications as it enables
high capacitance, good rate capability and, thus, excellent power
performance.l*’] The first supercapacitors worked in an aque-
ous medium but were characterized by a low cell voltage, which
restricted their use to mostly memory backup applications.[3
This evidence the main shortcoming of aqueous electrolytes,
i.e., the narrow stability window of water. Once this limit is ex-
ceeded, water splitting occurs, leading to oxygen evolution reac-
tions (OER) and hydrogen evolution reactions (HER) at the pos-
itive and negative electrode of the capacitor, respectively. Both
OER and HER (and the potential at which they occur) are highly
pH-dependent. Given the large H*/OH™ concentration, water
splitting is mainly promoted in highly acidic (e.g., HCl, H,SO,)
and alkaline (e.g., KOH, NaOH) solutions.[***’] In such cases,
the overall cell voltage must be maintained within the thermody-
namic limit of 1.23 V (practically even <1 V). On the other hand,
larger overpotentials are commonly observed for both OER and
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HER in a neutral medium (e.g., Li,SO,, LiNO,, Na,SO,, K,S0,),
allowing for cell voltages beyond 1.5 V depending on the salt type
and concentration, and the testing conditions.?34]

Ratajczak et al. comprehensively studied the fading mecha-
nisms of symmetric AC supercapacitors using a neutral 1 Li, SO,
electrolyte.*] As shown in Figure 5A,B, a substantial pressure in-
crease was recorded when the cell voltage exceeded 1.4 V. Upon
normal GC/GD cycling up to 1.8 V, this resulted only in a mi-
nor gas evolution each cycle since the electrodes spend a rela-
tively short time at potentials where OER and HER occur. How-
ever, upon floating tests at 1.8 V, the pressure increased linearly
with time reaching 95 mbar after 1 h. This highlights the im-
portance of testing conditions when assessing the stability of the
electrolyte. The authors noticed a substantial capacitance fading
and resistance increase when progressively increasing the float
voltage from 1.5 to 1.7 V (Figure 5C). While the primary fading
mechanism could be attributed to the electrolyte decomposition
leading to increased resistance (Figure 5D), the decreased surface
area of the electrodes was also identified as a possible cause for
the reduced capacitance (Table 1). This was evident at the positive
electrode, where CO and CO, evolving surface group types were
identified.’®! Such findings strongly hint at the oxidation of the
AC, eventually leading to pore blocking.

Despite gas evolution caused by electrolyte decomposition be-
ing generically detrimental to the cycle life of supercapacitors,
if properly controlled, it can also be exploited to unlock ad-
ditional Faradaic charge storage. H, generated at the negative
electrode due to water decomposition can be reversibly elec-
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trosorbed/desorbed in porous carbons, at least over an extended
potential window width beyond 1.23 V.7l Hydrogen appears to
be stabilized by weak chemical bonds with the carbon substrate,
which, on the one hand, reduces self-discharge.>!] On the other
hand, the overpotential for the oxidation of H, appears relatively
large, suggesting either trapping or sluggish diffusion kinetics in
the pores.]

One of the strategies adopted to suppress water splitting is
to increase the OER/HER overpotential by blocking the adsorp-
tion of intermediate species and/or inhibiting charge transfer at
the electrode/electrolyte interphase, for example, using redox ad-
ditives dissolved in the aqueous electrolyte.>3%47521 To be effec-
tive, such redox couples should be close to the OER/HER poten-
tial, be highly reversible, and be used in pairs, one for OER and
one for HER.3%#7] Several redox additives have been proposed
so far, such as ferrocyanides (e.g., ([Fe(CN)J** /[Fe(CN)(]**),1>*]
quinones (e.g., 2,6-dihydroxyanthraquinone)** and halides (e.g.,
Br~/Br?"),I%] to name few. Besides suppressing water splitting,
the redox-active electrolyte introduces additional capacity, which
increases the energy of aqueous supercapacitors. On the other
hand, the Faradaic reactions can produce parasitic products that
are detrimental to the cycle and calendar life of the system.

For example, Platek et al. comprehensively studied the fad-
ing mechanisms of supercapacitors using an iodide-based re-
dox electrolyte (specifically, 1 m KI).*!I Since the redox process
(2I" = I, 4+ 2e7) occurs at the positive electrode, this compo-
nent is mainly affected by side reactions such as the forma-
tion of polyiodides at high potentials (I,~, I;~, and I,7). Be-
sides the changes in surface functionalities, confirmed previ-
ously by operando studies,*®] postmortem analysis evidenced
the precipitation of solid products on the electrode surface.
Considering the solubility of potentially formed compounds,
KIO; is most likely the main component of the solid deposit.
These solid deposits block access to microporosity, leading to de-
creased surface area and, in turn, specific capacitance degrada-
tion. This fading mechanism primarily affects the positive elec-
trode, where the surface area was more than halved after pro-
longed floating tests (Figure 5E). Pore blocking was also observed
at the negative electrode, suggesting the movement of iodides
within the system.?!l This was confirmed using a hybrid elec-
trolyte system (K,SO,/KI) using a cation-selective membrane
(Figure 5F).

Despite the numerous strategies adopted to suppress water
splitting, including pH regulation,””) mass balancing of the
electrodes,*® and addition of redox additives to block active sites,
it has been demonstrated to be very challenging to achieve cell
voltages >2 V with conventional dilute aqueous electrolytes.>!
To overcome this barrier, highly concentrated electrolytes such
as hydrate melts and water-in-salt (WiSE) electrolytes have been
explored.[*’%%] First reported by Suo et al. in 2015, WiSEs are so-
lutions of highly soluble salts, where the salt outnumbers the sol-
vent (water) in terms of both weight and volume.l®! A typical ex-
ample of WiSE is using 21 mol kg~! LiTFSI. Here, Li* ions are co-
ordinated to the few water molecules available and the abundant
TFSI™ anions. Interestingly, the decomposition of TFSI~ taking
place close to the HER potential leads to forming a LiF-containing
solid-electrolyte interphase (SEI) at the negative electrode.l®!:2]
The hydroxides generated during the hydrogen evolution reac-
tion can chemically react with TFSI and catalyze the formation
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of such SELI® Additionally, a water-exclusion zone is gener-
ated at the positive electrode due to the adsorption of hydropho-
bic TFSI~ anions.[® These two phenomena substantially sup-
press water splitting, leading to ESW as high as 3 V. Although
initially employed mainly for aqueous battery applications,!®]
WiSEs were soon investigated for electrical double-layer and hy-
brid capacitors.[**] Tian et al. have reviewed the most recent de-
velopments of WiSE in supercapacitors.l>! However, since the
development of WiSE for supercapacitors is still in its infancy,
comprehensive studies on aging/failure mechanisms are not
available yet. Furthermore, as the most expensive part of the elec-
trolyte is the conductive salt, this approach also must be carefully
evaluated from a techno-economical perspective.[®’]

The most critical aspect concerning the cycle life of capaci-
tors employing these novel electrolytes is related to the high salt
concentration. While this leads to increased electrolyte viscosity,
WiSE still possesses sufficiently fast ionic transport for applica-
tion in high-power devices. However, it substantially increases
the risk of salt precipitation under demanding conditions such
as, for example, operation at extremely low and/or high temper-
atures (Figure 5G).I%! Since most WiSE systems are nearly sat-
urated (or even supersaturated) solutions, salt precipitation may
occur upon prolonged cycling and/or floating up to/at high volt-
ages due to water decomposition. Besides causing a drop in ionic
conductivity of the electrolyte, with a resulting ESR increase, the
precipitate would also clog the electrode porosity leading to a ca-
pacitance drop. Itis also unclear whether precipitation may occur
simply over time, for example, during storage. This would un-
doubtedly affect the calendar life of capacitors with WiSE. How-
ever, these aspects have rarely been explored and deserve major
attention.

3.2. Organic Electrolytes

Investigating the aging processes in EDLCs, Ruch et al. showed
that the aging of a single electrode dominates the aging rate of
symmetric EDLCs and that the limiting electrode strongly de-
pends on the chosen solvent.*®] In the case of acetonitrile-
based EDLCs, the positive electrode experiences a more signif-
icant capacitance loss and an increase of internal resistance,
whereas in propylene carbonate-based supercapacitors, the neg-
ative electrode ages faster (Figure 6).[*>¢%]

The different behavior of the respective positive or negative
electrodes during aging results in an uneven electrode poten-
tial shift. Instead of performing within the intended electrode
potential limits, the respective electrode that experiences faster
degradation shows a more significant potential change during
charging and discharging, leading to even faster aging. This is
due to charge-consuming Faradaic decomposition processes on
the less stable electrode, which lead to an incomplete discharge
of the more stable electrode. Thus, the more stable electrode ac-
cumulates charges when the cell is continuously cycled, lead-
ing to the previously mentioned potential shift. After prolonged
aging, in acetonitrile-based EDLCs the positive electrode experi-
ences a more significant potential change, whereas, in the case of
PC-based EDLCs, the negative does. Thus, a strong dependency
of aging on both the electrode polarity and the chosen solvent is
evident.[®]
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Figure 6. Capacitance and resistance behavior of acetonitrile (here AN) and propylene carbonate (PC) based EDLCs while floating at 3.5 V. A,C) The
capacitance fading of the single electrode specific capacitances of symmetric EDLC cells with AN and PC based 1 m TEABF, electrolytes. The inserted
graphs show galvanostatic charge—discharge curves twice during the floating period (at 0 h and 200 h). B,D) The resistance evolution of the respective

electrodes. Reproduced with permission.!%°] Copyright 2010, Elsevier.

3.2.1. Failure Mechanisms in Acetonitrile-Based Supercapacitors

Acetonitrile-based supercapacitors are the most thoroughly in-
vestigated devices concerning performance and cell aging. Vari-
ous studies have been published focusing on gas evolution, elec-
trode degradation, and electrolyte decomposition.

Pioneering work by Kurzweil and Chwistek displays detailed
investigations of the liquid and gas phase of aged EDLCs us-
ing various spectroscopic techniques and gas chromatography-
mass spectrometry (GC-MS).[%l Investigating the aging of sym-
metric supercapacitors containing a 1 M solution of TEABF, in
acetonitrile at constant cell voltages (floating) at 4 V and 6 V, they
identified several decomposition products and postulated degra-
dation mechanisms generating the former. Acetonitrile, water
vapor, carbon dioxide, ethene, and fragments of metaboric acid
and alkyl boranes were detected within the gas phase. In the lig-
uid phase of the aged electrolyte acetamide, acetic acid, several
heterolytic compounds (e.g., pyrazines), triethylamine, and fluo-
roacetic acid were identified. The formation of the latter product
was observed only during floating at cell voltages as high as 6 V.7
This finding is consistent with the Simons’ process (electrochem-
ical fluorination), which requires cell voltages of 5-8 V on nickel
electrodes.[71

The recent development of an operando GC-MS technique for
investigating aging processes in electrochemical energy storage
devices enabled the detection of arising decomposition products
as a function of the applied potential. Implementing a custom-
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made three-electrode cell allowing the liquid electrolyte extrac-
tion during an electrochemical measurement, Kreth et al. investi-
gated the behavior of EDLCs containing an electrolyte consisting
of 1 M TEABF, in acetonitrile (Figure 7)."? By identifying po-
tentials at which the respective positive and negative electrolyte-
electrode interphase begin to form soluble decomposition prod-
ucts, they confirmed that the primary cause for the aging of
acetonitrile-based symmetric EDLCs is the degradation of the
positive electrode. With an open circuit voltage (OCV) of 0.3 V
vs Ag*/Ag and the first degradation processes of the positive and
negative electrode, respectively occurring at +1.75 Vand —1.50 V
vs Ag* /Ag, the positive electrode was the first one that reached its
potential stability limit. Observed degradation reactions involv-
ing acetonitrile have been reported to be caused mainly by inter-
actions between the acetonitrile solvent and the containing oxy-
gen functions on the surface of the activated carbon, the binder
(sodium carboxymethyl cellulose, NaCMC), and/or trace water
molecules (Figure 8). Some decomposition products were gen-
erated regardless of the electrode’s polarity. Hydrolysis reaction
leading to the formation of acetamide and its derivate N-ethyl-
acetamide and cyclotrimerization of acetonitrile forming 2,4,6-
trimethyl-1,3,5-triazine were observed to occur at both electrodes.
Decomposition of the salt has been reported only to occur at the
negative electrode at potentials lower than —1.75 V vs. Ag*/Ag,
forming triethylamine and ethene (Figure 9A). This reaction
is well known as the Hofmann elimination, where quaternary
amines form tertiary amines and alkenes, while a strong base
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Figure 7. Total ion chromatograms (TICs) of the operando GC-MS measurements obtained during aging tests of a symmetric EDLC consisting of
activated carbon electrodes and 1 m TEABF, in acetonitrile. Additional voltage profiles of the positive (red) and negative (blue) electrodes, and of the
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electrode, indicating that the decomposition of the positive electrode-electrolyte interphase primarily causes the aging of this device. Reproduced with

permission.l”2] Copyright 2023, Elsevier.

(here BF,~ or OH") eliminates a proton. Further, no fluorinated
decomposition products were detected within the liquid phase of
the aged electrolyte. It has been proposed that potentially formed
fluor-containing compounds remain at the electrode surface, pre-
cipitate from solution, or in the case of gases (HF, m/z 20),
outgas and/or do not dissolve within the limit of detection of the
device.”?!

Investigating pressure variation by dilatometry and thus gas
evolution within EDLCs containing a 1 M solution of TEABF,
in either acetonitrile, PC, or y-butyrolactone (GBL), K6tz et al.
showed that the extent of cell pressure increase is strongly de-
pendent on the stability of the chosen solvent.l**] A noteworthy
release of gas was observed in GBL at 2.5 V, in PC at 3.0 V,
and in acetonitrile at 3.25 V. Although the onset of gas evolu-
tion in acetonitrile occurred at higher potentials compared to
PC, the authors remarked that PC exhibited considerably lower
Faradaic currents than acetonitrile (and GBL). Thus, attributing
the higher leakage currents in acetonitrile to the formation of sol-
uble electrolyte decomposition products instead of gas evolution
reactions.[*¢]

With a focus on the interaction between organic electrolytes
and supercapacitor electrodes, carbon materials, and surface
functionalities, Azais et al., Zhu et al., Bittner et al., Liu et al.,
and Huang et al. published several studies concerning possi-
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ble failure mechanisms.!?*7>7# For example, utilizing gas sorp-
tion, XPS, and NMR data, Azais et al. showed that occurring ca-
pacitance losses and resistance increases are related to the elec-
trolyte decomposition at the electrode—electrolyte interphase, cre-
ating surface defects and decreasing porosity (Figure 9B). Here,
the amount and kind of generated decomposition products vary
with the respective carbon material and electrode polarity. While
fresh electrodes showed traces of sodium and oxygen, which
were attributed to the binder sodium carboxymethylcellulose, the
aged positive electrode contained an increased amount of nitro-
gen (especially on the surface) and no sodium. On the other
hand, the aged negative electrode contained more fluorine and
boron and showed the same amount of sodium as the pris-
tine electrode. One has to note that this behavior contradicts
the direction of ion transport during polarization and cannot be
fully explained. Further, they showed that acidic surface func-
tionalities and water traces inside the electrolyte cause and in-
crease supercapacitor aging. The authors concluded that poor
surface functionality, enough narrow micropores, a nd the ab-
sence of water are the most critical requirements for the good
long-term stability of supercapacitors.”* With regard to the lat-
ter, a water content of less than 20 ppm has been determined
to be necessary to achieve long-term stability of nonaqueous
supercapacitors.74]
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Figure 8. Proposed degradation mechanisms of the electrode-electrolyte-interphase in acetonitrile-based EDLCs. Primary failure mechanisms that can be
attributed to the negative electrode are the dimerization and subsequent (cyclo)trimerization (reaction I) and the reductive electrofluorination (known as
Simons process) at cell voltages above 5V (reaction I11). Degradation reactions reported to occur at the positive electrode is the formation of diacetamide
(reaction Il). The formation of diacetamide has been reported to occur at the positive electrode. Several reactions have been reported to occur during
aging of both electrodes: The hydrolysis (reactions VIl and VIII) and (cyclo-) polymerization (reactions V and VI) of acetonitrile. Further, in-situ formed

HF (for example, due to the hydrolysis of the BF,~ anion) can cause a hydrofluorination reaction of acetonitrile (reaction 1V)

Zhu et al. and Bittner et al. examined aged supercapaci-
tors containing the same electrolyte through post-mortem anal-
ysis techniques such as infrared, Raman, XPS, and nitrogen
porosimetry.”37%] They identified polymerization products from
acetonitrile (pyridine, amines, and polyacetonitrile), and traces of
nitrogen, fluorine, and oxygen on both the negative and positive
electrodes. As previously reported, the degradation processes af-
fected the positively polarized electrode more than the negative
electrode. The carbon material of the positive electrode was oxi-
dized and incorporated nitrogen, fluorine, and oxygen, resulting

Adv. Energy Mater. 2023, 13, 2301008 2301008 (12 of 36)

170,72)

in the formation of various surface functionalities (particularly
carboxyl species). In contrast, the carbon material of the negative
electrode was partially reduced and formed CH groups. Addition-
ally, the study suggests the formation of reactive BF,~ radicals,
which could cause the formation of HF, fluorination reactions,
and oligo-/polymerization of acetonitrile.[”37%]

Liu et al. investigated aging mechanisms occurring within
acetonitrile-based supercapacitors containing electrodes based
on two different carbon materials by electrochemical impedance
spectroscopy, Raman and FTIR spectroscopy, Boehm’s titration,
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Figure 9. A) Proposed degradation mechanisms of the salts TEABF, and TEMABF,, contained in most EDLCs. Following the Hofmann elimination
reaction, at the negative electrode, the respective cation forms triethylamine or diethylmethylamine and ethene (reaction | and Il). On the positive
electrode, in situ formed HF (hydrolysis of the BF,~ anion (reaction 1) can cause fluorination reaction of the carbon surface (reaction [V).[26:70.72.77]
B) Proposed degradation mechanisms of the carbon material in EDLCs. While the carbon material of the negative electrode gets reduced (reaction 1), the
positive electrode experiences oxidation (reaction Il) (the reduction and oxidation of a carbonyl group is shown as an example). Further, CO, and H,0O
are reduced, at the negative electrode, forming CO, H, and CO3%~ (reactions Ill and V). While releasing CO, CO, and H*, oxygen-containing surface

functions are oxidized at the positive electrode (reaction IV) (the oxidation of a carbonyl and carboxy group are shown as an example)

and temperature-programmed desorption coupled mass spec-
trometry. They were able to distinguish between two failure
mechanisms based on the carbon surface functionalities, with
the content of surface functional groups on the positive electrode
being the key factor. In both mechanisms, the hydrolysis of BF,~
to fluorine-containing acids occurs at the positive electrode in the
presence of water traces, leading to the formation of defects in
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[29,73-75,77,80]

the carbon network. These acids can then diffuse to the negative
electrode. For carbons containing a small amount of acidic sur-
face functionalities (mechanism A), the defects can react further,
resulting in the formation of surface functionalities such as car-
boxylic, anhydride, lactone, ether, phenol, and carbonyl groups.
Additionally, the formation of soluble polymerization prod-
ucts of acetonitrile leads to the yellowish tint of the electrolyte
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Table 2. Determined cell voltages (E.) and electrode potential potentials (E, and E_) limits of PC-based EDLCs at which gas evolution and cell degra-

dation has been observed by Hahn et al.l’®! and Ishimoto et al.l’’]

Ecer V] E, vs Lit/Li[V] E.vs Lit/Li[V] Evolving gases and observed changes Refs.
>0.7 - <2.6 Propylene [76]
>2.6 - <15 Strongly increased amount of propylene [76]
>2.7 >43V - Carbon dioxide [76]
>3.4 - <11V Hydrogen [76]
3.0-3.7 4.9-5.2 1.9-1.5 CO, CO,, H,0, H,, OH~, N,N-diethylmethylamine, propylene glycol [77]
3.7-4.0 >5.2 <15 Formation of resistive PC-based passivation layer on both electrodes [77]

and is another consequence of cell aging. This aging is charac-
terized by a decrease in capacitance and a gradual rise in the
equivalent series resistance (ESR). In the presence of a signifi-
cant number of acidic surface functionalities (mechanism B), a
protective layer with ion-conductive and electronically-resistive
properties is believed to develop on the electrode’s surface. In
this case, cell aging expresses itself through increased ESR while
the capacitance remains constant. The authors propose the for-
mation of an insoluble polymer film from the polymerization
products of acetonitrile via hydrogen bonds with acidic surface
functionalities.!?]

To summarize, primary failure mechanisms in acetonitrile-
based EDLCs (Table 1) attributed to electrolyte decomposition
have been identified as hydrolysis, (cyclo-)polymerization, Hof-
mann elimination, and fluorination reactions.

3.2.2. Failure Mechanisms in Propylene Carbonate-Based
Supercapacitors

Degradation processes at the negative electrode—electrolyte inter-
face are the primary cause of aging in propylene carbonate-based
supercapacitors, with significant gas evolution occurring at cell
voltages above 3.0 V.[*6%] The latter has been comprehensively
investigated by Hahn et al. utilizing dilatometry and differential
electrochemical online mass spectrometry (DEMS). During volt-
age scans up to 3 V cell voltage, reversible and irreversible cell
pressure changes were observed. When cycled within a cell volt-
age range of 2.5 V, a drop in pressure during charging and a re-
versible increase during discharging were detected. These pres-
sure changes were attributed to concentration-dependent volume
fluctuations of the electrolyte. Significant irreversible gas evo-
lution was observed when applying cell voltages above 2.5 V.
Here, hydrogen (H,, m/z = 2), propylene (m/z = 41), and
carbon dioxide (CO,, m/z = 44) were detected as the domi-
nant gaseous decomposition products, respectively forming at
different cell voltages E_; and electrode potentials E, and E_
(Table 2).17¢]

The formation of propene and hydrogen has been assigned to
reducing the solvent at the negative electrode. Hahn et al. pro-
posed an electrochemical reduction of propylene carbonate to
propene and carbonate anions. While the hydrogen formation
was attributed to a general reduction product of organic com-
pounds, the evolution of CO, was ascribed to the solvent oxida-
tion at the positive electrode.l”¢]
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Ishimoto et al. identified three different cell voltage ranges
(Table 2) for the aging of supercapacitors containing a 1 M solu-
tion of TEMABF, in PC by SEM, EIS, and ion-chromatography-
coupled mass spectroscopy measurements.l”’] Here, region 1
(Een < 3.0 V) was described as the voltage/potential range
where no degradation at either electrode is observed. In re-
gion 2 (E.y 3.0-3.7 V), several decomposition reactions of the
electrolyte—electrode interphase start to arise: While the pos-
itive electrode is oxidized, releasing CO and CO, as volatile
decomposition products, water is released from the surface
functional groups of the activated carbon. Subsequently, at po-
tentials below 1.9 V versus Li*/Li, water molecules, either
dissolved within the electrolyte or adsorbed on the electrode
surface, are reduced, generating H, and hydroxide (OH").
These hydroxides can further react with the TEMA* cation
forming ethene, N,N-diethylmethylamine, and water (alkaline-
induced Hofmann elimination). Further, the hydroxide hy-
drolyzes propylene carbonate generating propylene glycol (PG)
and CO,. Region 3 (E.y 3.7-4.0 V) was defined as the voltage
range in which propylene carbonate gets electrochemically ox-
idized at the positive electrode (while generating CO,) and re-
duced at the negative electrode (while simultaneously forming
propylene and carbonate anions). Here, oxidation and reduc-
tion lead to the formation of a resistive PC-based passivation
layer.l””]

Through operando calorimetric measurements, the changes
in heat flow resulting from charge redistribution effects during
cycling can be precisely monitored. Munteshari et al. investi-
gated PC-based EDLCs and observed endothermic heat genera-
tion when operated above 3 V cell voltage, which they attributed
to the reductive decomposition of the solvent.[”!

Hess et al. designed a cell for use in thermogravimet-
ric/differential thermal analysis, which allowed them to inves-
tigate the changes in heat flow, mass loss, internal resistance
increase, and capacitance loss during cycling and floating of
propylene carbonate-based supercapacitors.[””! They found a sig-
nificantly greater increase in the cumulative heat and faster
mass loss when the supercapacitors were floated at 3.5 V
cell voltage, compared to 2.5 V. This was attributed to ir-
reversible exothermic degradation reactions of the electrode—
electrolyte interphase leading to the formation of volatile de-
composition products. Coinciding with previous results shown
by calorimetry, dilatometry, and DEMS, this technique en-
ables the complementary monitoring of heat and mass vari-
ation during electrochemical and/or thermal aging for the
first time.[”’]
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Concluding, the primary failure mechanism causing an early
failure of PC-based EDLCs is the reductive decomposition of
propylene carbonate, forming propylene and carbonates. This
process further explains the more significant capacitance loss
and resistance increase of the negative electrode compared to the
respective positive.

3.2.3. Nonconventional Organic Electrolytes

Data regarding supercapacitors’ aging and possible failure mech-
anisms containing nonconventional organic electrolytes are
scarce. Nonetheless, some information on failure mechanisms
in electrochemical capacitors containing ethyl isopropyl sulfone-
based (EiPS) electrolytes can be provided (Table 1).

Chiba et al. analyzed evolved gases by gas chromatography us-
ing an H-type cell in which the positive and negative electrodes
are placed in separate sections.®”] Ethane and hydrogen were de-
termined to be the primary volatile decomposition products, orig-
inating from the decomposition of EiPS and present water traces
occurring at cell voltages higher than 3.5 V. Minor amounts of
propane are evolving at voltages higher than 4 V. The amount
of detected CO and CO, is reported to increase slightly with in-
creasing voltage and has been attributed to the decomposition of
the carbon surface functions. Investigations by ion chromatog-
raphy show that no soluble (charged or strongly polar) decom-
position products of EiPS are formed by removing alkyl groups
(removal of ethyl or isopropyl group). Coinciding with morpho-
logical changes determined by SEM and EDX measurements,
the authors propose that the formed alkylsulfonyl radicals fur-
ther undergo reactions forming a passivation layer primarily at
the positive electrode surface. Measurements of the H,O con-
tent by Karl-Fischer titration showed an increase of water at both
electrodes but a more significant increase in the positive com-
partment. Showing a neutral pH environment before aging, af-
ter floating at 4.0 V, the positive compartment shows acidic, and
the negative shows alkalic pH values. The increase of OH™ and
H, at the negative electrode has been assigned to the decompo-
sition of surface functions or trace water contained in the elec-
trolyte. Since oxygen evolution has not been observed at the pos-
itive electrode (which would indicate oxidative decomposition of
water), the increase in acidity has been assigned to the hydrol-
ysis of the BF,” anion, which is generating HF. Concluding,
it has been shown that EiPS does not decompose by reaction
with water or hydroxide but that the primary decomposition of
EiPS is the removal of alkyl groups and the evolution of ethane
and propane.[®]

Kops et al. investigated using EiPS in EDLCs at high voltages
and temperatures.[®! By investigating the aged electrolyte by GC-
MS and the aged electrodes by XRD and XPS, the authors pro-
pose several degradation mechanisms that coincide well with the
previously mentioned works. GC-MS analysis of the aged elec-
trolyte revealed that no soluble decomposition products originat-
ing from the solvent were formed. Floating at 3.0 V cell volt-
age showed that the formation of triethylamine occurred at tem-
peratures higher than 80 °C. The latter has been attributed to
the decomposition of the conducting salt cation (tetraethylam-
monium), known as the Hofmann elimination (previously de-
scribed). BF, ™ or its hydrolysis products F~ and BF;(OH) ~ could
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act as the respective base in the presented case. The authors pro-
posed that aging processes occurring in EiPS-based EDLCs pri-
marily lead to the formation of volatile or solid decomposition
products. Subsequently, those can either outgas, precipitate from
the solution, or deposit on the electrode surface. This has been
validated by XPS analysis of the electrodes. Detecting non-soluble
(i-e., fluorine and sulfur-containing) decomposition products on
both electrodes, the formation of passivation layers at tempera-
tures higher than +60 °C has been proposed. While resulting in
pore blocking and thus capacitance-reducing effects, this layer
drastically increased the electrochemical long-term stability.[8!]

In summary, primary failure mechanisms of EiPS-based
EDLCs are the evolution of volatile decomposition products
(ethane, propane) and the deposition of insoluble decomposition
products on the positive and negative electrodes.

3.3. lonic Liquids Electrolytes

Ionic liquid (IL) electrolytes are a class of liquid salts con-
sisting entirely of ions, typically organic cations and inor-
ganic or organic anions.[’) They are also referred to as room-
temperature ILs because they are characterized by having a melt-
ing point below 100 °C and are often liquid at or near room
temperature.[®? Unlike traditional electrolyte solutions, ILs com-
bine non-flammability, high chemical, thermal, and electrochem-
ical stability, and negligible volatility.?] In addition, they offer
the benefit of having unique structures and properties and be-
ing composed solely of ions (cations and anions).®*] However,
several drawbacks with most ILs, such as low ionic conductivity,
high viscosity, high melting point, and limited availability, limit
their big-scale use as supercapacitors electrolytes.?®* Further-
more, the high cost of ILs is a significant issue from an indus-
trial perspective, as they are typically more expensive than tra-
ditional electrolytes due to their complex synthesis and purifi-
cation processes.®>] Additionally, while IL-based supercapacitors
have higher energy density than conventional capacitors, they
still have relatively low power compared to other energy storage
technologies, leading to significant voltage drop and energy loss
in many practical applications.[8¢]

Low conductivity and high viscosity of IL-based electrolytes sig-
nificantly impact (increase) the ESR values of supercapacitors,
limiting their lifespan, mainly when targeting room-to-low tem-
perature applications.®”] Nevertheless, the physical and chemical
properties of ILs are tunable owing to the almost unlimited pos-
sible combinations of anions and cations.®® In this regard, the
composition of IL electrolytes can be turned to meet specific re-
quirements of supercapacitors’ performance, including reducing
their degradation.

One of the most critical parameters limiting the cycle
life of supercapacitors when applying ILs as electrolytes re-
lates to their high viscosity.l®¥) The viscosity of ILs is much
higher than that of water, decreasing with increasing tem-
perature. Usually, higher viscosity values are reported for ILs
with a small-size anion because of stronger electrostatic in-
teractions and hydrogen bonds.®*) It has been observed that
the viscosity decreases as follows: chloride Cl~ > hexafluo-
rophosphate PF,~ > methanesulfonate CH,SO,~ ~ CH,CO,"~
> trifluoromethanesulfonate CF;SO,~ > trifluoroacetate
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CF,CO,™ > bis(trifluoromethylsulfonyl)imide TFSI~ for anions
(with the same common cation) and piperidinium > pyrroli-
dinjum > imidazolium for cations (with the same common
anion).”! Among the most currently implemented ILs as elec-
trolytes for supercapacitors, imidazolium-based cations IMIm®,
coupled with fluorinated (TFSI-, FSI~, BF,~, PF.~) anions,
exhibit the highest ionic conductivity and the lowest viscosity.”!]
In contrast, ILs with pyrrolidinium, Pyr* and piperidinium,
Pip* type cations are known for their high electrochemical
stability window.[®8] However, the cations of some ILs applied in
supercapacitors have a similar structure to that of surfactants.
Consequently, such cations tend to accumulate in ILs like surfac-
tants, affecting the ion mobility and the ionic conductivity of the
electrolyte and limiting the cycle life of the cells. Moreover, there
is a trade-off regarding conductivity/viscosity/stability window
and the degradation mechanism of IL-based supercapacitors. To
understand the aging or failure mechanisms of IL-based super-
capacitors (Table 1), the electrochemical decomposition of ILs
has been investigated using in situ infrared and electrochemical
spectroscopy methods!®?! and in situ XPS.[%%

The failure mechanisms of IL-based supercapacitors as
solvent-free electrolytes differ from that in the conventional me-
dia, where solvent molecules distribute the charged ions.['83] At
high charging/discharging rates, the life span of IL-based su-
percapacitors is lower than that of both aqueous and organic
electrolyte-based ones due to the low conductivity of ILs. Many
other factors limiting the long-term stability of IL electrolytes in-
clude the effects of electrode morphology and pore size and dy-
namics of ILs ions.

Since ILs consist entirely of ions, they have been found to be
suitable electrolytes for assessing the correlation between the ef-
fective ion size, determined by the dimensions required for pore
entry, and the pores’ size, both factors influencing the lifespan of
supercapacitors. An earlier study showed that when using porous
carbon electrodes for supercapacitors, the specific capacitance de-
creases with increasing the length of alkyl substituent on the
phosphonium cation of IL from 0.8 nm to 2 nm, demonstrat-
ing the requirement of pore-to-ion size compatibility for high
cycling stability.**! Another research showed that, when using
various microporous carbons with controlled pore size and the
EMImTFSI electrolyte, good cycling stability is obtained when
the pore sizes match those of the ions.[®®] It was also demon-
strated that the specific capacitance of supercapacitors decreases
when the pores are i) smaller than IL ions, hence sterically hin-
dered from their entering, and ii) bigger than ions because they
still could accommodate only one ion, while the double-layer
thickness increases.®>] Thus, both research supports the assump-
tion that elongated ions enter pores with the orientation enabling
them to align their largest dimension to the pore walls.**] This
implies that a greater number of ions can be accommodated in
pore confinement.l”]

Many authors have reported the room temperature perfor-
mance of supercapacitors with various types of IL electrolytes.*°!
Supercapacitors with a pyrrolidinium-based IL electrolyte were
claimed to operate at a high cell voltage of 3.7 V (though
this value did not account for the high ohmic drop);®”! how-
ever, the long-term performance of the cell was limited by the
relatively high viscosity and low ionic conductivity of the IL
(78 mPa s and 3.0 mS cm™ at +25 °C[®®l). Supercapacitors with
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imidazolium-based ionic liquids typically operate with a smaller
cell potential of <3.5 V but perform better even at higher rates
due to their more favorable physical properties (e.g., EMImBE,
with 7 = 37 mPa s® and ¢ = 14 mS cm™! at 425 °C[1%]),

Micropores may limit the practical application of IL
electrolytes.l'!l A symmetric cell based on common activated
carbon and using the BMImBF, as the electrolyte demon-
strated a good capacitive signature from +20 to 0 °C. Yet,
the specific capacitance of the device was reduced by 72%
between +20 °C and —20 °C.1% Since activated carbons are
dominantly microporous, the IL ions’ movement within the
pores is hindered, and the diffusion resistance increases with
cycle number or by lowering temperature.l'! This issue can
(partially) be addressed by reducing the overall diffusion path
length via employing smaller-sized particles (like in activated
carbon black).l1%]

The beneficial effect of micropores on the EDL capaci-
tance is well established since ions are essentially accumulated
herein.[1%] Nonetheless, mesopores play an essential role in ion
transport,['% and their presence leads to enhanced capacitance
retention under harsh currents.['%] Therefore, electrode materi-
als with well-fitted micropores are highly desirable for enhanc-
ing the cycle life of supercapacitors. The presence of meso-
pores is mandatory for the transportation of large and often
anisometric IL ions, especially when targeting low-temperature
applications.[1*#7] To improve the cycling performance of IL-
based supercapacitors, optimization of the selection of IL com-
position and cell design has been carried out through both ex-
perimental and theoretical understanding to provide fundamen-
tal insights into the electrochemical behavior at the IL/electrode
interface.[1%6]

Notwithstanding, due to their relatively high melting points,
single ILs are unsuitable for harsher environments found in
space, aeronautics, automotive and military applications.!'?’]
Therefore, the use of IL mixtures (binary!'®°! and ternary!®’!
mixtures) or the mixture of ILs with organic solvents!'®! have
been suggested as convenient strategies for designing suitable
ILs electrolytes operating in a broader temperature range (typi-
cally from —50 °C to +80 °C). However, the performance of su-
percapacitors based on IL mixtures compared ILs mixed with
solvents has not yet been evaluated regarding the effects of ag-
ing and performance fading. The degradation of IL electrolytes
mixed with a solvent for supercapacitors can be caused by various
factors such as electrochemical oxidation and reduction, chem-
ical instability of the electrolyte, and solvent evaporation.!11%42]
The presence of impurities, high operating temperatures, and
exposure to light can also contribute to the degradation of the
electrolyte. To mitigate these issues, it is important to use high-
quality ILs and solvents and to store the electrolyte in a controlled
environment to minimize exposure to external factors. Neverthe-
less, one may anticipate better cycling stability for supercapaci-
tors based on electrolytes made of IL mixtures compared to those
based on ILs mixed with organic solvents, as ILs” higher thermal
and chemical stability helps to reduce the risk of thermal and ox-
idation degradation.

Overall, the long-term performance of supercapacitors based
on IL electrolytes is a complex issue that requires further research
and development to realize their potential and fully overcome the
current limitations.
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3.4. Quasi-Solid and Solid-State Electrolytes

Solid-state ionic conductors are less popular than their liquid
counterparts as electrolytes for supercapacitors, mainly due to
the moderate ionic conductivity and poor pore accessibility lead-
ing to low capacitance values.['!! Despite the reduced electro-
chemical performance, solid-state electrolytes are appealing to
improve safety by reducing the risk of leakage, flammability, and
corrosion.['?] Additionally, as most of them can bear mechanical
stresses, they may enable the construction of flexible or struc-
tural capacitors for specific applications (e.g., wearable devices,
aerospace, etc.).'3] While countless research papers and reviews
have been published on the topic, little effort has been made to
understand their fading mechanisms.

Most solid electrolytes developed for supercapacitors have
been polymer based.l?] For ionic conductivity reasons, gel poly-
mer electrolytes (GPE) are commonly preferred to solid polymer
electrolytes (SPE). While in SPE, the charge is transported by the
polymeric chain, in GPE, the polymer does not typically take part
in the conduction mechanism but rather acts as a host scaffold
that is swollen by a liquid electrolyte mixture of solvent (aqueous,
organic, or ionic liquid) and salt.[’! Although GPE can, in cer-
tain conditions, maintain the properties of a solid (e.g., leakage-
free, act as a separator), they are technically quasi-solid state elec-
trolytes because of the solvent content.[''?) Aqueous GPEs (hy-
drogels) show the same limited electrochemical stability win-
dow as the correspondent aqueous solution. The polymer and
the aqueous electrolyte interaction may also cause additional fad-
ing mechanisms. The most studied GPE are hydrogels based on
polyvinyl alcohol (PVA), which possess good hydrophilicity and
chemical resistance."*l PVA is compatible with alkaline (KOH)
and acidic (H,SO,) electrolytes. In the case of PVA-H,SO, GPE,
however, more rapid decomposition of the polymer can be ob-
served at the high acid concentrations needed to achieve maxi-
mum capacitance. For this reason, acid-resistant GPEs based on
lignocellulose (LC) have been recently developed.l''>] Although
hemicellulose (one of the components of LC) would still dissolve
in the electrolyte upon prolonged cycling, this introduced addi-
tional pseudocapacitance due to the abundant oxygen-containing
functional groups.!**>]

Despite being chemically stable in a neutral environment,
PVA hydrogels comprising Na, SO, salt suffered from poor me-
chanical strength due to a weakening of the OH bond network.
To overcome this issue, PVA-PEO blends have been recently
proposed.[''®] As the temperature increases, PVA-based GPEs
also typically suffer from increased fluidity,?! which may lead
to a short circuit if no additional spacer/membrane is physi-
cally used to separate the electrode. In general, all hydrogels
are affected by dehydration issues. For example, PVA-KOH gels
showed KOH crystallization upon exposure to ambient condi-
tions, leading to massive capacitance loss.!'”] Replacing KOH
with TEAOH (tetraethylammonium hydroxide) could substan-
tially improve the water retention capability of the gel.*'’] To
increase water retention at higher temperatures, further strate-
gies have been proposed, including cross-linking!'8! and adding
fillers.[21191 Of course, being constituted mainly by water, hy-
drogels can hardly be employed at sub-zero temperatures with-
out additives capable of disrupting the hydrogen bond network,
thus reducing the freezing point.['?%! Typically, co-solvents such
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as dimethyl sulfoxide and ethylene glycol should be used for this
purpose.[t2]

Compared to SPE and GPE, all-solid-state inorganic conduc-
tors have received much less attention concerning their im-
plementation in supercapacitors, with most works focusing on
thin-film micro-capacitors.!'??] Nevertheless, some examples of
bulk-type capacitors employing sulfide (Li,S-P,S;) and oxide
(0.4LiCl0,—0.6Al,0;, Li, ,Al, ,Ti; ((PO,);) electrolytes have been
reported.['2 In all cases, the operation was restricted to high tem-
peratures (>100 °C), and the cell voltage was limited to values
lower than state-of-the-art organic electrolytes (typically between
0.5 and 2 V). This suggests that, besides the limited ionic con-
ductivity at room temperature, such solid-state electrolytes do not
possess sufficient electrochemical stability. It is worth noting that
Hakari et al. recently reported a high-temperature ceramic elec-
trolyte constituted by 33Li,;BO,-33Li,SO,-33Li,CO, that could
sustain cell voltages up to 3 V without massive degradation.['?]
At cutoff voltages comprised between 3.5 and 5 V, oxidation of the
lithium oxyacid salts would then occur.l'”]

So-called ionogels have also been investigated as solid-state
like electrolytes in microsupercapacitors and supercapacitors.!126]
The confinement of known liquid electrolytes presents an alter-
native solution to pure ionic liquids using a polymer or silica con-
fining matrix. The main drawback of such systems is their low-
temperature operation, limiting their use to temperatures above
20 °C. Over 100 000 cycles have been demonstrated with virtu-
ally no fade in capacitance using silicon nanowires as electrodes,
and EMIMTFSI entrapped in a silica matrix as quasi solid-state
electrolyte.'?”] The cycling ability is also quite fair (10 000 cycles)
when used together with carbon-based electrodes, although the
cycling ability seems to be improved when operated at higher
temperatures (100 °C).128] Similar solutions were proposed with
pseudocapacitive electrodes in micro-supercapacitors, but a fade
in capacitance occurs over 50,000 cycles without a reasonable ex-
planation of its origin.[?]

4. Failure Mechanisms of Electrode Materials

4.1. Degradation of Carbons

Supercapacitor degradation is a complex effect of multiple re-
actions involving cell casing, current collector, binder, electrode
material, and electrolytes.'*) The degradation of carbon ma-
terials within the electrode plays a significant role during this
aging process and can involve interactions with the electrolyte
and electrode foil.['Y) Carbon materials supercapacitors interact
with the electrolyte materials and can age by losing part of their
microporosity to electrolyte decomposition products,['*!] reduc-
ing surface area and thus reducing capacitance.l*? This aging
process relates to the carbon particles’ internal pore structure.
They can additionally age by forming nonconductive electrolyte
byproducts on the outside of carbon particles, resulting in loss
of conductivity and an increase in ESR for the whole electrode
structure.l’]

Carbon materials for supercapacitors can contain oxygenated
or nitrogenated surface groups and impurities stemming from
their sources or synthesis processes, such as metals and their
oxides, halides, or sulfides.'33! While the maximum operat-
ing voltage is usually chosen based on the stability of the
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carbon—electrolyte interface, supercapacitors still age when kept
below their maximum operating voltage.['** This behavior is at-
tributed to the increased reactivity of the impurity-containing
sites.

The commonly used porous carbon materials in supercapac-
itors application include activated carbons,!'*! carbide-derived
carbons,**l carbon nanotubes,['*”) onion-like carbons,!'3713]
graphene,®  carbon Dblack materials," and templated
carbons.'"] However, the pore size of the carbon electrodes
can impact the accessibility of electrolyte ions to the surface
of the electrode, which affects the supercapacitor’s capacitance
and charge/discharge rate.['*?] A mismatch between the carbon
electrode’s pore size and the electrolyte ions’ size can lead to
reduced performance and cell degradation over time.!l For
example, suppose the pore sizes of the carbon electrode are
too small, the electrolyte ions may not be able to access the
entire electrode surface, leading to decreased capacitance and
increased resistance.['**] This can cause the supercapacitor to
degrade (Table 3), reducing its overall performance.®*]

Conversely, when the pore sizes of the carbon electrode are
too large, the electrolyte ions may diffuse too quickly through
the electrode, leading to a decrease in capacitance and energy
density.'** This can also lead to the degradation of the superca-
pacitor, as the rapid diffusion of electrolyte ions can cause dam-
age to the electrode surface.['**] Therefore, matching the carbon
electrode’s pore size to the electrolyte ions’ size is critical in de-
signing and operating high-performance supercapacitors with
optimal energy density, power density, and cycle life.

Studies on the performance degradation of different carbon-
based supercapacitors have revealed that their failure mecha-
nisms depend highly on the type of carbon material used.!!"14¢]
For example, in activated carbon-based supercapacitors, the loss
of active material and electrolyte decomposition are the major fac-
tors contributing to performance degradation.['*'#7] [n contrast,
carbon nanotube-based supercapacitors suffer from issues such
as bundling and alignment of the tubes, resulting in the loss of
conductivity and increased resistance."*¥ Similarly, for carbide-
derived carbon-based supercapacitors, the degradation mecha-
nisms are related to the structural stability of the carbon material,
and the surface chemistry of the carbon material plays a crucial
role in the degradation process.['**1*] Onion-like carbon-based
supercapacitors, on the other hand, suffer from structural de-
formation and surface oxidation.!'3¥1%] Graphene-based superca-
pacitors exhibit high specific capacitance/'®! and good cycle sta-
bility but are prone to structural defects and aggregation,!13%151]
leading to decreased performance over long-time cycling. Car-
bon black-based supercapacitors are susceptible to particle ag-
gregation and low electrical conductivity due to impurities in
the material.l'>?] In templated carbon-based supercapacitors, the
performance degradation is related to the stability of the tem-
plate material,'>3] and the carbon material’s pore size distribu-
tion and surface chemistry play a crucial role in the degradation
process.[1%4]

While carbon-based supercapacitors show great potential
for energy storage applications, their performance degradation
mechanisms depend highly on the type of carbon material used
(Table 3). Therefore, understanding these mechanisms can aid
in developing more reliable and high-performance carbon-based
supercapacitors.
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4.2. Degradation of Pseudocapacitive Metal Oxides and Metal
Nitrides

In the field of electrochemical capacitors, the term “pseudocapac-
itance” is used to designate electrode materials, such as RuO,,
that have the electrochemical signature of a capacitive electrode
(such as observed with activated carbon), i.e., exhibiting a linear
dependence of the charge stored with the width of the poten-
tial window, but where charge storage originates from different
reaction mechanisms.['*] Indeed, the emergence of pseudoca-
pacitance on electrode surfaces stems from rapid and reversible
Faradaic reactions that involve the transfer of charge across the
double layer. However, unlike in battery-type electrodes, pseudo-
capacitance arises in a manner where the degree of reaction, Q, is
a continuous function of potential, V, leading to the development
of a derivative, dQ/dV, possessing capacitance-like properties.
This definition can be found in Conway’s book “Electrochemi-
cal Supercapacitors: Scientific Fundamentals and Technological
Applications”.['>%] Moreover, it has been explained in detail in a
perspective paper on this topic.['**] Subsequently, only the mate-
rials fulfilling this definition will be examined in this paragraph.
Nevertheless, only a few compounds exhibit such peculiar elec-
trochemical signatures, including some transition metal oxides
(Ru0,,!'*] MnO0,,!1*617] Fe, 0,131 V,04,[1%8] transition metal ni-
trides (VN,!1*] Mo, N,1%l and multicationic oxides which have
been depicted in a recent review.[!%!]

The typical double-layer capacitance is a result of the potential-
dependent accumulation of charges that are stored electrostat-
ically (i.e., non-Faradaically) at the interfaces of the capacitor
electrodes.['*) The common point between all these materials
is their electrochemical signature, such as their cyclic voltam-
mogram having a quasi-rectangular shape and a corresponding
charge and discharge diagram closely similar to that of a capac-
itor. It must be emphasized that such peculiar properties are
highlighted in aqueous electrolytes. Indeed only a few reports
focus on the operation of pseudocapacitive materials in ionic
liquids.[129:162]

Concomitantly to their operation as electrodes in aqueous elec-
trolytes, pseudocapacitive materials usually show poor capaci-
tance retention upon cycling (Table 3). Most related papers are re-
ported on hundreds or thousands of cycles, unlike carbon-based
electrodes from electrical double-Layer capacitors exhibiting over
100 000 or 1 000 000 cycles with minor capacitance fade. The ex-
ception to this assumption can be found in a few publications:
Trasatti and Buzzancal’! recognized the pseudocapacitive be-
havior of this RuO, film material formed on Ti with TiO,, or
with Ta,Os, the cycle life in capacitor charge and discharge be-
tween 0.05 Vand 1.2V, or even to 1.40 V (RHE) under some con-
ditions is remarkable, allowing cycling over 10° times with little
degradation.!*®3] Recently, VN thin films were cycled in KOH elec-
trolyte with impressive capacitance retention upon 150 000 cycles
(Figure 10A).11%4

Although many studies have been published on RuO, elec-
trodes with a large performance in capacitance, energy, and
power densities in H,SO, electrolytes, the lack of reports on ex-
tended cycle life is quite puzzling. The same applies to MnO,
electrodes operated in mild aqueous electrolytes (pH = 7) or VN
electrodes cycled in 1 M KOH (Table 3). This can be explained as
redox reactions occurring at the electrode surface when cycled in
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Table 3. Lifespan of supercapacitors based on carbon materials, metal oxides, and metal nitrides.

Capacitive or pseudocapacitive electrode Electrolyte Cyclng rate Cycle number Capacitance Refs.
material (or duration) retention [%]

Carbon Activated carbon 1M Na,SO, 03Ag™! 5000 100 [267]

1M Li,SO, 02Ag™! 10 000 99 [262]

1M Na,SO, 1Ag™! 20 000 97 [263]

BMImBF, 15Ag7" 10 000 80 [264]

0.5 M K,SO, 0.1Ag™! 1000 96 [265]

1M CsF TAg™! 10 000 80 [266]

Pyr;4B(CN), 2Ag™ 50 000 99.8 [267]

6 M KOH 1Ag™! 10 000 92.6 [268]

Carbide-derived 1M H,SO, 2Ag™! 10 000 96 [269]

carbon 1 M TEABF,/ACN 05Ag™! 10 000 85 [95]

Carbon nanotubes 0.5 M Na,SO, 05Ag™! 1000 80 [270]

0.8 M H3PW 1,0, 1Ag™ 12 000 90 [277]

TBAP/TH 025A g™ 10 000 92 [272]

LiCl/PVA 0.1Ag™! 1000 97.7 [273]

Onion-like carbon 2 M KNO; 25Ag7" 4000 71 [274]

1M Li,SO, 1Ag™! 10 000 62 [275]

1 M TEABF,/ACN 05Ag™! 100 h 92 137]

Graphene 1M EMImBF,/ACN 05Ag™! 50 000 98 [276]

0.5 M H,SO, 0.5Ag™! 5000 94.9 [277]

Carbon black 1.5 M TEABF,/ACN 0.75A¢g™" 7000 80 [140]

1M BeSO, 02Ag™! 10 000 94 [278]

6 M KOH 5Ag” 5000 94 [279]

Templated carbon 1M Li,SO, TAg™! 120 h 80 [147]

EMImFSI/EMImBF, 02Ag™" 10 000 80 187]

6 M KOH 0.1Ag™! 4000 95.4 [280]

1M Li, SO, 1Ag™! 100 000 80 [287]

6 M KOH TAg™! 75 000 80 [281]

Metal oxides MnO, 2 M Na,SO, 05Ag™! 3000 100 [282]

1M Na,SO, 05Ag™! 5000 92.4 [283]

RuO, H,SO, 1Ag™! 10 000 95 [282]

Fe,0; 1M KOH 1Ag™! 1000 84 [284]

V,04 1M Na,SO, 05Ag™! 5000 89.7 [285]

Fe,03 1M Na,SO, 1Ag™! 1000 99 [286]

CuO 1M Na,SO, 2Ag™! 1000 90 [287]

TiO, 1M Na,SO, 2Ag™! 1000 100 [288]

TiO, 1M KOH 1Ag™! 10 000 94 [288]

ZnO 1M Na,SO, 1Ag™! 5000 92 [289]

SnO, 1M Na,SO, 1Ag™! 5000 95 [283]

Metal nitrides VN 1M KOH 100 mV 150 000 98 [164]

S—]

W,N 1M KOH 5Ag7 10 000 100 [290]

TiN 1M H,SO, 2Ag™! 5000 96 [297]

W,N PVA/H,PO, 05Ag™ 10 000 84.7 [292]

Fe,N 1M Licl 4AgT 20 000 99 [293]

CrN 0.5M H,SO, 1Ag™! 20 000 94 [294]
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Figure 10. A) Evaluation of the cycling stability and rate capability of 76 nm-thick sputtered VN film in T m KOH. capacitance retention and Coulombic
efficiency of VN film evaluated during 150,000 cycles at different scan rates (Reproduced with permission.l'®4l Copyright 2023, Wiley VCH). Activated
carbon (-)//5 M LiINO3//MnO, (+) asymmetric supercapacitor; B) residual current recorded at different polarization voltages; C) self-discharge of the
cell previously polarized at different cell voltages (A. Morel, D. Bélanger and T. Brousse, unpublished results).

aqueous electrolytes, gas evolution reactions that can damage the
mechanical integrity of the electrode or the cell when operated
in a sealed vial, and corrosion of the current collectors used for
such electrodes. The two last causes are extrinsic to the electrode
material, while the first one is intrinsic to the investigated com-
pound. They are not systematically investigated in studies deal-
ing with pseudocapacitive materials. Moreover, they are scarcely
evidenced when only a few hundred or thousands of charge-
discharge cycles are shown. This is even more critical when fast
charge/discharge rates are reported since all these reactions are
kinetically hindered when the operating potential window is ex-
ceeded for a very short period.

The type of electrolyte used can significantly affect the elec-
trochemical behavior and degradation of MnO, in pseudocapac-
itive applications. In aqueous electrolytes, MnO, undergoes a
redox reaction with H* or OH™ ions, resulting in the forma-
tion of MnOOH or MnO(OH),, which act as active sites for
pseudocapacitance. Prolonged cycling in aqueous electrolytes
can lead to the dissolution of MnO, particles, resulting in the
loss of active sites and a decrease in capacitance.!'®! In contrast,
in nonaqueous electrolytes, MnO, undergoes a surface adsorp-
tion reaction with the electrolyte species, resulting in the for-
mation of a surface-bound layer that acts as an active site for
pseudocapacitance.[31%] The non-aqueous electrolyte systems
typically used with MnO, include organic solvents such as ace-
tonitrile, propylene carbonate, and ethylene carbonate. The cy-
cling stability of MnO, in non-aqueous electrolytes can be im-
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proved by controlling the nature of the surface-bound layer and
preventing its degradation.

4.2.1. Redox Reactions Occurring at the Surface of the Electrode
Material

Redox reactions occurring at the surface of pseudocapacitive ma-
terials have been documented in the early literature related to
RuO,. Indeed, Trasatti et al. evidenced that small capacitance
degradation upon cycling arises due to RuO,?~ formation at the
high potential ends of the anodic potential excursions.['**] Irre-
versible Faradaic reactions have also been depicted in RuO, thin
films. They seem to be located at grain boundaries, and their ad-
vanced characterization has not been carried out.**”]

The capacity reduction of MnO,-based electrodes in neutral
aqueous electrolytes has been explored in various studies.!'!
Most of these studies aim at evidencing side reactions occur-
ring when incursions out of the operating potential window of
the electrode occur. One of the most commonly reported causes
for such redox reactions is the reduction of Mn** to Mn** be-
low 0 V vs. Ag/AgCl, which further leads to the dismutation
of Mn** as Mn*" and Mn?** soluble species. Upon subsequent
oxidation, Mn?* is deposited as MnO, on the top surface or
pristine MnO, particles. This aligns with a reported change in
the microstructure of MnO, grains upon repeated cycling./1®!
The initial dense oxide coating has evolved into a petal-like
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morphology after cycling, typical of dissolution/deposition
processes.['”% Such behavior can be predicted from the reading
of Pourbaix diagrams. To mitigate the fading problem in MnO,-
catalyzed electrodes, the accumulated electrons in the oxide elec-
trode are transferred to dissolved oxygen molecules through the
oxygen reduction reaction (ORR) to prevent the formation of
Mn(II) species. This strategy is effective as the lower potential
limit is close to the onset potential of the ORR. Increasing the dis-
solved oxygen content in the electrolyte or using the Ti(IV)/Ti(III)
redox pair as a charge-transfer mediator to enhance the electro-
catalytic activity of MnO, for ORR are two solutions that have
induced significant improvement of capacitance retention upon
cycling and 10 000 cycles have been demonstrated instead of 3000
for the pristine electrode design.[*”!]

The degradation mechanism of MnO, electrodes mainly relies
upon the type of MnO, polymorph used as electrode material. In-
creasing the operating temperature of the cryptomelane electrode
resulted in a higher degree of structural distortion caused by the
Jahn-Teller distortion of MnO, octahedra. This structural distor-
tion had an adverse effect on the redox reactions that involved
the reversible intercalation of K* into the MnO, lattice. It led
to a significant increase in the charge-transfer resistance at the
solid-electrolyte interface, thus accelerating capacity fading.['”?]
Cycling increased the electrical resistivity of the layered birnes-
site electrode, which can be assigned to the large cyclic volume
variations in the birnessite structure.['’?! Such volume variations
induce debonding of the binder from the particulate components
of the electrode and a loss of active material. Such behavior is
drastically emphasized when increasing the operating tempera-
ture from +25 °C to +50 °C.

The same effect of cation reduction in transition metal oxides
while cycling the electrodes can be depicted from the literature
on Fe; 0, pseudocapacitive electrodes. The reduction current in-
crease below —0.6 V versus Ag/AgCl in neutral aqueous elec-
trolytes is related to the irreversible reduction of Fe’* to Fe?*.
Although such a reduction current tail is systematically observed
in the studies related to magnetite, the influence of this reduc-
tion reaction has not been systematically investigated.['’*] Mul-
ticationic compounds involving Fe active cation and spectator
cations, such as W in FeWO,, have demonstrated an improved cy-
cle life. However, after 10 000 cycles, only a slight amorphization
of the surface of the particles was evidenced by electron diffrac-
tion and high-resolution electron microscopy.''””!

Transition metal nitrides are also affected by redox reactions
occurring at their surfaces. VN was initially proposed as a pseu-
docapacitive electrode in an aqueous KOH electrolyte using quite
awide potential window, namely —1.2 to 0 V versus Hg/HgO. The
related electrodes exhibited a drastic capacitance fade upon only a
few hundred cycles.['7%) This potential window must be narrowed
from —1.0 to —0.4 V versus Hg/HgO to avoid excessive surface
oxidation of vanadium species at the electrode surface.['””] The
charge storage mechanism was also evidenced.['”®! This led to
materials engineering with the deposition of thin film electrodes
by magnetron sputtering in a nitrogen-rich reactive atmosphere,
thus drastically decreasing the amount of vanadium oxide species
at the surface. After that, 150 000 cycles were demonstrated with
virtually no fade in capacitance (Figure 10A).11%]

All these examples should promote the in-depth electrochem-
ical investigation of pseudocapacitive electrodes, especially re-

Adv. Energy Mater. 2023, 13, 2301008 2301008 (21 of 36)

www.advenergymat.de

garding the useful and safe electrochemical window that can be
used to avoid redox reactions at the surface of the particles of the
active material. To reach this goal, a slow cycling rate (<5 mV s™!)
must be used to unveil these Faradaic reactions and try to find al-
ternative solutions to cancel or avoid them.

Not only redox reactions involving the active material are re-
sponsible for capacity fade, but a too-wide potential window is
also the source of problems since gas evolution reactions are
likely to occur.

4.2.2. Gas Evolution Reactions

When using aqueous electrolytes, gas evolution reactions con-
comitant to water electrolysis are commonly seen in pseudoca-
pacitive electrodes.['®! As for Faradaic reactions that can occur at
the electrode surface, kinetic is a major parameter that can help
to evidence or to hide the presence of OER and/or HER. Many
studies on pseudocapacitive electrodes in a given potential win-
dow have reported a large irreversible capacity upon oxidation or
reduction at a slow scan rate related to HER or OER, but without
a detailed discussion.

The volume of generated hydrogen and oxygen gases have
been evaluated from linear sweep voltammetry plots in a (-)
asymmetric activated carbon//0.65 m K,SO,//MnO, (+) cell.l}7”]
When operated up to a 2.2 V cell voltage, the volumes of O,
and H, gases evolved per cycle are 2.62 nL cm™2 (cm? of elec-
trode loaded at 5 mg cm™) and 1.71 pL cm™2, respectively. For
cells with significantly higher areas and operated over many
charge/discharge cycles, such an amount of gases is not neg-
ligible. This will lead to a pressure build-up in the cell and a
potential hazard due to the combination of hydrogen and oxy-
gen in a confined volume.!'®] When the upper cell voltage is
limited to 1.5 V, these quantities decrease to reasonable num-
bers, thus allowing a longer cycle life with 20% energy fade after
10 000 cycles instead of 4000 when the cell was operated at 2.2 V.
A systematic study of the optimum operating cell voltage was con-
ducted for such asymmetric design (Figure 10B,C). The onset of
residual current due to gas evolution reaction occurs above 1.6 V
(Figure 10B). The self-discharge measurements also suggest that
the safe operating cell voltage for the asymmetric design is close
to 1.6 V (Figure 10C). The same findings were reported by other
groups.[18%]

Irreversible reactions are not the only concern with gas evolu-
tion reactions: the bubbles generated at the electrode surface can
lead to mechanical degradation of the electrode with the particles
of active materials falling apart, disconnected from the binder
and conductive additive by the action of nanoscopic bubbles.['8!]
This is a common feature that can be experimentally evidenced. A
MnO, electrode cycled within a too-wide potential window leads
to a brownish deposit at the bottom of the electrochemical cell
due to mechanical disaggregation induced by OER.[1¢8]

The gas formation can also occur when chloride-based elec-
trolytes such as aqueous KCl or NaCl are used.'®”! The oxidation
reaction leads to the formation of chlorine gas which builds up
pressure inside sealed cells and generates the opening of coin
cells, as observed by Mosqueda et al.["®! The same behavior is ob-
served and amplified with aqueous bromide-based electrolytes.
Gas evolution is generally not commonly studied whenever
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pseudocapacitive electrodes are used with aqueous electrolytes.
The main reason may be that the experiments are often con-
ducted in open beaker-type cells with no visible effect on the cy-
cling ability of the electrode material. As previously stated, for
intrinsic Faradaic reactions, a slow cycling rate must be used to
unveil these gas evolution reactions and help to tune the safe
electrochemical window. Gas evolution reactions can also impact
the current collector, which becomes a potential source of trouble
mainly due to its use in aqueous electrolytes.

4.3. Degradation of 2D Materials

Since early work on the exfoliation of graphene in 2004,}%3] 2D
materials have been attracting significant attention thanks to
the qualitative changes in their physical and chemical proper-
ties due to the quantum size effect related to their nanosized
thickness.['®*] The 2D structure of graphene consists of sp?-
hybridized carbon atoms in planar monolayers, characterized by
a high conductivity (owing to enhanced electron mobility), very
good mechanical strength, chemical stability, and a high acces-
sible surface, with theoretical specific surface area value above
2500 m? g~1.185] However, the restacking of graphene sheets by
z—r interactions is a primary limiting factor that minimizes its
intrinsic surface area and application as electrode materials for
supercapacitors.['®! Stoller et al. explored the direct exploitation
of graphite into graphene oxide with chemical modifications for
supercapacitors applications.'®”] Although the authors did not
report on the lifespan of the obtained devices, the resistive char-
acter of the cells observed from the cyclic voltammograms and
Nyquist plots is a sign of the poor cycling stability of such ca-
pacitors. The degradation of graphene-based supercapacitors is
mainly due to the preparation method of graphene,!'88 which
is based on the chemical exfoliation of graphite with strong ox-
idants, giving graphite oxide.'®>18¢] Next, graphite oxide is re-
duced to obtain graphene, which tends to restack and contains a
relatively high amount of residual oxygen.[*¥”] Consequently, the
lifespan of supercapacitors using graphene electrodes in various
electrolytes is limited by more or less oxygen amount and the
number of stacked layers.[18¢]

Another important family of 2D materials in supercapaci-
tor applications is transition metal dichalcogenides (TMDs).[%!
TMDs are compounds of the type MX,, where M is a transi-
tion metal atom (Mo, W, etc.), and X is a chalcogen atom (S, Se,
or Te).[" TMDs exhibit versatile chemistry and have remarkable
properties like large surface area, high electrical conductivity with
variable oxidation states, and tunable electronic properties from
metallic to insulating depending on their composition, crystal
symmetry, and the number of layer.!**12] Among the currently
implemented TMDs as supercapacitors electrodes, molybdenum
disulfide (MoS,) is mainly used due to its unique property like its
small size and high conductivity.[1**1%3] MoS, can be used as pure
or to enhance the conductivity of composite electrodes.'?] Some
authors reported pure Mo$S, and its composites as electrodes for
supercapacitors.['*Yl Compared to MoS, electrodes, the compos-
ites demonstrated higher specific capacitance and better capacity
retention after 5000 GC/GD cycles.['*] The improved cycle stabil-
ity of the composite material was attributed to the smooth mass
diffusion and rapid electron transfer within the electrode.!']
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Table 4. Lifespan of various supercapacitors based on various 2D mate-
rials, including reduced graphite oxide (rGO), transition metal dichalco-
genides (TMDs), layered metal oxides (LMOs), and transition metal car-
bides/nitrides (MXenes) and MXene-based composite electrodes.

Electrode Cycling rate Cycle Capacitance Reference
number  retention (%)
rGO 50 mVs™! 600 100.0 [186]
rGO/CoMn,0, 5Ag! 3,000 90.2 [186]
rGO/MnO,-CNTs 4AgT! 1,200 83.5 [189]
MoS, 1Ag™! 5,000 83.5 [194]
MoO,@MoS, 1Ag™! 5,000 88.4 [194]
MoS, @rGO 8Ag™! 4,000 92.0 [196]
MoS,/NiS 1Ag™! 5,000 81.5 [196]
MoS, @N-rGO 1Ag™! 50,000 94.5 [196]
Ni;S, @rGO@NiAl 1Ag™ 10,000 87.7 [196]
MoSe, @ VACNTF 15Ag™" 5,000 84.1 [196]
MoSe, @Ni 1Ag™! 1,500 100.0 [196]
rGO/MXene 100A g™! 40,000 90.0 [215]
rGO/TiyC,T, 1Ag™! 10,000 100.0 [215]
CNTs/p-Ti; C, 5 mVs! 10,000 100.0 [215]
MXene/CNTs 5 mvs! 10,000 86.3 [215]
MXene/Ni-Fe 0.2 mA cm~2 10,000 90.0 [215]
MXene/V,Os 1 mA cm™2 6,000 93.0 [215]
MXene@cotton/PPy 1Ag! 10,000 87.0 [215]
MXene/PPy/PVA 1Ag™! 1,000 83.0 [215]
MXene/PSS:PEDOT 5 mvs! 10,000 95.0 [215]
MXene@PEDOT 1Ag™! 10,000 96.5 [215]
MXene/MnO, 10 mvs™! 10,000 85.0 [215]
MXene/MnO, /CC 5Ag™ 10,000 83.0 [215]
MXene/MnO, 1Ag™ 1,000 96.0 [215]
MXene@HHK-CC 0.5 mAcm=2 1,000 94.2 [215]
MXene/carbon cloth 1mAcm™2 8,000 97.0 [215]

This claim was later linked to low charge transfer resistance for
the hierarchical core-shell nanostructure.'®®] Table 4 summa-
rizes the cycling stability performance of various supercapacitors
based on TMDs and other 2D materials.[186:19419]

Beyond graphene and TMDs, various 2D materials have also
attracted considerable attention as supercapacitors’ electrode ma-
terials due to their unique physical and chemical properties.
These materials include layered metal oxides (LMOs),[%" layered
oxides and hydroxides, 1%l transition metal nitrides (TMNs,[*]
transition metal selenides (TMSs, 2% transition metal car-
bides/nitrides (MXenes,!?°!l and layered metal-organic frame-
works (MOFs). Among them, 2D MXenes are a rapidly growing
and very large family of 2D layered metal carbides, carbonitrides,
and nitrides, typically obtained by MAX phase etching.[2°2] The
general formula of MXene is M, X, T,, where n+1 (n = 1-3)
represents the layers of early transition metals (M = Sc, Ti, Zr,
V, Nb, Cr, or Mo) interwoven with n layers of carbon or nitro-
gen (X), and T, is introduced by liquid-phase etching.[?] Ac-
cordingly, MXenes have wealthy surface functional groups (e.g.,
—OH, —F, —0), which provide a considerably large number of ac-
tive sites with great potential for efficient loading of active ma-
terials and surface modification.?!] Hence, MXenes have high
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electrical conductivity, hydrophilicity, and ion intercalation.[2%]
Furthermore, their high mechanical strength and volumetric spe-
cific capacity are beneficial for preparing binder-free electrode
materials, increasing the interest in using MXenes in superca-
pacitor applications.

Among the large MXene group, Ti;C,T, has been extensively
studied for supercapacitors and capacitive deionization.[?%*! How-
ever, numerous MXenes, including Ti,C,T,, are synthesized by
a chemical etching method, ] usually using nonenvironmen-
tally friendly fluorine-containing solutions,2%! which often leads
to obtaining materials with many defects.?”] Additionally, MX-
ene sheets tend to close packing, restricting electrolyte ion trans-
port and diffusion, thus affecting the energy storage performance
of MXenes-based supercapacitors and limiting their lifespan. Be-
sides, MXenes easily oxidize, especially at high positive poten-
tials, reducing supercapacitors’ cycle life and efficiency. To ad-
dress these issues and develop MXenes-based supercapacitors
with excellent performance and long cycle life, composite elec-
trodes combining MXenes with carbon nanomaterials, metal ox-
ides, or conductive polymers have been proposed and extensively
studied.[28] Composite materials offer the advantage of weaken-
ing the MXene heavy stacking phenomenon and improving the
oxidation resistance, thus boosting supercapacitors’ energy den-
sity and cycle life.l2%

Zhang et al. reported a symmetric supercapacitor based on
composite MXene@carbon electrodes with excellent capacitance
retention.l?®] The authors prepared the composite material by
introducing layered porous carbon into Ti,C,T, films. The for-
mer acted as the pillar to create a rapid passageway for good con-
tact between Ti,C,T, and ions. As a result, the supercapacitor
with 60% layered porous carbon in the Ti,C,T,@HPC compos-
ite with 6 M KOH aqueous electrolyte retained 86% of its initial
capacitance after 10 000 charge/discharge cycles at a current den-
sity as high as 10 mA cm™. Sun and co-workers also reported
a symmetrical supercapacitor based on composite hierarchical
porous Ti;C, T, /biomass-derived carbon fibers (MXene/CF) with
excellent electrochemical and cycling stability.?1% After 5000 gal-
vanostatic charge/discharge cycles, the device retained 99.8% and
63.9% of its initial capacitance at high rates of 10 A g~! and 100 A
g1, respectively. Zhang et al.?®] reported very high cycling stabil-
ities of composite MXene electrodes obtained via surface coating
of MXene, which simultaneously improved the conductivity and
ion penetration within the electrodes. Liu et al. demonstrated that
a supercapacitor with electrodes made of Ti; C, T, combined with
nanoscale polymer poly(3,4-ethylene dioxythiophene) (PEDOT)
additive exhibits improved capacitive performance and good cy-
cling stability (96.5% capacitance retention at 10 A g™! after 10
000 cycles of charge/discharge process) then the device made of
pristine Ti,C,T,.?'! The long cycle life of the Ti,C,T, @PEDOT
symmetric cell compared to the capacitor made with the origi-
nal Ti,C, T, material was linked to the synergetic effect between
PEDOT and the unique accordion-like structure of Ti,C, T, with
sufficient interlayer space for doping with sulfur-containing sub-
stances, facilitating charge transfer processes. Many other sym-
metric supercapacitors have been reported with various lifes-
pans in different Ti, C,T, composites with MnO, ,[2%! Co,0,,1212]
TiO,,2%] CuS,[28] or Cu, ;Co, 5Se,,[2%] among others.

Despite the improved electrochemical stability of MXene-
based composite electrodes in symmetric supercapacitors, their
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voltage window is only about 0.6 V due to the oxidation of the
positive electrode. Therefore, pseudocapacitive materials are sug-
gested in asymmetric cell configurations to increase the oper-
ating voltage of MXene-based supercapacitors. A 1.6 V asym-
metric capacitor based on a negative Ti;C, T, /multiwalled car-
bon nanotube electrode and a positive polypyrrole (PPy) coated
multiwalled carbon nanotube electrode was reported with 94%
capacitance retention after only 1000 cycles in 1 M Na,SO,
electrolyte.l”!] Jiang et al. demonstrated an asymmetric pseu-
docapacitor design by combining positive RuO, with negative
Ti;C,T, electrodes.' The RuO, /Ti;C,T, cell operated at 1.5 V
in an acidic 1 M H,SO, electrolyte and retained 86% of its initial
capacitance after 20 000 charge/discharge cycles at a high specific
current of 20 A g=1.214

Implementing MXenes as electrodes for flexible supercapac-
itors has been broadly studied in recent years.?°V215] In flexible
supercapacitors, MXenes play a multifunctional role in the elec-
trodes. They can be used not only as active material but also as a
binder, flexible backbone, and conductive additive.[?! The com-
bination of Ti;C,T, MXene and rGO for preparing composite
electrodes for flexible supercapacitors was reported with excellent
cycling stability of 90% capacitance retention after 40 000 cycles
at a high current of 100 A g~! (Figure 11A).125] The lifespan of
the main performance of MXene-based flexible supercapacitors
at different rates is summarized in Table 4.121%]

The main factor limiting the long-time stability of supercapac-
itors based on MXene electrodes is the oxidation of MXene with
large surface functional groups during long-time cycling. This
hypothesis was proven by post-analysis on MXene electrodes,
where the SEM images revealed many TiO, particles on the MX-
ene nanosheet.?!%! The same authors implemented inductively
coupled plasma mass spectrometry to test titanium content in
the electrolyte after the long-term cycling of MXene-based super-
capacitors. The results revealed a significantly higher titanium
content in the electrolyte after cycling a cell made with pristine
MXene electrodes compared to the supercapacitors made of com-
posite MXene@carbon electrodes.

5. Beyond Electrolyte and Electrode Degradations

5.1. Degradation of Interfaces/Interphases

The contact area between the electrode and the electrolyte is of
great importance as the place where the energy storage of super-
capacitors takes place. While the 2D surface between the phases
is described as an interface, this concept can be expanded to a 3D
model with a small volume. This so-called interphase includes
more than the first atomic layer of the electrode surface and ex-
tends into the electrolyte.

While, within this interphase, the double-layer is formed in
the case of EDLCs, for pseudocapacitive materials, the charge-
storing redox reactions occur."! Considering this, the nature and
intactness of electrode/electrolyte interphases play a crucial role
in the electrochemical performance of supercapacitors and their
ability to store charges and energy. At the same time, the inter-
phase is the primary reaction site for reduction and/or oxida-
tion decomposition reactions due to the availability of the nec-
essary energy from charges and reactive chemical species from
the electrolyte.l”?] Thus, the decomposition products within the
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Figure 11. A) Cycling stability of MXene/rGO-based flexible supercapacitor at 100 A g~' in 3 M H,SO, electrolyte. The inset represents the GC/GD
obtained after 2, 10000, 20 000, 30000, and 40000 cycles. Reproduced with permission.[?'3] Copyright 2020, Elsevier. B) Capacitance of AC/AC su-

percapacitors with PTFE and PVDF binders plotted versus floating time at

1.6 V and room temperature in 1 NaNOj electrolyte. C) QSDFT pore size

distribution of activated carbon (AC) powder, AC-PTFE, and AC-PVDF electrodes. Reproduced with permission.[?23] Copyright 2014, Elsevier.

electrolyte and on the electrode surface originate from the elec-
trode/electrolyte interphase. When supercapacitors age, not only
do the electrode materials and electrolyte components decom-
pose, but also the interphase between these altered systems de-
grades. This has various effects, such as deteriorated electron
conductivity, reduced surface area, or accessibility.'”! The de-
graded interphase has a detrimental effect on the performance
of the aged supercapacitors, which can be observed in decreas-
ing capacitance and energy and increasing resistances.
Different decomposition products have different impacts on
the degradation of the electrode/electrolyte interphase. By form-
ing gaseous decomposition products, which are trapped on the
electrode surface, the electrode and electrolyte are separated
and unable to form an interphase in these areas.*®’#l Thus,
the energy storage mechanisms are inhibited at these specific
locations. Additionally, the deposition of insoluble decomposi-
tion compounds on the electrode surface strongly influences
the electrode/electrolyte interphase. The decomposition prod-
ucts’ surface area reduction and passivation effects complicate
the efficient contact between the active electrode material and
electrolyte.l®?] While this type of separation of reaction site and
electrolytic compounds is greatly beneficial in LIBs and enables
their proper function by forming an SEI, forming a passive
layer leads to a significant loss in energy storage capacity for
surface-based energy storage processes.!?1% This connection can
be highlighted when considering electrolytes based on EiPS,
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which tend to form a passive layer on the electrode surface at
higher temperatures.[#") With the degradation of the original mi-
crostructure in the first hours of operation, the capacitance of the
EDLC decreases significantly. However, it results in less decom-
position in the further operation of the device. This being said,
the materials of the supercapacitor and their forming decompo-
sition products directly impact the integrity of the respective elec-
trode/electrolyte interphase. Upon their degradation, the device’s
electrochemical performance is significantly affected due to the
strong connection between the interphase and the surface-based
energy storage mechanisms in supercapacitors.

5.2. Effect of Pores Blocking and Functional Groups

The active materials for preparing supercapacitors electrodes are
in a powder state and, in some cases, have relatively low elec-
tronic conductivity. Therefore, a few percent of a conductive ad-
ditive, such as carbon black, is generally added to improve the
electrode conductivity. Moreover, a polymer binder is often im-
plemented to ensure the mechanical strength of all the elec-
trode components, the particles’ cohesion, and the electrode’s
adhesion to the current collector.?'”! However, several limita-
tions have risen due to the use of polymer binders in super-
capacitors electrode fabrication: i) polymer binders block part
of the pores of the porous electrodes, reducing the available
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surface area, which affects the capacitance and lifespan of the
cells.[?17:2181 {i) Polymer binders are electrical insulators, increas-
ing the electrical resistance of the electrodes, which reduces the
power density of supercapacitors.l?!! iii) Binders and conductive
additives typically occupy 5-25% of the electrode mass with no
capacitance benefit, which is unfavorable to the energy density
of supercapacitors.l??! (iv) Mainly used binders contain fluorine,
generating highly toxic fluorinated compounds upon disposal by
incineration, which are not ecofriendly. v) Electrodes prepared
with polymer binders have insufficient strength for fabricating
flexible supercapacitors applicable in wearables and flexible elec-
tronics, limiting their commercial application.[?17:218221]

Among the binders used for supercapacitors electrode prepa-
ration, polyvinylidene fluoride (PVDF) and polytetrafluoroethy-
lene (PTFE) are mainly considered owing to their high electro-
chemical stability and binding capability.??2] However, the ca-
pacitance and life span of carbon/carbon supercapacitors with
electrodes prepared using PTFE binder were higher than that of
PVDF-based electrodes (Figure 11B).1223] The better cycle life and
higher capacitance of PTFE-based electrodes are due to the differ-
ence in porosity of the two types of electrodes (Figure 11C). Com-
pared to the pristine carbon powder, the PVDF-based electrodes
lost 22% of their total pore volume against only 9% loss observed
for the electrode made with PTFE binder.l??3] Moreover, the spe-
cific surface area of the PVDF-based electrodes was 522 m? g!
lower than the initial carbon powder against 231 m? g~! drops for
the PTFE ones. Hence, although it cannot be extrapolated that
PTFE is a better binder than PVDF for all types of supercapac-
itors electrode preparation, researchers should consider the gas
analysis data of the electrodes instead of the original powder.

PVDF was also found to be the best binder for pseudocapac-
itive materials (including transition metal sulfides and MXene)
because PVDF can form separate domains within the compos-
ite electrode, leaving the surface of metal oxides free while en-
hancing the ionic transport through the electrode material and
increasing the charging/discharging reactions.!??*] However, the
electrochemical performance of the cell is hindered by factors
such as inadequate cyclic stability, low electrical conductivity,
poor mechanical stability, and low specific surface area.l?2422%]
Therefore, different polymer binders were proposed to improve
the electrochemical performance of metal oxides-based superca-
pacitors, of which PVDF and its copolymers were found more
suitable for fabricating electrodes.[?2>22¢] Tt was shown that in-
corporating the PVDF/graphene composite binder can bridge
the gap between the MnO, spheres and create a network struc-
ture, thereby enhancing the conductivity of the pseudocapacitive
electrode.[224:227]

Some authors proposed to replace the insulating fluorinated
polymer binders with reduced graphene oxide (tGO)!**®] or envi-
ronmentally benign and economically viable water-soluble poly-
mers like polyacrylic acid (PAA),12%1 PVA,[23% polyvinylpyrroli-
done (PVP),?%] cellulose-derivatives as sodium-carboxymethyl
cellulose (CMC),3! bacterial cellulose (BC),**2l or mixtures
of polyvinylpyrrolidone/polyvinyl butyral (PVP/PVB).[22°] How-
ever, the mechanical strength of these electrodes is inadequate
for their consideration in flexible supercapacitors. In addition,
electrodes prepared with such binders have relatively low elec-
tronic conductivity and poor stability. To address these chal-
lenges, efforts have been made to propose binder-free MXene
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electrodes for supercapacitors.?33] Various strategies for prepar-
ing binder-free electrodes and composite electrodes based on
metal-organic frameworks (MOFs) have been developed and re-
cently reviewed.[**] Electrospinning has emerged as an advanced
tool for fabricating binder-free, scalable, and suitable superca-
pacitor electrodes.[?**! Free-standing carbon nanofiber electrodes
and composite electrodes prepared with the electrospinning tech-
nique are highly conducting, flexible, and hold enormous poten-
tial for use in wearable electronic devices. A recent critical review
on electrospinning-derived electrodes and their applications in
supercapacitors can be found in ref.[236] Nevertheless, the lifes-
pan of most supercapacitors based on binder-free electrodes is
limited to less than 10 000 galvanostatic charge/discharge cycles.

Apart from binders, the life span of supercapacitors electrodes
deteriorates due to the presence of surface functional groups in
the electrodes. In carbon/carbon supercapacitors, the functional
groups generally detected on the surface of carbon materials con-
tain oxygen, hydrogen, nitrogen, and/or other heteroatoms.!'33]
Those groups include carboxyl, phenol, hydroxyl, lactone, amine,
amide, pyridine, lactam, pyrrole, carbonyl, ether, pyrone, and sul-
fonic acid.[?*”] In addition, the wettability of the supercapacitors
electrode can be affected by the surface groups, which impact the
electrochemical performance of the cell through Faradaic contri-
butions (considerable capacitance enhancement).238! Yet, surface
functional groups should be controlled before using electrode
material for supercapacitors.

5.3. Corrosion, Anodic Dissolution, and Passivation of Current
Collectors

5.3.1. Current Collectors for Supercapacitors

The current collector material requirements are incredibly com-
plex to provide stable support for the active material coating and
a low-resistive distribution of charges while ideally being inert in
the cell environment and low-priced. While current collectors do
not play an active role in the charge storage mechanisms of super-
capacitors, the choice of material for the specific application can
significantly affect the overall performance of the energy storage
device. Therefore, various materials, from widely used metals to
polymers, ceramics, or carbons, have been investigated for their
use as current collectors in supercapacitors.!?**! For supercapac-
itors based on organic electrolytes, such as those commercially
available, aluminum is the most commonly used current collec-
tor material due to its high availability at low costs, low electric
resistivity, and good stability against most materials used in su-
percapacitors.

The aging mechanisms of supercapacitors’ current collectors
can be divided into corrosion and anodic dissolution. While cor-
rosion is the spontaneous reaction of the current collector with
the surrounding compounds and relies on their reactivity and
forming reaction products, anodic dissolution requires a current
to oxidize the current collector.?*] Due to the widespread use of
aluminum as a current collector, the specific aging of aluminum
in energy storage devices has already been investigated in detail,
especially for batteries and supercapacitors. Naturally, aluminum
is considered corrosion-resistant due to an oxide layer that forms
on the aluminum surface when in contact with air. Although this
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oxidation by air is a corrosive process of the aluminum surface,
it prevents the material from further corrosion after forming a
stable, protective layer. Since aluminum oxides are additionally
insoluble in water and organic solvents, the properties of the pro-
tective passivation layer can be exploited to promote the integrity
of the current collector in the cell environment. However, the sol-
ubility of the oxide layer in strong acids and bases and its ability
to form complexes can lead to the destruction of the protective
layer.?*!] In addition to the formation of aluminum oxides, the
aluminum current collector can be further protected by a passi-
vation layer of aluminum fluoride containing AlF,.[***) To form a
layer of aluminum fluoride on top of the existing oxide layer, the
current collectors need to be fluorinated by a species such as HF,
which can be realized by the addition of HF as an additive to the
electrolyte or by in situ HF formation through the decomposition
of the conductive salt or the solvent.**}] Like the oxidation of alu-
minum, this fluorination process is also considered a corrosion
process. The aluminum current collector’s corrosion resistance
can also be enhanced by the design of artificial protective layers.
These can be realized by magnetron sputter deposition of ceram-
ics such as chromium nitrides and significantly improve the ox-
idative stability of aluminum. However, these coatings can influ-
ence electrolyte degradation and overall cell performance.[>*!]

Despite the passivation possibilities aluminum offers, this cur-
rent collector material is not unsusceptible to aging. Especially at
voltages >3.0 V, anodic dissolution of the current collector can oc-
cur, while the damage’s extent is directly related to the strength
of the current.**! Anodic dissolution of aluminum current col-
lectors results in pitting holes in the surface and, thus, less favor-
able charge transport. Extensive research over the last few years
revealed the strong influence of the electrolyte on the aging be-
havior of aluminum current collectors. Thus, the electrolyte (sol-
vent) and the salt ions (anion and cations) play a vital role in the
degradation processes. Since the solubility of forming aluminum
complexes strongly drives the anodic dissolution, the dielectric
constant of the solvent, as well as the concentration of dissolved
compounds, impacts the level of anodic dissolution.[?**] With the
temperature affecting the solubility of salts in solvents, a higher
temperature promotes the anodic aluminum dissolution due to
the improved solubility even further.?*”] Furthermore, the an-
odic oxidation of aluminum comprises other Faradaic reactions,
such as the oxidation of electrolytic compounds.!**¥] Thus, the
electrolyte’s stability in the respective cell environment and the
nature of formed degradation products, especially under oxida-
tive conditions, influence aluminum degradation and its water
content.[*]

In addition to the solvent, both the anion and the electrolyte
salt’s cation influence the aluminum’s degradation. Naturally, the
cations have a minor impact on the anodic dissolution of alu-
minum compared to the influence of the respective anions of the
electrolyte. Due to the different grades of coordination of solvent
molecules by the cations, the electrolytic solution’s overall satu-
ration relies on the cation’s utilized type.l*®*] Thus, the amount
of dissolvable aluminum and the possible grade of aluminum
dissolution is influenced. On the other hand, the anions have a
more significant influence on the anodic dissolution with their
possibility to form dissolvable aluminum complexes. However,
the extent of anodic dissolution depends strongly on the anion
used since different anions show different tendencies to form sol-
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uble aluminum complexes. The most prominent examples show-
ing high anodic dissolution are the bis(fluorosulfonyl) imide
and bis(trifluoromethanesulfonyl)imide anions.[*! By forming
the soluble Al(TFSI); and Al(FSI); complex, TFSI~ and FSI~
are known for strong current collector aging in multiple sol-
vents limiting the overall performance and longevity of the
supercapacitor.!?®2] Another example for increasing anodic dis-
solution of aluminum is the Cl~ ion. When present in the
system, chloride forms transitory compounds like Al(OH),Cl,
Al(OH)CI,, and AICl; with the aluminum oxide layer. When dis-
solving as AICl,~ above a certain pitting potential, the Cl~ ions
cause pitting in the aluminum surface similar to TFSI~ and
FSI~.123] Conversely, anions like BF,~ or PF,~ can even inhibit
the current collector degradation by in-situ formation of HF and
following passivation of the aluminum surface by fluorination
(Figure 12A,B).[2>4

To tune the stability of the current collector in a specific
cell environment, additives can be used to stabilize the alu-
minum and reduce its degradation. Recently, the use of (diflu-
oromethanesulfonyl)(trifluoromethanesulfonyl)imide anion was
proposed, which forms an unstable Al(DFTFSI), complex that
decomposes to stable passivation species such as AlF;.2%] In
addition to additives that further passivate the current collec-
tor surface, the solubility of soluble aluminum complexes can
be tuned. By the addition of other salts or ionic liquids such
as Al(TFSI);, (fluorosulfonyl)(trifluoromethanesulfonyl)imide or
Pyr,, TFSI, the load of dissolved compounds can be increased
while maintaining the electrochemical properties and perfor-
mance of the supercapacitor.[?% Thus, the dissolution of soluble
aluminum complexes is limited to a certain extent.

5.3.2. Current Collectors for Pseudocapacitors

The corrosion of current collectors is rarely reported in the litera-
ture. Using aqueous electrolytes together with pseudocapacitive
electrodes drastically limits the number of potential candidates.
Moreover, the choice of the current collector strongly depends
on the nature of the studies. Fundamental studies aiming at an
in-depth investigation of the pseudocapacitive electrode can ad-
vantageously use “model type” current collectors such as glassy
carbon, platinum, or gold.*®! However, such materials are not
convenient for building cells. As for gas evolution reactions, the
corrosion of current collectors is not often reported in the litera-
ture. Brousse et al. provide an insightful description of the mech-
anism that can lead to the de-passivation of stainless steel current
collectors.I?>7] Tt involves the role of trapped air during the fabri-
cation of electrodes and the concomitant formation of a “concen-
tration cell”.[28]

Consequently, the oxidation of metal occurs in restricted re-
gions, causing the dissolution of metallic ions such as iron,
chromium, and nickel. This effect is more pronounced in stain-
less steel due to the lack of oxygen, which prevents the forma-
tion of a protective layer on the metal surface in confined areas.
When highly concentrated sulfate solutions undergo hydrolysis,
the pH level drops significantly, further accelerating the corro-
sion process. Anodization of the current collector can also occur
whenever high oxidative potentials are used, which merges with
the previous remarks on gas evolution reactions.
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Figure 12. Schematic illustration of the degradation of the aluminum current collector with protective layers and post-mortem scanning electron micro-
graphs of the aluminum in A) BF, - and B) TFSI~-based electrolytes. The scanning electron micrographs. (Reproduced with permission.[?#>] Copyright
2017, Wiley-VCH). Nickel current collectors coated with MnO, electrodes C) after 1year of storage at room temperature inside a pouch cell, D) leakage
at the sealing of the pouch cell, and subsequent oxidation of the welded tab (pictures courtesy of David Brown, IMN).

Apart from less common solutions ranging from the use of
carbon fabrics to that of MXene, which can indeed be potential
solutions as current collectors for microdevices or stretchable
devices,?>°! the choice is drastically limited for real-life cells. It
consists mainly of stainless steel and nickel, which can be ob-
tained as 10-25 pm thick foils processable in pilot lines. These
materials have been carefully investigated through different stud-
ies using different aqueous electrolytes.!26]

The drastic effect of corrosion can be illustrated by Figure 12C,
where a MnO,-based cell has been stored for one year at
OCV at room temperature. The nickel-based current collec-
tor has been severely corroded without a clear explanation of
how this happened. A similar observation can be made on a
welded tab of a nickel current collector (Figure 12D), where
corrosion led to electrolyte leakage after a few thousand cycles
of operation.

Many potential issues can cause the failure of pseudocapaci-
tive electrodes implemented in supercapacitors. Most of them re-
mained unclear due to the few hundred cycles shown in literature
data that do not enable evidence of the failure of the electrodes
or the related devices. However, the main reasons for such fail-
ure are the too-wide potential window for pseudocapacitive elec-
trodes, which generate parasitic Faradaic reactions. These reac-
tions are irreversible oxidation or reduction of a cation in the elec-
trode composition or gas evolution reaction due to water electrol-
ysis. Both reactions lead to the electrode’s chemical, structural,
microstructural, and/or mechanical degradation. To prevent such
reactions, a careful investigation of the safe electrochemical win-
dow in which the pseudocapacitive material can be operated must
be conducted. Moreover, the adequate selection of current collec-
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tor and electrode material must be explored before choosing the
right combination. Unfortunately, unlike the operating potential
window that can be easily determined, the choice of a safe current
collector appears as a challenge for cells implementing pseudo-
capacitive electrodes.

6. Conclusion and Outlook

Supercapacitors have emerged as a promising energy storage
technology for a wide range of applications, but their perfor-
mance degradation and aging mechanisms remain a challenge
for researchers and engineers. In this review paper, we have ex-
plored the various factors contributing to supercapacitors’ perfor-
mance fading and failure, with particular attention to the indus-
trial point of view.

Monitoring the degradation of supercapacitors is crucial for
understanding their performance decay. Parameters such as ca-
pacitance and equivalent series resistance are commonly used
to assess degradation. However, it is important to conduct these
measurements under controlled thermal conditions to account
for the sensitivity of supercapacitors to temperature variations.
While galvanostatic charge/discharge cycling tests have tradition-
ally been used, they can be time-consuming. Alternative methods
such as the floating test, performed in potentiostatic mode, have
shown promise in providing a more accurate assessment of su-
percapacitor lifespan in a shorter time.

Understanding the degradation mechanisms of supercapac-
itors is essential for developing strategies to mitigate perfor-
mance decay. The degradation processes are complex and depend
on various factors such as material composition, charge storage
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mechanisms, operating conditions, and impurities. Redox-based
systems, which rely on redox reactions for charge storage, are par-
ticularly prone to degradation due to the irreversibility of these
reactions. Universal aging processes for all types of supercapac-
itors are challenging to define, but by studying specific systems
in detail, tailored solutions can be developed to address their ag-
ing mechanisms. In-situ/operando techniques and post-mortem
methods play a crucial role in unraveling the degradation mecha-
nisms of supercapacitors. These advanced characterization tech-
niques provide valuable insights into the structural and morpho-
logical changes occurring during the operation of supercapaci-
tors. They include electrochemical dilatometry, X-ray diffraction,
atomic force microscopy, spectroscopy techniques (such as XPS
and nuclear magnetic resonance), and more. Further advance-
ments in these techniques will continue to enhance our under-
standing of degradation processes and aid in the development of
improved supercapacitor designs.

Looking ahead, reducing the performance degradation of su-
percapacitors remains a significant challenge. Future research ef-
forts should focus on developing new electrode materials with
enhanced stability and improved charge storage properties. Ad-
vances in electrolyte formulations, including the use of novel
electrolytes such as ionic liquids and solid-state electrolytes,
can also contribute to better supercapacitor performance and
longevity. Additionally, the development of effective methods
for in-situ monitoring of supercapacitor degradation will en-
able real-time assessment of their health and facilitate proactive
maintenance.

In conclusion, understanding the degradation and aging
mechanisms of supercapacitors is crucial for improving their
performance and extending their lifespan. This review has pro-
vided insights into the factors influencing supercapacitor degra-
dation, monitoring techniques, and future directions for miti-
gating performance decay. By addressing these challenges, su-
percapacitors can continue to play a vital role in high-power ap-
plications and contribute to the advancement of electrochem-
ical energy storage systems. The findings and recommenda-
tions presented here will be of interest to researchers, engineers,
and others working in the energy storage and supercapacitor
technology field.
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