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Abstract

Water-In-Salt (WIS) electrolytes are expected to replace the expensive and environmentally harmful
organic electrolytes while delivering high voltages and improved system safety. In this study, we
conducted a failure modes, mechanisms, and effects analysis of a highly concentrated potassium
acetate (KAc) electrolyte, evaluated and degraded at 2V in a conventional EDLC carbon-based
symmetric configuration. The adopted method provides a simplified yet effective approach for
assessing the complexity and interconnectivity of degradation mechanisms in a WIS supercapacitor.
The effects analysis included electrochemical stability studies, post-mortem characterizations (SEM-
EDS and XPS), low-frequency impedance fitting, and cell reassembly using end-of-life electrodes.
Among the failure modes analyzed, electrolyte decomposition and pore blocking exhibit strong
physicochemical correlations and high failure rates. Therefore, they should be prioritized in the
design of new WIS electrolyte compositions for next-generation energy storage systems.

Keywords: water-in-salt electrolyte; potassium; symmetric supercapacitor; FMMEA; degradation

1. Introduction

Aqueous electrolytes are interesting because of their high ionic conductivity, non-flammability,
and environmental friendliness. However, water has a relatively narrow electrochemical stability
window of around 1.23 V due to its decomposition into oxygen and hydrogen at the positive and
negative electrodes[1]. This limits the maximum operating voltage of batteries and supercapacitors
and reduces their energy and power densities compared to organic[2] and ionic[3] liquid electrolytes.
Water-In-Salt (WIS) electrolytes[4,5] have been developed to address the primary challenge of
replacing expensive and environmentally harmful organic electrolytes. Highly concentrated
electrolytes, or solutions with salt-to-water ratios greater than one, by both mass and volume, enable
greater energy densities in electrochemical energy storage systems[6]. In WIS electrolytes, the
reaction kinetics for water splitting are slower, but this also means the electrolyte conductivity is
lower, which limits the system’s power output. Therefore, viscosity, conductivity, and
electrochemical stability are essential parameters for designing competitive and more sustainable
electrolytes for batteries and supercapacitors[7]. WIS electrolytes have been applied to symmetric and
asymmetric supercapacitors[8], hybrid systems[9], and batteries[10] leading to better performance in
energy density, efficiency, and cycle life. For instance, the operating voltage of an aqueous symmetric
supercapacitor increased to 2.3 V by using a 17 m NaClOs/H20 electrolyte that outperformed the non-
aqueous electrolytes[11]. For a battery, the operating voltage was increased by 3.2 V using a
potassium acetate WIS electrolyte[10]. Among formulations currently being considered, WIS
electrolytes based on potassium are attractive because potassium is an abundant element, so it is
cheap [12]and it has a relatively low standard electrode potential compared with Mg, Zn, or Al.
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As in any electrochemical storage system, supercapacitors are subjected to various degradation
mechanisms[13] that can affect performance and longevity. The degradation mechanisms of
supercapacitors are complex and interconnected, often resulting from a combination of mechanical,
chemical, and thermal phenomena occurring after prolonged cycling. Electrode materials can suffer
swelling and contraction[14], resulting in mechanical stresses, fracturing, and loss of active material.
Operating at voltages above the electrolyte’s stability window can cause decomposition[15], leading
to gas formation, pressure build-up, and pore-clogging over time[16]. Ions can become trapped in
electrode pores or intercalate into the structure beyond the reversible limit, leading to a loss of
capacitance and limited kinetics for high-rate performance. Aqueous electrolytes are limited to a
narrow operational temperature range[17], and prolonged cycling at high currents can lead to
thermal degradation[18], including evaporation and performance limitations at extreme
temperatures. Additionally, the separator can degrade over time due to mechanical stress or chemical
attack from electrolyte incompatibility, leading to a short circuit if the electrodes make contact[19].
Given the complexity and interconnectivity of the degradation mechanisms enumerated above, the
failure mode and effects analysis (FMEA) can be used to assess causes and effects, identify potential
failure modes, and prioritize them by risk. The FMEA was first introduced by reliability engineers in
the late 1950s and has since become an accepted method in the military and commercial sectors [20].
In the context of electrochemical energy storage systems, it employs a systematic approach to identify
and address potential degradation issues. A risk analysis method for potential failure modes in Li-
ion battery manufacturing was proposed by J. Dai et al.[21] and C. Hendricks et al.[22] developed a
failure modes, mechanisms, and effects analysis (FMMEA) of Li-ion batteries, providing a generic yet
detailed framework for reliability assessment and failure mechanism identification. A similar
methodology was applied to the safety analysis of lithium-ion cylindrical batteries[23] and to
elucidate cell-to-battery fire propagation phenomena [24].

In this work, we first optimize the potassium acetate (KAc) salt concentration with respect to
electrolyte viscosity, conductivity, and stability, and then electrochemically test most promising WIS
compositions as a function of voltage to evaluate system performance and ageing. Symmetric cells
containing 27 m KAc-based electrolytes were degraded at 2V, and the components disassembled for
post-mortem analysis, failure mechanism identification, and risk prioritization. To our knowledge,
this is the first study to develop an FMMEA of a WIS electrolyte in a carbon-based supercapacitor.

2. Materials and Methods

Self-standing electrodes were fabricated using YP-50F (99%, Kuraray, Japan) activated carbon,
carbon black Super P (>99%, Alfa Aesar, Germany), and polytetrafluoroethylene, PTFE (60 wt. %
dispersion in H20, Sigma-Aldrich, USA) in the weight ratio (wt.%) 85:10:5, together with ethanol
(299.8%, Sigma-Aldrich, UK) as the solvent for the processing. The final paste was mixed using
magnetic stirring at 60 °C until ethanol evaporation, and then rolled on a glass surface until a self-
standing film of about 50-60 pm was obtained. The films were dried at 110 °C in a vacuum oven for
24 h and then stored at 60 °C until use. The final electrode discs of 8-12 mm in diameter (and 1-4 mg)
were used for the coin-cell assembly. Electrolytes were prepared using milli-Q ultra (18.2 MQcm)
pure water degassed with nitrogen to remove any dissolved oxygen content. Stoichiometric amounts
of CHsCOOK salt (299%, Alfa Aesar, USA) were weighted and mixed with the ultra-pure degassed
water using a magnetic stirrer to obtain 1, 21, 25, 27, 30, and 32 molality (mols of the substance of
solute/kg of the solvent) electrolyte concentrations. The electrolytes were sealed to prevent oxygen
contamination, using a flexible cap that allowed syringe-based extraction for physicochemical and
coin-cell characterizations.

Standard CR2032-type stainless steel coin cells were used for electrochemical testing and system
degradation. =~ Symmetric electrodes were used in addition to the Celgard 3501 monolayer
microporous membrane (PP) or the Whatman glass microfiber GF/C separators and the above
electrolytes. The electrochemical stability of the electrolytes was evaluated in a three-electrode
Swagelok cell using 3 mm glassy carbon (Sigma-Aldrich) as the working electrode, oversized YP50
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as the counter electrode, and Ag wire as the pseudo-reference electrode. Electrochemical tests,
including cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS), were conducted using a VMP-3 potentiostat (Biologic, France) and a
battery cycler BSC-800 (Biologic, France). EIS measurements were conducted by applying an ac
voltage of 10 mV amplitude in the frequency range of 10 kHz to 10 mHz in the discharge state. The
activation of the supercapacitors was carried out by performing five cyclic voltammetry (CV) cycles
at a scan rate of 5 mV s The procedure began with a potential of 0.5 V, which was then increased
by 0.1 V per five-cycle sequence until the desired operating voltage was reached. For cell degradation,
including the electrolyte, electrode, and cell components, Swagelok cells were considered since they
facilitate sample recovery for post-mortem analyses.

Regarding the electrolytes’” physicochemical properties, viscosity was measured at room
temperature using a Brookfield DV2T viscometer. Measurements were taken three times at ramp
speeds between 0 and 200 rpm, and the averages were computed. The ionic conductivity was
measured at room temperature using a Lutron CD-4309 conductivity meter. For the solid
components, a Field Emission Scanning Electron Microscopy (FE-SEM) Zeiss Series Auriga 60,
equipped with SE2 and In-Lens secondary electron detectors, as well as a coupled Energy Dispersive
Spectroscopy (EDS) detector model INCA from Oxford Instruments, was used to study electrode
particle morphology and electrode structure for the fresh and degraded samples. X-Ray
Photoelectron Spectroscopy (XPS) data sets were measured using an XPS-UPS system equipped with
a Analyzer hemispherical Phoibos 150 from SPECS with a mean radius of 150 mm (total energy
resolution of 2.9 meV) using an X-Ray source with dual anode (Al Ka 1486.74eV and Ag La 2984.3eV)
and a monochromator.

3. Results and Discussion

KAc-based WIS electrolytes were prepared and first characterized using viscosity and
conductivity measurements. A table summarizing the main results for concentrations between 1 and
32 mol/Kg is presented in Figure 1a. Walden plot relating the molar conductivity to its viscosity and
a plot of the electrolyte’s viscosity as a function of shear rate are presented in Figure 1 b and ¢,
respectively. The ionic conductivity of electrolytes gradually decreases as the formulation changes
from dilute (68.1 mS cm for 1 m) to highly concentrated electrolytes (23 mS cm! for 32 m KAc).
Viscosity behaves oppositely; it increases as the electrolyte concentration increases from 1.2 cp for 1
m KAc to 45.5 cp for 32 m KAc. At higher salt concentrations, the decrease in conductivity is mainly
due to an increase in viscosity of the electrolyte, which is not compensated for by the number of
charge carriers[25]. The Walden plot[26] displays a straight line indicating that the ion mobilities are
strongly coupled to viscosity. Additionally, the viscosity is independent of the shear rate, indicating
that the electrolytes behave like Newtonian fluids.

The electrochemical stability of WIS electrolytes was studied in a three-electrode cell using cyclic
voltammetry (CV) with a scan rate of 0.2 mV/s. Figure 2a presents the typical cathodic and anodic
scans for concentrations of 1 and 27 m KAc. Plot magnifications for the anodic and cathodic currents
at selected voltages are shown in Figures 2b and 2c, respectively. The electrochemical stability
window expands as the salt concentration increases; the cathodic current is pushed well beyond the
thermodynamic stability of water, from -1.4 V to -1.7 V vs. Ag wire, and the anodic current response
decreases from 0.315 mA/cm? to 0.011 mA/cm? at 1.4 V vs. Ag as the salt concentration increases from
1 m to 27 m KAc. Therefore, the electrochemical stability window for the WIS electrolyte is
significantly larger than that of 1 m KAc: 4.1V and 3.1 vs Ag wire for 27 and 1 m KAc electrolytes,
respectively, and this correlates very well with the fact that there are hardly any free water molecules
in the 27 KAc electrolyte for oxidation or reduction, as shown in Table 1a (molar ratio KAc:H20). The
increased stability of WIS electrolytes has been attributed to pH and to sluggish water transport at
interfaces, reducing both OER and HER kinetics[27]. The cathodic current response controls the
electrolyte stability window, as first observed by Tian et al. [28].
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Electrolyte Weight ratio Molar ratio Viscosity Conductivity
concentration saltto H,0 saltto H,0 {cp) {mS/cm)
0.1:1 01:55.6 1.2
2.06:1 01:02.6 15.2 46.4
2.45:1 01:02.2 26.5 348
2.65:1 01:02.1 311 322
2.94:1 01:01.9 386 26.1
3.14:1 01:01.7 455 23
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Figure 1. a) Table summarizing the conductivity and viscosity of KAc-based WIS electrolytes measured at RT;

b) Walden plot representation of molar conductivity vs viscosity; and c) viscosity vs shear rate of selected

electrolytes.
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Figure 2. Electrochemical stability window of 1 m and 27 m KAc electrolytes measured in a three-electrode cell
using cyclic voltammetry (CV) with a scan rate of 0.2 mV/s; a) overall stability vs Ag wire; zoom-in of the b)

anodic current response, and c) cathodic current response. .

WIS electrolytes were tested in symmetric cells using self-standing YP50 electrodes fabricated
with PTFE. Impedance data for the coin cells after activation are presented in the form of Nyquist
plots in Figure Sla and S1b. The Nyquist plots display the typical shape and impedance magnitude
observed for symmetrical self-standing electrodes measured in coin cells. Basically, it can be
deconvoluted into an Equivalent Series Resistance (ESR), corresponding to the first Z’ intercept at
high frequencies, which is between 0.5 and 3 €; the mid-frequency region associated with the charge
transfer resistance (CTR) that corresponds to a non-ideal RC semicircle; and the low-frequency region
corresponding to a straight line whose impedance is mainly imaginary. Impedance data plots
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considering the total cell resistance (Rt) vs electrolyte molality, and Rt vs w03 plots are presented in
Figure Slc and S1d. The use of Rr is convenient since there are no significant differences in the
magnitudes of ESR and CTR among the samples. The average Rr value is ~ 5 Q. The plot of Rr vs
05 displays straight lines with slopes in the order of 1-10. The slope or Warburg coefficient (o) is
related to the adsorption/desorption of the active K* and [C2HsO:] at the electrode-electrolyte
interface(s) in the symmetrical supercapacitor. Since there is no significant variation of the Warburg
coefficient, the kinetics of charge storage at the interface are of the same order of magnitude.

Cyclic voltammetry (CV) results for 27 m KAc in symmetric coin cells are shown in Figure 2S.
CVs were measured as a function of cell voltage up to 2V at a scan rate of 50 mV/s. Within a 2V
voltage window, the recorded profile at 2V is no ideal, indicating the presence of irreversible
reactions. Electrochemical test results for the WIS electrolytes using CV analysis are shown in Figure
3. Figure 3a summarizes coulombic efficiencies calculated from the CV scans at 5 mV/s from 1.2 to 2
V. Efficiencies are greater than 95% for all electrolytes up to 1.7 V. At a higher voltage of 2 V, only 27,
30, and 32 KAc electrolytes have coulombic efficiencies greater than 90%. Figure 3b shows the specific
capacitance versus rate performance at 1.8 V. The electrolytes exhibit lower capacitance at higher scan
rates, decreasing from 23.2 to 15.6 F/g for the 1 m and from 26.3 to 19.6 F/g for the 27 m KAc,
corresponding to capacitance retention of 67.2% and 74.5%, respectively. WIS electrolytes with
concentrations 30 and 32 m KAc display a lower capacity retention of 59% as a function of scan rate,
probably due to the decrease in ionic conductivity (Table 1a). A series of 10,000 CVs at 20 mV/s was
conducted to evaluate the long-term stability of the electrolyte at 1.7 V (Figure 3c) and 1.8 V (Figure
3d). Cycling results show that the retained capacitance after 10,000 cycles at 1.7 V is 90% for 25 m,
85% for 30 m, and 79% for 21 m KAc. At 1.8 V, the retained capacitance is 55% for both 25 m and 30
m, 62% for 27 m, and 65% for both 32 m and 32 m KAc.

Overall, WIS electrolytes with salt concentrations of 25-32 m KAc demonstrate better
performance at high operating voltages, including reduced irreversible reactions, enhanced
coulombic efficiencies, higher specific capacitance, and improved stability compared to 1 m KAc.
However, the electrolytes undergo degradation after 5,000 cycles at 1.8 V. These results align well
with previously reported performances of 1-27 m KAcat 1.7 V by J. Park et al. [29]

The degradation and failure mechanisms of the KAc WIS electrolyte-based supercapacitor were
investigated using the FMMEA method. To our knowledge, no studies have addressed the
identification and characterization of the main failure modes of water-in-salt electrolytes to date.
Swagelok cells were also used for the degradations to facilitate sample recovery for post-mortem
analyses and end-of-life component reassembly. The FMMEA method evaluated the following cell
components: self-standing YP-50 electrodes, Whatman glass microfiber GF/C separator, stainless
steel (55304) or glassy carbon current collectors, and a 27 m KAc electrolyte. Results for coin cells
using 55304 current collectors are presented in Figure S3a-d. To accelerate degradation, the samples
were subjected to high-stress conditions via GCD at 1 A/g within a 2V voltage window. The GCD
curves for the 27 m KAc electrolyte show a distorted triangular shape with an ohmic drop (IR) of 0.35
V after activation up to 2 V (Figure S3a). As galvanostatic cycling proceeds, the ohmic drop increases
(Figure S3b) in correspondence to CTR degradation (Figure S3c). From cycle 10 to 20,000 cycles, the
ohmic drop increases from 0.35 V to 0.93 V, and the CTR from 25 Q to 167 Q. As a result, the plot of
capacitance versus cycle number shows accelerated capacity decay (Figure S3d). The supercapacitor’s
State-of-Health (SoH) was <50% of its total energy storage capacity (after 20,000 cycles) prior to cell
dismantling for post-mortem analysis. The cell components were separated, and the positive and
negative electrodes were preserved for SEM-EDS and XPS analyses.

Figures S4 and S5 show the SEM images of the fresh and degraded electrodes, respectively. The
samples show no significant changes; the cycled samples retain their original structure, with no
cracks, swelling, or other physical alterations. At the particle level, both negative and positive carbon
materials display similar morphologies to the fresh samples; no agglomeration nor particle breaking
is observed. Chemical maps, as determined by EDS analysis (Figure 6S), demonstrate no chemical
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segregation and/or precipitation of potassium for the cycled 27 m KAC electrodes. Overall, the
samples have preserved their morphological characteristics after accelerated ageing at 2V.
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Figure 3. Electrochemical results obtained from CV analysis: a) coulombic efficiencies as a function of cell
voltage; b) specific capacitance vs scan rate from 5 to 100 mV/s at 1.8 V; c) long-term stability at 1.7 V measured
at scan rate 20 mV/s; d) long-term stability at 1.8 V measured at scan rate 20 mV/s.

XPS was used to investigate the surface chemistry of the aged electrodes, and the results are
presented in Figure 4. Given a penetration depth of approximately 10 nm, XPS is an ideal technique
for identifying the elemental composition and chemical bonds of functional groups at the surface of
the samples, which play an important role in the device performance[30] including durability[31].
Figure 4 shows the Cls, Ols, and F1s spectra of fresh and 27 m KAc degraded positive and negative
electrodes.

The deconvoluted Cls spectrum shows the characteristic PTFE corresponding to various carbon-
fluorine bonding environments; CF2 and CFs at 295-296 eV[32]. Regarding the main C=C peak, it
shows broadening around 286-290 eV, mainly corresponding to an increase in the O-C=0 group for
the degraded samples, both positive and negative. The Ols spectra were deconvoluted using four
components, including the signal of COOH, C-O-C, C-OH, and C=0I[33]. The first becomes residual
for the cycled samples, and the 27 m KAc negative electrode exhibits a reduction in the C-OH signal.
For the XPS analysis of the F1s spectrum, the samples display significant changes in peak shape. The
spectrum of the fresh sample can be deconvoluted into three peaks, ranging from the lowest to the
highest energy, with CF, CFz, and CFs/F-O bonds[34]. The positive electrode cycled in 27 m KAc only
needs two peaks corresponding to the CF and CF: of the PTFE, probably due to the elimination of
practically all the absorbed water and the -COOH groups observed in the Ols spectrum. The negative
electrode exhibits significant peak broadening relative to the fresh and positive samples, and the
CFs/F-O contribution is required to fit the spectrum.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. XPS C1s, Ols, and F1s spectra of fresh and 27 m KAc cycled positive and negative electrodes subjected
to accelerated ageing via GCD at 1 A/g within a 2V voltage window.

The effect of the current collector was evaluated within the FMMEA framework by assembling
cells with either stainless steel (S5304) or glassy carbon current collectors. Electrochemical results are
presented in Figure 5 in the form of specific capacitance and IR drop (%) vs cycle number. The
accelerated ageing process shows clear differences in the evolution of capacitance and IR drop with
cycle number between the two types of current collectors. The use of SS current collectors has a
detrimental effect on cell performance; capacitance rapidly decreases from 100% to ~50% after 5,000
cycles, correlating with a 40% increase in IR drop. As cycling progresses, the capacitance further
degrades to < 80% by cycle 10,000, with an increase in IR drop of 45%. The case of glassy carbon
current collectors is different and delivers a significantly improved performance. Glassy carbonisa
material with high hardness, low chemical reactivity, and high electrical conductivity, which
prevents the appearance of parasitic reactions that mask the faradaic and capacitive surface
processes. The cell with glassy carbon current collectors exhibits a lower degradation rate and
enhanced cycling stability, with SOH> 50% and an IR drop increase of < 15% after 20,000 cycles.

We used Swagelok cells equipped with glassy carbon current collectors to complement our
studies by reassembling cells. Basically, accelerated ageing was applied to a cell, and after 10,000
cycles, it was dismantled, electrodes recovered and washed using Milli-Q water and then
reassembled using a new Whatmann separator and fresh 27 m KAc electrolyte. Following the
accelerated degradation protocol previously described, EIS measurements were conducted during
cell cycling and after component reassembly. The low-frequency impedance data provide
information on the resistance to the absorption/desorption of the active K* and [C2H3O2] at the
electrode-electrolyte interface(s) in a characteristic electrical-double-layer capacitive process[35,36].
The Warburg coefficient is proportional to the inverse of the square root of ion diffusion. The smaller
Warburg slope indicates lower resistance to ion transport to the pores. Figure 6 shows Re vs w?>plots
for a) the reference Swagelok cell, and b) the reassembled Swagelok cell. In Figure 6 a), the Warburg
slope is small ~ 4 for the fresh and after activation, and it increases to ~ 35 and eventually to ~ 60 as a
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function of cycling, 10,000 and 20,000 cycles, respectively. The increase in the Warburg coefficient is
associated with an increased resistance to ion absorption/desorption at the electrode pore level.
However, if the cell is dismantled after 10,000 cycles and the washed electrode is reassembled using
fresh electrolyte, a smaller Warburg coefficient (Figure 6b, pink trace) and a higher specific
capacitance (Figure 6S) are obtained. This indicates that the ions partially recover access to the pores
after cell reassembly. The improvement in diffusivity could not be maintained beyond 20,000 cycles,
as the Warburg coefficient increased (green trace in Figure 6b) and the system capacitance degraded

(Figure 6S).
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Figure 5. Electrochemical results in the form of a) specific capacitance (%) and b) IR drop (%) of the cells with
either stainless steel (SS304) or glassy carbon current collectors. The other components were maintained for
comparison purposes: the self-standing electrodes, the Whatman glass microfiber GF/C separator, and the 27 m
KAc electrolyte. The accelerated ageing protocol via GCD at 1 A/g within a 2V voltage window was applied
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Figure 6. Plot of the real impedance part Re vs w5 of a) the reference Swagelok cell, b) the reassembled Swagelok
cell: cycled to 10,000 cycles, dismantled and reassembled, and then cycled 10,000 cycles more. The cell
components were self-standing YP-50 electrodes, a Whatman glass microfiber GF/C separator, and a 27 m KAc
electrolyte, all supported by glass carbon current collectors. The accelerated ageing protocol was GCD at 1 A/g

and 2V.

Overall, we applied the FMMEA method to a potassium acetate water-in-salt electrolyte-based
supercapacitor to evaluate failure modes and associated mechanisms, and to conduct local and
system-effect analyses via electrochemical and post-mortem analyses, including SEM, XPS, and cell
reassembly, to determine the failure level (low, medium, or high) for risk prioritization. Table 1
summarizes the FMMEA results obtained after applying an accelerated ageing protocol consisting of
GCD cycles at 1 A/g and 2V in ambient, room temperature conditions.
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The electrode structure can undergo swelling and contraction[14], including mechanical
degradation of the carbon and binder due to prolonged cycling or peak power demands, reducing
the system-specific capacitance and increasing the charge-transfer resistance, and ultimately leading
to a shorter cycle life. The SEM-EDS analysis demonstrated that the cycled samples retained their
original structure, with no cracks, swelling, or other physical alterations at both particle and electrode
levels after accelerated ageing. Therefore, a low failure level is assigned to the electrode’s mechanical
degradation.

Pore blocking is a failure mode that affects carbon electrodes[37]. It can occur via the reaction of
YP-50F with oxygen generated by electrolyte decomposition or oxygen gas evolution (OER) at the
positive electrode[38]. The system’s operating voltage determines this failure mode. The generation
of COz, CO, Oz, and Hz, along with solid decomposition products and passivation layers[39] leads to
pore blockage, thereby degrading supercapacitor performance. The XPS analysis revealed an increase
in oxygen-containing functional groups in the cycled electrodes. Additionally, it was demonstrated
that if the supercapacitor is dismantled after 10,000 cycles and the washed electrodes are reassembled
with fresh electrolyte, ionic access to the pores and the system-specific capacitance substantially
recover. We assign a high failure level to pore blocking.

The WIS electrolyte decomposes primarily into hydrogen gas at the anode, oxygen gas at the
cathode, and various salt-derived degradation products when the operational voltage exceeds its
stability window. Water-in-salt electrolytes are expected to minimize water splitting[27], thereby
enhancing energy storage by pushing the system’s voltage limits. However, electrochemical stability
studies conducted in 3-electrode cells demonstrated residual parasitic currents even at a high salt
concentration of 27 mM KAc, which increased system pressure and promoted pore blocking,
ultimately leading to system degradation and failure. Therefore, a high failure level is assigned to
electrolyte decomposition.

Corrosion of the current collector(s) is also a primary failure in energy storage systems[40]. It
depends mainly on the materials and their reactivity with the liquid electrolyte. For highly corrosive
interfaces in aqueous media, e.g., Al, passivation layers are required to improve internal cell
conductivity while minimizing the formation of inactive insulating phases at the interphases[41].
Using Swagelok cells, in which components are readily interchangeable, we considered two types of
current collectors: 304 stainless steel and glassy carbon. Electrochemical results demonstrate that
glassy carbon-supported cells exhibit a significantly lower degradation rate, resulting in an enhanced
cycle life under accelerated ageing conditions. A medium failure level is assumed for the corrosion
of the current collector(s).

A short circuit in an energy storage system is considered the worst-case failure mode. This
failure mode is associated with mechanical alteration, shrinkage, or the formation of holes/cracks,
usually at high temperature[42]. This would place the positive and negative electrodes in direct
contact, resulting in rapid electron flow and a strong electric discharge between the plates. We assign
a low failure probability to the separator fracture because we have not observed any short-circuit
response during system degradation at room temperature.

Table 1. Failure modes, mechanisms, and effects analysis (FMMEA) of a potassium acetate (KAc) water-in-salt

electrolyte-based supercapacitor.

Supercapac
Failure Failure
itor Failure Failure Failure Effects Failur
mechani system
Componen | mode(s) cause local effect analysis | e level
sm effect
t
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4. Conclusions

WIS electrolytes are interesting because they enable higher energy densities than conventional
aqueous electrolytes, which are limited by water-splitting reactions. In this paper, we have explored
the physicochemical, electrical, and electrochemical properties of highly concentrated potassium
acetate (KAc) electrolytes for high-voltage applications. Among the compositions evaluated, the 27
m KAc was selected for failure modes, mechanisms, and effects analysis since it demonstrates better
electrochemical stability and electrochemical performance in terms of coulombic efficiency, specific
capacitance, and improved cyclability as a function of rate and voltage (up to 1.8 V) with respect to a
1m KAc-based electrolyte.

The 27 m KAc WIS electrolyte-based supercapacitor was subjected to accelerated ageing using
galvanostatic charge/discharge at 1 A/g and 2V in ambient, room-temperature conditions, and the
components recovered, analyzed, and reassembled to assess failure modes, mechanisms, and causes,
while prioritizing them by failure risk level: high, medium, and low. The use of the FMMEA provided
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a simplified yet effective methodology for assessing the complexity and interconnectivity of the
degradation mechanisms in the WIS supercapacitor. The method identified five failure modes:
electrode degradation, pore blocking, electrolyte decomposition, corrosion of the current collector(s),
and separator shrinkage/fracture, through material and system analyses, including electrochemical
stability studies, post-mortem characterizations (SEM-EDS and XPS), low-frequency impedance
fitting, and cell reassembly. Among the modes analyzed, pore blocking and electrolyte
decomposition are considered to have high failure rates. These two failure modes are interconnected,
since parasitic chemical reactions lead to gas evolution, material passivation, and, eventually, pore
blockage. This was reversed by reassembling washed electrodes in a fresh water-in-salt electrolyte
using Swagelok cells: the system significantly recovered its performance, including pore access and
specific capacitance.

Overall, although water-in-salt electrolytes are engineered to mitigate water-splitting reactions
and thereby maximize the system’s energy density by increasing the operational voltage window,
we have identified that their primary failure modes arise from the electrolyte’s stability window and
from interactions between decomposition reaction products and the carbon electrode.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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