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ABSTRACT
Solid-state batteries (SSBs) are considered a safer alternative to conventional lithium-ion batteries due to the replacement of

flammable liquid electrolytes with solid electrolytes. However, many practical SSB designs incorporate liquid catholytes to reduce

interfacial resistance at the cathode. The presence of liquid components introduces potential safety risks during failure events, yet

the influence of catholyte formulation on cell safety remains poorly understood. In particular, the effect of catholyte gelation on

thermal runaway behavior has not been experimentally evaluated. Here, we investigate the safety characteristics of QSSBs con-

taining catholytes with varying degrees of gelation using nail penetration testing. Tests were performed on 2 Ah pouch cells at

100% SOC, with the surface temperature and video recorded throughout. Cells containing liquid catholytes underwent violent

thermal runaway, reaching temperatures exceeding 400°C. In contrast, cells incorporating fully gelled catholytes showed no ther-

mal runaway, with temperatures remaining below 25°C. Intermediate levels of catholyte gelation did not produce intermediate

safety responses, with partial gelation failing to significantly mitigate failure severity. These results demonstrate that catholyte

gelation can dramatically alter the thermal runaway behavior of QSSBs under internal short-circuit conditions and highlight the

importance of electrolyte formulation when evaluating the safety of SSB systems.

1 | Introduction

Lithium-ion batteries have dominated the consumer electronics
and automotive sectors for over three decades, with total world-
wide production at nearly 4 TWh of energy storage in 2024,
which is expected to double in the next 5–10 years [1, 2]. The
performance of Li-ion cells in energy density, power density, cost,
and availability has resulted in widespread deployment in elec-
tronic devices and electric vehicles (EVs) with increasingly chal-
lenging applications, including aerospace and aviation proposals
[3]. In spite of their widespread deployment, safety concerns per-
sist, particularly relating to thermal runaway (TR), which risks
posing significant damage to human health and destruction of
property [4–7]. While the occurrence of TR failure is rare, this
issue has been highlighted to the general public through popular

media, reinforcing the perception of poor safety performance in
EV batteries [8–10].

Cathode active materials (CAMs) for lithium-ion and solid-state
cells span a broad range of chemistries, each exhibiting distinct
intrinsic safety characteristics. The two most commercially prom-
inent classes are olivine-structured lithium iron phosphate (LFP)
and layered mixed-metal oxides, typically comprising a stoichio-
metric mixture of nickel, manganese, and cobalt (NMC). From a
safety perspective, LFP is widely regarded as the more thermally
stable chemistry, though it remains capable of thermal runaway
under sufficiently extreme abuse conditions [11, 12]. NMC, par-
ticularly high-nickel formulations, exhibits considerably more
severe behavior, with the onset and intensity of thermal runaway
being strongly dependent on the state of charge at the time of
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abuse [13]. This disparity arises from two principal factors: first,
NMC possesses a substantially higher gravimetric energy density
at the cell level (LFP � 170 Wh kg−1 theoretical maximum,
NMC622 � 250 Wh kg−1 in practice, with theoretical maxima
approaching 280 Wh kg−1), resulting in a greater total energy
available for release during failure; and second, NMC undergoes
oxygen evolution upon thermal decomposition, which can act-
ively sustain and accelerate combustion. Comprehensive discus-
sions of these comparative safety behaviors are provided in
several established reviews [14–16].

Despite these safety concerns, NMC’s superior energy density has
driven its widespread adoption as a CAM of choice across many
applications. The integration of a solid-state electrolyte may offer
a viable pathway to mitigating these risks, potentially enabling the
deployment of high-energy cathode materials alongside high-
capacity anodes, such as lithium metal and silicon, within cell
architectures that satisfy both energy density and safety require-
ments [17]. However, the safety benefits of solid-state electrolytes
are not universal and can be strongly dependent on electrolyte
chemistry, interfacial stability, and cell engineering; realizing these
benefits, therefore, requires careful design consideration [18, 19].
Additionally, a holistic cell-level design approach is essential,
encompassing cell casing geometry and integrated safety devi-
ces, on top of the electrode and electrolyte chemistries.

Currently, commercial liquid electrolyte technology is primarily
composed of lithium salts and carbonate-based organic solvents,
which are particularly flammable [20, 21]. The hazards associated
with battery failure are acutely concerning, as mechanical damage
to battery packs can result in the leakage of organic solvent electro-
lytes, which pose risks to both human health and the environment.
In addition, the low ignition temperatures and poor thermal stabil-
ity of these solvents increase the likelihood of thermal runaway dur-
ing operation or following material degradation [22]. As we
transition to higher energy density negative electrode materials,
such as Li-metal, to improve the gravimetric energy densities of
cells, conventional lithium-ion electrolytes become unsuitable, with
strategies to enable these negative electrode developments requiring
solid electrolytes (SE) suggested to facilitate this change [23].

Solid-state batteries (SSBs) offer significant safety advantages
over conventional Li-ion alternatives [18, 19, 24, 25]. As dis-
cussed by Yu et al. [19], their lower thermodynamic energy
reduces the likelihood of highly exothermic reactions under ther-
mal stress, while solid electrolytes (SEs) help suppress lithium
dendrite growth, a common failure mode in liquid electrolyte sys-
tems under low-temperature or high-rate conditions [26, 27]. The
high thermal stability of SEs also raises the thermal runaway
trigger temperature, though this alone may not prevent degrada-
tion of individual electrode components [28]. Despite these
advantages, experimental safety data for SSBs and quasisolid-
state batteries (QSSBs), particularly from industry-fabricated,
high-energy-density pouch-cell prototypes, remain scarce. This
reflects both the limited commercial availability of these devices
at scales suitable for safety testing and the broad diversity of SE
chemistries (ceramics, polymers, and hybrids), which resist gen-
eralization and often necessitate cell-specific characterization.
This complexity is further compounded when liquid-phase com-
ponents are introduced to form QSSBs [18].

While the safety of SSBs is widely perceived as being greater than
their Li-ion counterparts, their rate performance, due to lower

ionic conductivities through the SE, has been reported to be
worse, impacting the performance of cells and hampering their
commercial deployment [22]. To overcome these interfacial chal-
lenges, the addition of small amounts of liquid-containing cath-
olyte has become common [29–31]. This is generally an organic
solvent containing lithium salts, similar to a conventional liquid
electrolyte, which is introduced at the interface of the solid elec-
trolyte and the positive electrode to reduce interfacial resistance
and stabilize the interface during cycling [19]. However, the pres-
ence of liquid components, which are often more flammable than
SEs, could undermine the inherent safety typically associated
with SSBs [32, 33].

The use of a liquid or gel catholyte has been motivated by previous
studies, which report that chemically delithiated NMC acts as a
strong oxidant toward the sulfide electrolyte, driving interfacial
redox reactions that generate resistive decomposition products
and cause progressive impedance growth [34]. Structurally, the ani-
sotropic lattice strain associated with repeated lithiation cycles gen-
erates internal stresses that promote intergranular cracking and
particle fragmentation [35–37]. In solid-state cells, unlike in liquid
electrolyte systems, the electrolyte cannot infiltrate these cracks to
maintain ionic pathways, meaning fractured regions become elec-
trochemically isolated and create a self-reinforcing cycle of hetero-
geneous lithium transport and accelerating capacity loss [38].
While solid electrolytes can, in principle, mitigate some of these
degradation pathways by mechanically constraining cathode par-
ticles, this benefit comes at the cost of higher interfacial resistance,
which is precisely the limitation that has motivated the addition of
liquid catholyte in many practical SSB designs [35, 38, 39].
Critically, the same cathode-electrolyte interfaces that govern elec-
trochemical performance also represent a thermal hazard. Charged
NMC/sulfide composite cathodes can undergo exothermic reac-
tions under thermal abuse conditions, with interfacial heterogene-
ity in solid-state configurations potentially exacerbating rather than
alleviating this risk [40].

Although all-solid-state batteries (ASSBs) have the potential to
resolve these safety concerns, their performance, at present, is
insufficient to ensure mass adoption. A deeper understanding
of the trade-offs between safety and cell performance is crucial
to position this technology as a viable option for automotive
applications and the wider consumer market [41]. Several strat-
egies have been proposed to address these safety challenges,
including composite current collector designs [42], flame-
retardant electrolyte additives [43], and ceramic-coated separa-
tors [44], each targeting distinct failure mechanisms. The use
of gelled catholytes represents a further promising avenue, poten-
tially offering a balance between the ionic conductivity required
for rate performance and the reduced volatility and flammability
needed to mitigate thermal runaway risk.

Nail penetration tests are a widely used method in the battery
industry to evaluate the safety and thermal stability of batteries
under severe mechanical abuse conditions [10, 45–47]. These
tests simulate penetration by a conductive object that breaches
the cell’s protective casing and induces an internal short circuit,
leading to intense localized Joule heating and rapid current flow.
The resulting heat triggers successive exothermic reactions, acc-
elerating temperature rise and ultimately leading to TR. Nail pen-
etration is generally regarded as a more severe abuse condition
than external thermal heating, as it combines mechanical dam-
age, electrical shorting, and thermal decomposition. This type of
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testing is critical because it replicates some of the most severe
real-world hazards arising from high-impact accidents or
manufacturing defects, which can lead to fires or explosions
[48]. While the test is often perceived as extreme and may not
represent the reality of the most common field failures, it is
important to note that it is an industry standard test and a pre-
requisite for tests to pass existing safety standards, including the
UL2580 and SAE J2464 [8, 10, 49]. It is also likely that this test
will be retained in any future SSB testing standard, as it has the
impact of fracturing the electrolyte and allowing short-circuiting
to occur, something which may occur during a number of
dynamic events,22 including vehicle impact.

While SSBs may offer compelling safety benefits, the incorporation
of liquid catholyte introduces additional failure mechanisms that
remain poorly characterized in the literature. Given that this
approach is widely adopted by SSB manufacturers, it is critical
to evaluate whether such hybrid configurations retain the inherent
safety advantages of fully solid-state architectures. Here, the impli-
cations of this trade-off are systematically investigated using nail
penetration testing to induce controlled internal short circuits
across cells with varying catholyte formulations, with cell temper-
ature and voltage monitored throughout each failure event. A dis-
tinct safety threshold is identified; fully gelled catholytes are shown
to prevent thermal runaway, whereas liquid and partially gelled
systems exhibit failure behavior comparable in severity to conven-
tional liquid-electrolyte lithium-ion cells. This enhanced thermal
stability in fully gelled systems is attributed to their reduced vola-
tility and the capacity of the gel matrix to impede short-circuit-
driven thermal propagation.

2 | Experimental Details

2.1 | Cell Details

Nail penetration testing was conducted on solid-state pouch
cells (Ilika PLC, Hampshire, UK), which consisted of 12 alter-
nating layers of NMC622 (LiNi0.6Mn0.2Co0.2O2) positive elec-
trode and a silicon-containing graphite negative electrode,
with a total cell capacity of�2 Ah. The cells being assessed
were a mix of cells containing a common electrolyte salt in
a liquid catholyte and cells containing highly viscous gel cath-
olytes; additional cells with intermediate levels of gelation were
also tested. Cells were approximately 140 x 80 with 30 mm wide
tabs located at top and bottom of the cell; see SI. Details of
each cell and their catholyte composition can be found in
Table 1. Further details of these cells are proprietary and
not disclosed here.

2.2 | Nail Penetration

Failure testing was performed using MTI-TE901-U and MTI
MSK800 (MTI Corp., CA, USA) with a Gamry Interface 1010E
(Gamry Instruments, PA, USA) potentiostat connected to each
cell via ring terminals. All cells were charged to 100% state-of-
charge (SoC), equivalent to 4.2 V, with a constant current applied
at a C-rate of C/5 (400 mA), and a constant voltage (CV) step
applied at the top of charge until the current had reached 25%
of the initial charging current (100 mA) to ensure 100% SoC
had been reached. A 4mm diameter stainless steel nail was used

with a point angle of 45°. The nail was connected to a high-
accuracy linear actuator that moved at 10 mm s−1 and remained
in the pouch cell for 4 s before being removed. The chamber was
at room temperature and open to atmospheric air; a slight nega-
tive vacuum was exhibited due to extraction system connected.
Temperature was measured throughout the experiment using a
Pico TC-08 thermocouple data logger (Pico Technology, St Neots,
UK), where two N-type thermocouples were taped on top and
two underneath the cell, placed approximately 2 cm from the nail
entry hole between the positive and negative terminals. Images
were taken using a 3.8K UHD camera (Dell UltraSharp Webcam
WB7022, Dell Technologies) placed outside the explosion-proof
chamber.

3 | Results and Discussion

3.1 | Observations During Failure

Nail penetration testing was conducted on 4 SSBs, each compris-
ing an NMC622 positive electrode and a graphite/silicon-blended
negative electrode, separated by a proprietary solid electrolyte.
Two cells contained a liquid catholyte (Cells 1 and 2), and
two featured a fully gelled catholyte (Cells 3 and 4). Both cath-
olytes consisted of a lithium-containing salt dissolved in organic
solvents, differing only in the presence of a gelling agent. The
inclusion of silicon in the negative electrode blend is notable,
as silicon can undergo significant expansion and contraction dur-
ing cycling, potentially influencing the mechanical and thermal
stability of the solid electrolyte interphase (SEI) and solid elec-
trolyte. Additionally, silicon-containing negative electrodes can
exacerbate gas generation during TR due to electrolyte reduction
reactions and the formation of lithium silicates, which, due to
their exothermic formation reaction [50], are understood to sig-
nificantly increase the temperatures reached during TR.

Figure 1 presents still images captured within the first 30 s post-
penetration, highlighting distinctly differing behaviors between a
cell with liquid and a cell containing fully gelled catholyte. In
Cell 1 (Figure 1a–f ), which contained a liquid catholyte, imme-
diate production of a dense white vapor was observed upon nail
penetration. This can be seen to be released from the puncture
sites both above and below the cell. This phenomenon aligns
with observations by Christensen et al. [51] in Li-ion pouch cells
with NMC and graphite electrodes, where vapor production
results from release of gaseous decomposition products of exo-
thermic reactions, including the solid electrolyte interphase (SEI)
decomposition at 90–120°C, electrolyte breakdown at 120–250°C,

TABLE 1 | Table of cells tested and their catholyte composition.

Cell Number Catholyte Composition

1 Liquid

2 Liquid

3 Gel

4 Gel

7 Medium Gel

8 Medium Gel

9 Medium Gel
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and positive electrode degradation >250°C. The rupture of the
cell packaging, either by nail penetration or internal pressure
buildup, causes the ingress of oxygen and moisture, accelerating
exothermic reactions and promoting the onset of TR.

In Cell 1, a liquid-containing cell, rapid decomposition of the SEI
and catholyte likely occurred due to Joule heating generated
from current flow through internal short circuits and the conduc-
tive nail [52]. The vapor remained contained within the sealed

FIGURE 1 | Video stills during nail penetration testing for: (a–f ) Cell 1 - Liquid catholyte, and (i–vi) Cell 3 - Gel catholyte, at the time stamps

detailed, showing the divergent behavior of the two cell types, with the liquid cell (a–f ) undergoing catastrophic thermal failure when compared

to the benign response of the fully gelled cell (i–vi).
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aluminum pouch for approximately 1 second before the pouch
ruptured at the negative terminal; see SI. This can be attributed
to pressure buildup from gas generation within the cell, which
causes the negative terminal seal to fail, leading to a sudden
release of flammable vapor. The failure at the negative electrode
tab could be explained by the higher thermal conductivity of the
negative electrode (primarily graphite) compared to the positive
electrode (NMC), producing higher local temperatures, which
cause additional gas generation and weakening of the cell seal,
leading to failure. However, seal integrity may vary across the
four seals in these cells, and thus, weaker seals may be breached
before the negative seal gives way. Further analysis of seal integ-
rity will be required to confirm this; however, this is outside the
scope of this study.

The vapor produced in Cell 1, mainly originating from electrolyte
decomposition, ignited immediately upon release, potentially
triggered by sparks from hot fragments expelled through the rup-
tured seal (Figure 1c). This is further facilitated by the ingress of
atmospheric oxygen and moisture. The resulting flame persisted
for over 60 s, transitioning from bright yellow to white to orange
as it cooled. This prolonged combustion may also be attributed to
the ignition of the polymer-coated aluminum pouch material,
particularly at the negative terminal end of the cell, where the
highest temperatures were recorded. In contrast, prismatic or
cylindrical cells, typically encased in steel, may exhibit reduced
fire duration due to fewer flammable components. The geometry
of the system may also impact the mechanism of failure, with the
colocation of tabs at one side of the cell impacting the failure of
the pouch, which may result in a directionally different result
with tabs located on the same edge.

TR in liquid cells has been widely reported to generate gaseous
products, including flammable species such as hydrogen (H2), car-
bon monoxide (CO), and small hydrocarbons (e.g., ethylene [C2H4]
and methane [CH4]), as well as toxic species like hydrogen fluoride
(HF), hydrogen cyanide (HCN), sulfur dioxide (SO2), nitrogen diox-
ide (NO2), and oxygen (O2) from positive electrode decomposition,
which is likely to have occurred in this scenario. However, since gas
collection was not possible in this case, we rely on literature sources
to speculate on the nature of these gases [51, 53]. The rapid ignition
of the vapor cloud aligns with compositions observed in previous
analyses of Li-ion battery failure events. Cell 2 (Liquid) can be
found in the SI and shows a broadly similar response. However,
without the presence of sparking, the vapor cloud fails to ignite,
and vapor is continuously produced. The negative seal also remains
intact in this experiment, despite the aggressive pouch swelling
caused by vapor generation. This indicates some manufacturing
variability in the seal robustness, which could significantly affect
cell safety. If the seal prevents gas escape and limits oxygen access,
vapor may fail to ignite externally, potentially leading to localized
overheating and higher surface temperatures. Additional tests may
be required to substantiate these claims further.

In stark contrast, Cell 3 (Figure 1i–vi), which contained the fully
gelled catholyte, exhibited minimal response to nail penetration.
No vapor release, cell expansion, or ignition was observed, indi-
cating a significantly lower risk of TR compared to the cells with
liquid catholytes. This suggests the gel catholyte may be more
resistant to thermal decomposition or thermally more stable
when compared to the liquid equivalent. The enhanced stability
resulted in a lack of detectable vapor production, which suggests
that either gas formation did not occur or was substantially

reduced and that any of the gaseous products remained trapped
within the cell without any venting, preventing their release and
subsequent ignition. The enhanced thermal stability observed in
the gel-based system may be attributed to the restricted move-
ment of electrolyte, which limits the extent of short-circuit-driven
decomposition reactions. It is worth noting that the anode, or
negative electrode, contains silicon, which undergoes significant
expansion upon charging (cells tested at fully charged state). The
gel layer can accommodate this volume change, acting as a
mechanical buffer that helps maintain electrode integrity. This
can be supported by the X-ray CT volume rendering in the SI,
which shows substantially less fracture of the electrode and
SE layers in Cells 3 and 4 containing gel catholyte. Cell 4 follows
the same trend observed here, with images available in the SI. It
is also possible that the nail may not allow a full short circuit due
to being coated by the gel during the penetrative event, reducing
the conductivity of the nail during the test. However, this is spec-
ulative and requires additional testing of the electrolytes’ electri-
cal and coating properties; this is beyond the scope of this study.

The temperature and electrochemical data provide further
insight into the observations made via video analysis. Each cell
was set up with four thermocouples: two placed equally on the
top of the cell between the nail penetration site and either ter-
minal, and two in identical positions on the underside; see SI
for schematic. Figure 2a–d presents the average temperature
readings from these thermocouples, with full data available in
the SI. As expected, the cells containing liquid catholyte (Cells
1 and 2) exhibited significantly higher surface temperatures,
reaching peak values of 434°C and 344°C, respectively. In con-
trast, the fully gelled catholyte cells (Cells 3 and 4) remained rel-
atively cool, with maximum recorded temperatures barely
exceeding 25°C. A slight increase in temperature from room tem-
perature to approximately 19.5°C indicates mild short-circuiting
and Joule heating, but is insufficient to trigger the exothermic
reactions that cause material decomposition and thermal run-
away. The higher temperatures observed in liquid-based cells
are likely driven by reactions between the catholyte and oxygen
released from NMC decomposition, which produce much stron-
ger exothermic behavior. Prior studies have shown that when the
liquid content is reduced, and an in-situ solidified or quasisolid
electrolyte is employed, the cathode-electrolyte reaction with
NMC becomes less exothermic than with a fully liquid carbonate,
mainly because the system moves away from rapid liquid–gas
and liquid—solid combustion-type reactions [40]. This behavior
is expected to be analogous to that of a gelled catholyte.

The more violent explosion and sustained fire in Cell 1 resulted
in the highest recorded temperatures. Across these cells, the
thermocouples located on the underside consistently registered
higher temperatures than those on the top (see SI). This discrep-
ancy likely arises because the lower thermocouples remain in
direct contact with the thermally decomposing material,
whereas the upper thermocouples lose contact due to inflation
of the pouch material during failure. Additionally, a 20°C–40°C
temperature differential was observed between the positive and
negative terminals, with the negative terminal typically hotter.
This thermal gradient may partially explain why the negative
terminal was more likely to rupture; however, the variation
in seal robustness between individual cells is also a contributing
factor and may be resolvable with optimized manufacturing
processes. The rupture of this seal enabled significant oxygen
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ingress in Cell 1, which likely exacerbated combustion and sus-
tained the fire.

The voltage profiles of each cell (Figure 2e–h) align with the tem-
perature and video data, further confirming the differences in
failure behavior between liquid and gel catholyte. Cells contain-
ing liquid catholyte exhibited catastrophic short circuits, while
the gelled catholyte cells showed only minor voltage drops, main-
taining voltages comparable to prepenetration levels. In the
liquid-based cells, nail penetration caused an initial voltage drop,
followed by a slight recovery, which occurred upon nail removal
(after 4 s), before complete hard shorting. At this point, contact
between electrodes likely resulted in a total voltage loss, coincid-
ing with TR and mechanical failure. Conversely, the fully gelled
cells exhibited only partial shorting, with minor voltage fluctua-
tions but no full discharge. Both fully gelled cells maintained vol-
tages above 3.5 V throughout the test and remained stable even
upon subsequent discharge to 3.0 V. The retention of voltage sug-
gests that the gel electrolyte physically separated the electrodes
even when pierced, acting both as a physical spacer and a par-
tially insulating layer, thereby restricting current flow and pre-
venting a catastrophic short circuit.

While specific resistance values for the liquid and gelled catho-
lytes remain proprietary, the high viscosity of the gelled medium
is believed to provide a superior kinetic barrier. This rheological
property may have actively suppressed lithium-ion flux across
internal interfaces exposed during a penetration event, mitigat-
ing the risk of thermal runaway. In contrast, the liquid catholyte,
which typically has a lower ignition temperature, has no such
barrier and more readily facilitates TR and combustion. As men-
tioned above, this distinction is particularly noticeable in Cell 1,

where, after nail penetration, the cell rapidly inflates, followed by
rupture of the negative terminal seal that leads to a large vapor
ejection. Moments after rupture, visible sparks are ejected, trig-
gering immediate ignition. In Cell 2, where the vapor did not
ignite, the gas venting obscured visibility, preventing direct
observation of spark formation. However, as the seal remained
intact, the combustion was prevented due to a lack of an ignition
source and excess oxygen and water ingress, which can facilitate
the combustion reactions. These observations require further sys-
tematic experimentation to understand further how seal integrity
relates to cell safety.

3.2 | Postmortem Analysis

The loss of electrolyte and active materials is the consequence of
the exothermic reactions that produce fumes containing ofgases
and decomposed particles, which are expelled from the cell.
Consequently, mass loss is a key indicator of cell safety during
abuse testing and is one of the pass/fail criteria outlined in a
number of international safety standards for lithium batteries
[54, 55]. This metric reflects the loss of electrolyte and active
materials through exothermic reactions that generate fumes con-
taining gases and decomposed particles. The EUCAR hazard rat-
ing system provides a more nuanced assessment, with hazard
levels 3 and 4 stipulating that no more than 50% of the original
cell mass can be lost [56]. While none of the tested cells breached
the 50%mass loss threshold, our results revealed stark differences
in mass retention between catholyte types. Fully gelled catholyte
cells (Cells 3 and 4) exhibited minimal mass loss of just 2.9% and
3.2%, respectively. By comparison, liquid catholyte cells (Cells 1

FIGURE 2 | (a–d) Average surface temperature analysis for first 15 min after nail penetration, with minimum and maximum temperature from 4

thermocouples attached to each cell with liquid or gel catholyte: (a) Cell 1 – liquid, (b) Cell 2 – liquid, (c) Cell 3 – gel, (d) Cell 4 - gel. Panel c and d

have insets zoomed in on low-temperature region. (e–f ) Voltage plots from (e) Cell 1, (f ) Cell 2, (g) Cell 3, and (h) Cell 4 for the first 90 s after nail

penetration.
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and 2) lost 43.6% and 36.0% of their mass due to vigorous fume
production and ejection of electrolyte and electrode materials
during nail penetration. While all cells remained below the
50% threshold, Cells 1 and 2 would qualitatively fail most stand-
ards, based on the presence of flames and violent gas ejection,
illustrating that mass loss represents only one dimension of fail-
ure severity.

Visual inspection further highlights the difference in damage
severity. As shown in Figure 3b,c, the liquid catholyte cells exhib-
ited significant discoloration of the outer pouch, with yellow,
brown, and black burn marks most prominent around the punc-
ture site. In Cell 1, additional severe burning occurred near the
negative seal, where flame ignition further damaged the pouch.
Cell 2 also had significant discoloration but not the same char-
ring as Cell 1, and thus, the discoloration occurred due to the
significant heat of the rapidly decomposing active material dur-
ing failure and not due to flames and ignition of the outer pouch
material. By contrast, the gelled catholyte cells displayed mini-
mal visual damage; aside from the puncture caused by the nail,
there was no discoloration or visible burn damage, even in the
immediate vicinity of the penetration site.

3.3 | Effect of Gel Strength

To further evaluate the effect of gel strength on cell safety during
nail penetration abuse, three additional cells were assembled using
a catholyte of intermediate/medium gelation extent, while all other
components were kept constant. Although the manufacturer did
not disclose specific formulation details, it was suggested that
the viscosity of medium-gelled catholyte falls between the fully liq-
uid formulation but remains less viscous than the fully gelled sys-
tem. This intermediate state may have provided partial mitigation
of TR severity by reducing electrolyte mobility or reduction in cath-
olyte volatility while maintaining sufficient ionic conductivity for
normal operation. All cells were charged to 4.2 V (100% SoC) and
subjected to identical nail penetration testing protocols as before.
Figure 4a–h presents video stills captured during nail penetration
testing of the medium-gelled catholyte cells, alongside temperature

and voltage data as before. Despite the altered catholyte, all cells
experienced complete failure, marked by a rapid voltage drop to 0 V
and extensive gassing, rupture, and material ejection, demonstrat-
ing that partial gelation alone is insufficient to prevent catastrophic
thermal runaway.

Cell 7 exhibited immediate vapor generation upon penetration,
with dense white vapor becoming visible within milliseconds
postpenetration (see Data Repository section for full videos).
This was followed by pronounced swelling of the cell pouch from
significant internal gas generation during electrolyte decomposi-
tion and SEI breakdown, and within 2 s, the test chamber was
filled with dense white vapor, demonstrating that the medium-
strength gel provided insufficient resistance to prevent rapid gas
evolution. Rupture of the cell’s right-hand (right-hand refers to
the view in Figure 4g) seal occurred after approximately 2 s,
enabling the venting of hot fragments, mainly from the electro-
lyte components, which provided the ignition source for the sur-
rounding vapor cloud.

The failure location in Cell 7 represents a notable deviation from
the pattern observed in the liquid catholyte cells, where the
negative terminal consistently ruptured first. In this instance,
the right-hand seal failed first, again suggesting that manufacturing
variability in seal integrity may play a more dominant role than the
thermal gradient between terminals. Postmortem inspection
revealed that while the negative seal had sustained significant
impact, it remained mostly intact, indicating that the pressure
buildup was sufficient to breach the weakest seal before a failure
mechanism associated with thermal directionality could dominate
at the negative terminal. Cell 8 displayed broadly similar behavior
to Cell 7. The temperature and voltage data confirm that Cell 8
underwent complete TR with characteristics consistent with Cell
7. Additionally, postmortem visual inspection confirmed evidence
of fire, including charring of the outer packaging.

In contrast, Cell 9 underwent substantial swelling and gas evolu-
tion but exhibited different failure characteristics (see Figure 4,
right, and Figure 5b,d,f ). While significant vapor generation
occurred within the cell, all seals remained mostly intact through-
out the test duration. No ignition or visible sparks were observed,

FIGURE 3 | (a) Image of Cell 3 in the as-shipped (pristine) state; (b–e) Images of each cell post nail penetration with relevant mass loss data tabulated

underneath. (b) Cell 1, (c) Cell 2, (d) Cell 3, (e) Cell 4.
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despite clear evidence of internal decomposition reactions that
cause the swelling. The voltage drop in Cell 9 was comparable

to that of Cells 7 and 8, indicating that the short-circuit behavior

was similar despite the different ignition response. The main rea-

son for the absence of flame in Cell 9 may be the insufficient

oxygen ingress to the ignition source due to maintained seal integ-
rity; therefore, there is mild gas generation with the absence of
expelled hot material and the suppression of an explosion/flames.

In terms of temperature profiles, each cell demonstrated rapid
temperature increases. While peak temperatures varied between

FIGURE 4 | Still from video captured at time points stated, for (a,c,e,g) Cell 7 and (b,d,f,h) Cell 9. (i) Average surface temperature for medium gel

catholyte cells. (j) Voltage plots during nail penetration for medium gel catholyte cells.
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cells, all demonstrated consistent heating rates, reaching maxi-
mum temperature within approximately 20 s. The average peak
temperature for all three cells was between 300°C and 450°C,
which would be typical for an all-liquid cell, again demonstrating
the lack of safety advantage that only moderate gelling will
achieve. It is also possible that reactions driven by oxygen evo-
lution from NMC degradation play a role in compromising even
intermediately gelled catholytes, contributing to the complete
and catastrophic failure of individual cells. Voltage profiles again
suggest complete failure with rapid short-circuiting to 0 V in a
matter of milliseconds.

Figure 5 presents the postmortem appearance of Cells 7, 8, and 9
following nail penetration testing. As previously discussed, Cells 1
and 2 (100% liquid catholyte) exhibited severe external damage,
including dark charring, extensive discoloration, and pouch

rupture near both the puncture site and electrode seals, associated
with high mass losses (43.6% and 36.0%, respectively). We observe
broadly the same here; Cell 7 underwent violent failure with sig-
nificant swelling, seal rupture, ignition, and hot material ejection.
The resulting external damage closely resembled that of Cell 1, with
severe charring and discoloration throughout the pouch surface.

Cell 8 also experienced flame ignition and rupture; the most
intense charring occurred around the positive electrode seal
rather than the typical negative terminal location. This unusual
pattern suggests possible manufacturing-related asymmetry,
such as electrode misalignment or variation in seal thickness,
creating a weaker positive seal that failed preferentially. Cell
9, while avoiding ignition and excessive rupture, exhibited pro-
nounced swelling and moderate surface discoloration. Despite
the absence of flame, the cell experienced 27.8% mass loss,

FIGURE 5 | (a,c,e) Images of Cell 7, 8, and 9 in the as-shipped (pristine) state. (b,d,f ) Images of Cell 7, 8, and 9 post nail penetration with relevant

mass loss data tabulated underneath.

FIGURE 6 | (Top) Box and whisker plot of surface temperature from the four thermocouples attached to each cell, for each cell analyzed. (Bottom)

Tabulated data for cell failure identifiers.
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indicating substantial internal gas generation and pressure
buildup. This indicates that volatile species were likely vented
gradually or through minor leakage pathways, while the seals
maintained enough integrity to delay or prevent ignition through
limiting the ingress of atmospheric oxygen. Cells 7 and 8 lost
36.7% and 39.8% of their original mass, which appears to be typi-
cal for these cells if they suffer seal rupture and TR.

Figure 6 compares maximum surface temperatures recorded across
all cells, revealing distinct performance categories based on cath-
olyte type. The liquid catholyte cells (Cells 1 and 2) reached peak
temperatures of 434°C and 344°C, respectively, consistent with
thermal runaway temperatures typically observed in conventional
lithium-ion cells during nail penetration testing. Increasing gela-
tion to amedium level failed to provide meaningful safety improve-
ments. The medium-gelled cells (Cells 7–9) achieved similar peak
temperatures ranging from 284°C to 533°C, demonstrating that
partial gelation offers no improvement compared to cells con-
taining a liquid catholyte. All medium-gelled cells experienced
complete voltage collapse and exhibited failure behaviors compa-
rable to the liquid catholyte systems.

However, a dramatic safety improvement was observed with fully
gelled catholytes. Cells 3 and 4 maintained surface temperatures
below 25°C throughout testing. This temperature stability coin-
cided with only minor voltage drops, with both cells maintaining
voltages above 3.5 V for hours after testing. These results suggest
that complete gelation creates a critical threshold effect, prevent-
ing hard short circuits between electrodes and significantly
reducing catholyte volatility. The severity of failure events fur-
ther emphasizes the threshold nature of gelation effects. Among
the five liquid-containing cells tested, three experienced cata-
strophic failure with ignition, which coincided with seal rupture.
In contrast, both fully gelled cells remained stable with no
observable failure indicators. The ignition events consistently
correlated with major seal ruptures, and in the most severe cases,
multiple seals failed simultaneously.

The results demonstrate that quasisolid-state batteries (QSSB) or
solid-state batteries employing interfacial agents may exhibit fail-
ure behaviors as severe as their liquid electrolyte counterparts
when gelation levels fall below a critical threshold. The binary
nature of the safety performance observed here, with complete
protection at full gelation but minimal improvement at interme-
diate levels, indicates that catholyte design must prioritize
complete electrolyte immobilization rather than incremental vis-
cosity increases for potential ion mobility.

4 | Conclusion

This work demonstrates that the safety benefits of solid-state bat-
teries containing NMC622 are dependent on complete catholyte
gelation. Through systematic nail penetration testing, we found a
sharp safety threshold. Gelled catholyte may have offered com-
bined mechanical and electrical protection during nail penetra-
tion. The fully gelled catholytes prevented thermal runaway
entirely, maintaining temperatures below 25°C with minimal
voltage drop and under 3.5% mass loss. In contrast, the liquid
and partially gelled catholytes exhibit catastrophic failures com-
parable to conventional lithium-ion cells, with temperatures
exceeding 400°C, mass losses of 36–44%, and violent ignition
events. The binary nature of this threshold is particularly

significant. Medium-gel catholytes offered little obvious safety
improvement over liquid systems, showing that incremental vis-
cosity increases may not simply be enough. This challenges the
common assumption that solid-state architectures inherently
provide superior safety. In fact, our results show that hybrid sys-
tems incorporating mobile catholyte components can reintro-
duce the hazards that solid-state technology was designed to
eliminate.

These findings provide important design guidance. Catholyte for-
mulations must prioritize complete electrolyte gelation rather
than performance-driven compromises that maintain partial flu-
idity if they are seeking to manufacture QSSBs with a nonsolid
interfacial resistance reduction medium. As manufacturers
develop quasisolid-state batteries to address interfacial resistance
challenges, our results make it clear that catholyte gelation might
not be treated as a tunable parameter for balancing performance
and safety. Full gelation is a critical safety requirement in this cell
architecture. Achieving the promised safety advantages of solid-
state technology in commercially viable cells requires uncompro-
mising attention to catholyte rheology and volatility suppression.

Data Repository

Full video data files under CC by 4.0 license can be found at: https://doi.
org/10.5522/04/29669153.v1.
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