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Abstract

Electrochemical processes within a lithium-ion battery cause electrode expansion and
gas generation, thus resulting in battery swelling and, in severe cases, reliability and
safety issues. This paper presents the mechanisms responsible for swelling, including
thermal expansion, lithium intercalation, electrode interphase layer growth, lithium plating,
and gas generation, while highlighting their dependence on material properties, design
considerations, C-rate, temperature, state of charge (SoC), and voltage. The paper then
discusses how swelling correlates with capacity fade, impedance rise, and thermal runaway,
and demonstrates the potential of using swelling as a diagnostic and prognostic metric
for battery health. Swelling models that connect microscopic mechanisms to macroscopic
deformation are then presented. Finally, the paper presents strategies to mitigate swelling,
including materials engineering, surface coatings, electrolyte formulation, and mechanical
design modifications.

Keywords: lithium-ion battery swelling; electrode expansion; gas generation; swelling
models; state estimation

1. Introduction

Swelling in lithium-ion batteries (LIBs) arises from electrochemical, mechanical, and
thermal mechanisms [1], and include volumetric expansion of electrode materials dur-
ing intercalation and phase transformations, expansion of the solid electrolyte interphase
(SEI) and cathode electrolyte interphase (CEI), expansion due to lithium plating, and ex-
pansion due to gas generation resulting from electrolyte decomposition and interfacial
breakdown [2,3]. These mechanisms can induce both reversible and irreversible dimen-
sional changes [4-6], ranging from a few percent during normal cycling to over 45% in
aged cells [7]. Swelling, in turn, can affect the performance and safety of the battery.

Grimsmann et al. [6] observed that battery swelling is a key driver of capacity loss and
safety risks. Mohtat et al. [8] demonstrated that cells undergo reversible (cycle-to-cycle)
and irreversible (long-term) expansion dependent on the C-rate and temperature, which
correlate to capacity fade. Li et al. showed that swelling increased steadily with cycling
and can be associated with accelerated capacity fade [9]. Heugel et al. [10] and Cannarella
et al. [11] noted that the mechanical strains caused by swelling can crack active material
particles and delaminate composite layers, which in turn expose fresh electrode surfaces
to the electrolyte, initiating parasitic side reactions that consume lithium and electrolyte
components, generate gaseous byproducts, and contribute to capacity loss.
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Apple Watch

Swollen LIBs are also more vulnerable to puncture, which increases the risk of external
objects breaching the cell structure or rupturing seals. A puncture results in leakage of
volatile gases and liquids, which are often flammable, explosive, and toxic [12,13]. In
addition, products that have embedded batteries can be damaged due to battery swelling,
and have been reported in smartwatches, smartphones, and laptops (Figure 1) [14-17].
Given the implications for performance degradation, safety risks, and product reliability,
understanding swelling mechanisms and their driving factors is essential.

MacBook 1Phone 8 Plus

-

Figure 1. Battery swelling and component damage in an Apple Watch [15], MacBook [16], and
iPhone 8 Plus [17].

Several prior reviews have examined stress evolution in lithium-ion batteries during
aging [1] and summarized measurement methods for swelling [18]. This paper extends
the literature by linking swelling phenomena to measurable degradation indicators such
as capacity fade, impedance rise, and safety risks, while also evaluating the feasibility of
swelling as a real-time diagnostic metric for battery health monitoring and prognostics.
Section 2 categorizes swelling mechanisms into electrode expansion (thermal, intercalation-
induced, interphase layer formation, and lithium plating) and gas generation (during both
formation and operation). Section 3 presents operational factors that influence swelling.
Section 4 examines how swelling correlates with capacity fade, impedance growth, and
safety risks, highlighting its potential use as a diagnostic metric for battery health mon-
itoring and prognostics. Section 5 presents modeling approaches that capture swelling
behavior and assess their predictive capability. Section 6 outlines strategies to mitigate
swelling through materials design, cell engineering, and operational controls. The paper
concludes by identifying key research gaps and evaluating the feasibility of using swelling
in real-time battery monitoring.

2. Causes of Battery Swelling

Swelling in LIBs can be reversible or irreversible. In reversible swelling, the battery re-
turns to its near-original dimensions after exposure to operational or environmental stimuli,
while for irreversible swelling, the battery continues to expand over time. The mechanisms
that result in electrode expansion and gas generation (see Figure 2) are discussed in the
following subsections.
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Figure 2. Flowchart linking degradation mechanisms in Li-ion batteries to swelling (electrode
expansion and gas generation) and performance loss. Orange arrows indicate electrode expansion
processes, blue arrows indicate gas generation processes, brown arrows indicate lithium inventory
loss, violet arrows indicate active material loss, and purple arrows indicate conductivity loss.

2.1. Electrode Expansion

Electrodes in lithium-ion batteries consist of active material coated onto metal current
collectors. The anode typically uses graphite as the active material, which is coated on
a copper current collector. The cathode uses materials such as lithium manganese oxide
(LMO), lithium iron phosphate (LFP), lithium cobalt oxide (LCO), lithium nickel manganese
cobalt oxide (NMC), or lithium nickel cobalt aluminum oxide (NCA), coated onto an
aluminum current collector [19]. The electrode slurry is prepared by mixing active material
with binder and conductive additives, which are coated onto the current collector, dried,
and calendared [20].

Electrode expansion refers to the dimensional changes in electrodes during battery
operation. These changes arise from several mechanisms, including thermal expansion,
lithium intercalation, interphase layer growth, and lithium plating. Thermal expansion
and contraction occur due to changes in temperature during cycling or within the ambi-
ent temperature in which the battery is stored or operated. Intercalation expansion and
contractions result from changes in the lattice structure as lithium ions enter or exit the
electrode material [21,22]. The formation and growth of the solid electrolyte interphase
(SEI) on the anode and the cathode electrolyte interphase (CEI) on the cathode contribute
to increased electrode thickness along with gas generation. Lithium plating occurs due
to the deposition of metallic lithium on the anode surface, increasing its thickness. The
following subsections examine each of these mechanisms.

2.1.1. Thermal Expansion

Thermal expansion is the tendency of a material to change its volume in response to a
change in temperature, quantified by the coefficient of thermal expansion (CTE). In LIBs,
this occurs when the cell heats up during charging and operation due to the LIB’s internal
resistance or when the battery is placed in an increased ambient temperature condition [23].
Thermal expansion affects all cell components, including electrodes, separator, electrolyte,
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and casing. The expansion depends on the CTE of each material and how they are attached.
Electrode materials, including active material and current collectors, generally have CTEs
ranging from 2.1 x 107%/°C to 15 x 107%/°C [24-28] compared to the polymer-based
separators having CTEs ranging from 44 x 1076/°C to 130 x 107%/°C [29,30]. However,
since electrodes are substantially thicker (50-200 um) compared to separators (20-30 um),
their contribution to overall cell dimensional change is greater. Consequently, the cell
stack’s effective or “bulk” thermal expansion depends on the intrinsic CTE of each material
and its relative thickness (volume fraction) within the cell. The CTEs of commonly used
anodes, cathodes, and separators are listed in Table 1.

Table 1. Coefficients of thermal expansion (CTE) of common lithium-ion cell components.

. CTE Temperature

Component Material (x10-6/°C) Range Ref.

Anod ) Graphite IG-110 3.9-42 25-500 °C [24]

nodeact ve Mitsubishi coke 4043 25-500 °C [24]

materia Microcrystalline graphite 2122 25-500 °C [24]

Lithium manganese oxide (LMO) 8.6 - [25]

Cathode active Lithium iron phosphate (LFP) 15.0 - [26]

material Lithium cobalt oxide (LCO) 12.0-15.0 75-400 °C [27]

Lithium nickel manganese cobalt oxide (NMC) 12.0-13.0 75-400 °C [28]

Current Copper 17.0 20-200 °C [29]

collector Aluminum 23.6 20-200 °C [29]

Polypropylene (PP) 44.0 30-65 °C [30]

S 130.0 - [29]
eparator

PP-PE-PP tri-layer 30.0 30-60 °C [30]

Ceramic-coated PP-PE-PP tri-layer —1.2T+39.0 30-160 °C [30]

Can/casing Nickel-plated steel 20.6 - [31]

Some of the battery components listed in Table 1 exhibit anisotropic thermal expansion,
meaning the extent of expansion differs in different directions. Graphite anodes, for
instance, expand primarily along the c-axis of the crystal structure because the weak van
der Waals forces between layers allow the interlayer spacing to increase with temperature.
In contrast, strong covalent bonding within the graphene planes restricts motion, leading
to a slight contraction and thus a negative CTE in the in-plane directions [32].

Polymer separators are manufactured through a multi-step process involving melt
extrusion, annealing, stretching, and heat fixation, resulting in an orthotropic material
with different CTEs in different perpendicular directions [30]. Within the normal operating
temperature range of lithium-ion cells (typically —20 °C to 60 °C), thermal expansion of cell
components is generally reversible [33]. However, polymers tend to be viscoelastic, and
repeated thermal cycling can lead to irreversible expansion as well as mechanical fatigue,
microcracking, and delamination at material-to-material interfaces.

Oh et al. [34] measured expansion at five locations on a 5 Ah NMC-graphite prismatic
battery from 5 °C to 45 °C (at 5 °C intervals) and five SoC levels and observed that expansion
was highest at the center of the cell. The thermal expansion appeared to be nonlinear
from 5 °C to 25 °C and linear from 25 °C to 45 °C, as shown in Figure 3a; however, the
authors noted that the observed nonlinearity at lower temperatures results from initial gaps
inside the jellyroll that gradually close with increasing temperature, after which expansion
becomes linear. Furthermore, the measured CTE matched the values for polyethylene (PE)
and polypropylene (PP), suggesting that separator materials dominate thermal expansion.



Batteries 2025, 11, 356

5 of 36

Expansion (mm}

500

400

300

200

100

=100

=200

(a) Thermal expansion of prismatic cell’

A weak SoC dependence (<10%) was observed, linked to phase transitions in graphite
and NMC.

(b) Thermal expansion of cylindrical cell

300
. £ . - —0% SOC
~ —50% SOC
7 4 200 [==100% SOC
/ 1 100t ]
/I ' {7w
: soc g of ]
4 0% u’%
- 25% 4 _100} ]
o 50%
) i
5% -200
100% |
1 L L 1 -300 . , ) )
W 29 3° . 0 10 20 30 40 50
Temperature (°C) Temperature (°C)

Figure 3. Thermal expansion plotted as a function of temperature at different SoCs of (a) Prismatic
cell showing expansion (in mm) as a function of temperature, with data points representing measured
values and solid lines indicating least-squares fits [34] and (b) Cylindrical cell, where diameter
changes are measured as hoop strain in microstrain [35]. Reprinted from Refs. [34], 2016, and [35],
2014, with permission from Elsevier.

Bezsonov et al. [35] measured hoop strain at the center of an 18,650 NCA-graphite
cell across three SoC levels and found thermal expansion to be linear from 5 °C to 45 °C
throughout, supporting the idea that the nonlinearity observed by Oh et al. arises from
initial internal gaps rather than the intrinsic properties of the cell materials. The similar
slopes of the strain-temperature curves across SoC levels further confirm that thermal
expansion is largely independent of the state of charge.

2.1.2. Intercalation-Induced Expansion

LIB operation involves the movement of lithium ions between the anode and cathode
through the electrolyte. Intercalation refers to the reversible insertion of lithium ions into the
layered structure of a host material (anode or cathode active material), while deintercalation
involves their removal [36]. During charging and discharging, lithium ions intercalate into
and deintercalate from the electrode materials, altering the valence states of the electrodes,
resulting in the largely reversible expansion and contraction of the electrode materials.

Atomic-scale structural changes are analyzed using X-ray diffraction (XRD) and neu-
tron diffraction [37-39], while electrochemical dilatometry and wafer curvature methods
quantify single electrode-level expansion (current collector + active material) [40]. Massoudi
et al. [41] conducted an investigation combining dynamic mechanical analysis, thermome-
chanical analysis, electrochemical dilatometry, acoustic emission monitoring, ultrasonic
probing, and stress—strain testing to characterize electrode stiffness, expansion behavior,
and structural evolution over cycling. Their results showed that when the battery is sub-
jected to cycling, the initial strain is reversible, but continued cycling causes irreversible
changes such as plastic deformation, particle cracking, and cumulative volume increases.

Anode swelling varies with material type. Graphite is the most widely used anode ma-
terial due to its structural stability, where its layered structure allows lithium to intercalate
between graphene planes [42]. Zhang et al. [43] described the lithium intercalation mecha-
nism in graphite, showing that the evolution of stage transitions, structural anisotropy, and
stress development during cycling contribute to electrode expansion and long-term capac-
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ity fade. Their calculations predicted graphite lattice expansion of ~14% [39], while their
experimental measurements reported ~10% in fully lithiated LiC¢ [38]. Hahn et al. [44]
performed a dilatometric study of graphite electrodes to quantify electrode expansion
during lithium intercalation and found that, at the electrode level, the overall swelling
is limited to ~3-4%, as the porosity and binder in composite electrodes accommodate a
portion of the interlayer lattice expansion.

Silicon-based materials offer higher theoretical capacity (~3579 mAh/g for Lij5Sis)
than graphite (~372 mAh/g) but undergo up to 300% volume expansion during full lithia-
tion. This amount of expansion generates high internal stress, which can lead to particle
fracture, electrical disconnection, and rapid capacity fade [45]. Qian et al. [46] showed
that SiOy-based anodes exhibit expansion dependent on SiOx content, with swelling ap-
proaching 300% at high loadings (>10%). Reducing silicon content to below 10% and
applying a confining layer on top of the electrode can suppress excessive SEI formation
and limit volume growth [46]. Silicon is now commonly used in small fractions (5-15%) in
commercial anodes [47].

Lithium titanate (LizTi5O15, or LTO) is another anode material known for its structural
stability [42,48]. LTO operates via a zero-strain mechanism and exhibits negligible volume
change during lithiation [49]. Its dimensional stability under cycling makes it suitable
for applications requiring long life and high-rate performance, despite its lower capacity
(~175mAh/g).

Cathode materials in LIBs are categorized based on their crystal structure into layered,
spinel, and olivine types [50], all of which affect the swelling behavior. Olivine-type
LFP supports one-dimensional lithium transport, with up to 7% lattice expansion [38].
Layered oxide cathodes, such as LCO, NMC, and NCA, allow lithium ions to intercalate
and deintercalate in a two-dimensional fashion [51,52]. LCO electrodes exhibit relatively
low (~1-2%) lattice expansion during cycling [38,53,54]. Reiger et al. [53] found that
single-layer LCO cathode expansion is dependent on electrode thickness, with expansion
of 0.8% in 50 um electrodes to 1.74% in 400 um electrodes. NMC exhibits ~3.5% lattice
expansion during the initial charge to 4.2 V, while NCA expands more (~6%) under the
same conditions, indicating greater structural distortion and potentially reduced cycling
stability [37]. Spinel-type LMO has a cubic structure with three-dimensional lithium
transport [55], showing ~7% lattice [38] and ~2.5% electrode expansion [53]. However, it
exhibits more mechanical strain during cycling due to the dynamic Jahn-Teller distortion
of Mn3* ions [56].

Stallard et al. [57] reviewed the dimensional changes in cathode materials that occur
during lithiation and delithiation, highlighting that these volume changes are strongly
anisotropic in layered materials (e.g., NMC, LCO) but more isotropic in spinels. They
linked lattice-level dimensional changes to particle-scale swelling and strain heterogeneity,
showing that misaligned grains within cathode particles expand differently. This differen-
tial expansion generates stress concentrations at grain boundaries, promoting intergranular
cracking and microfracture, which progressively degrades the cathode’s mechanical in-
tegrity. The resulting mechanical degradation manifests as reductions in Young’s modulus,
hardness, and fracture strength with cycling, and leads to loss of active material connectivity,
ultimately reducing electrochemical performance.

Cell-level swelling pertains to the expansion of all the internal components as well
as the casing, and is a function of the cell architecture, the SoC, C-rate, temperature,
and cycle history. It is measured by monitoring cell thickness/strain using micrometers,
optical displacement sensors, or in situ X-ray imaging. Wang et al. [58] investigated a
commercial LCO-graphite cell using load cell measurements and in situ X-ray imaging
during cycling at 1C and 2C rates. They observed that volume changes became more
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pronounced at higher C-rates (>1C), especially in the near-surface regions of the active
material particles. This behavior was attributed to limited lithium diffusion, which causes
lithium to accumulate near the particle surface, leading to localized lattice expansion before
the core can fully equilibrate.

Sauerteig et al. [59] developed an electrochemical-mechanical model to investigate
how internal pressures evolve during cycling in a 10 Ah NMC-graphite hard-case cell.
Their simulations showed that electrode volume changes in the range of 2-4% generate
significant mechanical stress within and between electrode layers, influencing local ionic
transport at the electrode—separator interfaces. The model revealed that these stresses can
cause heterogeneous strain distributions across the electrode thickness, potentially affecting
the mechanical integrity of the cell and leading to localized performance degradation over
repeated cycles.

Wunsch et al. [60] measured SoC-dependent thickness variations in aged NMC pouch
cells and reported expansions in the range of 1.5-2%. These results were supported by Zhao
et al. [61], who observed comparable swelling in NMC-graphite cells under operational
conditions. Lee et al. [62] found reversible 2% swelling during cycling of cells composed of
graphite anodes and layered lithium transition metal oxide cathodes.

Figure 4 summarizes the lithiation-induced expansion across the lattice, electrode, and
cell levels for different active material combinations. Among the chemistries compared,
LCO-graphite cells showed the highest cell-level expansion (~6%) due to minimal contrac-
tion in the LCO cathode, whereas LFP-graphite cells exhibited the least (~0.5%), consistent
with LFP’s low lattice expansion and structural rigidity [58,63].
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Figure 4. Multiscale measurements for different LIB chemistries at the lattice level, electrode level,
and cell level [37,38,40,44,53,54,59-62,64,65].

Cell expansion during lithiation is anisotropic. Mechanical constraints imposed by
current collectors and polymeric binders restrict deformation within the electrode plane
(x=y), resulting in preferential expansion in the out-of-plane (z) direction. Rieger et al. [53]
conducted XRD, single-electrode dilatometry, and cell-level displacement measurements
for LCO cathodes and reported lattice-level volumetric expansion of 2.32% upon full lithia-
tion. However, the electrode-level thickness increase was only 1.74 to 1.86. Measurements
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showed in-plane (x-axis) expansion of 0.12%, compared to an out-of-plane (z-axis) expan-
sion of 2.5%. Similarly, in graphite anodes, the interlayer spacing expands by ~10% during
full lithiation, whereas basal plane dimensions increase by only ~1% [38].

2.1.3. Electrode-Electrolyte Interphase Layer Formation and Growth

The formation and growth of electrode-electrolyte interphase layers, specifically the
SEI on the anode and the CEI on the cathode, contribute significantly to electrode swelling
during early cycling and long-term aging. These interphases act as kinetic barriers that
regulate ion transport while preventing continuous electrolyte decomposition. A stable
and uniform SEI minimizes parasitic reactions, reduces impedance growth, and enhances
Coulombic efficiency, while an unstable or resistive SEI leads to lithium consumption,
capacity fade, and dendrite formation, increasing the risk of short circuits and thermal
runaway. Similarly, the CEI influences transition metal dissolution and cathode surface
degradation, especially at high operating voltages (typically >4.2 V vs. Li/Li"). Variations
in the composition, thickness, and morphology of these layers under different cycling and
thermal conditions directly impact gas generation as well.

The SEI forms on the anode via electrolyte reduction and typically reaches 10-50 nm
in thickness [66]. Hahn et al. and Sauerteig et al. showed that SEI formation accounts
for ~3.54% irreversible expansion during the first cycle [44,65]. SEI growth continues
with cycling due to cracking, regrowth, and stress buildup, especially at high currents
and elevated temperatures [67]. In silicon-based anodes, SEI thickness can increase from
22 to 72 nm between the first and eleventh cycle [68], and in SiOy/graphite composites, SEI
layers can grow from 100 to 300 nm [69,70], contributing significantly to volume expansion
and mechanical degradation. Zang et al. demonstrated that SEI swells in contact with
electrolyte and thickens with aging, indicating continued electrolyte uptake and reduced
transport properties [71].

Electrolyte additives such as fluoroethylene carbonate (FEC) and vinylene carbonate
(VC) have been shown to effectively engineer stable interphases on high-capacity electrodes,
suppressing continuous electrolyte decomposition and mitigating electrode swelling [72].
Specifically, FEC improves the cycling stability of nano-silicon anodes [73] and Si—C com-
posite anodes [74] by forming a protective SEI that reduces swelling-induced degradation,
whereas VC enhances rate capability but provides less suppression of swelling [73].

Formation protocols using low current densities can further improve SEI uniformity
and limit electrode expansion [75,76], though they may increase manufacturing costs [77].
Empirical studies by Ota et al. [78] demonstrated that SEI growth follows a diffusion-
limited process, generally scaling linearly with the square root of time across a range
of current densities. These experiments were conducted at room temperature to isolate
concentration-dependent effects, minimizing thermal gradients or viscosity changes that
could influence the results.

Jha et al. [79] showed by modeling that SEI thickness can vary between 50 and 500 nm
by 2000 cycles, depending on the anode particle size, reaction rate constants, discharge rate,
and cell voltage. Smaller anode particles and higher reaction rate constants result in thinner
SEI films and reduced film resistance due to faster lithium transport. Conversely, higher C-
rates and elevated cell potentials accelerate SEI growth, increasing both film thickness and
resistance [79]. These insights highlight the need for careful optimization of electrochemical
and material parameters to control SEI evolution and minimize long-term degradation.

The CEI layer forms on the cathode via oxidative decomposition of salts and sol-
vents [80]. The CEI layer consists of inorganic-rich and organic-rich layers that passivate
the surface but contribute to volumetric changes. Neutron reflectometry has revealed
CEI thickness increases from ~35.6 nm (discharged) to ~48.8 nm (charged) on LCO cath-
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odes, suggesting ~37% volumetric expansion of the cathode due to CEI evolution [81].
Bonefacino et al. [82] used fiber Bragg grating (FBG) sensors to measure in situ strain
in LFP-LTO coin cells during cycling and observed irreversible strain buildup during
the first 20 cycles. The irreversible strain increased to around 5% before stabilizing,
which was attributed to CEI formation, as SEI formation is not expected on the LTO
anode. Over prolonged cycling, non-uniform CEI can delaminate and re-form, creating
a continuous electrolyte consumption loop and contributing to capacity fade [81]. CEI
thickness and stability are influenced by moisture, voltage limits, and electrolyte compo-
sition, with additives like lithium bis-(oxalate)borate (LiBOB) or fluorinated solvents
helping suppress excessive growth [80,81,83]. Together, SEI and CEI evolution drives ir-
reversible volume increases and contributes to performance degradation through coupled
electrochemical-mechanical effects.

2.1.4. Lithium Plating

Lithium plating occurs when lithium ions deposit as metallic lithium on the anode
surface instead of intercalating into graphite. This happens when the anode potential falls
below 0V vs. Li/Li*, meaning the anode is locally “overcharged” and lithium prefers to
plate as metal. Such a drop in potential is typically caused by polarization (voltage losses
due to Ohmic resistance in the cell), slow charge transfer kinetics at the electrode—electrolyte
interface, or limited lithium diffusion within the electrode or electrolyte [84,85]. Plating
often occurs alongside intercalation during fast charging or at low temperatures, where
lithium transport is kinetically limited [86].

Plated lithium occupies more volume than intercalated lithium (~0.37 cm® per Ah), di-
rectly contributing to local electrode swelling and increased internal stress. This expansion
exacerbates SEI growth, forms unstable surface layers, and creates dead lithium regions,
reducing both mechanical integrity and electrochemical performance [84,86,87]. Lithium
plating-induced swelling is influenced by high state-of-charge, elevated charging rates
(>1C), low ambient temperatures [84], electrode imbalance [88], and structural features
such as porosity and tortuosity [89,90]. Applying appropriate stacking pressure can reduce
localized plating, limit swelling heterogeneity, and promote more uniform mechanical and
electrochemical aging [91-93]

Bitzer et al. [5] investigated lithium plating in 20 Ah Li-ion pouch cells (graphite an-
ode, NMC cathode) by tracking cell thickness using two high-precision dial indicators in
a temperature-controlled setup (Figure 5a). Cell thickness refers to the physical distance
between the two outer surfaces of a pouch cell, measured perpendicular to the electrode
stack. The cell was mounted between fixed plates in a temperature-controlled chamber,
where one of the indicators had a spring applying ~2 bar to distinguish mechanical
compression effects from true volume expansion. At low current charging (2.5-4.5 A)
and —5 °C, the thickness changes matched the expected intercalation behavior, with
no difference between the two indicators, indicating no gas evolution. In contrast,
at higher current (14A) and the same temperature, a marked and partly irreversible
increase in thickness was observed, especially at the uncompressed point, as shown in
Figure 5b. This suggests lithium plating, which deposits metallic lithium on the anode
surface, occupying more volume than intercalated lithium (approx. 0.37 cm® per Ah
plated, or ~16.1 pm increase in thickness per Ah for their cell size). The additional
swelling was attributed to both irreversible lithium and gas evolution from side reac-
tions. This behavior highlights that swelling during charging is not fully reversible,
with the residual swelling serving as an indicator of cumulative lithium plating and
associated degradation.



Batteries 2025, 11, 356

10 of 36

1. spring
2. plate

Bauer et al. [94] reported similar findings to Bitzer et al. [5], with a decrease in cell
thickness after charging at —5 °C, which was attributed to the chemical intercalation of
plated lithium. Rieger et al. [95] found localized thickness increases near the current
collector tab during fast charging at 17 °C. Grimsmann et al. [96] confirmed these effects
using 10 nm resolution displacement measurements. Spingler et al. [97] linked localized
anode expansion to lithium plating by tracking NMC pouch cell thickness during cycling
using laser triangulation. They found that irreversible expansion averaged 5.2% and
correlated with voltage relaxation and capacity fade.

(a) Measurement setup (b) Thickness change during lithium plating and standard charge
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Figure 5. (a) Cell thickness measurement setup and (b) thickness changes under low vs. high current
cycling at —5 °C showing lithium plating induced swelling [5]. Reprinted from Ref. [5], 2014, with
permission from Elsevier.

Lithium plating-induced swelling overlaps with other contributions to electrode ex-
pansion, including intercalation strain, SEI growth, and gas evolution [84]. Therefore,
changes in cell thickness should be interpreted as the combined result of these mechanisms
rather than solely due to plating. Complementary techniques such as voltage relaxation
analysis, differential voltage analysis [97-99], incremental capacity analysis, coulombic
efficiency [100,101], and electrochemical impedance spectroscopy (EIS) [87] can help sep-
arate the contributions of plating from other sources of swelling. Irreversible thickness
increases observed during cycling provide a measure of cumulative electrode expansion
and associated mechanical changes. Non-destructive, spatially resolved methods such
as ultrasound acoustic measurements [102] can identify localized regions of expansion.
Measurements of cell thickness, including irreversible increases cycling and localized ex-
pansions detected by ultrasound, provide a direct assessment of electrode-level swelling
and its spatial distribution, capturing the combined effects of lithium plating, intercalation
strain, SEI growth, and gas evolution.

2.2. Gas Generation

Gas generation in LIBs begins during the formation cycle and continues throughout
the life of the cell. During the formation stage, gas evolution is dominated by electrolyte
reduction at the anode during SEI formation. Establishing a stable and electronically
insulating SEI is essential to limit further electrolyte decomposition and to minimize gas
production in subsequent cycles [103]. Leibing et al. [104] showed that formation at low C-
rates (e.g., 0.1C) resulted in minimal gas evolution and reduced swelling in NMC—graphite
cells. Wang et al. [105] identified CO,, CO, and C;Hy4 as the dominant gases formed during
initial charging. In pouch cells, excess gas is removed during formation through a degassing
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step before final sealing. In contrast, cylindrical and prismatic formats do not undergo
degassing, resulting in a sealed system with elevated internal pressure due to retained
gases [20].

The battery swelling during charge/discharge and storage can result from gas genera-
tion, generally due to the chemical oxidation and redox decomposition of the electrolyte
solvents on the anode and cathode [106]. Figure 6 illustrates the eight types of chemical
constituents that were identified by gas chromatography in an NMC—graphite cell after
overcharge. CO was the dominant component, accounting for about 56% of the total gases
found, CO, represented 16%, and CHy represented 13% [107]. As the cell continues to cycle,
gas generation increases due to electrolyte decomposition, electrode-electrolyte interphase
reactions, and cathode degradation. The generation of these gases is directly correlated with
both temperature and voltage. The gases can include flammable and reactive species such
as hydrogen, ethylene, carbon monoxide, carbon dioxide, and oxygen, leading to degra-
dation of performance parameters such as capacity retention and impedance, and safety
hazards [108,109]. The following subsections detail the specific sources and mechanisms of
gas generation in LIBs.
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Figure 6. Composition of gas generated inside the NMC—graphite cell identified using gas chromatog-
raphy [107]. Reprinted from Ref. [107], 2021, with permission from John Wiley and Sons.

2.2.1. Gases Generated at the Anode

Graphite anodes are particularly prone to gas evolution due to electrolyte reduction,
especially during the initial charge-discharge cycles. Ethylene (C;Hy) is primarily pro-
duced from the reduction in EC at around 0.8 V vs. Li/Li", peaking at 0.5 V in EC/EMC
electrolytes [44,108,110]. Lithium ethylene dicarbonate (LEDC) and Li;CO3 are key prod-
ucts of these reactions, contributing to the SEI [110,111]. Water contamination, even at
low ppm levels, is a major source of hydrogen evolution due to water reduction at the
anode surface [111,112]. Any hydroxide ions generated can further catalyze electrolyte
decomposition and hydrolysis reactions with EC [113,114].
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Although LTO is often termed a “zero-strain” anode due to negligible electrode
expansion [115], gas evolution can still lead to swelling and pressure build-up. LTO anodes,
operating at 1.55 V vs. Li/Li*, lie within the electrolyte stability window and avoid initial
SEI formation [116] but exhibit significant hydrogen evolution during storage, due to water
reduction at potentials up to 2 V [114,115]. LTO can also catalyze dehydrogenation and
decarboxylation of electrolyte solvents, producing H, and CO [117,118].

SEI breakdown at elevated temperatures and poor SEI quality in the presence of
moisture can exacerbate gas evolution. The use of additives like VC can mitigate some
of this gas generation [44]. Under over-discharge or local short-circuits, copper from
the anode current collector can dissolve and deposit on the cathode [119]. This copper
can catalyze additional electrolyte decomposition reactions, resulting in increased gas
generation, especially CO, and CpHy [120]. The gases generated at the anode occupy
additional volume within the cell, contributing directly to cell-level swelling.

2.2.2. Gases Generated at the Cathode

At the cathode, particularly for nickel-rich NMC materials, gas evolution arises from
both electrochemical oxidation of the electrolyte and surface contaminants like LiCO3.
Decomposition of surface LiCO3 begins at ~3.8 V and produces CO; and singlet oxygen
(1Oy) [121]. Renfrew et al. [122] and Mahne et al. [123] showed that residual Li;CO5 on
both Li-stoichiometric and Li-rich layered oxides is the dominant source of CO, and CO
outgassing in the first cycle, linking surface contamination directly to gas evolution.

Jung et al. [124] found that oxygen release from Ni-rich NMC cathodes at high states
of charge of the cell destabilizes the surface and accelerates electrolyte decomposition.
Wandt et al. [125] demonstrated that layered transition-metal oxides evolve singlet oxygen
during cycling, which drives parasitic electrolyte oxidation. Streich et al. [126] observed
that Ni-mediated surface reconstruction in Ni-rich NMC begins very early in cycling,
creating reactive sites that promote electrolyte decomposition. Oxygen evolution becomes
significant at >80% SoC of the cell and correlates with Ni content in the NMC lattice [127].
Electrochemical oxidation of conductive carbon and PVDF binder at high voltages (>4.5 V)
also contributes to CO and CO; production [128,129]. Electrolyte salt degradation due to
hydrolysis of LiPFg in the presence of ROH and moisture produces POF3 and HF, further
exacerbating gas evolution [130-132].

The dissolution of transition metals (e.g., Ni, Mn, Co) from NMC cathodes into
the electrolyte and subsequent migration to the anode can degrade the SEI and increase
parasitic reactions, particularly under high voltage or high temperature cycling [133].
Corrosion of the aluminum current collector at the cathode can also contribute to gas
generation [120]. At high potentials (>4.2 V), especially in the presence of HF formed from
LiPF¢ hydrolysis, Als* ions are released. This dissolution process catalyzes electrolyte
decomposition and promotes hydrogen and CO; evolution [134].

Cracking secondary particles in high-Ni layered oxides (e.g., NMC811) during cy-
cling exposes fresh surfaces that are highly reactive to electrolyte solvents. This increases
oxygen release and accelerates gas-generating side reactions, particularly with EC and
EMC, producing O, CO,, and CO [132]. The continuous formation of reactive surfaces
through particle fracture also enhances the dissolution of transition metals, further exacer-
bating degradation and gas evolution [132]. Washing cathodes before cycling has proven
effective in reducing initial gas evolution by removing surface Li;COj3 [135]. Cathode
materials like LFP are more stable and show minimal gas evolution due to their resistance
to gas-generating reactions [130].
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2.2.3. Electrolyte Decomposition

Electrolyte decomposition contributes substantially to gas generation through elec-
trochemical and chemical oxidation pathways. Electrochemical oxidation depends on the
cell potential and electrode surface area, with conductive carbon playing a critical role due
to its high surface area [136]. Chemical oxidation, on the other hand, results from reactive
species including singlet oxygen released from cathodes, particularly NMC, which can
attack carbonate solvents [114]. The decomposition of EC can produce CO, CO,, and/or
CyHy, depending on the reaction pathway and cell potential [118,137,138].

2.2.4. Crosstalk and Gas Consumption

Inter-electrode reactions, or “cross-talk,” alter gas dynamics by enabling the con-
sumption of gases formed at opposing electrodes [139,140]. Xiong et al. [140] showed
that high-temperature and high-voltage operation intensifies crosstalk between positive
and negative electrodes, leading to accelerated electrolyte oxidation, gas generation, and
impedance growth. One example is the consumption of CO; at lithiated graphite anodes to
form lithium oxalate (Li;C,Oy4), especially at potentials below 2.8 V vs. Li/Li* [13,141].

Sloop et al. [142] showed that reactive electrolyte decomposition products generated
at the cathode can migrate to the anode, where they undergo further reduction; this
crosstalk between electrodes drives parasitic reactions, accelerates self-discharge, and
contributes to gas evolution. Similarly, CO, can be consumed to form carbon deposits on
lithium electrodes. Hydrogen can also be consumed electrochemically to form lithium
hydride (LiH) [143]. This process is temperature-sensitive and more prominent above
60 °C. Ethylene is known to be consumed at charged graphite anodes [144]. Finally,
CO is thought to react with residual moisture to form H; and CO; during long-term
storage [143].

Transition metal dissolution from the cathode, especially in cells using LNMO or NMC,
can promote SEI degradation at the anode, leading to gas generation [133]. Self et al. [145]
found that CO, forms at the cathode from electrolyte oxidation and is absorbed by the
graphite anode, while anode-side reductions produce C,Hy and CHy. Lee et al. [2] found
that side products from the lithium metal anode, including HF and organic decomposition
compounds, migrated through the separator and deposited on the cathode, forming a thick
and resistive CEIL They observed that the poly(vinylidene fluoride) co-polymer binder
(PVDE-HFP) in the separator swelled, creating defects that allowed the soluble species
to pass through. These inter-electrode interactions not only influence the overall gas
composition within the cell but also accelerate degradation through cross-contamination
and interphase instability.

The primary gases identified across LIB systems include: CO and CO,, generated
during the initial charge as a result of SEI formation on graphite and during oxidation at
high potentials when the electrolyte is being decomposed at the cathode side [133,146];
CyHy, formed during SEI formation [147]; Hj, formed through the reduction in water
impurities [148]; and O,, formed at high potentials, especially from lithium-rich transition
metal oxides [105,149]. The major reaction pathways identified at the cathode and anode
are summarized in Table 2. The volume expansion associated with gas generation in
the presence of repeated cracking and thickening of the SEI layer leads to irreversible
expansion, which can be as high as 50% of the cell volume [150]. While initial gas evolution
during formation can be addressed through degassing, long-term gas management requires
careful control of material purity, electrolyte composition, electrode formulation, and
chemistry-dependent operating and environmental conditions.
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Table 2. Major gas generation reaction pathways in lithium-ion batteries.
Location Cell/Materials Gas Generated Chemical Equation Ref.
Graphite, LTCI)_;I Ecl)ectrolyte with H, H,0 + e~ — OH~ + % H, (g) [151]
2
Li7Ti5012 +3 Hzo — Li4Ti5012 +15 H2 (g) +

LTO/LFP H, 3Li* +30H- [148]
Electrolyte solvents (ROH) H, ROH + e~ — RO™ + %2 H; (g) [110]
Anode Graphite; EC-derived SEI CoHy, CO,, 0, (CH20CO:Li); = fllicooj TQH R+ CO2 gy
EC + O; (e.g., from NMC) CO, CO,, HO  (CH0),CO + 0O, — CO(g) +2CO, + 2H,0 [124]

EC/DMC electrolyte CcO DMC +2Li* +2e~ — CH30Li + CO (g) [44]

- _ . .
EC/EMC electrolyte co EMC + 2 Li* +2e~ — CH3OLi + EtOLi + [44]
CO ()

Lithiated graphite CcO CO, +2Li* +2e” — CO(g) + Li,CO3 [44]
NMC cathodes; EC solvent CO, COy, HO  (CH0),CO + 0Oy — CO(g) +2CO, +2H0 [124]

Carbon black (additive) + H,O CcO C+H,O0—=CO(g)+2H" +2e~ [44]

Carbon black + H,O CcO, C+2H,O—-CO; +4H" +4e~ [4]
Organic carbonate (RCO3R) CO, RCO3R — ROR + CO;, (g) [152]
EC + H,O CO, (CH,0),CO + H,O — (CH,OH), + CO» (g) [114]
Cathode LiPFg + Li;CO3 CO,, POF; LiPFg + Li,CO3 — CO, (g) + 3LiF + POF3 (g)  [153]

. LiPFs + 3LMC — 3 CO; (g) + 4 LiF +

LiPFg + LMC (SEI component) CO,, CH30CHj OPF,OCHj + CH3OCH; [153]
Ni-rich NMC (e.g., NMC811) O, MO; — MO,-6 + % O, (g) M = Ni, Mn, Co) [154]
Li,CO3 10, Li,CO; — CO, + % 05 (g) [123]
EC (oxidized by O,) CO, CO,, H,O  (CH;0),CO + 0O, — CO(g) +2CO, +2H,0 [124]

3. Factors Affecting Swelling

Swelling in lithium-ion cells arises from both reversible and irreversible processes.
While intercalation causes reversible expansion, long-term dimensional growth is driven
by irreversible mechanisms such as SEI thickening, lithium metal plating, and gas
accumulation. Swelling behavior is strongly influenced by cell chemistry, electrode
structure (e.g., porosity, tortuosity), electrolyte composition, and manufacturing quality,
particularly moisture control and contamination avoidance. Operational factors such as
C-rate, temperature, voltage, and SoC determine the severity and onset of the degrada-
tion pathways causing swelling. Each condition promotes specific failure mechanisms,
including lithium plating, SEI growth, and gas evolution, which collectively drive ir-
reversible swelling. The following sections discuss the factors that contribute to this
irreversible expansion.

3.1. Effect of C-Rate on Swelling

Swelling in LIBs increases with increasing C-rates due to Joule heating, which causes
thermal expansion, and due to kinetic/electrochemical effects, including lithium plating
and gas generation. Oh et al. [23] used in situ dilatometry on a 5 Ah NMC/graphite
prismatic cell to track thickness changes at various C-rates. At C/25, ~1.5% reversible
expansion was observed, consistent with intercalation. At high C-rate (5C), an additional
residual increase in cell thickness persisted after discharge (see Figure 7). Thus, while
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higher C-rates induce both reversible thermal and intercalation expansion, the persistent
thickness increase highlights irreversible swelling.
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Figure 7. C-rate-dependent cell thickness changes in a 5 Ah NMC/ graphite prismatic cell during
discharge [34]. Higher C-rates (2C, 5C) show increased swelling, with 5C exhibiting the largest
residual expansion at the end of discharge [34]. Reprinted from Ref. [34], 2016, with permission
from Elsevier.

Seigel et al. [62] used in situ neutron imaging during C/5 and 5C cycling of
LFP/graphite pouch cells. At low C-rates, neutron imaging showed that expansion follows
the staging behavior of lithium intercalation in graphite, with a saturation region above
~40% SoC where little additional swelling occurs. This behavior reflects the phase transi-
tions in the graphite anode during lithium intercalation. However, at higher C-rates, the
relationship changed, where swelling increased linearly across the entire SoC range. As
the cells aged at high C-rate (2C), an irreversible expansion of 1.5% was observed with a
reduction of 4% capacity.

Dai et al. [155] cycled LFP pouch cells at 30 °C over a voltage range of 3—4 V at 0.2C,
0.5C, 1C, and 4C for 200-800 cycles. After 800 cycles at 1C, the graphite electrode exhibited
approximately 20-30% expansion. This expansion was attributed to the formation of voids
within the graphite particles, leading to a ~10% increase in particle diameter.

Li et al. [150] investigated the effects of C-rate and temperature on long-term irre-
versible swelling in large-format NMC/graphite pouch cells. At approximately 79% state of
health (SoH), the battery cycled at 4C charge/1.5C discharge at 25 °C exhibited a thickness
increase of 3540 pm, which corresponds to 45.3% of its original thickness (7720 pm) as
shown in Figure 8. SEM revealed dense deposits on the anode from electrolyte decompo-
sition and SEI growth. Incremental capacity analysis showed lithium intercalation peaks
faded significantly, confirming lithium loss. This degradation mechanism resulted in a
nonlinear increase in irreversible deformation that was disproportionately large below 80%
SoH. Sziirke et al. [156] evaluated polymer LIBs at 1C, 1.5C, and 2C using displacement
sensors. Their results revealed that there is a rise in swelling magnitude as the C-rate is
increased, with a swelling of 22% observed at a 2C rate.
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Figure 8. Irreversible deformation of the NMC-graphite cell under different degradation paths [150].
Reprinted from Ref. [150], under the terms of the Creative Commons Attribution 4.0 License.

3.2. Effect of Temperature on Swelling

Temperature impacts swelling via both intrinsic thermal expansion of internal compo-
nents and temperature-dependent electrochemical degradation. While uniform heating
causes recoverable expansion of electrodes, separators, and current collectors, irreversible
swelling also occurs, especially at elevated temperatures (>45 °C) due to SEI growth,
electrolyte decomposition, and gas generation.

He et al. [157] used in situ pressure measurements and open cell configurations to
detect Hp, CoHy, and CO, in LTO cells at 50 °C, with H, evolving during the first charge and
CyHy from EC reduction at lower potentials. Wu et al. [118] observed that gas generation
in LTO cells held at 80 °C for 120 h originated from solvent decomposition, which was
anode-potential driven. Belharouak et al. [151] aged LTO-LMO cells at 30-60 °C for
5 months and observed increasing gas generation (Hy, CO,, CHy, C2Hg) with temperature.
Kim et al. [158] studied NMC, NCA, and LCO pouch cells stored at 60 °C and 85 °C.
Ni-rich cathodes released most of their gas early during storage, leading to a rapid increase
in internal pressure and cell swelling. In contrast, LCO released gas more slowly and
continuously over time, resulting in a gradual rise in pressure and more controlled swelling.
This slower gas evolution reduces mechanical stress on the electrodes and cell components,
making LCO cells more favorable for long-term storage.

Mohtat et al. [8] investigated the impact of temperature on irreversible swelling in
NMC-graphite pouch cells. Cycling at 55 °C/1C caused ~16% irreversible deformation at
a SoH of 76%, primarily due to cathode-related degradation such as loss of active material
and CEI growth. Storage at 55 °C and 100% state of charge (S0C) led to substantially higher
expansion (~29% at 80% SoH over 180 days), driven by gas generation from thermal de-
composition of the electrolyte, with SEM imaging confirming the absence of solid deposits.
Cells aged at 45 °C also exhibited greater irreversible thickness growth compared to 25 °C,
even though intercalation-induced strain per cycle was similar as shown in Figure 9. These
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results indicate that higher temperatures accelerate swelling, mainly through accelerated
chemical and electrochemical degradation and increased gas formation within the cell.
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Figure 9. (a) The capacity retention is plotted as a function of the irreversible expansion, and (b) the
reversible expansion for all the cycling aging conditions measured during the C/20 charge test at
25 °C. The curves in the plots are color-coded such that the red, blue, and green colors indicate the
aging condition at hot, cold, and room temperatures [8]. Reprinted from Ref. [8], under the terms of
the Creative Commons Attribution 4.0 License.

Low temperatures, while reducing gas formation, introduce the risk of lithium plating.
Chen et al. [159] used 2D /3D X-ray CT and micro-zone analysis to show that charging at
0 °C promotes Li plating, leading to irreversible swelling due to electrode deformation,
delamination, and dendrite formation. Mohtat et al. [8] found that cells cycled at —5 °C
showed higher irreversible expansion per cycle than those at 25 °C, which is consistent
with plating-induced swelling. Li et al. [150] found that at low temperatures, cells cycled at
—5 °C/1C exhibited 15% irreversible swelling at 81% SoH. This deformation was primarily
attributed to lithium plating on the anode, as confirmed by SEM images showing mossy
lithium deposits. Mild gas generation from side reactions between plated lithium and
the electrolyte further contributes to irreversible swelling by increasing cell thickness and
internal pressure.

3.3. Effect of Voltage and SoC on Swelling

When operated within the nominal voltage range, gas generation in LIBs is generally
minimal and attributed to ester exchange reactions in the electrolyte [160]. However,
overcharging or over-discharging can significantly accelerate gas formation, triggering
pronounced swelling.

During overcharge, increased delithiation of the cathode and lithiation of the anode
initiate a three-stage swelling mechanism: a steady voltage rise beyond nominal levels,
decomposition of active materials and electrolyte, and eventual structural collapse of elec-
trodes, accompanied by elevated temperatures and side reactions [97]. Mao et al. [161] and
Yuan et al. [162] showed that NMC—graphite cells charged above 4.2 V showed a 40% vol-
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ume increase. These increases are attributed to electrolyte decomposition and gas evolution
(e.g., Hy, CHy, COy) [4,162]. Sun et al. [163] reported volumetric expansion up to 277.6%
in LFP modules, where lithium plating and thermal breakdown of the SEI layer caused
deformation even below 60 °C. Kong et al. [152] found that the extent of gas generation
and swelling is also influenced by cathode oxidation capability, with LCO > LMO > LFP.

Over-discharge promotes gas evolution through reduction reactions and dissolution
of the copper current collector. In LCO cells, copper migration and re-deposition on the
cathode reduce intercalation efficiency and contribute to swelling [164]. Structural SEI
changes during over-discharge further release gases such as H, including CxHy and CO,
molecules, with hydrogen traced to cathode-originated reactions [165].

Swelling is also strongly SoC-dependent. Neutron imaging and X-ray radiography
during C/5 charge-discharge of LFP/graphite pouch cell showed linear swelling from
0 to 30% SoC due to initial intercalation, a plateau between 30 and 70%, and a second
expansion phase above 70% as lithium staging progresses in graphite [62]. Fahy et al. [166]
demonstrated that swelling magnitude varies with SoC, C-rate, and cell age, with high
SoC promoting irreversible electrode deformation. Read et al. [167] observed LiF forma-
tion in the cathode during discharge, affecting cathode swelling, while Lu et al. [168]
reported greater swelling in LFP-graphite cells stored at 0% SoC due to SEI instability,
recommending 30% SoC for safer storage. Lawder et al. [169] used a physics-based pseudo-
two-dimensional (P2D) model to show that SEI growth during high-voltage charging and
shallow cycling at high SoC accelerates capacity fade and swelling.

4. Relationship Between Swelling and Cell Performance

Swelling in lithium-ion batteries is closely linked to the degradation pathways that
occur during cycling and storage. Lin et al. [100] and Juarez-Robles et al. [170] have shown
that electrode expansion is interconnected with loss of active material, electrical conduc-
tivity, and lithium inventory, which arise from processes such as lithium plating, dendrite
formation, SEI growth, and structural decomposition of electrode materials [100,170].
Sauerteig et al. [63] highlighted the connection between swelling and active material loss,
stemming from crystal structure changes, electrolyte oxidation, and electrode decompo-
sition. Xing et al. [171] revealed that the loss of conductivity is attributed to the current
collector corrosion and binder decomposition, which can contribute to capacity loss and
swelling. Li et al. [9] examined the impact of electrode sheet number on swelling force,
showing that higher sheet count accelerates swelling and leads to capacity decay.

Swelling also exacerbates the rise in internal resistance. Gas pockets and thicker
SEI layers slow down the ion flow between electrodes. Stravova et al. [172] reported
that after long-term cycling, the cell’s series resistance roughly doubled (from 81 m(} to
167 mQ)). Corresponding CT scans revealed 29% swelling in cell thickness, highlighting
the coupling between swelling and electrochemical impedance growth. The simultaneous
rise in resistance and swelling was attributed to electrolyte breakdown (producing SEI and
gas), lithium deposition on the anode, and electrode delamination, all of which increase
charge-transfer resistance and mechanical degradation.

The amount and rate of swelling can be used as a diagnostic metric, as it is linked to
the internal electrochemical and mechanical state of a LIB cell. For example, it is known
that the reversible swelling during charge and discharge cycles corresponds to the SoC [8].
Hendricks et al. [173] installed strain gauges on prismatic cells and trained a neural network
on the data to map strain signals to depth-of-discharge, and found that the nonlinear strain
response during dynamic discharge could be used to track the SoC.

Mohtat et al. [8] monitored thickness changes operando in pouch cells under external
load and showed that both the shape and magnitude of the reversible expansion curve
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evolved with cycling, directly reflecting changes in the anode, cathode, and lithium inven-
tory. By combining expansion data with electrochemical measurements, they were able to
separate electrode-specific degradation contributions and estimate key health metrics. The
amplitude of reversible expansion per cycle proved to be a sensitive indicator of aging, as
its decline reflected the loss of cyclable lithium; with reduced lithium intercalation, the as-
sociated volume changes became progressively smaller. In contrast, cumulative irreversible
expansion exhibited a linear correlation with capacity fade.

Peng et al. [174] analyzed peak-strain patterns to estimate capacity fade and demon-
strated that features of the strain curve can be used to predict capacity degradation. Simi-
larly, Zeng et al. [175] employed the relationship between swelling and underlying degra-
dation mechanisms as prognostic and diagnostic inputs. Swelling measurements have
also been applied to detect anomalies such as battery health degradation [11], lithium
plating [99], internal short circuits [176], and manufacturing-induced inhomogeneities [64].

Jiang et al. [177] evaluated mechanical measurement techniques for capturing real-
time electro-chemo-mechanical behavior in battery electrodes. Their study demonstrated
that multi-beam optical stress sensors, digital image correlation, and bending curvature
measurement systems can be used to track stress evolution, deformation, and stiffness
variations during cycling. These methods were found to provide sufficient spatial and
temporal resolution for detecting early indicators of interfacial delamination, internal stress
accumulation, and mechanical degradation.

Thermal runaway events trigger the decomposition of electrolytes, which release
volatile compounds including carbon dioxide, carbon monoxide, and various hydrocar-
bons [178]. The breakdown of the SEI layer adds to the gas release, including hydrogen
and other hydrocarbons. Additionally, the thermal decomposition of organic solvents in
the electrolyte generates gases such as hydrogen, methane, ethane, and propane. As gases
accumulate, the internal pressure within the battery rises rapidly, leading to mechanical
deformation or swelling [179]. Chen et al. [180] reported a two-stage strain response in
prismatic cells under heating—an initial slow rise followed by a steep increase before
venting. The strain thresholds scaled linearly with capacity, providing 160-500 s of early-
warning time.

Lin et al. [181] compared overcharge, external heating, and nail penetration in large-
format NMC (51 Ah) and LFP (52 Ah) prismatic cells. NMC under overcharge showed five
distinct force stages leading to thermal runaway, while LFP showed only two stages, with
valve activation but no runaway. Nail penetration produced lower peak forces, marked by a
puncture drop followed by a rapid rise from short-circuit heating. External heating caused
sudden force peaks just before venting. Lead-time analysis showed NMC signaled ~2.6 s
before runaway, whereas LFP provided ~20 s. These findings confirm that expansion-based
metrics offer sensitive, quantifiable early-warning indicators across different triggers and
chemistries, though further research is needed to optimize their application for real-time
battery safety monitoring.

5. Swelling Models

Swelling models in lithium-ion cells connect microscopic mechanisms such as Li inter-
calation, SEI formation, or gas generation to macroscopic manifestations in cell thickness,
casing expansion force, and stack pressure. These models are essential for estimating the
battery SoC and SoH, as well as for detecting anomalies or thermal runaway.

Yuan et al. [182] developed an electrochemical-mechanical model of a constrained
cell, showing that Li intercalation induced electrode volume change and internal pressure,
which increased cell voltage and reduced capacity during fast charging. They quanti-
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fied the reaction force arising from the combined effects of intercalation swelling and
structural deformation.

Schmidier et al. [183] developed a pseudo-3D thermo—electro-mechanical model
for a pouch cell with a graphite anode and an NCA/LCO cathode blend. The model
coupled electrochemistry, heat transport, and thickness change, and was parameterized
and validated against electrochemical dilatometry, thermal, and electrical data over a
0.05-10C C-rate. Their results identified graphite intercalation as the dominant swelling
source among electrodes, with partial cancelation from cathode contraction and additional
contributions from thermal expansion at high C-rates.

Oh et al. [184] introduced a phenomenological swelling model for constrained pouch
cells consisting of two sub-models. The 1-D force model predicted the force generated by Li
intercalation when the cell was mechanically constrained, using a nonlinear elastic stiffness
and dividing the SOC range into three sub-ranges to capture electrode phase transitions.
The first-order relaxation model described the time evolution of swelling during relaxation
after current removal, introducing a relaxation coefficient. Although temperature effects
were included, the treatment of thermal gradients and aging-induced changes in stiffness,
modulus, adhesion, and binder properties was not considered.

Oh etal. [32] developed a swelling model that separated intercalation-induced swelling
and thermal expansion. An equivalent coefficient of thermal expansion dependent on SOC
described thermal swelling in the through-thickness direction, combined with a 1-D heat
conduction approximation to estimate core-surface temperature gradients. The model
showed quadratic dependence of swelling on temperature at low values, transitioning to a
linear dependence above 25 °C. However, the 1-D assumption of uniform heat generation
did not capture spatial non-uniformities in current density, resistance, or local reactions.

Kobbing et al. [185] compared continuum SEI growth models and demonstrated that
electron-diffusion-limited growth best explained the observed SOC and time dependence of
SEI thickness. Their work highlighted the importance of coupling electrochemical kinetics
to transport limitations in modeling interfacial layer growth, but they did not include
feedback from mechanical stress or morphological evolution. Von Kolzenberg et al. [186]
extended this framework with a chemomechanical model coupling SEI growth to stress
evolution on silicon electrodes. The model incorporated SEI elasticity, plasticity, fracture,
and regrowth, and captured a square-root-of-time (,/t) dependence of SEI growth during
storage and linear growth during cycling.

Cai et al. [187] developed a thermal runaway model linking gas generation rate to
expansion force. The model assumed that SEI decomposition was the main contributor
to gas generation (particularly CO,) during the early stage of thermal runaway triggered
by an internal short circuit. Their framework coupled the reaction kinetics of electrolyte
decomposition with gas species evolution and applied an equation of state to convert molar
gas generation to pressure. This pressure was then coupled to mechanical deformation to
predict expansion force and cell thickness changes during the onset of thermal runaway.
However, modeling gas swelling by considering only CO, generation from SEI decomposi-
tion neglected contributions from other mechanisms of gas generation (electrolyte, binder,
cathode reactions), leading to an underestimation of total gas evolution and force buildup.

Phenomenological and equivalent mechanical models describe swelling at the module
level, where multiple pouch cells are stacked and mechanically constrained. Stack pressure
develops as the expansion of individual cells generates tensile forces on the module bracing.
Jiang et al. [188] developed an equivalent mechanical model of lithium-ion pouch cells
based on stack pressure measurements. The model represented a cell as a nonlinear spring
system whose stiffness varied with SOC, thereby translating electrochemical swelling into
equivalent mechanical elements for module-level analysis. This abstraction simplified the
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incorporation of swelling into structural simulations of packs and enabled stack pressure
prediction without requiring multiphysics coupling. The limitation was that the model
was empirical and tuned to specific measurements, reducing predictive generality. It also
neglected temperature dependence, gas generation, and degradation-induced swelling.

Choi et al. [189] developed a phenomenological model to analyze uncertainty in stack
pressure within EV battery modules. The model captured how intercalation-induced
swelling in pouch cells, along with module-level mechanical interactions, contributed to
stack pressure variations. They applied uncertainty quantification to propagate parameter
variability through to system-level outputs, providing a framework for linking cell-level
swelling to pack-level mechanical stress. However, thermal swelling was not considered.

Hahn et al. [190] developed and validated a model for predicting pressure in pouch
cells within buffered module assemblies. Buffer layers are mechanical spacers placed
between cells or between cells and the module casing to absorb and redistribute expansion
forces. Their work focused on the interaction between cell swelling and module-level
buffer layers, showing how buffering influenced internal stack pressure evolution. The
model was experimentally validated at the module level, providing design insight into
mechanical integration. However, the formulation abstracted away underlying sources of
swelling, assumed simplified material properties for buffer layers, and did not incorporate
aging, thermal gradients, or gas generation, limiting its applicability for long-term or
safety-critical predictions.

Swelling models were also used to estimate SoH based on stack pressure and/or
dimensional changes. Cannarella et al. [191] demonstrated a linear relationship between
stack stress and SoH in LCO pouch cells, showing that pressure sensors embedded in
modules could track capacity fade. Perez et al. [192] investigated NMC pouch cells and
reported a third-order polynomial relationship between stack pressure and SoH. Their
work highlighted the chemistry-dependence of swelling-SoH correlations, as well as the
need for more sophisticated models to account for nonlinear behaviors at different stages
of degradation. Ebert et al. [193] demonstrated that stack pressure sensing could be applied
to identify cell imbalance, abnormal temperature behavior, and the onset of failure events.

While models have been developed, they did not account for the combined effects of
dynamic swelling due to preload, reversible swelling (intercalation and thermal swelling
of all components), and irreversible swelling with aging. Furthermore, there is a need for
models that incorporate uncertainties related to manufacturing and assembly tolerances,
material property variations, measurement inaccuracies, and operating conditions. In
addition, methodologies are needed that utilize field data to update model parameters for
improved predictions, which reflect real-life operational values and conditions.

6. Methods to Mitigate Swelling

Swelling in LIBs is associated with the internal stresses that contribute to mechanical
degradation, including fragmentation, disintegration, and fracturing of active materials,
and can result in the loss of electrical contact between the current collector and the elec-
trode. Such disconnections electrically isolate parts of the electrode and expose fresh
surfaces to the electrolyte, triggering further side reactions. Fracturing of active materials
also damages the SEI layer, which leads to repeated SEI formation and electrolyte con-
sumption. Additionally, stress accumulation can reduce electrode porosity, limiting ionic
transport [1,38,194,195]. Boyce et al. [196] suggest that many of the failure mechanisms,
including fracture, cracking, and delamination, stem from diffusion-induced stress and
volumetric strain. To address these issues, mitigation strategies must include modifying
material properties, implementing effective cell design and manufacturing practices, and
maintaining controlled operating conditions, as illustrated in Figure 10.
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Figure 10. Flowchart of strategies to mitigate swelling in lithium-ion batteries based on material
design, manufacturing, and operating conditions.

Chemical modifications have an impact on how cells irreversibly expand, particularly
because gas generation is so closely linked to parasitic electrolyte redox reactions. Wu
et al. [118] showed that cells with DMC alone swelled by ~325%, while most other sin-
gle or binary electrolytes caused ~90-100% swelling under high-temperature conditions.
In contrast, the PC + DMC (1:1) mixture reduced swelling to ~50% compared to stan-
dard electrolytes, due to the formation of a more protective film on the electrode surface.
This demonstrates that solvent selection and synergy directly impact gas generation and
swelling suppression.

Miillner et al. [197] have shown that CMC/SBR binders can stabilize fractured silicon
or graphite particles and preserve the SEI, thereby reducing swelling compared to using a
more elastic binder like PVDEF. Doping Ni-rich NCM cathodes with small amounts of Mg
or other cations, or doping LCO with aluminum (Al), strengthens the metal-oxygen bonds
and reduces lattice distortion during lithium extraction [198]. Al doping is most effective
in suppressing gas evolution from high-Ni layered cathodes by preventing oxygen release.

Lee et al. [199] controlled the swelling in silicon-based electrodes in LIBs through
amorphous carbon-coated silicon/graphite granules (C@SGG) as an anode material. The
authors measured the thickness change in the lithium-ion cells using an in situ electrode
thickness measurement system to monitor the swelling behavior. The study addressed the
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swelling issue of silicon-based electrodes in LIBs by introducing amorphous carbon-coated
silicon/graphite granules (C@SGG) as an anode material. The C@SGG electrode exhibits
stable cycling performance with high reversible capacity (1150 mAh/g) and improved
initial coulombic efficiency (85%). A pouch full cell with C@SGG as the anode and LiCoO,
as the cathode demonstrated long-term cyclability, retaining 71% capacity over 500 cycles
at a 1C rate. Initial volume expansion of 12.7% was observed when first charged at 0.1C,
and the volume expansion of 14.5% when charged at 1C. The swelling behavior of the
C@SGG electrode showed an initial expansion of 16.0% at a charged state and a cycling
expansion of 6.7% over 50 cycles. The study highlights the C@SGG as an anode material
with improved electrochemical properties and regulated swelling behavior.

Zybert et al. [200] studied Na- and Nd-doped NMC622 cathodes for enhancing
the structural stability of Ni-rich layered oxides during repeated lithiation/delithiation.
Sodium ions, when introduced into the lithium layers, expanded the interplane spacing
and acted as “pillars” that support the layered framework, thereby improving Li-ion diffu-
sion and reducing stress accumulation from volume changes. Neodymium, on the other
hand, substituted for transition metals in the oxide layers and formed strong Nd—O bonds,
which suppressed lattice collapse, oxygen release, and microcracking. Zybert et al. [201]
also studied Al- and Mg-doped NCM622 and observed that doping stabilized the layered
structure and suppressed the H2-H3 phase transition, a known driver of anisotropic strain
and microcracking. Improved cycling stability and reduced impedance growth were ob-
served. However, these studies did not measure swelling, electrode thickness change, or
stack pressure evolution. Consequently, the extent to which doping-induced structural
stabilization translates to macroscopic swelling mitigation remains uncertain.

Su et al. [202] employed a multiscale operando approach combining synchrotron X-ray
scattering and transmission X-ray microscopy to directly monitor electro-chemo-mechanical
evolution in LiCoO, cathodes under high C-rate (>1C) cycling. It was observed that particle
cracking, agglomerate fragmentation, and nanoscale feature formation were the primary
mechanisms behind capacity degradation and electrode swelling. However, by engineering
a poly(3,4-ethylenedioxythiophene) (PEDOT) surface coating, the authors suppressed these
degradation pathways, reducing surface deterioration, inhibiting LCO expansion, and
extending cycling life. The study highlights the importance of surface modification in
mitigating stress-induced swelling and demonstrates multiscale diagnostics in guiding
cathode design.

Li et al. [203] demonstrated that the structure of SEI and electrode swelling in silicon-
based anodes are influenced by the choice of material and electrode design. Porous Si/C-
graphite composite electrodes, synthesized using electrochemical etching and carbon
coating, were engineered to minimize volumetric expansion during cycling. The porous
Si architecture with thin silicon walls surrounding large pores exhibited only about 30%
volume expansion, less than that of nano-Si, which typically undergoes 300% expansion.
This reduced swelling limited continuous SEI formation and electrolyte consumption,
helping stabilize cycling performance. The SEI formed on the porous Si/C structure was
stable, enabling high Coulombic efficiencies (~99.8% after initial cycles) and long-term
retention (~82% over 450 cycles). An additional calendaring step improved particle packing
to limit volume expansion in Si-anode-based LIBs. Electrode swelling was kept below 20%
upon full lithiation and around 56% at end-of-life for calendared electrodes, compared
to higher swelling in traditional Si systems (300%) [203]. Controlling Si content, particle
porosity, and electrode calendaring are key strategies to achieve high capacity, stable cycling,
and manageable swelling in practical silicon-based LIB anodes.

Jain et al. [204] conducted experiments that showed that using nano-sized active
material particles or core—shell structured particles that accommodate strain from lithia-
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tion perform much better than large, homogeneous particles. When particle dimensions
are on the order of ~100 nm or less, the lithium insertion-induced stress is more uni-
formly distributed and below the critical threshold for crack formation. Silicon particles
below ~150 nm do not fracture upon full lithiation, whereas bulk silicon cracks due to
internal strain [204]. However, in the case of LCO, a contrasting trend was observed by Su
et al. [202] in which larger particles exhibited delayed cracking, whereas smaller particles
fractured earlier during over-lithiation. This indicates that the relationship between par-
ticle size and mechanical resilience is material-specific and depends on crystallographic
orientation, defect density, or surface energy. Material engineering, like a core—shell design
with a shell buffering the active core, can confine expansion [204]. These strategies prevent
particle pulverization and the continuous SEI reformation that generates gases.

Niu et al. [205] presented a high-energy (300 Wh/kg), 1.0 Ah lithium-metal pouch
cell with minimized anode swelling and extended cycling performance, achieved through
synergistic electrolyte design, cell configuration, and external pressure application. A
major finding is that conventional carbonate electrolytes rapidly degrade the Li metal
anode by forming thick, unstable SEI layers, producing electrically disconnected “dead” Li
and leading to over 100% cell swelling and capacity fade within 12 cycles. Replacing the
electrolyte with a LiFSI-TEP /BTFE system improves SEI stability, forming larger Li particles
with lower surface area and reducing swelling to 74% over 50 cycles. The application of
uniform 10 psi external pressure further enhances structural integrity, suppressing Li
particle isolation, and supporting the formation of a porous, percolated Li structure that
enables sustained ionic and electronic transport. This combined strategy limits swelling
to 48% in the first 50 cycles and only 19% in the subsequent 150 cycles, allowing the cell
to reach 200 cycles with 86% capacity retention. The study highlights that swelling arises
during early SEI buildup and Li pulverization, and that controlling early-stage expansion
is critical for safer Li metal batteries.

Park et al. [206] proposed an electrode microstructural engineering approach using a
two-step calendaring process, where the first step allowed for the rearrangement of graphite
particles, resulting in a uniform pore size and distribution throughout the electrode. This
improved the swelling behavior and electrochemical properties of the electrode.

Zhang et al. [207] employed a design of an asymmetric electrode configuration to
suppress the thickness increase in pouch cells. The sample with a thickness ratio of
1.05 exhibited the highest consistency in capacity retention ratio and the least swelling
during cycle testing.

Spielbauer et al. [208] demonstrated that the initial gap between the jelly roll and the
cylindrical casing strongly influences the mechanical stability and performance of the cell. If
this gap is too small, swelling from both reversible breathing during cycling and irreversible
expansion over the cell’s life can cause the jelly roll to press tightly against the casing. This
results in elevated stresses, localized deformation, electrode delamination, and potential
mechanical failure. To mitigate these issues, they suggested the use of compressible or
buffer materials inside the casing. These materials can absorb and distribute the expansion
forces, maintaining structural integrity.

Restricting the upper charge voltage of the cell prevents the accelerated electrolyte
oxidation and structural stress that occur at high voltages. Keeping cells at full charge
for extended periods is known to accelerate SEI degradation and gas buildup, so a lower
storage state-of-charge is preferred. Calendar-aging studies have found that cells stored at
high SoC suffer faster capacity loss and resistance growth, whereas cells stored at mid-level
SoC fare much better. In particular, significant gas generation and lithium consumption
occur in cells stored at 100% SoC due to continuous electrolyte oxidation on the charged
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cathode and SEI reactions on the lithiated anode [209]. Storing cells at, say, 40 to 60% SoC
minimizes these processes [210].

SEI and electrolyte break down faster at higher temperatures, generating gases in-
cluding CO, and CO. Effective thermal management systems are therefore essential to
limit temperature rise, stabilize interfacial layers, and reduce gas evolution under both
storage and cycling conditions. Common thermal management approaches include air
cooling, liquid cooling, and phase change materials (PCMs) [211,212]. Mini-channel liquid
cooling plates [190], additive-manufactured heat exchangers [213], and advanced PCMs
with enhanced thermal conductivity [214] improve heat removal while minimizing weight
and space requirements. In parallel, materials with negative CTE are being investigated to
counteract volume increases in battery components. These materials contract upon heating
and can be integrated into composite structures to balance thermal deformation [215].
For example, materials like zirconium tungstate (ZrW,0Og) and quaternary tungstate-type
NTE ceramic (ZrScMo,VOs;) exhibit negative CTE over a wide temperature range and
have been explored as additives in electrodes [215,216]. Using such materials can help
reduce internal stress, maintain structural integrity, and extend battery life during thermal
cycling [216].

In multi-cell battery packs, managing SoC uniformity helps avoid localized overcharge,
which can lead to increased gas generation. Small capacity imbalances between cells in
a series-connected pack may cause one cell to reach full charge prematurely, entering
overcharge conditions while others remain below their voltage limits. Overcharging
induces electrolyte oxidation at the cathode and lithium plating at the anode, both of
which result in gas generation and swelling [217]. Battery management systems (BMS)
play a key role in mitigating this risk through active and passive cell balancing techniques.
Passive balancing dissipates excess charge from higher-capacity cells as heat, while active
balancing redistributes energy between cells to equalize SoC [218]. These approaches help
maintain all cells within safe operating limits, reducing the risk of gas-related failure modes.

7. Discussion and Conclusions

Swelling of LIBs results from the interplay of electrochemical and mechanical mech-
anisms. Reversible swelling, ranging from 1% to 6% is primarily driven by intercalation-
induced lattice expansion and thermal expansion. Graphite anodes consistently show
~10-14% lattice expansion during full lithiation [38,39], yet electrode-level expansion is
typically limited to ~3—4% due to binder and porosity accommodation [45]. In contrast,
silicon-based anodes show widely varying expansion (100-300%) depending on SiOy con-
tent and electrode design [47,69,70], with discrepancies arising in quantifying how much
SEI thickening versus mechanical fracture contributes.

Irreversible swelling stems from gas generation, SEI/CEI layer growth, and lithium
plating, which can collectively exceed 45% expansion. The SEI layer on graphite anodes
contributes approximately 3.5-4% irreversible expansion during early cycles [44,64]. For
silicon anodes, SEI thickness can increase from 22 to 72 nm within just 10 cycles [68], while
5i0x composites can develop SEI layers hundreds of nanometers thick [68,69]. CEI swelling
has been less studied; neutron reflectometry indicates ~37% volumetric expansion of the
cathode [81], but standardized, cross-chemistry quantification of CEI evolution is lacking.

Lithium plating has been consistently linked to irreversible swelling at low tempera-
tures and high C-rates [5,97]. However, discrepancies arise in separating plating-induced
swelling from overlapping intercalation strain and SEI growth.

Gas evolution is the major driver of irreversible swelling. Some studies report CO
as primary (56% of gas content) [107], while others emphasize ethylene and hydrogen
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under similar conditions [108,115]. These inconsistencies stem from differences in electrode
material, electrolyte composition, cycling protocols, and gas chromatography sensitivity.

High C-rates consistently increase irreversible swelling, with up to 45% expansion
observed under 4C/1.5C cycling [150]. Similarly, temperature effects are consistently re-
ported where high temperatures accelerate SEI growth and gas evolution [8,157], while low
temperatures induce plating and mossy lithium deposits [159]. However, SoC-dependence
is less uniformly characterized where neutron imaging reveals swelling plateaus between
30 and 70% SoC [166], but other reports show linear or nonlinear dependencies depending
on chemistry [62,168]. These discrepancies underscore the chemistry- and protocol-specific
nature of swelling.

Given the substantial irreversible swelling caused by gas evolution, SEI/CEI growth,
and lithium plating, effective mitigation strategies are critical to improve battery longevity
and safety. PEDOT surface coatings, LiFSI-based electrolytes under controlled stack pres-
sure, and silicon—carbon composites have achieved 30-50% reductions in expansion over
hundreds of cycles, though trade-offs in energy density and scalability remain.

Experimental studies reveal a strong quantitative link between battery swelling and
performance degradation metrics such as capacity fade and internal resistance. Reversible
thickness changes track state of charge linearly, enabling real-time SoC estimation. Ir-
reversible swelling increases with degradation and can indicate capacity loss, lithium
inventory loss, and electrode delamination. Irreversible swelling beyond 20% correlates
with a 150% rise in internal resistance and over 30% capacity fade [172]. Excessive swelling
can therefore serve as an early indicator of battery stress and potential safety risks, including
venting or thermal runaway.

Swelling is a potential diagnostic and prognostic signal. External strain gauges and
force sensors bonded to cell casings can detect mechanical deformations that correlate not
only with SoC and SoH but also with early indicators of thermal runaway. Embedded
fiber Bragg gratings achieve ~1 e resolution, enabling capacity fade predictions within
2% error over more than 300 cycles. Ultrasonic pulse echo detects gas bubble formation
once swelling exceeds 2%, well before measurable capacity loss, and acoustic emission
sensors capture plating-induced fracture events corresponding to under 1% irreversible
expansion. Together, these methods enable a new class of health monitoring systems that
could improve battery safety.

While swelling correlates with capacity fade, integration into battery management
systems is still limited by sensor costs, calibration drift, and insufficient predictive capa-
bility for real-world operating conditions. Most mechanistic insights have been obtained
from small-format cells and understanding how swelling behavior scales to large-format
commercial cells, considering non-uniform expansion, mechanical constraints from cell
stacking, and interactions within battery packs, remain underdeveloped. Current swelling
models address subsets of mechanisms but fail to integrate preload-induced swelling,
reversible contributions (intercalation and thermal), and irreversible aging-related expan-
sion. While swelling is recognized as a precursor to venting and thermal runaway, the
thresholds for “safe versus unsafe” swelling need to be defined. Standardized protocols for
quantifying swelling under abuse conditions (e.g., overcharge, nail penetration, or external)
would advance safety assessment.

Future research should focus on integrating swelling-based sensing techniques with
electrochemical diagnostics and machine learning approaches to develop predictive frame-
works capable of early failure detection and root-cause identification. This includes corre-
lating in situ thickness or strain measurements with electrochemical tools such as EIS to
link internal degradation processes with external mechanical responses, thereby refining
swelling models. Complementary development of miniaturized sensors with high accuracy
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Abbreviations

The following abbreviations are used in this manuscript:

LIB Lithium-ion battery

SEI Solid electrolyte interphase

CEI Cathode electrolyte interphase

LMO Lithium manganese oxide

LFP Lithium iron phosphate

LCO Lithium cobalt oxide

NMC Lithium nickel manganese cobalt oxide
NCA Lithium nickel cobalt aluminum oxide
CTE Coefficient of thermal expansion

SoC State of charge

SoH State of health

PE Polyethylene

PP Polypropylene

XRD X-ray diffraction

LTO Lithium titanate

FBG Fiber Bragg grating
LiBOB Lithium bis-(oxalate)borate

EIS Electrochemical impedance spectroscopy
LEDC Lithium ethylene dicarbonate
pP2D Pseudo-two-dimensional

C@SGG  Coated silicon/graphite granules
PEDOT  Poly(3,4-ethylenedioxythiophene)
PCMs Phase change materials

BMS Battery management system
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