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Most of today’s consumer electronic products such as cell phones, laptops, and tablets
use pouch lithium-ion cells to make themost efficient use of space, compared to cylindrical
and prismatic designs. However, eliminating the metal enclosure comes at a cost if the
pouch cell swells due to gas generation and damages the product it is contained within.
This paper presents various swollen battery examples in consumer products and how
companies handle the issues, reviews the mechanisms of the gas generation, and offers
solutions to prevent pouch cell swelling from affecting the devices.
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1 INTRODUCTION

Lithium-ion batteries have become the first choice of power for today’s portable electronics due to
their relatively high specific capacity, energy density, and power density (Ren et al., 2018). These
advantages allow Li-ion batteries to support long-term operation and high-current usage in products
ranging from cell phones, computers to power tools and automotive applications (Aalund et al.,
2021).

Commercial lithium-ion batteries come packaged in primarily four formats: coin, cylindrical,
prismatic, and pouch; the first three having a hard metal casing. Coin cells are typical in small
wearable consumer and medical devices such as wristwatches, calculators, and hearing aids, which
require capacity levels of hundreds of milli-ampere-hours. Cylindrical cells are often used in medical
instruments, e-bikes, power tools, and electric vehicles (Blomgren, 2016). Cylindrical cells have
advantages associated with the ease of manufacturing, mechanical stability, and high internal
pressures without deforming (Schröder et al., 2017). The major disadvantage is that the cell’s circular
cross-section does not fully utilize the available space when combining cylindrical cells into packs
and modules. Prismatic cells are primarily used in industrial applications, certain powertrains in
hybrid and electric vehicles, and some space applications (Schröder et al., 2017). The prismatic cell
uses a cubic-shaped metal can (Schröder et al., 2017) with higher packaging flexibility and space
efficiency than cylindrical cells. However, the prismatic cell types are more expensive to manufacture
than cylindrical cells. Pouch cells are similar to prismatic cells in shape, but instead of using a hard
metal casing, pouch cells typically use polymer-coated aluminum foil casings.

Eliminating the metal casing makes pouch cells lightweight and enables them to conform to their
enclosure modestly. However, pouch cells have been known to expand due to gas generation in the
cell (Ellis et al., 2017; Mao et al., 2017). Swollen cells can damage the surrounding components such
as electronic circuitry boards or displays. Swollen cells are also indicative of a safety risk since the
volatiles are flammable and toxic if punctured.

Gas generation is a byproduct of electrochemical and chemical reactions inside the battery,
which can occur when the battery is operational or in storage. The gas generation rate is
dependent on chemistry, manufacturing quality, and battery management. Gas generation can
be accelerated by increasing the ambient temperature, the discharge current, and by
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overcharging and over-discharging (Fear et al., 2018).
Common gas species generated from typical lithium-ion
battery composition are often toxic, e.g. CO, HF, SO2, NO2,
NO, and HCl (Ellis et al., 2017; Mao et al., 2017).

This paper presents various swollen battery case studies,
discusses why the gas generates, and offers solutions to
prevent pouch cell swelling from affecting the devices. Section
2 reviews various swelling incidents in consumer electronics
products such as phones and laptops. Section 3 discusses the
gas generation mechanisms in lithium-ion batteries and the
probable causes of the case studies. Section 4 presents
conclusions and recommendations.

2 CASE STUDIES OF CONSUMER
ELECTRONICS PRODUCTS AFFECTED BY
POUCH CELL SWELLING
Swollen pouch cell issues have been reported on various
consumer electronics products such as phones and laptops,
causing the device not to operate and the trackpad, screen, or
outer cases of the devices to deform, pop open, or fracture
(Puls Technologies Inc, 2019; Androidcentral, 2020). Sun
et al. (2021) showed that the contact pressure of the
swollen cells with 278% volume increase on the
surrounding components was up to 28 N/mm2. The
swelling can compromise the waterproof or water-resistant
level of the device (Dube, 2018). There are also safety risks
such as explosion, fire, or toxic gas if the swollen pouch cell is
punctured and the gas is released (Hofmann et al., 2017; An
et al., 2021).

A few weeks after Apple released iPhone 8 and iPhone 8 Plus
in 2017, there were complaints about iPhone 8 regarding battery
swelling problems and product damage (Puls Technologies Inc,
2019). On 9 October 2017, BBC News reported six incidents of
iPhone 8 plus phones “splitting apart soon after usage”. One
reported iPhone 8 Plus swelling incident occurred within 5 days
of purchase when charging the phone with the supplied cable and
plug adapter (Jacob, 2017; Lovejoy, 2017). Two iPhone 8 Plus
owners from Taiwan and Japan also shared pictures of the device
burst open due to reported battery swelling (Rossignol, 2017a). In
both cases, the batteries were swollen, and the resulting expansion
placed pressure on the outer case and display, causing the display
to pop open. Other iPhone 8 Plus owners shared pictures of their
devices that had similarly burst open (Rossignol, 2017b). In all
these cases, the battery inside the phone has swollen, making the
phone unusable. Apple noted the problem and stated, “We are
aware of it and looking into it” (BBC NEWS, 2017; Jacob, 2017).
In November 2017, Apple launched iPhone X, and there were
again complaints about the screen popping out and battery
swelling reported on the Apple support communities (Apple,
2020a; Apple, 2020b).

Apple set up Logic Board Replacement Program in August
2018 (Apple, 2018a) and stated that a very small percentage of
iPhone 8 devices contained logic boards with a manufacturing
defect. Affected devices may experience unexpected restarts, a
frozen screen, or will not turn on (Apple, 2018a). The program
did not provide documentation on how to deal with swollen
batteries in smartphones.

Swollen battery problems in MacBooks date back to 2010,
suggesting the swollen battery issue has been a long-time
widespread and unsolved problem by Apple (Apple, 2018b).
For example, a customer posted on Apple Forum (Apple,
2017) that the battery in his 2011 13" MacBook Pro had
swollen to the point where it broke the trackpad. Figure 1
shows photos of a MacBook Pro 2011 with swollen batteries

FIGURE 1 |MacBook Pro 2011 with swollen batteries (Apple, 2017). (A)
Bottom view of mechanical enclosure bulging due to swelling. (B) Front facing
view of mechanical enclosure.

FIGURE 2 | Swollen MacBook Pro 2011 batteries (Apple, 2017). (A) Top
view of swollen batteries. (B) Side view of swollen batteries.
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from another customer. Figure 2 shows pictures of swollen
MacBook Pro 2011 batteries.

In April 2018, Apple started a battery replacement program
for some versions of the 13-inch MacBook Pro, warning
consumers that the battery in these laptops may physically
expand or swell, owing to a component failure. While Apple
claims the MacBook Pro batteries cause no immediate safety
issues, the company advised customers to check whether their
laptops are affected and, if so, to contact the company to get the
batteries replaced (Deleon, 2018). The battery replacement
program applied to MacBook Pro models without a Touch
Bar manufactured between October 2016 and October 2017
(Moon, 2018). In the 13-inch MacBook Pro battery
replacement program, Apple claimed that “This is not a safety
issue” (Apple, 2020c; Apple, 2020d). However, a swollen lithium-
ion battery may catch on fire or explode and must be proceeded
with extreme caution when removing a swollen battery from an
electronic device (Hofmann et al., 2017; An et al., 2021). For the
15-inch MacBook products (Apple, 2020e), five people reported
minor burn injuries, and one reported suffering from inhaling
smoke (Apple, 2018b).

Apple watches also suffer from swollen battery issues, which
induce watch failures. For example, Figure 3 shows photos of a
swollen battery from an Apple watch, which occurred while
powering on and caused the display to burst open. In January
2020, a customer posted on Apple Forum (Apple, 2020f) that the
battery had swollen in his Apple Watch Series 3 and popped the
screen out.

In April 2018, Apple offered free-of-charge repairs for selected
Apple Watch Series 2 models that cannot power on or have a
swollen battery as part of a service policy (Rossignol, 2018). In
some cases, Apple attributed the issue to “accidental damage” and
thus refused to cover repairs under warranty (Rossignol, 2019).
For example, New Jersey residents filed a class-action suit that
Apple Watch batteries are swelling up and popping off or
breaking the smartwatch’s screen through no user’s fault. The

repair program in 2018 was limited to Apple Watch Series 2
models, but the lawsuit alleges that the problem indeed affects
models from all generations (Ewdison, 2019).

Swollen pouch cell issues that resulted in the case lift-off were
also observed in Google Pixel 2XL, 3, 3 XL, and 4XL series
phones, often within 1–2 years of purchase (Gao, 2020;Mix, 2020;
Mohan, 2020). Free replacements were offered to solve this issue;
however, this was a one-time offer and not honored if the phone
was out of warranty (Gao, 2020; Mix, 2020; Mohan, 2020). A
Google Pixel customer reported that the replaced pouch cell
swelled again (Pixel Phone Help, 2020).

Swollen battery issues also occurred to Huawei phones (p20
pro, mate 10 pro, nova 3i) (Reddit, 2020) and Samsung phones
(Galaxy S20, S7, S8) (Androidcentral, 2020) within 1–2 years of
purchase. These issues occurred during the charging or non-
charging period. These case studies show that swollen pouch cells
are general issues that concern prominent consumer electronics
companies. Furthermore, the companies have done little to
resolve the issues with their course of actions.

3 GAS GENERATION AND SWELLING
SCIENCE

In a lithium-ion battery, lithium ions move from cathode to
anode through a separator during charging and move from anode
to cathode during discharging. Electrolyte acts as a medium for
transporting ions between anode and cathode (Semeraro et al.,
2021). Swelling mainly results from gas generation inside the
battery due to various electrochemical and chemical reactions
involving major battery cell components: cathode, anode, and
electrolyte.

Gas generation is expected during manufacturing but should
be removed before shipping. A significant amount of gas is
generated during the formation cycles when the cell is initially
charged and discharged under controlled environmental and
operating conditions (An et al., 2016). The pouch cell package
is oversized, and the excess gas is forced into a separate “bag”.
After the formation, cells are degassed and resealed by cutting off
the “bag” (Maiser, 2014).

Additional gas can be generated when using lithium-ion
batteries because of side electrochemical reactions. Towards
the end of a lithium-ion battery’s life, there is an expected level
of swelling. The swelling should be accounted for in system
design to allow for regular and safe device operations.
However, a flawed manufacturing process, such as
improper formation steps, can lead to a tremendous
amount of gas generation and swelling during usage (An
et al., 2016). Undesirable conditions such as elevated
temperature, overcharge, and over-discharge can cause
rapid gas generation (Feng et al., 2018). Nevertheless, the
battery management system is intended to protect from those
unwanted conditions. Figure 4 shows a fishbone diagram of
all probable causes of gas generation (An et al., 2016)- (Peng
et al., 2020). The mechanical damage can happen during
production, shipment, and usage and lead to a leakage of
the battery case.

FIGURE 3 | A swollen Apple Watch battery (Apple, 2020f).
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3.1 Gas Generation Mechanisms
Gas evolution starts within the first cycle during formation (Ellis
et al., 2017); (Renfrew and McCloskey, 2017). The quantities and
constituents of the gas produced during cycling are highly
dependent on electrode material choice. Most commercial
lithium-ion batteries use graphite as the negative electrode’s
active material due to the ease of lithium intercalation into the
spacing between graphene layers, low volume change (~10%),
and high theoretical specific capacity (372 mAh/g). During
charge, the anode potential vs. Li/Li+ will decrease and go
below 0.8 V. However, the organic electrolytes used in lithium-
ion batteries have reduction potentials close to 0.8 V vs. Li/Li+.
During the first charge cycle, the electrolyte is reduced at the
anode surface, forming an SEI layer and releasing C2H4 (from EC
solvent), C3H6 (from PC solvent), CO, or CO2 gases (An et al.,
2016), (Teng et al., 2015).

Cells are degassed after the formation process. Once the SEI
layer is formed, it should block electrons and electrolytes while
having high lithium-ion permeability. Further reduction
reactions of the electrolyte are prevented since the SEI layer is
electronically insulated. Thus, in succeeding cycles, the gas
generation rate should be significantly reduced compared to
the formation cycles. During manufacturing, a high-quality
formation process produces a stable SEI layer that protects the
electrolyte from being reduced and will reduce gas generation in
future charge-discharge cycles.

Manufacturing defects, such as contaminants within the cell,
are another source responsible for gas evolution at the surface of
the negative electrode. Water is one of the primary contaminants
and can be present from electrolyte or insufficient electrode
drying. During the SEI layer formation, the decomposition
products of the LiPF6 salt and traces of water can react and
generate HF, a toxic gas. The reduction reaction of moisture can
take place through a single electron process: H2O +e− →0.5 H2.
Bernhard et al. (Bernhard et al., 2015) found that the quantity of
H2 detected was correlated with the cell’s expected water content.

Additional studies found that over 80% of the H2 produced was
sourced from water reduction reactions (Metzger, 2016). Another
manufacturing problem is metal protrusions or burrs on the tabs
and current collectors (Yao et al., 2019) and alien metal particles.
Welding burrs or metal particles can penetrate the neighboring
electrode and separator layers and cause internal short circuits
between the anode and cathode, leading to thermal runaway,
fires, and explosions.

Lithium titanium oxide (Li4Ti5O12, LTO) is an alternative
active material used as the negative electrode in a lithium-ion cell.
LTO electrodes have a redox potential at 1.55 V vs. Li/Li+, inside
the stability window of commonly used lithium-ion battery
electrolytes. There is no SEI layer formed, and thus no gas is
generated from it. However, LTO-based batteries still exhibited
substantial gas generation during storage (Belharouak et al.,
2012). Similar to a graphite negative electrode, water
contamination will result in the generation of H2 (Hoffmann
et al., 2018). During elevated temperatures, HF is formed from the
decomposition of LiPF6. The remainder of the gasses generated is
due to reactions between the LTO electrode and the electrolyte
solvent; CO2, from decarboxylation, CO from decarbonylation,
and compounds produced during dehydrogenation are most
common (Hoffmann et al., 2018).

At the cathode, gas can generate through electrolyte oxidation
and surface contaminants. The electrolyte can experience both
electrochemical oxidation and chemical oxidation with gas
generation (Jung et al., 2017a). Electrochemical oxidation is
dependent on the surface area of the electrode and the
electrochemical potential of the cathode. For example, the
gassing of NMC cathode materials at an onset potential of
approximately 3.8 V is commonly attributed to the
electrochemical decomposition of electrolyte, producing
Li2CO3 which can deposit on the surface of NMC electrodes.
Electrolyte salt degradation occurs at a cathode potential greater
than 4.2 V, attributed to the hydrolysis of LiPF6 (Aiken et al.,
2015).

FIGURE 4 | Fishbone diagram.
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Chemical oxidation is dependent on the presence of a reactive
species during a cell’s operation. For example, NMC electrodes
can release singlet oxygen from their layered structure, which
initiates the electrolyte’s oxidation reaction. The CO2 generation
results from the reactive oxygen released from the cathode lattice
reacting with the CO generated from electrolyte oxidation (Jung
et al., 2017b).

At the cell level, the gas produced from one electrode can be
absorbed or consumed at the other, and reaction products
diffusing between electrodes can generate more gas. An
example of the interaction is transition metals from the
cathode that can deposit on the anode and accelerate the SEI
layer growth with gas generation. The increase in SEI layer
thickness has been observed from manganese dissolution from
the NMC electrode. CO2 has been observed to react with lithium
at both electrodes to form carbon deposits on the electrode
surface. Graphite anode can absorb CO2 generated through
oxidation reactions at the cathode (Ellis et al., 2017), (Xiong
et al., 2016). The consumption of gasses has been demonstrated
by Xiong et al. (Xiong et al., 2016) who stored lithiated NMC
electrodes in the presence and absence of a graphite electrode, and
Mao et al. (2019) who cycled the NMC-graphite cells at 3–4.4 V,
30°C. To test gas consumption reactions, Ellis et al. (2017)
injected various gases into pouch cells: CO2, H2, C2H4, and
CO, of which CO2 was found to be the most readily
consumed and was depleted after 100 h of storage. This
consumption process was especially prominent in the presence
of delithiated graphite electrodes, where CO2 reduction reactions
form Li2C2O4 (Ellis et al., 2017). Self et al. (2015) found that the
produced ethene at the graphite anode side can be depleted,
forming polyethylene. Therefore, the pouch cell volume can
decrease after an initial significant expansion (Mao et al., 2019).

In addition, the oxidative decomposition of the electrolyte
increases with water amount within the cell. The water content
supplies H+ through oxidation at the cathode and OH- through
reduction reaction at the anode; both products instigate
additional oxidative electrolyte decomposition at the respective
electrode-electrolyte interfaces (Rowden and Garcia-Araez,
2020).

Table 1 summarized the gas species generated from different
chemistries, of which CO, HF, SO2, NO2, NO, HCl are all toxic.

3.2 Gas Generation After Manufacturing
Post manufacturing, when a lithium-ion battery has been
deployed in a device, gas generation continues with battery
cycle aging and calendar aging (Zhang, 2014). The SEI layer
gradually thickens during repeated charge-discharge. After the

original generation of the SEI layer, with anode volume change
and electrolyte diffusion, the SEI layer fracturing can occur and
cause graphite exposure to the electrolyte. The gas generation rate
from SEI layer growth is not as significant as the formation cycle
rate. Louli et al. (Louli et al., 2017) cycled Li (NiCoAl)O2-SiO/
graphite pouch cells observed a linear increase in the cell pressure
at full charge, from 700 kPa initially to 1000 kPa after 1000 h’
testing time.

The gas species and generation rate also depend on the
material selection and the operating conditions. During
storage, Belharouak et al. (2012) found that H2 and CO2

decreased with temperature increase, whereas CO and CH4

increased with the temperature increase. Boussely et al. (2005)
showed that electrolyte oxidation at the positive electrode
becomes non-trivial over long storage periods for LiCoO2-
based and LiNiCoAlO2-based cells at elevated temperatures
and state of charge (SOC), leading to CO2 evolution.
LiNiCoAlO2-based cells experienced a dramatic pressure
increase initially and then stabilized, whereas LiCoO2-based
cells’ internal pressure gradually increased, indicating that
electrolyte oxidation depends strongly on the cathode
material’s nature (Louli et al., 2017). Storage temperature is
found to have a much more significant effect on the cells’ gas
generation stored at 100% SOC than those stored at 0% SOC
(Boussely et al., 2005). The side reaction between the electrolyte
and lithium compounds, such as Li2CO3 or LiOH in the cathode,
is considered the leading cause of gas evolution during storage.

3.3 The Roles of the Battery Management
System
A battery management system (BMS) ensures correct battery
operation. The BMS may terminate the battery operation or
report a warning to the user if the monitored parameters go
over the operation limits to prevent batteries from over-current,
over-charging, over-discharging, and overheating (Holze, 2012).
Another primary function of BMS is to estimate the real-time
battery states: SOC and state of health (SOH). The BMS reports
on the SOC and SOH to users or indicates the end of life when the
SOH falls below the user-set target threshold (Holze, 2012). BMS
controls the charger to ensure proper charging of the battery
(Holze, 2012). The charger can be onboard or outside. The BMS
control is designed to react to the battery’s internal states and data
from the sensors during charging, so these parameters are within
the operating limits.

BMS does not always function correctly and has fallibility in
both hardware and software; thus, over-charging, over-
discharging, and overheating can occur. Over-discharging
lithium-ion batteries can lead to several side reactions,
including dissolution of the copper current collector and
degradation of the SEI layer on the negative electrode with gas
generation. Li et al. (2008) over-discharged LiCoO2 cells to 0 V
and observed copper deposition on the positive electrode and gas
generation, most notably CO2. Overcharging lithium-ion
batteries will cause the excessive de-intercalation of lithium in
the cathode, leading to a collapse of the cathode structure with
heat generation and oxygen release, accelerating electrolyte

TABLE 1 | Gas species summarized from literature.

Material Gas species

Li(NiMnCo)O2-
graphite

H2, C2H4, C3H6, CO2, CO, O2, H2O, Teng et al. (2015),
Renfrew and McCloskey (2017), Jung et al. (2017b)

LiCoO2-graphite C2H4, CH4, C2H6, CO, CO2 Teng et al. (2015), Ohsaki et al.
(2005)

LiMn2O4-Li4Ti5O12 H2, CO2, CO Belharouak et al. (2012)
Water and LiPF6 H2, HF Ohsaki et al. (2005)
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oxidation and producing more gases. Ohsaki et al. (2005)
overcharged LiCoO2 cells and found CO2 and CO were
mainly produced on the cathode, whereas on the anode, H2

was the major component of the gases generated plus small
amounts of CH4, C2H4, C2H6, CO, and CO2. The side
electrochemical reactions with gas generation discussed in
Section 3.1 and Section 3.2 accelerate with temperature
increase. Lithium-ion batteries typically operate under 60°C.
Electrolyte thermal decomposition will occur and produce
gases if the BMS cannot control the battery temperature
within this limit.

Gas is also generated when an external or internal short circuit
occurs in a battery. External short-circuiting refers to when the
battery’s positive and negative terminals are connected directly.
There will be a current surge, and the BMS should cut off the
battery operation. Internal short circuit means that the anode and
cathode contact directly inside the battery due to internal reasons
such as lithium and copper dendrite growth or external causes
such as puncture, penetration, crush, or drop of the battery (Feng
et al., 2018). An internal short circuit can cause an abnormal
battery voltage drop and temperature increase (Feng et al., 2018);
thus, the BMS should give users alarms in this kind of scenario by
monitoring the battery voltage and temperature.

4 CONCLUSION

Pouch cell swelling is mainly due to the gas generation from
electrochemical and chemical reactions inside the cell. Battery
swelling can be significant enough to fracture or deform
mechanical housing and electronic circuit boards, compromise
the waterproof or water-resistant capability, and result in safety
risks due to the flammable and toxic gas.

A review of various case studies shows that swelling battery
incidents may occur at any point in a product’s life and may occur
during the charging or non-charging period. However, the few
recall programs neither claimed the root causes nor were
sufficient to fix the numerous swollen battery incidents.

The analysis shows battery swelling issues can initiate during
shipping and storage before the customer receives the device due
to poor manufacturing, such as problematic formation steps and
introduction of contamination. Unfortunately, at this time, there
is no screening process to identify in advance those batteries that
might swell due to such issues. This is made more complex when
battery swelling issues occur with usage, which can also be caused
by improper battery management or BMS malfunctions that

allow the battery voltage, current, or temperature to exceed
specified limits.

A review of the gas generation mechanisms shows that gas
generation depends on the material selection, manufacturing
and formation process, and operating conditions. The
contamination such as water and metal debris and defects
such as burrs of current collectors should be minimized
during the manufacturing process. After manufacturing,
the formation steps should be improved to develop a stable
SEI layer at the anode and cathode sides, leading to less gas
generation during the subsequent storage and usage. It is
recommended that device companies qualify pouch cells in
terms of thickness changes as a function of their targeted
application, including at the limit of charge-discharge
conditions and over the capacity fade expected in the
lifetime. The space assigned for the pouch cell in the device
should accommodate the maximum thickness change of the
cell during the lifetime within the specified operating limit.
Furthermore, the BMS should ensure that the battery
temperature, current, and voltage are within safe operating
limits. Finally, sensors such as strain gauges and ultrasonic
may be needed to monitor battery swelling so the BMS can
provide timely warnings before swollen pouch cells damage
the device or result in safety issues.
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