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Up in smoke: Considerations for lithium-ion
batteries in disposable e-cigarettes

CI2 chargeldischarge
700 cycles
94% capacity retention

100 §

95

90

Charge/
discharge

85

cycling 204

Discharge capacity retention (%)

75 —C/2(275 MA)
] 1C (550 mA) :
- ——2C (1100 mA)
L, 0 100 200 300 400 S00 600 700
X-ray Cycle Number

computed
tomography,

—Cell
—— Casing exterior (cell)
———Casing exterior (middle)

Internal: 495 °C
g 250 External: 270 °C
£ 200
= 150
100
50

0

0 250 500 750 1000 1250 1500 1750 2000
Time (s)

Disposable e-cigarettes have increased in popularity in recent years. Many of the
e-cigarettes that go to landfills after one use contain rechargeable lithium-ion
cells. In this work, we quantify how many charge/discharge cycles the batteries in
disposable e-cigarettes are capable of. We found that they could be cycled over
700 times. The disposal of these cells also presents a safety hazard as more
batteries enter the waste stream. Using nail penetration testing, we saw a cell reach
almost 500°C during thermal runaway.
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SUMMARY

In recent years, the use of disposable electric (e)-cigarettes contain-
ing lithium-ion batteries in the UK has led to remarkable wastage,
the full environmental impact of which is yet to be realized. This
study investigates the suitability for reuse and safety aspects of cells
found in disposable e-cigarettes. Through electrochemical and
safety characterization techniques, the cells’ performance and haz-
ards were evaluated. Rate capability and long-term cycling experi-
ments showed that cells sold as disposable were capable of
completing 474 cycles at 1C charge/discharge before reaching
80% capacity fade. A nail penetration test revealed significant gas
expulsion and a maximum temperature of 495°C. However, the
cell format prevented significant material ejection. This work out-
lines the potential health hazards and highlights the possibility for
second-life use of disposable e-cigarette cells, shedding light on
the environmental impact and safety considerations.

INTRODUCTION

Although the negative impact of smoking electric (e)-cigarettes is being researched,
the possible environmental effects of their use and disposal have yet to be fully
explored.’™ Since 2021, there has been a rapid rise in the popularity of disposable,
single-use e-cigarettes. Uptake by young people in particular has been a major
driver behind the booming sales of disposables. A survey by Tattan-Birch et al. found
that, between January 2021 and April 2022, there was an 18-fold increase in partic-
ipants who used disposable e-cigarettes.® The number of 18-year-olds using dispos-
ables increased from 0.4% to 54.8% over a 15-month period. The 2023 ASH (Action
on Smoking and Health) report found that vaping among 11- to 17-year-olds grew
from 11.2% in 2020 to 20.5% in 2023, with 69% of those most regularly using dispos-
able e-cigarettes.® The Royal College of Paediatrics and Child Health recently called
for a ban on disposable e-cigarettes, citing health concerns and environmental is-
sues.® The rise in uptake in the UK has seen disposable e-cigarette brand EIf Bar
rapidly outpace rechargeable rivals such as Juul and Blu (Table 17).

With the expanding market, the disposal of each e-cigarette comes with a significant
environmental cost. Of particular concern is the presence of lithium-ion batteries
(LIBs) within e-cigarettes, which pose hazards if not properly handled during
disposal. Material Focus found that 1.3 million single-use e-cigarettes are thrown
away in the UK every week.®? This equates to approximately 10,000 kg of lithium
taken to landfills each year, equivalent to 1,200 electric vehicles.® LIBs also contain
hazardous nickel, cobalt, and toxic organic solvents, which can leach out into
waterways.

CONTEXT & SCALE
Disposable e-cigarettes, powered
by lithium-ion cells, have
exploded in popularity in recent
years. As the world moves toward
electrification, lithium and other
crucial materials used to make
rechargeable batteries are in
demand, yet the cells used in
disposable e-cigarettes are sold
as single-use. When disposed of
incorrectly, they also pose a major
fire risk. Anecdotal evidence
indicates that e-cigarette disposal
is widespread in UK cities, so
although the streets of London are
not paved with gold, they may be
paved with lithium.

Here, we explore whether
disposable e-cigarette cells are
suitable for charge/discharge
cycling, along with their response
to damage. Cells harvested from
disposable e-cigarettes showed
impressive cycling performance,
capable of over 700 cycles. When
pierced with a nail, the exterior of
the e-cigarette reached 270°C.
This work highlights the waste of
vital materials caused by the sale
of disposable e-cigarettes and the
urgent need for government
intervention.
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Table 1. Market share of the e-cigarette market in 2022

Position

2022 2021 Brand Manufacturer  Sales volume/£million Change/fmillion Change/%

1 18 Elf Bar Elf Bar, UK 3221 318.4 8,526.9

2 8 Vuse BAT 85.1 69.8 458.0

3 13 Geek Bar  Geek Bar 44.7 38.3 606.0

4 1 Juul Juul Labs 42.0 -7.5 -15.2

5 8 Blue Imperial Brands 42.0 —2.4 =53

6 5 10 Motives BAT 36.8 -0.7 -1.8

7 new  Elux Shenzhen Elux  36.8 36.7 -
Technology

8 7 Edge Afrapoco 211 1.0 5.0

The high energy density, power performance, and long cycle life of LIBs have been
transformative for the electronics and automotive sectors, placing the technology at
the forefront of efforts toward electrification and Net Zero. LIBs are often employed
in applications where thousands of charge/discharge cycles are needed. Decades of
intense research from scientists and engineers across the globe have been
committed to developing battery technology. Manufacturing techniques have
advanced to the point where batteries are accessible and affordable, reducing
global dependence on fossil fuels. To put the advances into perspective, a 2.04
Wh cell used in a disposable e-cigarette would have cost over £150in 1992, whereas
the same cell can be bought for less than £1 today.'®

Alongside supply chain concerns, there has been growing attention paid to the
safety ramifications of LIBs being used in everyday devices.''"'* Either due to
poor manufacturing quality or damage, LIBs can ignite, causing fires and releasing
hazardous gases.'*"'® Materials Focus found in 2021 over 700 fires in trucks and
waste facilities were due to discarded batteries.” With recycling firms struggling to
secure insurance due to the increased risks of fires, the Local Government Associa-
tion has joined the call to ban disposable e-cigarettes.'” An X-ray computed tomog-
raphy (CT) study by Wu et al. found potentially dangerous manufacturing defects in
e-cigarette batteries, including foreign matter and electrode misalignment.'® Seitz
and Kabir’s review of e-cigarette injuries reports that they have been responsible

for broken neck bones, missing teeth, and burns to the hands, thigh, and face.'"??

Here, we aim to address some of the questions surrounding the safety and reus-
ability of the batteries found in disposable e-cigarettes. We have harvested cells
from the market-leading disposable device and shown that they may be suitable
for reuse, and demonstrated impressive performance at different discharging rates.
We applied nail penetration testing to fully charged cells to assess the safety rami-
fications of these devices entering standard waste handling systems.

RESULTS AND DISCUSSION

Device components Electrochemical Innovation Lab (EIL),

Dismantling an e-cigarette revealed a sensor, battery cell, and atomizer embedded Department of Chemical Engineering, University
College London (UCL), London WC1E 7JE, UK

in a sponge soaked in liquid. Shown in Figure 1A, the cell is rated to 550 mAh with a
. f f £ N 2The Faraday Institution, Harwell Science and
nominal voltage of 3.7 V. The voltages of cells harvested from unused e-cigarettes Innovation Campus, Didcot OX11 ORA, UK
were measured between 4.1 and 4.2 V. 3Department of Engineering Science, University
of Oxford, Parks Road, Oxford OX1 3PJ, UK
The dismantled cell showed a typical cylindrical architecture, with the positive elec- 4Lead contact

trode cast on an aluminum current collector and negative electrode cast on copper. *Correspondence: paul.shearing@eng.ox.ac.uk

Both electrodes were cast double-sided and wound together with a separator and https://doi.org/10.1016/j.joule.2023.11.008
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Figure 1. Images of the parts of a disposable e-cigarette and X-ray CT orthogonal slices on the
whole device and the cell

(A) Parts harvested from a deconstructed e-cigarette investigated in this work: the sponge,
atomizer, sensor, casing, and battery cell.

(B) Whole e-cigarette X-ray CT orthoslice showing the full cross-section of the e-cigarette.
Annotations highlight the fluid sponge in the top half and the cell in the bottom half.

(C) A vertical orthoslice taken from the ROl tomography of the cell only. Annotations highlight the
nickel tab and areas around the edges of the electrode that suggest possible misalignment.

(D) A horizontal orthoslice taken from the ROl tomography of the cell showing the spirally wound
electrode layers, with a small gap for the tab.

no central mandrel. Unlike most cylindrical cells, where the jellyroll is contained in a
steel case, the electrode layers of the e-cigarette cell are encased in a packet of lami-
nated aluminum, usually used in pouch cells. The metal interior of the e-cigarette
casing and exposed wiring means that there is a significant risk of the cell shorting
during cell harvesting. Dismantling this device would not be safe for a user to
perform at home and would make recycling of the cell challenging at any scale.

An initial X-ray CT inspection was performed on a whole, unused e-cigarette (Fig-
ure 1B). A second region of interest (ROI) tomography focused on the battery cell
(Figure 1C). Visible from both Figures 1B and 1C, there is misalignment between
the electrode layers in the cell. The edges of the cathode coating and copper current
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collector do not perfectly line up. As shown in literature, misalignment could lead to
safety hazards with mishandling or repeated cycling.”” To investigate further, an ROI
scan was performed on the cell in situ (Figures 1C and 1D). Here, we can see the
misalignment in more detail, with the layers around the outside progressively dip-
ping down toward the bottom of the cell. The interruption from the tab (shown in
bright white in Figure 1C), marks the point where the layers climb up toward the mid-
dle of the roll. The lack of proper alignment in the cell suggests poor regulation of
the pressure applied to the jellyroll during manufacture, with too much pressure
leading to displacement of the layers. Comparing these findings with a similar study
performed by Wu et al., there does not appear to be any foreign matter caught be-
tween the electrode layers.'® However, there are some similarities in that both
pieces of work have observed possible misalignment of the electrode layers, sug-
gesting that there may be a lack of quality control around winding the cell jellyroll
together.

Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX)
spectroscopy analysis of the harvested electrodes can be found in Figure S1.

Electrochemical characterization

Two cells were harvested from used disposable e-cigarettes and used for electro-
chemical evaluation. A rate-testing protocol (Table S1) was employed to explore
the cells operational limits. Figure 2 shows the discharge capacities and the
voltage-capacity plots for the best-performing cell (cell 1). To further evaluate the
performance of e-cigarette batteries, four cells were placed on long-term cycling
tests at different rates (C/5, C/2, 1C, and 2C) until they reached 80% of their initial
capacity or 150 days of cycling. Further electrochemical data can be found in
Figure S2.

At C/20, the cells gave 590-600 mAh capacity. The difference between the
measured and nominal capacity given by the manufacturer is possibly due to the
choice of voltage range, where the cell may have been intended to be used with a
shorter voltage window. The capacity decreased to 585-595 mAh at C/10 and
545-560 mAh at 1C. Because information was limited on the safe operation of the
cells, 1C was the fastest rate used in this part of the experiment. As shown in Fig-
ure 2C, a rate of 2C was later used in long-term cycling. For cells that are treated
as disposable, they showed impressive rate capability, with a <10% reduction in ca-
pacity between C/10 and 1C. The voltage profiles, shown in Figure 2B, maintain their
shape across the different rates, with the initial voltage drop increasing with the rate.

Figure 2C displays the normalized discharge capacity retention profile. As C-rate in-
creases, the rate of capacity loss also increases. The 1C and 2C cells maintain the
same rate of capacity decrease for the first 300 cycles. The 2C cell exhibits a
“knee point” at 300 cycles, where there is a distinct drop in capacity from 92% at
300 cycles to 80% by 384 cycles. The cell cycling at 1C does not exhibit a knee point
until 396 cycles and took 474 cycles to reach 80% capacity.

The cycling performances of the cells at C/5 and C/2 are similar, and both displayed
superior cycling performance than the cells cycled at higher rates. However, the cell
at C/5 showed slightly higher capacity fade relative to the C/2 cell. This disparity is
likely due to cell-to-cell variation rather than a C-rate effect. The C/2 and C/5 cells
did not reach 80% capacity in the time frame of data collection. The cell at C/2
was taken off after 700 cycles at 94% capacity retention, and the C/5 cell at 300 cy-
cles at 95% capacity retention. The capacity fade decreases slowly and linearly
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Figure 2. Electrochemical data from rate capability testing of harvested e-cigarette battery cells
(A) Discharge capacity vs. cycle number profiles for the two cells tested, cell 1 (dark red) and cell 2
(light red). The different C-rates used are indicated at the top of the figure.

(B) Voltage vs. capacity profiles for cell 1 only, taken at the last cycle of each C-rate (i.e., cycles 2, 5,
8, 11, and 15, respectively). The slowest rate, C/20, is indicated in dark red, with the chart getting
progressively lighter in tone for faster rates.

(C) Capacity retention profiles for cells that have undergone long-term cycling, with capacity
retention normalized to the capacity of the first cycle. The combined cycling data for each cell do
not include the pause cycle performed every 99 cycles that takes the cell to 3.8 V, followed by a
constant voltage hold until | < C/50. This is to ensure the combined long-term electrochemical
cycling data are presented clearly.

throughout cycling. Higher C-rates are expected to induce accelerated degradation
due to a number of mechanisms, including increased internal resistance, side reac-

tions, and charge heterogeneities.?*"?°

Overall, the cycling performance of disposable e-cigarette batteries is excellent for
cells sold as single-use, with even the cells cycled at a rate of 2C maintaining above
80% initial capacity for almost 400 cycles. This highlights the significant waste of ma-
terials that occurs when these devices, which contain potentially long-lasting batte-
ries, are discarded. These batteries could last for a considerable period, empha-
sizing the need to address unnecessary waste. Speculatively, it could be that
classifying these cells as single-use avoids the costs of thorough quality control
and shipping preparation. Even if the manufacturing processes to produce these
cells are not stringent enough for them to be sold as rechargeable, they still contain
commodity materials that could be used in rechargeable cells.

To prevent the huge amount of waste caused by the disposal of these cells, stronger
regulation is required. This could come in a number of forms, including forcing man-
ufacturers to invest in recycling infrastructure, “closing the loop” so at least some of
the raw materials are used again. Alternatively, manufacturers could be required to
classify cells as suitable for repeated cycling, as well as make harvesting them from
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e-cigarettes a more straightforward task. This way, the cell could be removed and
used in possible second-life applications. Both of these legislative solutions would
involve considerable investment from suppliers, as well as government enforce-
ment. They would also still involve fabricating rechargeable cells for a single, usable
cycle. A nationwide ban would eliminate the problem while also solving the issue of
uptake among children.

Safety evaluation

Nail penetration

To investigate the safety characteristics of disposable e-cigarettes, a nail penetra-
tion test was also performed on a fully charged cell (Figures 3 and S3). The thermo-
couple placed directly on the cell recorded the highest temperature (495°C). The
exterior of the device gave lower temperatures: 270°C just outside the cell and
170°C near the cap. Although it appeared the casing of the device had insulated
the cell, 270°C is still a significantly high temperature—possibly causing serious
burns origniting a fire. Although rare, fires such as these have occurred in the past.”’

A video recording of the nail penetration test can be found in Video S1. Figure S4
shows a selection of still images from the test.

The video recording shows the nail impacted the outside of the casing, pierced
through, and hit the cell. A large amount of smoke was released, greatly reducing
visibility. Finally, the extraction system removed most of the smoke, and the e-ciga-
rette became visible again, with the nail still inside the device. There were no flames
or sparks observed during this test. The main observation is the sheer quantity of
smoke the e-cigarette produced, which took almost 30 s to remove in a controlled
environment with forced exhausting. Battery thermal runaway is known to give off
arange of hazardous gases and carcinogenic particulates that could affect the health

of an unprotected bystander of cell failure.'*

X-ray CT was used to perform a post-mortem analysis of the e-cigarette in its entirety
and an ROl scan on the cell (Figures 3C-3E). Both sets of images show the nail did not
hit the cell cleanly but struck a glancing blow that drove a hole through off center.
A deflected hit may have led to a less-catastrophic failure than had the nail landed
directly. From the post-mortem CT, it was observed that the cell had largely held
its integrity, with no major ejection of material. In typical cylindrical cells, the high
pressures and temperatures that occur during thermal runaway can lead to an explo-
sion, where large quantities of liquefied material are ejected.”®?? Here, there has
been no major ejection, likely due to a combination of two factors: the small energy
of the cell (2.04 Wh) and the low melting point of the packaging. Even without ejec-
tion, the temperatures that are reached and the release of toxic gases still pose a
health hazard. The whole e-cigarette scan shows that much of the sponge has disin-
tegrated, likely due to the plastic melting. Consequently, much of the smoke and gas
released may have been from the burning plastic, sponge, and nicotine fluid.

Conclusions

In this work, we have applied electrochemical and safety tests to cells harvested from
disposable e-cigarettes. The purpose of this investigation was to determine two
things: are the cells found in disposable e-cigarettes suitable for reuse, and how
safe are they? We have used a rate capability test to investigate whether the cells
are capable of rates up to 1C. The cell retained 90% of its capacity at 1C vs. C/20.
All cells tested showed the ability to be cycled hundreds of times before exhibiting
significant capacity fade. From a safety standpoint, we used a nail penetration test
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Figure 3. Temperature data and images from a nail penetration test of a disposable e-cigarette

(A) Temperature profile from three thermocouples placed on various points of a disposable
e-cigarette during a nail penetration test. Camera and X-ray CT orthoslice images showing the
disposable e-cigarette after a nail penetration test.

(B) Photographs taken of the e-cigarette after the nail penetration test with the clamp on (top) and
the clamp bar removed (bottom).

(C) CT vertical orthoslices taken from two different orientations of the whole pen.

(D) Horizontal orthoslice taken from the battery cell ROI CT.

(E) Vertical orthoslice taken from the battery cell ROI CT.

See also Figures S3 and S4 and Video S1.

with the cell inside the casing to replicate a scenario where an unused disposable
e-cigarette is damaged. The cell expelled a large amount of smoke and a maximum
temperature of 495°C. Post-mortem CT revealed that some components of the
e-cigarette had melted and likely contributed to the ejected gas. However, imaging
also showed that the cell had not undergone a significant material ejection or explo-
sion. This is likely due to the cell format, where the electrode layers are wound
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together similar to a typical cylindrical cell, but the cell assembly is encased in lami-
nated aluminum packaging. Overall, this work has demonstrated that fully charged
disposable e-cigarette cells pose a significant health hazard if not handled with care.
Furthermore, cells sold as single-use are capable of repeated cycling, possibly as
part of a second-life application. We speculate that the cells are sold this way to
evade safety standards required for recharging, despite containing all the necessary
materials. Stronger regulation, either through investment in recycling, reclassifica-
tion of cells, or a nationwide ban, is required to prevent waste of precious materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be direct to, and will be ful-
filled by the lead contact, Paul R. Shearing (paul.shearing@eng.ox.ac.uk).

Materials and availability
This study did not generate new unique materials.

Data and code availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request. Full details of experimental procedures can be
found in the supplemental information.

Device dismantling

Disposable e-cigarettes were dismantled by loosening the bottom cap with a screw-
driver and pliers in a fume hood before sliding out the sensor, the battery cell, fluid
sponge, and filament within. The battery cell was removed from the other compo-
nents by cutting the individual wires with wire cutters and removing any surplus elec-
trical insulation, including around the cell tabs.

The cell was first discharged slowly to a safe lower voltage limit of 2.5 V to ensure
most of the energy was removed from the battery. First, discharged at a C/2 rate,
left to rest for 4 h, discharged again to 2.5 V at C/10 rate, rest for 4 h, and then a
C/100 rate to 2.5 V. One cell was transferred to an argon-filled glovebox (MBraun,
LABstar, Garching, Germany), where both O, and H,O levels were maintained below
0.5 ppm, to harvest the anode and cathode layers. The battery was carefully opened
by cutting the pouch cell from both electrode tabs. The volatile electrolyte compo-
nents were left to evaporate for 24 h before peeling away the pouch. The cell jellyroll
was unwound, and the electrode layers and separator were carefully detached from
each other. The electrodes were rinsed with dimethyl carbonate (DMC) to remove
residual electrolyte salt and allowed to dry in the glovebox for a further 24 h.

X-ray CT imaging

Whole e-cigarette and ROI scans were performed using a Nikon XT 225 (Nikon
Metrology, Tring, UK) X-ray CT system. A tungsten source with an accelerating
voltage of 200 kV and current of 90 pA was used to take 3,176 projections.
A 0.1 mm copper filter was used to optimize the image. Scans of the full e-cigarette
achieved a spatial resolution of 53 pm, whereas the ROl scans of the battery cell gave
a spatial resolution of 18 um. Datasets were reconstructed using CT Pro 3D software
with a filtered back projection algorithm. Visualization and image renderings were
performed using Avizo 3D (Avizo, Thermo Fisher Scientific, Waltham, Massachu-
setts, USA).
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SEM imaging and EDX analysis

SEM/EDX images were acquired using a Zeiss EVO 10 SEM (Carl Zeiss AG, Ger-
many). The SE1 signal was used with an accelerating voltage of 15.00 kV to capture
images at 1,000x and 5,000x to produce images with pixel sizes of 293 and
58.59 nm, respectively. Samples were prepared in a glovebox and affixed to carbon
tape, before transfer to the SEM in a sealed container.

Electrochemical testing

Electrochemical testing was performed on the cells only after dismantling of the
e-cigarette assembly. The harvested cells were tested using a Biologic BC-815 cycler
(BioLogic, Seyssinet-Pariset, France), attached using crocodile clips. A rate capa-
bility testing protocol was used according to the parameters in Table S1. Parameters
used in the rate capability test for extracted e-cigarette cells. A nominal capacity of
550 mAh was used to calculate the current used.

Testing was performed at ambient temperature (=22°C), with the cells placed in an
ammunition canister for safety purposes. A K-type thermocouple was attached to
the exterior, near the center, of each cell to record any temperature changes and
ensure the cell did not exceed a safe upper-temperature limit.

Further long-term electrochemical testing was then performed on a different set of
four cells following removal from the e-cigarettes. These tests measured the long-
term electrochemical performance of four cells that were extracted from disposed
e-cigarettes. Cycling was performed using a Maccor 4300 cycler, in a Maccor
MTC-20 temperature chamber maintained at 25°C. Cells were cycled according to
the parameters outlined in “long-term cycling” in Table S1, until they reached either
80% capacity fade relative to the first cycle, or after 150 days, whichever condition
occurred soonest. Every 99 cycles, cells were charged to 3.8 V to review the data
before continuing cycling. A K-type thermocouple was placed on each cell during
cycling to monitor temperature fluctuations.

Nail penetration testing

The nail penetration test was performed using an MTI Nail Penetration Tester (MTI,
Richmond, CA, USA). The nail penetration system was stationed inside a walk-in
fume hood, and a BOFA (BOFA International, Dorset, UK) extraction system was
attached to the nail penetration chamber to remove particulates and scrub both
organic vapors and trace acid gases. The BOFA exhaust was discharged into the
fume hood for extraction via the building ventilation (only species such as CO,,
CO, H;, and light hydrocarbons should remain). The battery cell was removed
from the e-cigarette prior to testing and charged to 100% state-of-charge (4.2 V)
before being placed back into the casing. A small hole was drilled in the side of
the casing to allow attachment of an N-type thermocouple to the side of the cell it-
self. Two additional N-type thermocouples were also placed on the exterior of the
casing, one near the cell and the other approximately halfway up the casing. The
entire e-cigarette was placed between two heatproof blocks to hold it in place
before being clamped down with a bar from the top. A stainless steel nail of 4 mm
diameter was driven into the cell with an approximate velocity of 10 mm/s using a
9 bar compressed air supply.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.11.008.

¢? CellPress

OPEN ACCESS

Joule 7, 2749-2759, December 20, 2023 2757



https://doi.org/10.1016/j.joule.2023.11.008
https://doi.org/10.1016/j.joule.2023.11.008

¢? CellPress

OPEN ACCESS

ACKNOWLEDGMENTS

H.T.R. acknowledges funding from the EPSRC CASE Award scheme with Johnson
Matthey (EP/R513143/1). A.F., L.R., M.B., D.J.L.B., R.J., and P.R.S. acknowledge
funding from the Faraday Institution (EP/S003053/1) under the degradation
(FIRG024 and FIRG060), SafeBatt (FIRG028 and FIRG060), Nextrode (FIRG015 and
FIRG066), and Relib (FIRG057) projects. P.R.S. was supported by the Department
of Science, Innovation and Technology (DSIT) and the Royal Academy of Engineer-
ing for the Chair in Emerging Technologies (CiIET1718/59). D.J.L.B. acknowledges
the National Physical Laboratory (NPL) and HORIBA MIRA for the support of his
RAEng Research Chair (RCSRF2021/13/53).

The authors would like to thank Joshua Cruddos, Matthew Tudball, Chun Tan, and
Francesca Collins for their contributions to the work.

AUTHOR CONTRIBUTIONS

H.T.R: conceptualization, methodology, investigation, writing — original draft, and
writing — review & editing. A.F.: conceptualization, methodology, investigation,
writing — original draft, and writing — review & editing. L.R.: conceptualization, meth-
odology, investigation, and writing — review & editing. M.B.: investigation and
writing — review & editing. D.J.L.B.: supervision, project administration, and funding
acquisition. R.J.: writing — review & editing, supervision, and funding acquisition.
P.R.S: conceptualization, writing — review & editing, supervision, project administra-
tion, and funding acquisition.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: August 24, 2023
Revised: September 19, 2023
Accepted: November 13, 2023
Published: December 12, 2023

REFERENCES

1. Marques, P., Piqueras, L., and Sanz, M.J. (2021).
An updated overview of e-cigarette impact on
human health. Respir. Res. 22, 151. https://doi.
org/10.1186/512931-021-01737-5. 5.

5a7df89c40f0b62302688532/
Ecigarettes_report.pdf.

Tattan-Birch, H., Jackson, S.E., Kock, L.,
Dockrell, M., and Brown, J. (2023). Rapid
growth in disposable e-cigarette vaping
among young adults in Great Britain from 2021
to 2022: a repeat cross-sectional survey.
Addiction 118, 382-386. https://doi.org/10.
1111/add.16044.

2. Wang, T.W., Gentzke, A.S., Neff, L.J., Glidden,
E.V. Jamal, A, Park-Lee, E., Ren, C., Cullen,
K.A., King, B.A., and Hacker, K.A. (2021).
Disposable E-cigarette use among U.S.
youth—an emerging public health challenge.
N. Engl. J. Med. 384, 1573-1576. https://doi.

org/10.1056/nejmc2033943.

3. Action on Smoking and Health (2023). Use of e-

Cigarettes (Vapes) among Adults in Great
Britain Summary of Key Findings (Action on
Smoking and Health [ASH]), pp. 1-19.

4. Britton, J., and Bogdanovica, I. (2014).

Electronic Cigarettes. A Report Commissioned

by Public Health England (Public Health

England), pp. 1-30. https://assets.publishing.

service.gov.uk/media/

2758 Joule 7, 2749-2759, December 20, 2023

. Mahase, E. (2023). Paediatricians call for ban on

disposable e-cigarettes as child vaping rises.
BMJ 381, 1266. https://doi.org/10.1136/bmj.
p1266.

. Nott, G. (2022). Tobacco & Vaping 2022:

Disposable Vapes Drive Stunning Growth (The
Grocer in association with Nielsen 1Q). https://
www.thegrocer.co.uk/top-products/tobacco-
and-vaping-2022-disposable-vapes-drive-
stunning-growth/674498.article.

10.

Joule

. Askew, J. (2022). Two e-cigarettes are thrown

away every second in the UK. What damage do
they do?. Euronews.green. https://www.
euronews.com/green/2022/11/26/two-e-
cigarettes-are-thrown-away-every-second-in-
the-uk-what-damage-do-they-do.

. Material Focus (2023). Vapes briefing. https://

www.materialfocus.org.uk/report-and-
research/vapes-recycling-an-industry-briefing-
for-retailers-and-producers/.

Ziegler, M.S., and Trancik, J.E. (2021). Re-
examining rates of lithium-ion battery
technology improvement and cost decline.
Energy Environ. Sci. 14, 1635-1651. https://doi.
org/10.1039/d0ee02681f.

. Nitta, N., Wu, F., Lee, J.T., and Yushin, G.

(2015). Li-ion battery materials: present and
future. Mater. Today 18, 252-264. https://doi.
org/10.1016/j.mattod.2014.10.040.


https://doi.org/10.1186/s12931-021-01737-5
https://doi.org/10.1186/s12931-021-01737-5
https://doi.org/10.1056/nejmc2033943
https://doi.org/10.1056/nejmc2033943
http://refhub.elsevier.com/S2542-4351(23)00482-8/sref3
http://refhub.elsevier.com/S2542-4351(23)00482-8/sref3
http://refhub.elsevier.com/S2542-4351(23)00482-8/sref3
http://refhub.elsevier.com/S2542-4351(23)00482-8/sref3
https://assets.publishing.service.gov.uk/media/5a7df89c40f0b62302688532/Ecigarettes_report.pdf
https://assets.publishing.service.gov.uk/media/5a7df89c40f0b62302688532/Ecigarettes_report.pdf
https://assets.publishing.service.gov.uk/media/5a7df89c40f0b62302688532/Ecigarettes_report.pdf
https://assets.publishing.service.gov.uk/media/5a7df89c40f0b62302688532/Ecigarettes_report.pdf
https://doi.org/10.1111/add.16044
https://doi.org/10.1111/add.16044
https://doi.org/10.1136/bmj.p1266
https://doi.org/10.1136/bmj.p1266
https://www.thegrocer.co.uk/top-products/tobacco-and-vaping-2022-disposable-vapes-drive-stunning-growth/674498.article
https://www.thegrocer.co.uk/top-products/tobacco-and-vaping-2022-disposable-vapes-drive-stunning-growth/674498.article
https://www.thegrocer.co.uk/top-products/tobacco-and-vaping-2022-disposable-vapes-drive-stunning-growth/674498.article
https://www.thegrocer.co.uk/top-products/tobacco-and-vaping-2022-disposable-vapes-drive-stunning-growth/674498.article
https://www.euronews.com/green/2022/11/26/two-e-cigarettes-are-thrown-away-every-second-in-the-uk-what-damage-do-they-do
https://www.euronews.com/green/2022/11/26/two-e-cigarettes-are-thrown-away-every-second-in-the-uk-what-damage-do-they-do
https://www.euronews.com/green/2022/11/26/two-e-cigarettes-are-thrown-away-every-second-in-the-uk-what-damage-do-they-do
https://www.euronews.com/green/2022/11/26/two-e-cigarettes-are-thrown-away-every-second-in-the-uk-what-damage-do-they-do
https://www.materialfocus.org.uk/report-and-research/vapes-recycling-an-industry-briefing-for-retailers-and-producers/
https://www.materialfocus.org.uk/report-and-research/vapes-recycling-an-industry-briefing-for-retailers-and-producers/
https://www.materialfocus.org.uk/report-and-research/vapes-recycling-an-industry-briefing-for-retailers-and-producers/
https://www.materialfocus.org.uk/report-and-research/vapes-recycling-an-industry-briefing-for-retailers-and-producers/
https://doi.org/10.1039/d0ee02681f
https://doi.org/10.1039/d0ee02681f
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040

Joule

. Doughty, D., and Roth, E.P. (2012). A general

discussion of Li lon battery safety. Electrochem.
Soc. Interface 21, 37-44. https://doi.org/10.
1149/2.F03122if.

. Wang, Q., Mao, B, Stoliarov, S.I., and Sun, J.

(2019). A review of lithium ion battery failure
mechanisms and fire prevention strategies.
Prog. Energy Combust. Sci. 73, 95-131. https://
doi.org/10.1016/j.pecs.2019.03.002.

. Bravo Diaz, L., He, X., Hu, Z., Restuccia, F.,

Marinescu, M., Barreras, J.V., Patel, Y., Offer,
G., and Rein, G. (2020). Review—meta-review
of fire safety of lithium-ion batteries: industry
challenges and research contributions.

J. Electrochem. Soc. 167, 90559. https://doi.
org/10.1149/1945-7111/aba8b9.

. Golubkov, AW., Fuchs, D., Wagner, J.,

Wiltsche, H., Stangl, C., Fauler, G., Voitic, G.,
Thaler, A., and Hacker, V. (2014). Thermal-
runaway experiments on consumer Li-ion
batteries with metal-oxide and olivin-type
cathodes. RSC Adv. 4, 3633-3642. https://doi.
0rg/10.1039/c3rad5748f.

. Saxena, S., Kong, L., and Pecht, M.G. (2018).

Exploding E-cigarettes: a battery safety issue.
|IEEE Access 6, 21442-21466. https://doi.org/
10.1109/ACCESS.2018.2821142.

. Local Government Association (2023). Councils

call for ban of disposable vapes. https://www.
local.gov.uk/about/news/councils-call-ban-
disposable-vapes.

. Wu, Y., Saxena, S., Xing, Y., Wang, Y., Li, C,,

Yung, W., and Pecht, M. (2018). Analysis of
manufacturing-induced defects and structural
deformations in lithium-ion batteries using

20.

21.

22.

23.

24.

25.

computed tomography. Energies 11, 925.
https://doi.org/10.3390/en11040925.

. Seitz, C.M., and Kabir, Z. (2018). Burn injuries

caused by e-cigarette explosions: a systematic
review of published cases. Tob. Prev. Cessat. 4,
32. https://doi.org/10.18332/tpc/94664.

Kite, A.C., Le, B.Q., Cumpston, K.L., Hieger,
M.A., Feldman, M.J., and Pozez, A.L. (2016).
Blast injuries caused by vape devices: 2 case
reports. Ann. Plast. Surg. 77, 620-622. https://
doi.org/10.1097/SAP.0000000000000875.

Vaught, B., Spellman, J., Shah, A., Stewart, A.,
and Mullin, D. (2017). Facial trauma caused by
electronic cigarette explosion. Ear Nose Throat
J. 96, 139-142. https://doi.org/10.1177/
014556131709600314.

Norii, T., and Plate, A. (2017). Electronic
cigarette explosion resulting in a C1 and C2
fracture: a case report. J. Emerg. Med. 52,
86-88. https://doi.org/10.1016/j.jemermed.
2016.08.010.

Loveridge, M., Remy, G., Kourra, N., Genieser,
R., Barai, A., Lain, M., Guo, Y., Amor-Segan, M.,
Williams, M., Amietszajew, T., et al. (2018).
Looking deeper into the galaxy (Note 7).
Batteries 4, 3. https://doi.org/10.3390/
batteries4010003.

Zhang, S.S. (2006). The effect of the charging
protocol on the cycle life of a Li-ion battery.
J. Power Sources 161, 1385-1391. https://doi.
org/10.1016/j.jpowsour.2006.06.040.

Waldmann, T., Hogg, B.-I., Kasper, M.,
Grolleau, S., Couceiro, C.G., Trad, K., Matadi,
B.P., and Wohlfahrt-Mehrens, M. (2016).

26.

27.

28.

29.

¢? CellPress

OPEN ACCESS

Interplay of operational parameters on lithium
deposition in lithium-ion cells: systematic
measurements with reconstructed 3-electrode
pouch full cells. J. Electrochem. Soc. 163,
A1232-A1238. https://doi.org/10.1149/2.
0591607 jes.

Tanim, T.R., Yang, Z., Colclasure, A.M.,
Chinnam, P.R., Gasper, P., Lin, Y., Yu, L,
Weddle, P.J., Wen, J., Dufek, E.J., et al.
(2021). Extended cycle life implications

of fast charging for lithium-ion

battery cathode. Energy Storage Mater. 47,
656-666. https://doi.org/10.1016/j.ensm.2021.
07.001.

Tobishima, S.I., and Yamaki, J.I. (1999). A
consideration of lithium cell safety. J. Power
Sources 81-82, 882-886. https://doi.org/10.
1016/S0378-7753(98)00240-7.

Buckwell, M., Kirchner-Burles, C., Owen, R.E.,
Neville, T.P., Weaving, J.S., Brett, D.J.L., and
Shearing, P.R. (2023). Failure and hazard
characterisation of high-power lithium-ion cells
via coupling accelerating rate calorimetry with
in-line mass spectrometry, statistical and post-
mortem analyses. J. Energy Storage 65,
107069. https://doi.org/10.1016/j.est.2023.
107069.

Finegan, D.P., Tjaden, B., Heenan, M.M,,
Jervis, R., Michiel, M.D., Rack, A., Hinds, G.,
Brett, D.J.L., and Shearing, P.R. (2017).
Tracking internal temperature and
structural dynamics during nail penetration
of lithium-ion cells. J. Electrochem. Soc.
164, A3285-A3291. https://doi.org/10.1149/
2.1501713jes.

Joule 7, 2749-2759, December 20, 2023 2759



https://doi.org/10.1149/2.F03122if
https://doi.org/10.1149/2.F03122if
https://doi.org/10.1016/j.pecs.2019.03.002
https://doi.org/10.1016/j.pecs.2019.03.002
https://doi.org/10.1149/1945-7111/aba8b9
https://doi.org/10.1149/1945-7111/aba8b9
https://doi.org/10.1039/c3ra45748f
https://doi.org/10.1039/c3ra45748f
https://doi.org/10.1109/ACCESS.2018.2821142
https://doi.org/10.1109/ACCESS.2018.2821142
https://www.local.gov.uk/about/news/councils-call-ban-disposable-vapes
https://www.local.gov.uk/about/news/councils-call-ban-disposable-vapes
https://www.local.gov.uk/about/news/councils-call-ban-disposable-vapes
https://doi.org/10.3390/en11040925
https://doi.org/10.18332/tpc/94664
https://doi.org/10.1097/SAP.0000000000000875
https://doi.org/10.1097/SAP.0000000000000875
https://doi.org/10.1177/014556131709600314
https://doi.org/10.1177/014556131709600314
https://doi.org/10.1016/j.jemermed.2016.08.010
https://doi.org/10.1016/j.jemermed.2016.08.010
https://doi.org/10.3390/batteries4010003
https://doi.org/10.3390/batteries4010003
https://doi.org/10.1016/j.jpowsour.2006.06.040
https://doi.org/10.1016/j.jpowsour.2006.06.040
https://doi.org/10.1149/2.0591607jes
https://doi.org/10.1149/2.0591607jes
https://doi.org/10.1016/j.ensm.2021.07.001
https://doi.org/10.1016/j.ensm.2021.07.001
https://doi.org/10.1016/S0378-7753(98)00240-7
https://doi.org/10.1016/S0378-7753(98)00240-7
https://doi.org/10.1016/j.est.2023.107069
https://doi.org/10.1016/j.est.2023.107069
https://doi.org/10.1149/2.1501713jes
https://doi.org/10.1149/2.1501713jes

	Up in smoke: Considerations for lithium-ion batteries in disposable e-cigarettes
	Introduction
	Results and discussion
	Device components
	Electrochemical characterization
	Safety evaluation
	Nail penetration

	Conclusions

	Experimental procedures
	Resource availability
	Lead contact
	Materials and availability
	Data and code availability

	Device dismantling
	X-ray CT imaging
	SEM imaging and EDX analysis
	Electrochemical testing
	Nail penetration testing

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References


