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Abstract

Aerosols emitted by the explosion of lithium-ion batteries were characterized to assess potential
exposures. The explosions were initiated by activating thermal runaway in three commercial
batteries: (1) lithium nickel manganese cobalt oxide (NMC), (2) lithiumiron phosphate (LFP),
and (3) lithium titanate oxide (LTO). Post-explosion aerosols were collected on anodisc filters
and analyzed by scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy
(EDS). The SEM and EDS analyses showed that aerosol morphologies and compositions were
comparable to individual grains within the original battery materials for the NMC cell, which
points to the fracture and ejection of the original battery components during the explosion.

In contrast, the LFP cell emitted carbonaceous cenospheres, which suggests aerosol formation
by the decomposition of organics within molten microspheres. LTO explosion aerosols showed
characteristics of both types of emissions. The abundance of elements from the anode, cathode,
and separator in respirable aerosols underscored the need for the selection of low-toxicity battery
materials due to potential exposures in the event of battery thermal runaway.
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Introduction

Lithium-ion battery fires and explosions have occurred in confined spaces aboard aircraft
and in airports in recent years (FAA 2020; NTSB 2014). The U.S. Federal Aviation
Administration recorded 300 events from January 2006 through 2020, and while few
incidents caused injuries, most led to exposures of lithium-ion battery-emitted aerosols and
gases (FAA 2020). Aerosol and gas exposures in confined spaces are also a hazard for
those employed by the mining industry. The mining industry supplies lithium and other
metals for battery production and has become an end-user of lithium-ion batteries with the
objective of replacing high-emitting diesel-powered equipment in underground operations
(Paraszczak et al. 2014; Varaschin and De Souza 2015; Miller and Carriveau 2019). As the
usage of lithium-ion batteries becomes more prevalent in underground mines, the chance
of encountering explosions due to thermal runaway increases (Dubaniewicz and DuCarme
2013).

Thermal runaway can occur despite proper battery usage because defects in lithium-ion
batteries are difficult to detect and manage (Ruiz and Pfrang 2018; Zhao, Luo, and Wang
2015). Microscopic defects in the separator that isolates the anode and cathode can cause an
internal short circuit and lead to thermal runaway (Loveridge et al. 2018). Other defects such
as welding flaws, electrode damage, and metal microparticle contamination can also cause
an internal short circuit (Samsung 2017; Sony 2006; Loveridge et al. 2018). After a short
circuit occurs, events leading to thermal runaway include exothermic reactions between
battery components, an increase of pressure within the cell, and venting of aerosols and
gases (Pfrang et al. 2017; Balakrishnan, Ramesh, and Kumar 2006). This is followed by
rapid self-heating and the ejection of aerosols and gases (Balakrishnan, Ramesh, and Kumar
2006; Wang et al. 2012).

Emitted gases have been studied for various lithium-ion battery compositions to assess
flammability and toxicity. Based on a review of experimental work published over the last
two decades, major emitted gases were hydrogen, carbon monoxide, total hydrocarbons, and
carbon dioxide (Baird et al. 2020). More minor but highly toxic components were hydrogen
fluoride and phosphoryl fluoride (Larsson et al. 2017; Sun et al. 2016). The greater toxicity
of hydrogen fluoride relative to other emitted gases was demonstrated by using fractional
effective (FE) dose and FE concentration models for an LFP battery fire (Peng et al. 2020).
The findings indicate that respiratory protection for acid gases would be needed in the event
of lithium-ion battery thermal runaway.

In recent studies, it was shown that the composition and concentration of emitted gases
depended on the battery state of charge (SOC), which is the available battery capacity
expressed as a percentage of the maximum capacity (Yang et al. 2021; Chen et al.

2020a, 2020b; Mao et al. 2019). For example, batteries with greater SOC emitted higher
concentrations of carbon monoxide and benzene due to differences in internal reactions
(YYang et al. 2021; Chen et al. 2020a). The nature of internal reactions was investigated

for battery materials in states of overcharge (100-150% SOC) by using scanning electron
microscopy (SEM) and differential scanning calorimetry (DSC) (Mao et al. 2019). The
SEM analysis indicated that lithium deposited on the anode and reacted with the electrolyte
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to generate heat and initiate thermal runaway. In addition, the SEM and DSC analyses
suggested that cathode delithiation led to violent reactions between the cathode and
electrolyte and contributed to thermal runaway (Mao et al. 2019).

Aerosols emitted by lithium-ion battery thermal runaway have not been characterized to

the authors’ knowledge. In particular, information is lacking on the size, composition and
morphology of explosion aerosols in the respirable size range (e.g., <4 um). However,

the powder deposited after lithium-ion battery thermal runaway has been studied for 8.5—
300 um particles (Chen, Wang, and Yan 2020). The study was carried out for a single
battery type with an NMC cathode and showed that powder samples contained carbon,
organic compounds, carbonates, and transition metals. The transition metal content of mixed
aerosols can especially influence toxicity. In mixtures with carbonaceous particles, transition
metals mediate the production of reactive oxygen species that cause oxidative damage,

such as DNA strand breaks and inflammation (Donaldson et al. 1997; Valavanidis, Salika,
and Theodoropoulou 2000; Jiménez et al. 2000; Wilson et al. 2002; Knaapen et al. 2002).
Whether transition metals and other powder components are present in aerosols in the
respirable size range has not been reported previously to the authors’ knowledge. The
absence of such information presents a challenge when adequately identifying hazards and
specifying requirements of control strategies for respiratory protection.

In the current study, lithium-ion battery explosion aerosols were characterized for three
commercially available battery types. The original battery components and emitted aerosols
were analyzed by SEM and energy-dispersive x-ray spectroscopy (EDS) to determine the
morphology and elemental composition of the anode, cathode and separator materials

and corresponding explosion aerosols. Aerosol samples were filter collected and analyzed
off-line, which prevented the corrosion of on-line aerosol instrumentation by hydrogen
fluoride in the explosion gas and enabled the objective of characterizing potential aerosol
exposures. The current study provides the first systematic characterization of lithium-ion
battery explosion aerosols and is an important part of health and safety assessments.

2. Methods

Each lithium ion battery cell was subjected to high temperatures in an accelerating rate
calorimeter (ARC) to initiate thermal runaway. After battery thermal runaway and cell
explosion, emitted aerosols were collected by filtration at the outlet of the ARC. The
collected aerosols were analyzed by SEM and EDS, and the elemental compositions were
compared with the original battery materials.

2.1. Thermal runaway initiation

The battery cells were cylindrical spiral-wound types 18650 (NMC and LTO) and 26650
(LFP) with rated capacities of 3.2, 3.8, and 1.3 Ah for NMC, LFP and LTO batteries,
respectively. The cells were conditioned with three charge-discharge cycles followed by a
charge to 100% SOC. A multi-channel potentiostat/galvanostat (Arbin Instruments, College
station, TX, Model MSTAT) was used to cycle the cells following cell-manufacturer-
specified parameters. Observed discharge capacities were at least 97% of rated capacity. The
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activation process occurred during the ARC test, and the battery short circuited internally
before thermal runaway.

Thermal runaway was initiated using an EV + ARC system (Thermal Hazard Technology
(THT), Milton Keynes, UK). The EV + ARC instrumentation included type N
thermocouples. One of the thermocouples was taped to the metallic surface of the battery
cell, about mid-length, with fiber tape, and the other was inserted into free space near

the sampler inlet. Sensor data were recorded by the THT ARC enhanced system (ARCes)
control and data acquisition software.

The battery cell was mounted in the EV + ARC and the samplers were positioned just
outside the port of the EV + ARC (Figure 1). The ARC temperature was raised at a constant
rate to provide steady-state heating until the cell reached thermal runaway (Figure 2). The
heaters were shut off after thermal runaway detection. The battery cell explosion and emitted
plume were viewed using a video camera mounted at the window of the explosion vessel.

Explosion aerosol sampling

As the emitted plume filled the EV + ARC and passed through the outlet, aerosol samples
were collected by filtration for 5 s at 1 liter per minute. The sampling rates were minimized
to avoid oversampling for microscopy analysis. Aerosols were collected on 25-mm anodisc
filters with 200 nm pore size (Whatman, Cytiva, Marlborough, MA, USA) using stainless-
steel filter holders and sample probes with a 0.64-cm diameter and 7- to 23-cm length.
Probes of different lengths were used to vary the distance of the filter holder from the hot
plume. However, this precaution was unnecessary since the temperature at the sample inlet
did not exceed 50 °C during each sampling despite the inlet being only 9 cm from the EV
+ ARC port (Figures 1 and 2) and 42 cm from the battery position. Background aerosols
were collected in the ARC blast enclosure and were found to be negligible (~2 particles per
sample).

2.3. SEM and EDS analysis

The morphology and elemental composition of explosion aerosols and battery materials
(anode, cathode, and separator) were analyzed by SEM (Model S-4800, Hitachi, Tokyo,
Japan) and EDS (Bruker Quantax, Madison, WI, USA), respectively. Samples were
extracted from the batteries after fully discharging the cells for personnel safety. The
batteries were discharged before disassembling for materials characterization because
equipment was not available to disassemble the battery at 100% SOC, such as an argon-
filled glove box containing water below 0.1 ppm and oxygen below 2.0 ppm, which was
used by Mao et al. (2019). Although the battery materials were not evaluated at 100% SOC,
the results on the elements present in the anode, cathode and separator were consistent with
the expected elemental compositions for commercial lithium ion batteries and helped to
understand their presence in the emitted aerosols. One of the main differences that can be
expected between batteries at 0% and 100% SOC is the difference in the distribution of
lithium (Mao et al. 2019). However, lithium could not be measured using the current method
because the SEM was not equipped with a windowless EDS detector that measures very
light elements.
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The aerosol filters and anode, cathode and separator films were mounted on 25-mm
aluminum posts using conductive carbon tape. The low conductivity samples (explosion
aerosols and separator film) were sputter coated with a conductive layer of gold and
palladium to avoid image distortion from charge accumulation. Because the aerosol
filters had especially low conductivity, the samples had to be sputter coated for 4 min,
while the separator film only required a 2-min coating to improve image clarity. The
additional conductive coating did not interfere with the analysis of aerosol morphology
and composition. Images were acquired at 5 and 20 kV and 103-5 x 10% magnification,
and elemental compositions were analyzed at 20 kV. Elemental maps of individual and
agglomerated particles were acquired as element distribution images using ESPRIT software
(version 2.2, Bruker, Madison, WI, USA) with 90 s capture time (mapping scan time).

3. Results and discussion

3.1. Battery materials characterization

Lithium-ion batteries were characterized to obtain information on the source materials

that contributed to aerosol formation in the study. The characterized materials were the
anode, cathode, and separator of the spiral-wound battery cells. These components can vary
between manufacturers and may contain toxic materials. Other components, such as the
charge collectors and cell casing, have common compositions of copper, aluminum and steel
(Liao et al. 2019; Wierzbicki and Sahraei 2013) and were not a focus of the current study.

An additional component that can contribute to aerosol formation is the electrolyte solution,
which is often a lithium salt dissolved in an organic carbonate solvent (Harris, Timmons,
and Pitz 2009; Balakrishnan, Ramesh, and Kumar 2006). An organic carbonate solvent was
identified previously in a battery selected for the current study by using Fourier transform
infrared spectroscopy (FTIR) (Dubaniewicz et al. 2021). While FTIR provides molecular
composition, EDS can only provide elemental composition for nonvolatile materials in the
high vacuum environment of the SEM. Consequently, solvent composition could not be
evaluated by the currently used method. However, the anode, cathode, and especially the
separator can retain elements of the lithium salt component of the electrolyte solution. Those
elements appeared in EDS spectra and are reported in the results.

3.1.1. Anodes—In lithium-ion batteries, the electrodes are often composed of an active
material, a conductive filler, and a polymer binder (Massé et al. 2017). Several active
materials are being developed for anodes. Two that have been widely commercialized are
graphite and titanate (Massé et al. 2017; Nitta et al. 2015). The SEM and EDS analyses
suggest that these common active materials were used in the batteries selected for the current
study. The EDS spectra show a strong carbon peak (Figures 3a and b), and the SEM images
display super-micron faceted particles (Figures 4a and b), which suggests that the active
material was graphite for the NMC and LFP anodes. The graphite particles of the NMC
anode were larger and more uniform than the LFP anode (Figures 4a and b). The relatively
large particle size and uniform morphology can enhance battery tolerance of thermal abuse
(Park and Lee 2009; Adams et al. 2019). The NMC anode may have been manufactured
with better thermal abuse tolerance in order to compensate for the relatively reactive cathode
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materials. The weak peaks for fluorine and phosphorous (Figures 3a and b) suggest that the
NMC and LFP anodes contained a small amount of lithium salt from the electrolyte solution
(e.g., lithium hexafluorophosphate) (Harris, Timmons, and Pitz 2009; Campion et al. 2004).
The carbon and fluorine content of the anode appeared in explosion aerosols as will be
shown in Section 3.2.

The SEM and EDS results for the third battery type indicated that the anode consisted of
lithium titanate. The anode material had strong titanium and oxygen peaks (Figure 3c) and
consisted of submicron faceted particles (Figure 4c). The morphology is consistent with a
lithium titanate anode shown by Masoud and Indris (2015). In addition, the carbon peak
in EDS spectra, and the interspersed nanoparticle aggregates and surface coating in SEM
images indicated a conductive carbon filler and polymer binder (Massé et al. 2017). The
active material, filler and binder may have contributed to the explosion aerosol emissions
discussed in Section 3.2.

3.1.2. Cathodes—Transition metals are commonly used as cathode materials because of
their high energy storage capability and the traditionally held view of their significant role
in lithium intercalation (ions function as the electron acceptor upon insertion of lithium)
(Nitta et al. 2015; Ceder et al. 1998). A widely commercialized composite of transition
metals was present in a battery selected for the current study (NMC) as shown by the
representative EDS spectrum of nickel, manganese, and cobalt in Figure 5a. The ratio of
nickel to manganese and cobalt approached 8:1:1, which is a composition known for its high
specific capacity. However, this composition also has a shorter life cycle and lower thermal
abuse tolerance than another common ratio of 5:2:3 (Nitta et al. 2015). Consequently,

this battery type is relevant for the current evaluation because of its potential for thermal
runaway and because the materials are a potential source of toxic components in explosion
aerosols.

The cathode of the second battery type contained phosphorous and iron (Figure 5b) in
micron to submicron spheroidal particles (Figure 6b). These characteristics suggest that the
cathode contained the common active material, lithium iron phosphate. The iron content is
a health concern because its inhalation can lead to the generation of reactive oxygen species
that cause DNA damage (Donaldson et al. 1997). However, iron is less toxic than other
transition metals, such as those in the NMC cathode. For example, exposure to 5 mg iron/m3
leads to minor adverse health effects (NIOSH 1994), while exposure to a thousand times
lower concentration of cobalt (0.005 mg/m3) can lead to asthma, pneumonia, and wheezing
(ATSDR 2004). Cobalt was also a major component of the cathode of the third battery type
(LTO) and was present along with manganese as shown by the representative spectrum in
Figure 5¢. Both species are of concern as inhalation of high levels of manganese can lead to
disabling neurological effects (ATSDR 2012).

The comparison of particle morphology for the three cathodes showed that the NMC active
material was more tightly fused in large clusters (Figure 6a) than the LTO cell, which had
more loosely agglomerated active material held together by binder material (Figure 6c). The
NMC and LTO cathodes consisted of larger particles than the LFP cathode (Figure 6b). The
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smaller particles of the LFP cathode are more likely to be heated throughout and vaporized
in a flash event like an explosion.

3.1.3. Separators—Separators play an important role in battery safety by isolating the
anode from the cathode to prevent a short circuit and thermal runaway. A common separator
with low production cost is the porous polymer membrane. Porous polymer membranes
have good lithium-ion conductivity, but the organic membrane can fail at high temperatures
and can be vulnerable to punctures by lithium dendrites (Nestler et al. 2014; Duan et

al. 2020). More resistant separators composed of ceramic and organic composites have
become common in commercial batteries in the last decade (Nestler et al. 2014). The
current results suggest that ceramic composites were used in two of the three batteries
selected for the study. In the NMC and LFP batteries, there were strong peaks for aluminum
and oxygen along with a slight peak for carbon in the separator spectra (Figures 7a and

b). This composition and the agglomerate morphology (Figures 8a and b) suggest that
porous ceramic membranes of alumina or lithium aluminate were used along with an
organic coating or membrane (Nestler et al. 2014; Raja et al. 2015). In contrast, the LTO
separator contained mostly carbon (Figure 7¢) and the morphology was consistent with
porous polymer membranes (Figure 8c) (Nestler et al. 2014). Therefore, carbon in explosion
aerosols could be attributed to LTO separator materials and the small amount of carbon in
other areas (the LTO anode and cathode). The presence of aluminum in explosion aerosols
could be attributed to the separator materials and the charge collector.

Explosion aerosols analysis

3.2.1. Thermal runaway—Thermal runaway was initiated at 145, 200, 163 °C for the
NMC, LFP, and LTO cells, respectively (Yuan et al. 2020). As thermal runaway progressed,
the batteries exploded in different manners. The NMC cell exploded more intensely and
over a shorter period than the LFP and LTO cells (Figure 9; Dubaniewicz et al. 2021). The
explosion caused the NMC cell to be ejected from the sample holder and to emit abundant
embers that streaked across the chamber (Figure 10a). In contrast, the LFP and LTO cells
remained in the sample holder and continuously emitted smoke (Figures 10b and c). Less
smoke appeared in the video of the LTO explosion than the LFP explosion (Figures 10b
and c). Another difference was that the LTO cell contents were partially ejected from the
cell housing (Figure S1). The differences in explosions probably influenced the aerosol
emissions. It was estimated that more aerosols were emitted by the NMC cell than the LFP
and LTO cells based on the greater amount of sample collected in a 5-sec sampling period.

3.2.2.  NMC cell—Although the sampling period for the NMC cell was only a few
seconds, a large amount of aerosols were collected (Figure 11), and EDS mapping was
needed to distinguish between particles that overlapped on the sample substrate. Using the
mapping technique, it was found that the explosion aerosols were of three main types: (1)
fragments of the anode or cathode, (2) microspheres, and (3) nanoparticles. The anode-type
fragments in explosion aerosols were faceted carbonaceous particles (Figure 12) similar to
the battery material in Figure 4a. The cathode-type fragments contained nickel, manganese,
and cobalt (Figure 13) and had a morphology comparable to the battery material in Figure
6a. The anode and cathode fragments had sizes in the range of 5-10 pm, which is the upper
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size range included in the international convention for respirable aerosols. The international
convention for respirable aerosols defines efficiencies at which particles of a given size
range are sampled to assess relevant exposures (e.g., Approximately 30% at 5 um, 1% at 10
pum) (CEN 1993; 1SO 1995; ACGIH 2014). Respirable aerosols are a health concern because
they can penetrate to unciliated regions of the respiratory tract and influence adverse health
effects.

Exposure limits (in terms of threshold limit values) recommended by the American
Conference of Government Industrial Hygienists (ACGIH) are 1.5 mg/m3 for nickel, 0.02
mg/m3 for cobalt, and 0.02 mg/m3 for manganese (ACGIH 2018), which suggests more
stringent guidelines for explosion aerosols containing cobalt and manganese. Adverse

health effects associated with cobalt inhalation include asthma, pneumonia, and wheezing,
and manganese exposure can lead to disabling neurological effects (ATSDR 2004,

2012). Recommended exposure limits for metals given by the ACGIH are based on the
concentration of the metal element rather than the molecular composition, such as the

oxide or salt. In addition, metal elements have been given toxicological profiles by the

U. S. Agency for Toxic Substances and Disease Registry (ATSDR), in which the adverse
health effects of various molecular compositions are discussed. The toxicological profile

for cobalt suggests that the inhalation of the pure metal, oxide, and salt leads to significant
adverse health effects (ATSDR 2004). A comparison of the molecular compositions for each
element is beyond the scope of the current study, but the toxicological profiles with pertinent
information are referenced.

The microspheres in NMC explosion aerosols varied in elemental compaosition. The most
common compositions were nickel (Figure 14a), aluminum (Figure 14b), and a mixture

of carbon, fluorine, and oxygen (Figure 14c). Nickel particles were clearly distinguishable
from the background substrate because nickel had a strong EDS signal that differed from
the substrate material (Figure 14a). However, the aluminum microspheres matched the
aluminum substrate, so their shape was not discerned in the EDS map (Figure 14b). Still,
aluminum could be identified because when other elements were present, the aluminum
signal weakened, and other elements became more apparent. For example, carbon, fluorine,
and oxygen generally have weak EDS signals, but they were more apparent than the
aluminum in the center of Figure 14c. The mixture of carbon, fluorine, and oxygen suggests
the source may have been the electrolyte solution, which is often composed of a lithium
hexafluorophosphate salt and an organic carbonate solute (Harris, Timmons, and Pitz 2009;
Balakrishnan, Ramesh, and Kumar 2006). The sources of aluminum were the separator
membrane and the cathode charge collector (Section 3.1.3), and nickel microspheres
originated from the cathode material (Section 3.1.2).

These compositions have been associated with adverse health effects. The inhalation of
nickel aerosols is associated with lung inflammation and lung cancer (ATSDR 2005), and
inhalation of aluminum can cause a persistent cough and adversely affect the nervous system
(ATSDR 2008). The health effects of aerosols containing carbon, fluorine, and oxygen will
strongly depend on molecular composition, which could not be determined by EDS. Overall,
their composition can especially impact respiratory health because the microspheres were in
a size range that efficiently penetrates to the lung (0.1 to 3 um). The penetration efficiencies
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approximated by the international convention for respirable aerosols are 99.7% for 0.1 um
and 74% for 3 um (CEN 1993; 1SO 1995; ACGIH 2014).

The nanoparticles in NMC explosion aerosols had diameters from 30 to 100 nm. Particles in
this size range are a health concern because of their substantial penetration to the lung and
biologically active surface area. Most were present as aggregates because of particle overlap
on the sample substrate and their tendency to coagulate in the aerosol phase (Figure 15).
Their low effective density made it difficult to determine composition by EDS. They may
have been composed of carbon, which has a weak EDS signal. However, in an area with

a thick layer of aggregates (near a large carbon particle), they appeared to be composed of
aluminum (Figure 16). This will be evaluated in a future study using a different substrate.
Considering possible sources, the aluminum in the separator (ceramic) and the carbon in

the anode (graphite) are not easily vaporized and re-condensed to form nanoparticles. In
addition, only a small amount of carbon was used as conductive filler and polymer binder in
the separator and cathode (Figures 5 and 7). Therefore, given the abundance of nanoparticles
and the expectation of a large source, it is more likely that the nanoparticle source was the
aluminum charge collector near the cathode (Figure S2). Thermal runaway may have heated
the aluminum charge collector causing it to vaporize and re-condense to form nanoparticles.

3.2.3. LFP cell—LFP explosion aerosols were more homogenous in morphology and
elemental composition than the aerosols emitted by the NMC cell explosion. They appeared
to consist mostly of cenospheres (hollow spheres) in the respirable size range (0.6-5 um)
(Figures 17 and 18) and contained carbon, silicon, and fluorine (Figure 19). The major
source of these aerosols may be the anode due to its carbon and fluorine content (Figure 3b),
and also because silicon is a common anode constituent that is used to increase capacity.

In general, silicon swells from the charging process, and this swelling can reduce the life

of the battery cell. However, small amounts of silicon may be added to graphite anodes

to increase capacity without substantially affecting the life of the cell (Yim, Courtel, and
Abu-Lebdeh 2013). A small amount of silicon may go undetected by EDS but can become
enriched during the explosion. For example, the enrichment of silicates occurs during the
combustion of pulverized coal and leads to the formation of cenospheres in fly ash (Ranjbar
and Kuenzel 2017). By a similar process, the graphite anode may have served as the source
of cenospheres in LFP explosion aerosols. Material with an irregular morphology was found
to contain carbon only (Figure 20). The irregular material may have been cenospheres that
collapsed due to the lack of a silicon-containing shell to withstand the internal gas pressure
from organic decomposition. Transition metals (e.g., iron) were absent from LFP aerosols,
and this contrasts sharply with the results for NMC explosion aerosols.

3.2.4. LTO cell—Aerosols emitted by the LTO explosion had similar characteristics to
the emissions of the LFP and NMC cells. Like LFP aerosols, the typical morphologies
were spheroids and cenospheres in the respirable size range (0.1-4 um) (Figure 21). Some
cenospheres had a porous structure as shown in Figure 22. Porous cenospheres are thought
to form by the release of trapped gases through channels in high viscosity molten droplets
(Ranjbar and Kuenzel 2017). Probably due to their substantial void space and low effective
density, an EDS signal was not apparent.
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Similar to the NMC emissions, elements from the anode and cathode were present in
respirable aerosols. Those containing cobalt from the cathode and titanium from the anode
were less common than cenospheres. However, they were more easily characterized due to
their strong EDS signals (Figure 22 and Figure S3, supplementary material). It was observed
that fewer aerosols were emitted relative to the NMC cell by comparing Figures 11 and

21. Despite their lower abundance, LTO explosion aerosols may still be hazardous because
the inhalation of even a small amount (5 pg/m3) of cobalt is associated with adverse health
effects including wheezing and pneumonia (ATSDR 2004).

The concentration of emitted aerosols was not quantified because a specially designed
experimental setup would be needed, and its construction and implementation were beyond
the scope of the current study. The experimental setup should be constructed so that the
explosion aerosols are well mixed before sampling, or the total aerosol from the explosion
should be collected to enable quantification. Sampling a well-mixed aerosol is important
because the spatial variation of aerosols is much more pronounced than for gases due

to weaker diffusion. The aerosol mixing system or total aerosol sampling system should

be integrated with the ARC, which was not originally designed for this purpose. The
quantification of concentration will be considered for a future study.

4. Conclusions

To better understand potential exposures, the characteristics of aerosols emitted by lithium-
ion battery explosions were studied by SEM and EDS. The SEM and EDS analyses
showed that the NMC, LFP, and LTO battery explosions emitted abundant aerosols in

the respirable size range. NMC aerosols consisted of 0.03-0.1 um nanoparticles, 0.1-3

pum microspheres, and 5-10 pm anode and cathode fragments. The NMC aerosols were
more numerous and contained a wider size range than the other battery aerosol emissions.
The cathode fragments contained the transition metals, nickel, manganese, and cobalt; and
the microspheres were composed of nickel, aluminum, or a mixture of carbon, fluorine,
and oxygen. There appeared to be a greater transition metal content in NMC aerosols

than the other battery emissions. LFP aerosols were more homogenous in morphology and
composition and largely consisted of cenospheres (0.6-5 um) that contained carbon, silicon,
and fluorine. Cenospheres (0.1-4 pm) were also observed in LTO explosion emissions,

as were particles containing cobalt and titanium. Since cobalt and other transition metals,
were present in NMC/LTO but not LFP samples, LFP explosion aerosols may be the least
hazardous of the three battery types evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental setup for the collection of lithium-ion battery explosion aerosols on filter
media.
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Temperature of the ARC, NMC cell, and filter sample inlet during the thermal runaway test.
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EDS spectra of the (a) NMC, (b) LFP, and (c) LTO battery anodes.
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Figure 4.
SEM images at 2, 5, and 20 k magnification of the anode for the (a) NMC, (b) LFP, and (c)

LTO battery cells.
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Figure®6.
SEM images 2, 5, and 20 k magnification of the cathode for the (a) NMC, (b) LFP, and (c)

LTO battery cells.
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Figure7.
EDS spectra of the (a) NMC, (b) LFP, and (c) LTO battery separators.
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Figure8.
SEM images 2, 5 and 20 k magnification of the separator for the (a) NMC, (b) LFP and (c)

LTO battery cells.
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Battery temperature during ARC tests for the NMC, LFP, and LTO cells.
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Battery cell

Figure 10.
Snapshots of the ARC test videos showing the intense part of thermal runaway for the (a)

NMC, (b) LFP, and (c) LTO cells.
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Figure 11.
SEM image of NMC cell explosion aerosols collected on an anodisc membrane with a 5-sec

sampling time. The black pores of the anodisc membrane are visible below the collected
aerosols.
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Figure 12.
EDS mapping of carbonaceous faceted particles indicative of anode material in NMC

explosion aerosols.
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Figure 13.
EDS mapping of particle in NMC explosion aerosols that contained cathode materials of

nickel, manganese, and cobalt.
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Figure 14.
EDS mapping of microspheres in NMC explosion aerosols. (a) Nickel microsphere (red) on

aluminum substrate (green). (b) Aluminum microsphere (green) near smaller nickel particles
(blue) on aluminum substrate (green). (c) Microsphere containing carbon (blue), fluorine
(orange), and oxygen (yellow) with adjacent nickel particles (indigo) on aluminum substrate
(green).
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Figure 15.
SEM image of nanoparticles and microsphere in NMC explosion aerosols.
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Figure 16.
Nanoparticles around large carbonaceous particle appear to be composed of aluminum (teal)

rather than carbon (indigo).
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Figure 17.
SEM image of LFP explosion aerosols on anodisc filter.
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Figure 18.
SEM images of carbonaceous cenospheres emitted by LFP explosion.
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Figure 19.
EDS mapping of cenosphere in LPF explosion aerosols that contains carbon, fluorine, and
silicon.
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Figure 20.
EDS mapping of carbon material in LFP explosion aerosols.
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Figure 21.
SEM images of LTO explosion aerosols on a nuclepore membrane filter.
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Figure 22.
EDS mapping of LTO explosion particle containing cobalt. The results for the porous

particle on the left were not clear probably due to its low effective density.
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