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Abstract: Lithium ion batteries play an increasing role in everyday life, giving power to handheld
devices or being used in stationary storage solutions. Especially for medium or large scale solutions,
the latter application confines a huge amount of energy within a small volume; however, increasing
the hazard potential far above the common level. Furthermore, as the safety hazards of lithium ion
cells have been known for years, impressively shown by several burning cars or laptops, the need for a
further enhancement of the safety of these systems is rising. This manuscript presents measurements
of the gas emission from lithium ion batteries in case of a malfunction for different scenarios, showing
a large variety of species with mostly toxic to highly toxic properties. The measurements were
carried out using a combination of gas chromatography-mass spectrometry (GC-MS), quadrupole
mass spectrometry (QMS), photoacoustic spectroscopy, and chemical analysis. It is shown that the
inflammation of a cell can be overcome, also preventing a cascading effect to neighboring cells, but
giving rise to worse toxic gas emission. Furthermore, a filtration concept is presented that decreases
the concentration of the emitted components significantly and promises filtration below immediately
dangerous to life or health (IDLH) equivalent levels.
Keywords: lithium ion; battery safety; thermal runaway; cell venting; health hazard; gas filtration

1. Introduction
Energy storage is one of the key topics of scientific and engineering research in order to provide a
reliable concept for the power supply in the future. The technical requirements for storage technologies
differ strongly depending on the specific application. While a short, and even ultra-short, storage of
energy is needed for power grid stabilization, the growing market share of renewable energy sources
constantly increases the need for 24 h energy storage solutions [1]. Conventional battery technologies,
like lead-acid batteries, simply do not reach the requirements in terms of power and energy density
to overcome this shortage in power storage demand [2,3]. The most promising technology to solve
this problem for the next decades is lithium ion technology. With their advanced state of technology
and the wide operation in consumer electronics, lithium ion batteries are the perfect candidate for
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solutions and even large scale stationary energy storage [4–6].
Nevertheless, safety issues become more and more important, because of the increasing energy
content in storage devices. In recent years, several accidents have shown the hazard potential of
lithium ion cells; primary safety hazards are the ignition of the cell and its toxic emission gases [7,8].
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The experimental scenarios can be described as follows:

The experimental scenarios can be described as follows:
(1) Catching fire: a single bare lithium ion cell is mounted within the barrel. The barrel is shut
partly by a cover, which prevents the barrel from explosion but retains most of the
emission gases. PTFE tubing leads the gas mixture to the analytics.
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2.2.1. Gas Chromatography-Mass Spectrometry
Gaseous samples for gas chromatographic analyses were collected using test tubes filled with
activated charcoal (Aktivkohle Typ G, Dräger, Lübeck, Germany) and silica gel (Silica Typ G,
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2.2.1. Gas Chromatography-Mass Spectrometry
Gaseous samples for gas chromatographic analyses were collected using test tubes filled with
activated charcoal (Aktivkohle Typ G, Dräger, Lübeck, Germany) and silica gel (Silica Typ G, Dräger),
respectively. The sorbents were extracted with carbon disulfide for activated charcoal and methanol
for silica gel. The screenings for organic compounds were carried out with a Shimadzu Europe GC-MS
QP 5050 gas chromatograph (Duisburg, Germany). A Restek Rxi-5 Silms column was used (60 m, inner
diameter: 0.25 mm, film 0.25 µm, Bellefonte, PA, USA).
2.2.2. Quadrupole Mass Spectrometry
A commercial gas analyzing system (MFM Analytical Systems, Multigas Analyzer MGA,
Clausthal-Zellerfeld, Germany) is employed to determine the composition of the filtered gas. The MGA
uses a quadrupole mass spectrometer together with the combination of a turbo molecular pump and a
scroll pump. The internal gas inlet system consists of an ultra-high vacuum (UHV) leak valve, thus
having no influence on the gas composition in contrast to other common setups, e.g., capillary tubes.
For the quantitative analysis of the mass spectra, background spectra prior to the gas dosage were
subtracted from the measured data. Fragmentation intensities for all gas components have been taken
from Stein [13] or own measurements. Due to a lack of references for some of the detected compounds,
no correction for relative sensitivity factors was carried out.
2.2.3. HF Determination via Ion Chromatography
Gaseous samples for the fluoride determination were collected in wash bottles filled with
40 mL 0.1 M NaOH, each. Portion of the samples were transferred to a Metrohm 761 Compact
IC ion chromatograph (Herisau, Switzerland). An ASUPP 4 column with a mixture of 1.8 mmol
Na2 CO3 /1.7 mmol NaHCO3 was used as eluent. Detection was performed by conductivity
measurement. The detection limit for HF is 0.7 ppm and the measurement was performed according
to VDI guideline 2470.
2.2.4. Quartz-Enhanced Photoacoustic Spectroscopy
In order to gain additional information about the processes and its emissions, an optical
sensing scheme was used. QEPAS exploits highly resonant micro tuning forks to detect the
photoacoustically-induced sound wave emitted by the target gas mixture [14]. As this technique uses
the optical absorption features of the target species for detection instead of measuring their mass, an
additional set of information can be acquired to overcome uncertainties of the other detection methods
(e.g., molecules with identical mass). Furthermore, QEPAS enables an online measurement, giving
information about the temporal behavior of the signal. As one critical component of the presented
measurements, CO was chosen as target gas; optical excitation is achieved using a fiber-coupled
distributed feedback (DFB) diode laser near 1570 nm.
3. Results and Discussion
For each experiment an emerging gas amount of approximately 200 SL (5 SL/Ah) caused by
the induced thermal runaway was observed. Figure 3 shows the retrieved data from GC-MS, QMS,
and QEPAS for the measurements of Scenario 2. These graphs were chosen exemplarily, as the gas
mixtures from Scenario 2 show far more variety and concentration of hazardous substances—155
in all. It can be seen that most substances appear in the GC-MS spectrum retrieved from the charcoal
sample (Figure 3a), whereas far fewer components adsorb on silica (Figure 3b). In the QMS-spectrum,
the expected composition of atmospheric air mixed with the species from the battery emission can be
seen. Although the in situ measurement with the QEPAS-sensor was performed only for Scenario 2,
it shows a good insight of the temporal behavior of the process, starting with the emission peak shortly

Batteries 2016, 2, 5

5 of 10

after the nail penetration and nearly exponentially decaying over time. Furthermore, it underlines the
high CO content detected by QMS for Scenarios 2 and 3.
More detailed insight into the measurement results can be gained by a comparison of the three
scenarios. Based on the quantity, dangerousness, and toxicity of the respective components, a selection
of 11 crucial gas mixture constituents was chosen from the measurement data. In Table 1, the respective
substances and their hazard potential [15] are listed, a diagram depicting the corresponding
concentrations for all three scenarios is shown in Figure 4.
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Figure 3. Results of the gas chromatography-mass spectrometry (GC-MS) analysis with (a) activated

Figure 3. Results of the gas chromatography-mass spectrometry (GC-MS) analysis with (a) activated
charcoal tube and (b) silica gel tube of (c) the quadrupole mass spectrometry (QMS) analysis and (d)
charcoal tube and (b) silica gel tube of (c) the quadrupole mass spectrometry (QMS) analysis and (d) the
the quartz-enhanced photoacoustic spectroscopy (QEPAS)-measurement for Scenario 2.
quartz-enhanced photoacoustic spectroscopy (QEPAS)-measurement for Scenario 2.
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Table 1. Eleven crucial gas mixture constituents and their hazards. EMC: ethyl methyl carbonate;
DEC: diethyl carbonate; EC: ethylene carbonate; CO: carbon monoxide; and COS: carbonyl sulfide.
Substance

Hazards according to EU Regulation (EG) Act 1272/2008
Eye irritation; flammable liquid; H226; H315; H319; H335; Skin irritation, specific target
EMC
organ toxicity-single exposure.
Eye irritation; flammable liquid; H226; H315; H319; H335; skin irritation; specific target
DEC
organ toxicity-single exposure.
Eye irritation; H315; H319; H335; skin irritation; specific target organ toxicity-single
EC
exposure.
Aspiration hazard; carcinogenicity; eye irritation; H225; H304; H315; H319; H340; H350;
Benzene
H372; germ cell mutagenicity.
Aspiration hazard; flammable liquid; H225; H304; H315; H336; H361d; H373;
Toluene
reproductive toxicity; skin irritation; specific target organ toxicity-repeated exposure.
Acute toxicity; eye irritation; flammable liquid.; H226; H315; H319; H332; H361d; H372;
Styrene
Skin irritation; Specific target organ toxicity-repeated exposure.
Aquatic acute toxicity; aquatic chronic toxicity; eye irritation; H315; H319; H335; H400;
Biphenyl
H410.
Acute toxicity; aquatic acute toxicity; aquatic chronic toxicity; carcinogenicity; corrosive
Figure 4. Results of the GC-MS, QMS investigations and HF detection for 11 determinant gas
the respiratory
tract; eye
damage; flammable
liquid;
H225; H300;
+ H330;
Figure 4. Results ofto the
GC-MS, QMS
investigations
and HF
detection
for 11H300
determinant
gas
Acrolein
constituents for all three scenarios (1–3).
H302;H311;H314;H317;H318;H330;H341;
H351; H400; H410; germ cell mutagenicity;
constituents for all three
scenarios (1–3).
skin corrosion; skin sensitization.
As QMS and HF detection were not performed for Scenario 1, these data are missing within the
Acute toxicity; flammable gases; H220; H280; H331; H360DM H372M gases under
graph. CO
The entire list of components and individual concentrations for each scenario can be found in
pressure; reproductive toxicity; specific target organ toxicity-repeated exposure.
the SupplementaryAcute
Materials,
namely “GCMS Measurement, Activated Charcoal, Scenario 1.pdf”,
toxicity; eye irritation; flammable gases; H220; H280; H315; H319; H331; H335;
COS
“GCMS
Measurement,
Activated
Charcoal, Scenario 2.pdf” and “GCMS Measurement, Activated
Gases under pressure.
Charcoal,fluoride
Scenario 3.pdf”.
Hydrogen
Acute toxicity; corrosive to the respiratory tract; H300; H310; H314; H330; skin corrosion.

Even without further description, it can be clearly seen that the gas emission from Scenario 2
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Table 1. Eleven crucial gas mixture constituents and their hazards. EMC: ethyl methyl carbonate; DEC:
diethyl carbonate; EC: ethylene carbonate; CO: carbon monoxide; and COS: carbonyl sulfide.
Substance

Hazards According to EU Regulation (EG) Act 1272/2008

EMC

Eye irritation; flammable liquid; H226; H315; H319; H335; Skin irritation, specific
target organ toxicity-single exposure.

DEC

Eye irritation; flammable liquid; H226; H315; H319; H335; skin irritation; specific
target organ toxicity-single exposure.

EC

Eye irritation; H315; H319; H335; skin irritation; specific target organ
toxicity-single exposure.

Benzene

Aspiration hazard; carcinogenicity; eye irritation; H225; H304; H315; H319; H340;
H350; H372; germ cell mutagenicity.

Toluene

Aspiration hazard; flammable liquid; H225; H304; H315; H336; H361d; H373;
reproductive toxicity; skin irritation; specific target organ toxicity-repeated exposure.

Styrene

Acute toxicity; eye irritation; flammable liquid.; H226; H315; H319; H332; H361d;
H372; Skin irritation; Specific target organ toxicity-repeated exposure.

Biphenyl

Aquatic acute toxicity; aquatic chronic toxicity; eye irritation; H315; H319; H335;
H400; H410.

Acrolein

Acute toxicity; aquatic acute toxicity; aquatic chronic toxicity; carcinogenicity;
corrosive to the respiratory tract; eye damage; flammable liquid; H225; H300; H300 +
H330; H302;H311;H314;H317;H318;H330;H341; H351; H400; H410; germ cell
mutagenicity; skin corrosion; skin sensitization.

CO

Acute toxicity; flammable gases; H220; H280; H331; H360DM H372M gases under
pressure; reproductive toxicity; specific target organ toxicity-repeated exposure.

COS

Acute toxicity; eye irritation; flammable gases; H220; H280; H315; H319; H331; H335;
Gases under pressure.

Hydrogen fluoride

Acute toxicity; corrosive to the respiratory tract; H300; H310; H314; H330;
skin corrosion.

As QMS and HF detection were not performed for Scenario 1, these data are missing within the
graph. The entire list of components and individual concentrations for each scenario can be found
in the Supplementary Materials, namely “GCMS Measurement, Activated Charcoal, Scenario 1.pdf”,
“GCMS Measurement, Activated Charcoal, Scenario 2.pdf” and “GCMS Measurement, Activated
Charcoal, Scenario 3.pdf”.
Even without further description, it can be clearly seen that the gas emission from Scenario 2
provokes the highest concentration for each of the selected species. Furthermore, the after filtration
measurements show even lower concentrations compared to Scenario 1. For this scenario the lowest
concentrations of organic components were expected due to their reaction with environmental oxygen
(O2 ) to CO2 and H2 O. The reason for this behavior can be explained as follows: Scenario 1 was chosen
to represent the event of a battery failure without any further security measures. In this case the cell
expands until it bursts open and catches fire. As the outgassing of the cell within the barrel occurs
abruptly (see the video “Experimental Setup Scenario 2.mp4” and freeze frame “Experimental Setup
Scenario 2 Still.jpg” in online version in Supplementary Materials), it is assumed that the available
quantity of O2 is insufficient for an accomplished oxidation of all components, because the gas from
the cell displaces the environmental air in the barrel. Therefore, only part of the volatile organic
compounds feed the combustion, whereas a considerable amount still emerges as fume. This fume
mainly consists of the electrolyte’s main constituents EMC and EC, with traces of the pollutants diethyl
carbonate (DEC), benzene, toluene, styrene, and biphenyl.
As the case of a burning cell must be strictly avoided because of the cascaded inflammation
of neighboring cells, which is most likely to occur, the first security measure is to suppress the
inflammation of the emission gases, thus drastically reducing the amount of energy released. This was
achieved by using a textile composite material enclosing the cell and thereby prohibiting flying sparks
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while being permeable for the emission gases [16]. For this case (Scenario 2), almost no oxidation takes
place. Consequently, a larger amount and a respective higher quantity of unburned organic substances
were expected and could be verified by the analytical methods. All in all, 155 different constituents were
found and particularly the concentration of the aforementioned components increased significantly
(Figure 4). In addition to the mentioned constituents, a large number of several other organic substances
can be seen, most of them are highly flammable and irritating and, thus, dangerous and unpredictable
(Figure 3a,b). The results of the GC-MS from the silica gel tube do not show any subsidiary information,
but nevertheless verify the results of the GC-MS from the activated charcoal tube. The reason for the
large amount of different organic components that were found is mainly the lack of O2 in combination
with high
temperatures.
Under these conditions, pyrolysis leads to homolytic cleavage7of
the C–O
Batteries
2016, 2, 5
of 10
single bonds to form free ethyl and methyl radicals, mainly from the electrolyte’s main component
and methyl radicals, mainly from the electrolyte’s main component EMC. Random combinations of
EMC. Random combinations of these free radicals can end up in a recombination to EMC, as well as
these free radicals can end up in a recombination to EMC, as well as the combination to dimethyl
the combination
to dimethyl
carbonate
(DMC)
not detected
here) and DEC (Figure 5).
carbonate (DMC)
(although
not detected
here)(although
and DEC (Figure
5).

Figure 5. Homolytic cleavage and radical combination can form DEC and DMC from EMC.

Figure 5. Homolytic cleavage and radical combination can form DEC and DMC from EMC.
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The detected fragments of substances with equal atomic mass, like N2 and CO, are occasionally
difficult to allocate with QMS. To verify these assigned values with QEPAS, an additional measurement
method is available to retrieve additional information about the target gas mixture by addressing its
absorption spectrum and its temporal behavior. The QEPAS measurement of CO gives a good idea
of the temporal behavior of the processes involved. The measured concentration matches with the
QMS data, considering the error assigned to the overlapping with N2 . For the measurement of reactive
components, like substances with high electronegativity or large molecules that adsorb until their
detection, QEPAS can be an additional analytical method. Especially, the use of a widely tunable laser
in the mid infrared spectral region would provide an additional dataset for the whole gas mixture,
thus increasing the accuracy of measurement [18].
Another hazardous substance of central importance is HF, which results mainly from the
decomposition of the conducting salt LiPF6 ; in Scenario 2 1640 ppm were found, which is more
than 50 times higher than the immediately dangerous to life or health (IDLH) value. This concentration
would lead to fatal consequences for a human being within a few minutes, since the reported emergency
exposure limit (EEL) for 10 min is only 20 ppm [19].
As clarified by the evaluation and comparison of the experiments of Scenario 1 and 2,
a suppression of the flame formation in the case of a thermal runaway is much more critical concerning
the danger of the emerging gas. However, the ignition of the gas mixture in battery storages cannot
be justified since it comes along with unpredictable risks. Therefore, in Scenario 3 an additional
neutralization filter system for the emission gasses was tested to diminish the hazardous potential.
After passing the filter element, as described above, only three substances were found via GC-MS
with significantly lower values, namely EMC, DEC, and toluene (Figure 4). Consistent with these
results, the QMS also demonstrates that the concentrations of the hazardous gas components are
strongly reduced by the filter system. In particular, the benzene, toluene, acrolein, and SO2 contents
were reduced to less than 20% of their initial fraction. The COS, ClO2 , and fluoroform emissions,
however, dropped below the measurement range of the used spectrometer. For HF, a high filtration
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efficiency could be achieved, too. In Scenario 3, the measured concentration was merely 3 ppm
and, thus, significantly below the IDLH value of 30 ppm and more than 500 times lower than in
Scenario 2. The majority of the organic compounds are removed by adsorption on activated charcoal.
The efficiency of adsorption increases with molecule size and similarity to the graphite structure
(aromatics). The major portion of acid gases, such as HF, is presumably filtered out by chemisorption
of the alkaline part of the filter system, the activated alumina. Following Equation (1), the fluorine is
trapped as aluminum fluoride under formation of H2 O [20]:
HF ` OH´ Ñ F´ ` H2 O

(1)

The measurements from Scenario 3 show highly-promising filtration rates for all hazardous
components under test. It should be mentioned that a leak in the barrel-filter unit construction leads to
a loss of some of the venting gas from the battery; the loss is estimated to be lower than 15%. However,
the measured data should not be affected by this as the increased pressure in the barrel inhibited the
influx of ambient air and, therefore, a decrease in the measured concentrations is unlikely. Furthermore,
the gas was sucked from a gas collecting bag with a volume of nearly zero at the beginning; thus, only
filtered gas was sucked to the measuring devices.
Even though the slight overcharging to 4.3 V could affect the gas within the cell due to a beginning
decomposition, this effect can be neglected because a commercial cell at this voltage usually is far
from a critical point. In addition, this paper is mainly focused on the reduction of risk potential by
additional safety measures and less on the exact gas composition for different cell states.
4. Conclusions
By the outgassing of a lithium ion battery due to a thermal runaway, a dangerous gas mixture with
highly explosive, hazardous, and carcinogenic components is released. If no counteractive measures
are taken, the cell’s failure leads most likely to an ignition, which must be excluded, as there is a
great risk of a cascaded runaway of adjacent cells. However, with an inflammation of the battery
gas, some of the hazardous substances get oxidized into harmless reaction products, as shown by the
performed measurements. If the ignition of the cell is prevented, which can be done most effectively
by a textile composite, the gas emission is far more dangerous. Consequently, a gas filtration system
has been developed by which adsorption or neutralization processes reduce the concentration of the
hazardous components. In a first trial, a selection of filtering materials and a subsequent analysis of
the gases released by the filter unit showed very promising results, reducing the concentration of all
relevant components well below the amount of the inflammation measurement. The success of these
experiments conducted once, will be used in further investigations in order to realize a reliable and
cost efficient filter unit which reaches IDLH, or comparable values, for all relevant emitted species.
The combination of the flame-inhibiting textile and the gas filter unit may be used in stationary
systems for home storage, or even large scale storage applications, enhancing the security level of the
state-of-the-art battery storage to the next level without changing the fundamental cell design.
Supplementary Materials: The following are available online at www.mdpi.com/2313-0105/2/1/5/s1,
Experimental Setup Scenario 2.mp4, Experimental Setup Scenario 2 Still.jpg, GCMS Measurement, Activated
Charcoal, Scenario 1.pdf, GCMS Measurement, Activated Charcoal, Scenario 2.pdf, GCMS Measurement,
Activated Charcoal, Scenario 3.pdf.
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