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Abstract

This research investigates the use of a fiber optic sensor for detecting hydrogen gas during
a thermal runaway of lithium-ion batteries (LIBs). Timely detection of thermal runaway
in LIBs, particularly in storage and logistics, is crucial for effective safety management
and preventing the escalation of incidents to adjacent cells. The sensors employed in
this study utilize fiber Bragg grating (FBG) technology. The FBG sensors are coated with
palladium nanoparticles, enabling the detection of hydrogen concentrations up to 5%.
In abuse tests, the sensors successfully identified hydrogen emissions. Cross-sensitivity
effects were observed during a secondary test and were thoroughly investigated. These
interferences were found to be primarily caused by carbon monoxide (CO), a common
byproduct of battery venting. While the presence of CO can interfere with hydrogen
detection, both signals remain independently valuable as indicators of cell malfunction.
This dual-response behavior enhances the robustness of fault detection under real-world
battery failure scenarios.

Keywords: hydrogen sensor; hydrogen detection; fiber Bragg grating; fiber optical;
lithium-ion battery; thermal runaway detection; venting gas detection

1. Introduction
The transportation, stationary energy storage and consumer electronics sectors are be-

coming increasingly dependent on lithium-ion battery-based energy systems each year [1,2].
This development is mainly driven by the high gravimetric and volumetric energy density
offered by the technology [3,4]. However, the growing demand for lithium-ion batteries
combined with the high energy density creates new challenges in terms of safety. While
the probability of a single cell failing is minuscule, the sheer number of cells entering the
market increases the absolute probability of critical failures [5,6]. This threat is even more
significant in lithium-ion battery-storage facilities, where millions of individual cells are
packed into a limited space. While internal contamination within the cells can lead to fail-
ure, external factors can exacerbate this risk [7,8]. These external factors can occur during
logistical processes such as mishandling of the LIBs or errors in the storage environment.
These processes can lead to cell crushing, LIB dropping or excessive storage temperatures
that may exacerbate existing internal defects in cells or even whole packs. These internal
defects might result in a heat generation within the cell. If the generated heat causes the cell
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to exceed a critical threshold temperature, a thermal runaway (TR) may occur. The TR is an
uncontrollable exothermic decomposition of the active cell materials, beginning with the
decomposition of the solid electrolyte interface, which produces a toxic and flammable gas
mixture [9,10]. This exothermic reaction further leads to the decomposition of the anode
material in combination with the electrolyte, generating more heat and gases. The rise
in temperature causes the cathode materials to decompose, releasing oxygen that further
fuels a possible combustion. The separator may melt during this phase, causing a short
circuit that further accelerates the runaway process [11]. The duration of this chain reaction
ranges from a fraction of a second to several seconds. This runaway results in a rapid
release of energy and large amounts of gases that can potentially ignite, causing a fire or
explosion [12]. While the gas emitted from the LIB consists of a mixture of various toxic and
flammable gases, the main components are hydrogen (H2), carbon monoxide (CO), carbon
dioxide (CO2) and a mixture of different hydrocarbons (CnHm) such as methane, ethylene
and ethane as summarized in Table 1 [13–17]. In lower concentrations, toxic gases such as
hydrogen fluoride, nitrogen oxide, sulfur dioxide or ammonia have also been reported to
be detected in the gas mixture [18–20].

Table 1. Overview results from different works on the produced gas volume and the most important
components contained in the venting gas during thermal runaway of different lithium-ion batteries
utilizing a Nickel Manganese Cobalt (NMC) cathode. All works displayed utilized cells at 100% state
of charge (SOC).

Cathode
Gas Vol. H2 CO CO2 Other

Source
(l Ah−1) Concentration in %

NMC 1.96 22 28 37 13 [13]
NMC 2.02 21 (±5) 27 (±4) 24 (±5) 28 [14]
NMC 3 18 (±3) 20 (±4) 38 (±4) 24 [15]
NMC - 8 (±8) - - 92 [16]
NMC - 11 31 24 34 [17]

In the literature, the volume of the venting gas and the composition of the gas mixture
were found to correlate with the SOC of the battery [21]. A reduction in electrical charge
resulted in a decrease in the gas volume, as well as a decrease in the proportion of H2

and CO and a higher concentration of CO2 in the gas composition [14,16,22]. As shown
by Lammer et al., the state of health of the cell also influences the composition of the
venting gases [23]. As a result, H2 is a reasonable choice as an indicator gas to detect an
anomaly due to the high content in vent gases and the danger it poses when combusting.
Furthermore, the amount of H2 in the atmosphere is low under normal conditions [24],
unlike CO2, which can change with living organisms in the environment around the sensor.
Although the thermal runaway of an individual cell is unstoppable, early detection can
help mitigate the propagation to adjacent cells or modules. Therefore, a sensor capable of
detecting both chemical and thermal changes could provide significant value. Previous
research in the TR early detection spans from temperature, voltage and current monitoring
to pressure and gas detection [25,26]. However, gas sensors have been found to provide
a faster detection rate than other means of surveillance such as temperature or voltage
monitoring [25,26]. While previous gas-detection systems were based on electrochemical
sensors, the sensor system presented in this work relies on fiber optics and an optochemical
working principle. One key advantage of this sensor type is the ability to simultaneously
monitor both gas composition and temperature within a single sensor array, enabling a
compact, multisensor-based detection system. Additional benefits include high sensitivity,
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fast response times, immunity to electromagnetic interference and potential for remote or
distributed sensing in harsh environments.

2. Materials and Methods
2.1. Optical Fiber Hydrogen-Detection Sensor

Optical fiber hydrogen sensors are well-suited for hydrogen detection due to their
inherent safety and immunity to electromagnetic interference. Unlike electric sensors, they
contain no wires that could produce sparks and potentially ignite flammable gas mixtures.
Optical hydrogen sensors based on different working principles have been developed over
the last 40 years, like interference sensors [27–31], micro-mirror sensors [32–34], evanes-
cent sensors [35–40], surface plasmon resonance (SPR) sensors [41–45] and fiber grating
sensors [46–53].

Pd is commonly used as functional sensor material, which allows the selective detec-
tion of hydrogen [54–59]. Therefore, the properties of the sensors are closely related to the
physical or chemical interaction of Pd layers in hydrogen atmospheres. The nanoparticles
have a high surface-area-to-volume ratio, offering an acceleration in hydrogen absorp-
tion and desorption rates by overcoming the diffusion barrier formed by already absorbed
hydrogen, which plays a significant role in thick layers of Pd films [60,61]. This high surface-
to-volume ratio makes these nanoparticles attractive for gas sensors, where short response
and recovery times are needed [62]. Therefore, instead of sputtering thin layers of selective
metal layers on the surface of the sensor, we deposited a layer of Pd nanoparticles. In this
work, optical hydrogen sensors are based on the evaluation of the back reflected fiber Bragg
grating signal, as shown in Figure 1. For manufacturing the optical fiber hydrogen sensors,
single-mode glass fibers coated with acrylate coatings (Fibercore SM1250BI 9.8/125) were
used. The FBGs were inscribed with a point-by-point (PbP) technique using femtosecond
laser pulses. The applied setup and inscription process are described in [63,64]. Two FBGs
were inscribed into the fiber core having center wavelengths around 1530 nm and 1550 nm.
The first FBG is used as a temperature (Temp-FBG) to monitor and compensate for intensity
fluctuations of the light source as well as any temperature changes during measurements
from the hydrogen-detection FBG (H2-FBG).

Broadband

Spectrometer

light source
Coupler

Temp-FBG H2-FBG

Computer

Data evaluation

Figure 1. Schematic of the FBG sensor system setup consisting of a reference temperature FBG and an
H2-FBG. The system includes a light source, a spectrometer for signal acquisition and data evaluation
for spectral analysis.

An approach for the usage of FBG as a sensing element is to utilize the change in
effective refractive index for chemical detection. The effective refractive index is linearly
correlated to the Bragg wavelength and hence a spectral shift is correlated to the change
in the refractive index of the surrounding medium. However, for chemical detection in
an untreated standard fiber no interaction occurs with the surrounding media and the
fiber core, because the fiber core is shielded by the fiber cladding. In order for the FBG
to be sensitive to the surrounding media, the cladding has to be removed. The fiber core
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without cladding directly enables the interaction of the evanescent light at the surface
of the fiber with the surrounding media. Figure 2 is a schematic representation of an
FBG before and after the removal of the cladding. A more detailed description of the
manufacturing of the H2-FBG sensor can be found in our earlier work in [27], where
we discussed the manufacturing process, detection range, response and recovery times,
hysteresis and temperature effects. At room temperature, the detection range is from 0.3%
H2 to 5% H2. The sensor has a short response time and recovery time of less than 90 s and
140 s, respectively.

Figure 2. Illustration of etched optical fiber with FBG (eFBG) and the evanescent wave exposed to
the surroundings.

2.2. Device Under Test

The cells used in this study were pouch-type lithium-ion batteries with nominal
capacities of 40 Ah and employing NMC-based cathodes. The capacities determined by
measurement are listed in Table 2, with both cells exhibiting a state of health (SOH) above
98%, indicating only minimal aging. The SOC was set to 40% for two key reasons: first, a
low SOC is commonly used for the storage and transportation of lithium-ion batteries [65];
second, at this SOC, the probability of emitted venting gases igniting is lower compared to
higher charge states [66], which aligns with the safety-focused objectives of this study. A
summary of the battery parameters is provided in Table 2.

Table 2. Information about cell parameters used in the individual tests.

Test Cathode Capacity Cell Total SOC Format

#1 NMC 39.6 Ah 1 40% pouch
#2 NMC 40.1 Ah 1 40% pouch

2.3. Experimental Setup and Procedure

Two tests were conducted on individual cells using the same optical sensor, to evaluate
the sensor’s capability to detect venting gases during lithium-ion battery failure. All
subsequent experimental tests were carried out in an explosion-proof battery test chamber
(Fraunhofer HHI Institute, Goslar, Germany) with an internal volume of 10 m³, which is
comparable to the environment of a small to medium-sized battery-storage area.

The experimental setup (Figure 3) for the cell tests consisted of four thermocouples:
two to monitor the surface temperature of the specimen (TC1 and TC2), one to monitor the
surface temperature of the heater and an additional sensor to monitor the gas temperature
above the cell (TC3). To observe the electrical state of the battery cell, the voltage was
monitored continuously. Both temperature and voltage were recorded using a Q.bloxx
measurement unit (Gantner Instruments, Schruns, Austria). To initiate the TR, a heating
pad with a peak power of 750 W (Heating Element Mica Strip, RS PRO, Corby, UK) was
controlled using a high DC voltage power source (PSB 10080, Elektro-Automatik, Viersen,
Germany) as an adjustable trigger method. The heating rate was slowly increased in order
to promote the accumulation of gases in the battery. During the cell venting event, the
fumes created were extracted from the test environment and replaced with clean air in the
chamber, affecting the concentration of venting gases in the test atmosphere. Therefore, a
lower concentration of venting gases is expected compared to the autoclave experiments
mentioned in Table 1.
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Figure 3. Schematic of the experimental setup showing the sensors applied during testing, including
optical gas measurement, optical and electrical temperature sensing and an electrochemical reference
gas-measurement unit.

The optical fiber, containing the H2-FBG and the Temp-FBG sensor, was placed adja-
cent to the gas temperature thermocouple as shown in Figure 3. To improve the mechanical
stability of the sensor, the optical fiber was integrated into a protective polypropylene tube,
while the FBGs were attached to a custom 3D-printed fiber holder and then enclosed in a
metal sieve to allow gas ingress to interact with the FBGs (Figure 4).

Temp-FBG H2-FBG Temp-FBG H2-FBG

Figure 4. (left) The optical fiber showing the low mechanical stability, (center) FBGs fixed to a
custom-made 3D-printed fiber holder, (right) the FBGs enclosed in the metal sieve.

The influence of the housing on the effectiveness of the sensor was tested in the lab-
oratory and showed no significance in temperature or hydrogen detection. It is worth
mentioning that the sensor has been subjected to different gases in the laboratory, such
as CO2. The tests were conducted in an N2 atmosphere and in synthesized air. The mea-
surements showed no interference from these gases. The optical data was detected using a
measurement system consisting of a fiber-coupled broadband-emitting superluminescent
diode (SLED, COVEGA SLD-6960, Jessup, MD, USA), a 1.5µm optical circulator and a
spectrometer (NQ512, OceanOptics, optical resolution 2 nm, Orlando, FL, USA). The total
intensity variation of the measurement system was less than 0.05%.

In addition, an inlet for a reference hydrogen-measurement unit (Advance Optima,
ABB, Zurich, Switzerland) was installed to monitor the H2 concentration in the test chamber
during the experiment. This unit operates on an electrochemical measurement principle to
detect gases, based on the thermal conductivity of different gases, providing an independent
reference value for H2-concentration using an alternative measurement method. However,
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due to its placement outside the test area and the several-meter-long tubing that adds
additional delay, along with a response time of up to 20 s of the unit itself. Because of the
experimental setup, the sensor is only suitable for detecting the presence of hydrogen and
is not capable of providing accurate concentration measurements or real-time monitoring.

3. Results
3.1. First Test

The first test on the application of the optical hydrogen sensor ended with thermal
runaway of the test cell, producing a jet flame. Figure 5 presents the key events of the
test, extracted from the video footage, along with their respective times of occurrence. The
heating pad self-ignited shortly before the first vent of the pouch bag around 4002 s into
the test. However, for the first 19 s after the initial vent (4010 s) the gases have been emitted
from the cell without an ignition occurring. After 20 s of venting, the gases ignited for
the remainder of the event as seen in Figure 5. After a delay of 40 s, a secondary venting
occurred on the opposite side, which lasted for 7 s before igniting as well.

4030s3972s 4002s 4010s 4029s

Figure 5. Images of the cell before venting, during venting and the ignition of the venting gases with
the corresponding time in seconds.

Before the main venting event, no visible gas leakage was observed, which is supported
by sensor data as none of the sensors involved detected changes in temperature or sensing
of any gases, as illustrated in Figure 6. After the ignition of the venting gases, an increase
in temperature was detected by both the optical and electrical temperature sensors (TC3)
positioned above the experimental setup. However, both types of sensor showed some
degree of delay. The thermocouple took around 20 s after ignition to detect a significant
increase in the measured temperature. Meanwhile, the optical sensor showed a negative
shift in wavelength. This behavior is attributed to the deflagration of the venting gases
and the jet of flames that exert mechanical forces on the Bragg grating, resulting in a
strain-induced shift. Furthermore, the heat emitted by the flames can affect the adhesive
joint (Figure 4) between the metal sieve and the fiber. The upward trend of the optical
sensor signal corresponds with the temperature increase detected by TC3, showing a similar
response and pattern for the remainder of the venting event, however offset by the initial
negative signal drift.

The cell voltage began to drop after more than 100 s after the primary venting, with
the voltage decreasing over a duration of 30 s, without ripples in the signal observed.
The thermal runaway ended as the voltage dropped to 0 V, coinciding with the cessation
of the flame jet. The thermocouples positioned on the cell surface exhibited a delay of
approximately 90 to 120 s prior to an exponential increase in temperature as a result of
the thermal runaway, as illustrated in Figure 6. This observation is associated with the
cell’s thermal conductivity and heat capacity, which delay heat conduction throughout the
cell and its dissipation to the exterior of the pouch bag. As previously reported, thermal
runaway propagation in larger cells takes longer [67]. This effect is further amplified
at a low state of charge (40%), where the energy released during thermal runaway is
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significantly lower compared to that of fully charged cells. Consequently, the reaction
proceeds more slowly, resulting in a delay in heat propagation to the measurement points.
Additionally, the rapid release of accumulated gases induces a Joule–Thomson effect due to
the pressure drop as the venting gases escape from the cell pouch, resulting in a temporary
cooling effect on the cell [68].
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Figure 6. Results of the first cell test showing the change in surface temperature, cell voltage and the
gas temperature measured using the optical sensor and thermocouple.

The results for the H2-FBG during the first test can be seen in Figure 7. The ignition
of the heating pad resulted in two minor shifts of the wavelength for H2-FBG, while no
changes in intensity could be observed. Therefore, these changes are not attributable to the
presence of H2, consistent with expectations, as the cell exhibited no visible signs of leakage
at this point in time. Following cell venting, an increase in signal intensity paired with a
negative shift in wavelength indicates the detection of H2. The first changes in signals of
both intensity and wavelength could be observed approximately two seconds after the first
venting occurred and reached a peak value three seconds after venting started. Based on
the intensity peak of around 4.7% an H2 concentration greater than 5% is detected in the
first seconds after venting as supported by our previous work [27]. This is substantiated by
a negative shift in the wavelength of around 18 pm. In addition, the reference hydrogen-
measurement unit detected a concentration of at least 1% H2, further indicating that the
observed changes in the optical signal are due to H2 in the venting gases. After the first
seconds the H2 concentration dropped between 1% and 2.5% as supported by an ongoing
change in intensity of 1.2% and 6 pm for the wavelength values [27]. Following the ignition
of the gases, a significant change in both wavelength and intensity was observed. These
changes are attributed to the heat and vibrations generated by the jet flame emitted from
the cell. Although the second vent described earlier released gas for multiple seconds, no
distinct signal change could be observed in the H2-FBG signal as it was already dominated
by the effects of flame exposure at that point, as can be seen in the inlet of Figure 7.
Furthermore, the second gas event lasted a shorter amount of time, and venting gases had
been effected away from the gas sensor.
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Figure 7. Changes in intensity signal and wavelength shift of the H2-FBG sensor during the first
venting event are shown. The inset illustrates the detailed progression of intensity and wavelength
shift during the flame occurrence.

3.2. Second Test

The TR process of LIBs is an event with a high degree of possible variability, as a result
of the complex process that takes place during decomposition [69]. Therefore, a secondary
test is conducted under identical conditions to further investigate the viability of the sensor
array. For the second test, although conducted at the same SOC and ambient temperature
as for the first cell, the TR unfolded differently, as can be observed in Figure 8. Although
the TR unfolded faster than the first test, no flames occurred. Initially, the cell started to
build up gas and therefore pressure during heating, resulting in a strong bloating seen
between 1320 s and 2520 s in the test.

3410s2520s 2570s 2790s 3210s1320s

Figure 8. Snapshots of the cell at different points in the experiment, showing the cell swelling related
to a gas buildup inside the cell followed by a reduction in thickness due to venting of the gases.

The main venting event at 2790 s was preceded by a smaller venting event around
2570 s in the experiment, which was not detected by any of the sensors used, but could be
observed in the video footage. The absence of a measurable response from the hydrogen
sensor in this case is attributed to the initial venting being primarily driven by electrolyte
evaporation, rather than by the release of decomposition gases from the active materials [70].
Furthermore, none of the applied temperature sensors have been able to clearly detect
changes in the environment because of the low amount of traceable gases, which results
in a low thermal reaction on both applied thermal sensors. Following this minor venting,
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a continuous gas release was visually detected, which continued for about 10 min before
the main venting event started, which was detected by both the thermocouple TC3 and
the Temp-FBG as shown in Figure 9. Prior to this, a voltage drop was detected as the first
measurement-based detection of the thermal runaway. As the surface temperature sensor
showed a time delay in the exponential temperature rise expected from a TR. The observed
delay in detection and its duration are consistent with the effects noted in the first cell,
providing validation for the previously reported observations.
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Figure 9. Results of the second cell test showing the change in surface temperature, cell voltage and
the gas temperature measured using the optical sensor and thermocouple.

The Temp-FBG optical sensor exhibited a response approximately after 15 s of the
visual observation of the cell venting event, which lasted for 1 min. This delay is attributed
to the free volume of the test chamber, which affects the time required to create an environ-
ment with a detectable amount of gas that elevates the local temperature. The recorded
wavelength shift was approximately 90 pm, corresponding to 8 K, matching the detected
value of the thermocouple as seen in Figure 9. Figure 10 provides a detailed view of the
H2 sensor’s response during the venting event. The uncompensated H2-FBG displayed
a decrease in signal intensity of up to 40% and a wavelength shift of nearly 400 pm. Al-
though the Temp-FBG sensor’s wavelength shifted in response to temperature changes, the
intensity reduction occurred exclusively in the H2-FBG, with no corresponding effect in the
reference FBG. This behavior contrasts with those of both the laboratory measurements and
the first battery test, where an increase in intensity was observed as a reaction of hydrogen
detection. Under typical conditions, the presence of hydrogen in the ambient environment
is anticipated to reduce the optical absorption coefficient of palladium, thereby increasing
the FBG signal intensity.

This suggests that this decrease in the intensity signal is a result of some kind of
cross-sensitivity. A possible gas contained in battery venting gases might be CO that
is being absorbed onto the Pd nanoparticles while the Temp-FBG remained unaffected.
RaviPrakash et al. [71] studied the effect in which the sensor did not return to its original
value within a reasonable time and exhibited drift, similar to the behavior observed in the
H2-FBG sensors, which is attributed to changes in signal caused by interactions within the
evanescent field. In conclusion the H2-FBG sensor did not detect any hydrogen during
the event, although this would be expected based on literature finding described earlier.
Furthermore, the reference hydrogen-measurement unit displayed only minor signal varia-
tions, up to 0.02%, which did not provide conclusive evidence of H2 presence. Since this
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venting event lasted longer and produced more visible gas, it likely lowered the oxygen
levels. With less oxygen, oxidation of the electrolyte solvent at the cathode was reduced,
leading to a higher CO ratio compared to the first test [72]. This oxygen depletion may have
also increased the impact of sensor poisoning on both sensors. As both the wavelength shift
and the change in intensity peaked at the time of cell venting and subsequently decreased
steadily as seen in Figure 10, this supports the interpretation that the observed variations
are linked to reactions involving components of the venting gases.
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Figure 10. Changes in the intensity signal and wavelength shift for H2-FBG sensor during the
second test.

3.3. Influence of CO on the H2 Sensor Performance

As mentioned above, the gas emitted from the LIB consists of a mixture of H2, CO,
CO2 and various other gases. The binding energy of CO on Pd has been reported to be
higher than that of H2, indicating that CO adsorbs more effectively on the Pd surface
than H2 [73]. The investigation of the dynamics of CO blocking the surface of Pd-based
materials and how small concentrations of CO affect hydrogen absorption was reported by
Ogura et al. [74,75]. RaviPrakash et al. investigated the effect of competing gases, such as
CO, on surface adsorption sites on a 100 nm thick layer of Pd, which affects the response
of the H2 sensor [71]. The reported measurements were conducted with a gas mixture of
1% H2 and 5% CO in an argon atmosphere. The response of the sensor was remarkably
sluggish, exhibiting a significant time delay before reaching a steady state value.

To further explore this phenomenon, the optical hydrogen sensor presented in this
work was subjected to CO and H2 measurements in a nitrogen atmosphere in the laboratory
to further investigate the observed results from the cell tests. A gas chamber with a con-
trolled gas flow rate of 100 standard cubic centimeters per minute (SCCM) was maintained
throughout the experiment. The sensor was first exposed to two cycles of 4% H2 to confirm
its functionality and response to H2. In both cycles, the sensor responded with a clear
increase in signal intensity and returned to its original state after flushing with nitrogen
as shown in Figure 11. This indicates that no permanent damage of the sensor occurred
as a result of the cell test experiments. In the third cycle, a mixture of 4% H2 and 0.5%
CO in N2 was introduced. Although the sensor still responded to hydrogen, the response
time was clearly longer and the recovery time of the sensor was significantly longer than
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in the first two cycles, by approximately 10 min. Nevertheless, the sensor recovered to its
original signal value after sufficient recovery time. The subsequent fourth cycle with 4%
H2, the response remained slow, indicating residual CO absorption on the Pd nanoparticles.
To study the effect of CO alone, a fifth cycle was conducted using only 0.5% CO. The
sensor exhibited a rapid drop in the signal intensity—down to approximately 0.6%—within
the first minute. However, after 10 min of nitorgen flushing, the sensor signal was fully
recovered. In the sixth cycle with 4% H2, the sensor again exhibited a response time twice as
long to reach the maximum signal change. The same recovery time of 30 min was recorded,
indentical to that of the third cycle. In the seventh and final cycle, the sensor’s response and
recovery times matched those observed in the first two cycles, suggesting that the sensor
had not sustained any permanent damage.
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Figure 11. Intensity changes in the H2-FBG sensor with response to 4 % H2, 4 % H2 mixed with 0.5%
CO, 0.5 % CO and again 4 % H2.

These findings are similar to those reported in the literature and attributed to sensor
poisoning [73]. However, the sensor based on Pd nanoparticles of 8 nm diameter presented
in this work, showed no deactivation of the sensor due to the small concentration of CO,
only signal interference that could be reversible.

4. Conclusions
Nanoparticle-coated eFBG sensors based on intensity signal changes due to interaction

within the evanescent field underwent real-world testing for hydrogen detection during
LIB failures. Although hydrogen was detected successfully in the first test, the second trial
failed due to significant sensor poisoning caused by CO. This outcome underscores the
limitations of palladium-based coatings in environments containing CO and highlights a
commonly underexplored issue in the literature. Various strategies have been proposed
to address this challenge, including the application of effective protective coating layers,
which may impact sensor response times, or the use of alternative sensor coatings. Notably,
Darmadi et al. [76] developed an optical hydrogen sensor based on localized surface
plasmon resonance (LSPR) utilizing PdAuCu ternary alloy nanoparticles, demonstrating
long-term stability and resistance to CO poisoning in synthetic air containing 4% H2 and
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0.5% CO. Future research should investigate the utilization of such coatings on eFBG
sensors and assess the performance in real-world scenarios, such as LIB failures.

Despite the observed CO poisoning issue, the sensors showed promising results in
detecting chemical changes associated with all unique venting events during the field tests.
Furthermore, the response time of the fiber optic sensors was comparable to, or in some
cases faster than, conventional electrical or electrochemical systems. While CO poisoning
limited the ability to quantify the amount of H2 in the gas mixture, the venting gases from
both failure events were successfully detected. These findings indicate that the tested
sensors hold potential for real-time monitoring of gas emissions in battery-storage facilities,
particularly for the early detection of unexpected releases of hazardous gases. Since
venting gases typically contain both H2 and CO, the presented sensors demonstrate strong
applicability in such environments. These observations are also relevant for emerging
battery chemistries such as lithium–sulfur and sodium-ion, which are likewise known to
release hydrogen during thermal runaway events [77,78]. This indicates that the proposed
sensor system is not limited to lithium-ion batteries but may also be applicable to next-
generation chemistries, thereby broadening its potential for safety monitoring across diverse
battery technologies. To achieve these goals, compensation methods and reference sensors
will play an important role in the next steps.
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