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Abstract Thermal runaway presents a significant challenge for large-scale application of lithium-ion batteries (LIBs),
often leading to the release of flammable, explosive, and toxic gases. In this study, porous flowerlike cerium dioxide
microspheres (FL-CeO;) were investigated to eliminate hydrogen fluoride (HF) gas generated during thermal runaway. A
dedicated test device and method were developed for this purpose. The FL-CeO, was synthesized via a hydrothermal
method and coated onto nickel foam to fabricate a gas filter. During thermal runaway of a 5 Ah lithium iron phosphate
(LiFePQy,) battery, the filter—Iloaded with 1.2 g CeOy—achieved an instantaneous HF removal rate of up to 82.24%
within approximately 4050 s. X-ray photoelectron spectroscopy (XPS) results indicate that F~ ions replace O~ ions in
the CeO;, lattice. Additionally, the potential for reusability of the CeO, microspheres was evaluated through multiple HF
adsorption and desorption cycles. After 10 cycles, the regenerated CeO, microspheres retained a HF adsorption rate of

76.11%, demonstrating promising reusability.
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1 Introduction

Lithium-ion batteries (LIBs) have recently gained
widespread popularity as energy storage solutions [1].
Although LIBs have great development prospects, safety
concerns have become one of the main obstacles
restricting their application and development. Many
methods have been proposed to enhance the safety of
LIBs, such as modeling for health estimation and
enhancing the performance of separators to eliminate HF
inside the battery [2,3]. However, LIBs are still
susceptible to thermal runaway, which can lead to
combustion and explosion under mechanical, electrical,
or thermal abuse, and the consequences of such incidents
are extremely serious [4—7].

During thermal runaway, in addition to the release of
intense heat and pressure, a large quantity of dangerous
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gases is also generated. Current research on gas emission
during LIB thermal runaway mainly focuses on their
composition, formation mechanisms, and associated
hazards. A lithium-ion battery consists of key
components such as a cathode, an anode, a separator, and
electrolytes [8]. Typically, the electrolyte is composed of
a lithium salt, LiPFg, dissolved in a carbonate solvent [9].
When temperatures within the battery exceed 220 °C,
violent reactions can occur among the cathode, anode,
electrolyte, and binder [4,10]. These reactions produce
substantial volumes of flammable gases including CHa,
H;, C;Hs4, CO,, and CO, which are the major gases
released by LiBs during thermal runaway [11-13]. Yuan
et al. [14] tracked temperature escalations in LIBs of
various chemistries using an accelerated rate calorimeter.
They discovered that CO,, CO, and H, were the primary
gases released, accounting for over half of all emissions.
Qin et al. [15] induced thermal runaway in a prismatic
LFP battery pack and, using hydrogen probes and an
FTIR device, discovered that the predominant gases
emitted were H,, CHy, CO, CO,, and C,H;. When
flammable and explosive gases such as CO and H; mix
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with oxygen in a confined space, they can lead to violent
explosions, especially under the high temperatures and
open flame conditions.

The hazards of thermal runaway are not limited to
flammable and explosive gases, as toxic gases such as
hydrogen fluoride (HF) also pose significant dangers.
Larsson et al. [16] examined thermal runaway in LIBs
and reported the production of hazardous HF gas. Zhang
et al. [17] found that CO and HF the primary toxic gases
released during such events. The toxicity of HF gas is
well-documented: it is extremely irritating to human skin
and can penetrate deeply, causing necrosis inside the
body, which is extremely difficult to treat. In addition,
the occupational exposure limit of HF gas is only
2.5 mg/m? over a 15-min period [11], suggesting that
even low concentrations can cause serious harm. In fact,
HF gas is primarily generated through the thermal
decomposition of the electrolyte salt lithium hexafluoro-
phosphate (LiPF¢) [18]. LiPF¢ remains thermally stable
at 107 °C in dry conditions with water content under
10 parts per million. However, when water levels reach
300 parts per million, it begins to decompose at
approximately 87 °C due to a heat-induced reactions with
water vapor, producing phosphorous oxyfluoride (POF3)
and HF. Above 117 °C, HF and POF;s continue to be
released via two further reactions (Reactions 2 and 3),
until LiPF¢ is completely transformed into lithium
fluoride (LiF). The detailed generation process is as
follows [19,20].

LiPF, — LiF + PF; (1)
PF; + H,0 — POF, + 2HF ©)
LiPF, + H,0 — LiF + POF; + 2HF 3)

From the above reactions, it can be seen that the
presence of water vapor is very important, as it may also
accelerate the formation of HF gas [21]. Although the
amount of HF gas released during thermal runaway of a
single lithium-ion battery is not much, the risk becomes
significantly greater in the case of failure propagation. If
a large lithium-ion battery pack undergoes thermal
runaway, the emission of toxic gases can be extremely
harmful, which has attracted great attention [17,22].

However, there are few studies on the rapid adsorption
of toxic gases produced during the thermal runaway of
LIBs. In recent years, CeO, material has emerged as a
novel adsorbent for fluoride removal in the field of water
purification due to its non-toxic nature and unique redox
properties [23—32]. A comparison of various materials is
presented in Table S1, in which the fluoride removal
performance of CeO,, commercially available Al,O3, and
bone char is compared. It can be seen that the fluoride
adsorption performance generally shows a positive
correlation with specific surface area. Moreover, the
morphology and pore structure of the material also affect
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its adsorption capacity, potentially leading to differences
in performance. Due to the existence of the oxygen
vacancies, which may facilitate Ce3*-F complexation and
ion exchange, CeO, also has great potential for fluoride
removal [48].

In addition, CeO; is known as a unique oxygen storage
and release material, and it has demonstrated excellent
catalytic activity toward CO. It has been effectively used
in the adsorption of CO in automobile exhaust systems
[33,34]. Sun et al. [35] developed a hydrothermal method
to synthesize nearly uniform, flower-like CeO;
microspheres with an open, three-dimensional, hollow
porous framework, showing great potential for
application in catalysis and adsorption.

In this work, a simple test device and method were
proposed and designed to evaluate the adsorption
performance of gases generated during the thermal
runaway of LIBs. Flowerlike CeO, microspheres with a
three-dimensional porous structure composed of
nanosheets were synthesized via a hydrothermal method
and successfully applied to the adsorption of toxic HF gas
generated during the thermal runaway of LIBs.

2 Experiment
2.1 Synthesis of flowerlike CecOHCO3 microspheres

All chemicals were purchased from Beijing Chemical
Reagent Company and used without further purification.
Glucose (0.01 mol), acrylamide (0.015 mol), and cerium
nitrate hexahydrate (0.005 mol) were added to approxi-
mately 80 mL of deionized water and stirred with a
magnetic stirrer until the solution became clear. Then,
25 wt% ammonia was added to this clear solution while
stirring continuously, adjusting the pH to around 10.
After maintaining agitation for 5 h, the solution was
transferred to a Teflonlined autoclave and heated in a
blast drying oven at 180 °C for 72 h. After the heating
process, the autoclave was allowed to cool naturally, and
the resulting orange-tinted suspension was centrifuged to
separate the solid phase. The resulting solid was rinsed
several times with both distilled water and pure ethanol,
then dried at 60 °C for 12 h to obtain flowerlike
CeOHCOs microspheres (Fig. S1 in Electronic
Supplementary Material).

2.2 Synthesis of flowerlike CeO, microspheres

The prepared CeOHCO3 microspheres were calcined in
two steps to obtain flowerlike CeO, microspheres. First,
the prepared product was calcined under an argon
atmosphere in a tube furnace at 600 °C for 6 h.
Subsequently, the resulting product was further heated in
air at 400 °C for 4 h. In both steps, the temperature
increased at a rate of 3 °C per min. (Fig. S1).
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2.3 Preparation of flowerlike CeO; filter

Nickel foam was used as a support because it is resistant
to high temperatures and non-flammable, making it well-
suited for high-temperature environment generated
during thermal runaway of LIBs. Flowerlike CeO, was
coated onto the nickel foam to fabricate filters. First, a
certain amount of flowerlike CeO, and 5 wt% (mass
fraction) sodium carboxymethyl cellulose (CMC) were
added to water and mixed uniformly by sonication for
30 min. Then, the nickel foam was cut into a round filter,
and the mixed solution was evenly applied onto the
surface. After the solution completely dried, the filter was
pressed and held for 2—5 min to form the final structure.
Filters coated with different masses of CeO, were
prepared using the same procedure. As shown in Fig. S2,
due to the flexibility of nickel foam and the presence of
the binder, the prepared filter is highly flexible and can
be folded easily for multiple times, making it suitable for
a variety of application scenarios.

2.4 Characterization of materials

X-ray powder diffraction, conducted using a Bruker D8
advance, was employed to analyze the purity and phase
composition of the samples. Structural features were
observed using scanning electron microscopy (XL30s-
FEG at 10 kV) and transmission electron microscopy
(JEOL JEM-2100F), which provided insights into the
morphology. To determine the surface area and porosity,
nitrogen adsorption-desorption isotherm analysis was
performed at 77 K using a Micromeritics ASAP 2460.
Additionally, the elemental composition and oxidation
states within the flowerlike CeO, structures were
assessed through X-ray photoelectron spectroscopy using
a Thermo Scientific K-Alpha device.

2.5 Adsorption experiment

A test device and experimental method were designed to
evaluate the HF gas adsorption performance of LIBs
during thermal runaway. A sealed box made of 304
stainless steel customized for the experiment. The top of
the box was fitted with transparent tempered glass,
allowing for observation of the thermal runaway reaction
inside. At the rear of the box, a pressure sensor was
installed to monitor internal pressure changes, and a set
of copper conductors connected the test equipment both
inside and outside the box, such as heating plates and
thermocouples. As shown in Figs. S3(a) and S3(b), the
lithium-ion battery was fixed on the heating plate inside
the box, with thermocouples placed on the surface of the
battery, the bottom of the heating plate, and the outlet for
the thermal runaway gases to measure corresponding
temperature changes. The dimensions of the box, as seen
in Fig. S3(d), are 550 mm x 400 mm x 400 mm, with all
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air ports having an outside diameter of 6 mm.
Additionally, a simple filter device was designed to
securely hold the prepared nickel foam filter inside, as
shown in Figs. S3(e) and S3(f).

Recently, the use of gas sensors alongside Fourier
transform infrared spectroscopy (FTIR) has become a
common practice for monitoring HF emissions from LIBs
during thermal runaway [36-38]. While gas sensors tend
to be less accurate and more prone to damage, they are
far more convenient and suitable for measuring specific
gases. Therefore, a gas sensor was selected for this
experiment. The HF gas sensor (TB200B) from EC Sense
GmbH in Germany was chosen, with a range of 0-
500 mg/m? and an accuracy of 0.1 mg/m3. The gas sensor
was recalibrated before each experiment, and repeated
tests show that the error could be controlled within a
specific range.

The experimental setup, shown in Fig. S3(c), includes a
simple filter device connected to the gas exhaust line of
the lithium-ion battery during thermal runaway, with gas
sensors positioned at the gas outlet. To prevent the
potential explosion of the lithium-ion battery inside the
box after thermal runaway, a vacuum pump was used to
extract part of the air in the box (e.g., reducing the
pressure to —50 kPa), and nitrogen was introduced to
return pressure to normal levels (with a relative humidity
of about 56%). All valves, except the exhaust port, were
closed. Finally, an electric heating device was utilized to
induce thermal runaway in the lithium-ion battery.

3 Results and discussion

3.1 Physical characterization of flowerlike CeO,
microspheres

X-ray powder diffraction (XRD) was utilized to identify
the crystalline phase of the synthesized cerium dioxide,
as shown in Fig. S4. The phase of the calcination product
was determined to be face-centered cubic cerium dioxide
(JCPDS No. 34-0394) with the space group Fm3m (225)
[35].

Both scanning and transmission electron microscopy
were employed to observe the size and morphology of the
specimens. The images, particularly Figs. 1(a) and 1(b),
reveal that many of the CeO, particles are almost uniform
spheres with flowerlike features. These spheres generally
range from 1 to 3 um in diameter. Further analysis, as
detailed in Figs. I(c) and 1(d), shows that these
flowerlike spheres consist of numerous nanosheets,
which resemble petals. The individual nanosheets are
approximately 20-30 nanometers thick, and they
interlace to form an open, porous structure.

Figures 1(e) and 1(f) show the TEM images of CeO,
microspheres. The plane spacing of the ordered fringes in
Fig. 1(h) is approximately 0.16 nm, which corresponds to
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Fig. 1 SEM images of flowerlike CeO, microspheres.
(a, b) Overall appearance of flowerlike CeO, microspheres;
(c, d) an individual flowerlike CeO, microsphere; (e¢) TEM
images of overall shape of flowerlike CeOy; (f, g) TEM images
of an individual flowerlike CeO, microsphere; (h) HRTEM
image of a typical nanosheet.
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the (311) lattice plane of CeO,. Figure 2 shows the
nitrogen adsorption—desorption isotherm of the obtained
CeO; microspheres, along with the corresponding BJH
(Barret-Joyner-Halenda) pore size distribution curves.
The material exhibits a type IV adsorption—desorption
pattern with an H3 hysteresis loop, as seen in Fig. 2(a),
indicative of its mesoporous nature. The area of
Brunauer-Emmett-Teller (BET) surface area of the CeO,
microspheres is approximately 129.8 m?/g. The average
pore size, calculated from the nitrogen isotherm
adsorption branch in Fig. 2(b) using the BJH method, is
10.25 nm. The corresponding cumulative desorption
volume from the BJH analysis is 0.29 cm3/g.

3.2 Adsorption experiment for the gas generated during
thermal runaway of LIBs

All tested batteries were maintained at 100% state of
charge, ensuring that the release of hazardous gases
during thermal runaway was representative. Lithium-ion
phosphate batteries were chosen for the thermal runaway
experiments due to their high safety, making them almost
impossible to explode. Additionally, they produce gases
during thermal runaway, which is the most critical aspect
of this experiment. A 5 Ah lithium-ion phosphate battery
was chosen for the thermal runaway experiment, because
it generates an appropriate concentration of HF gas. The
pressure (= 4 kPa gauge) generated in the box by the
lithium-ion battery thermal runaway gas ensures that the
gases smoothly and quickly exhausted through the only
open exhaust port. The filter was placed on the gas path,
and the HF gas concentration was measured at the air
outlet.

Initially, the experiment was conducted with four
pieces of nickel foam filter without CeO; coating to rule
out the possible effects of the nickel foam itself. As
shown in Figs. S8(a) and S8(b), an experiment was also
performed without the nickel foam, directly measuring
the HF gas concentration from the LIBs thermal runaway.

0.025 - (b) ]
“\ —— Adsorption
’§ 0.020 \
"0 0,015 \
g
< 0010}
2 N
S 0005} S
~o~0—o. —
ol 99—,
1 10 100
Pore diameter/nm
(b)

Fig. 2 Flowerlike CeO, microspheres.

(a) Nitrogen adsorption—desorption isotherms; (b) corresponding BJH pore size distribution.
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The maximum HF gas concentration is 388.5 mg/m3,
suggesting that the presence of nickel foam does not
interfere significantly with the experiment.

Next, 0.4 g of CeO, was coated onto 2 and 4 pieces of
nickel foam, respectively, as filters to study the effect of
the number of filters. Adsorption experiments were
conducted by coating 0.4, 0.8, 1.2, and 1.6 g of CeO,
microspheres onto 4 pieces of nickel foam to investigate
the effect of mass on adsorption.

Moreover, regeneration and reuse experiments were
performed on CeO; microspheres which had already
undergone adsorption. The filters were sonicated in water
for 1-3 h to obtain the CeO; coating, then placed in an
oven at 60 °C for 2—5 h to remove moisture. The CeO,-
coated filter was then heated in a tube furnace at 800 °C
for 60-120 min to remove the internal fluoride ions.
Finally, adsorption experiments were carried out
following the same method previously described.

Since the thermal runaway gas production of lithium-
ion battery is a rapid and dynamic process, four pieces of
filter, both without CeO, and with 1.2 g CeO;
microspheres, were placed in the gas path for two groups
of experiment. 4 L gas collection bags were used to
collect gases generated during thermal runaway in order
to estimate the gas production rate. As shown in Videos 2
and 3, the gas collection bags were filled in about 30 s.
The estimated gas production rate for both two groups of
experiments was approximately 133 mL/s, confirming
that the pressure inside the box allows the gases to pass
through the filters without any problems.

Figure 3 shows the thermal runaway process of the
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lithium-ion battery. In Fig. 3(b), it can be seen that as the
temperature rose, the battery started to expand due to the
gas production at around 95 °C. From Figs. 3(c)-3(e), it
can be observed that when the temperature reached
approximately 120—130 °C, the battery started to undergo
thermal runaway and generated a large volume of gas
within 40-50 s. Figure S6 shows the temperature changes
of the gases measured by the thermocouple placed at the
gas outlet during the thermal runaway of the lithium-ion
battery. It can be seen that the gas temperature reaches a
maximum of 88.9 °C.

The removal rate (R%) of HF gas at a given moment is
calculated by

R% = & CC" x 100, (4)

i

where C; and C, are the HF gas detection concentration
of the filters both without and with CeO, coating at a
certain time respectively, mg/m?.

Experiments investigating thermal runaway in LIBs
reveal that gas production during such events is
dependent on the battery’s thermal state. As a battery
enters full thermal runaway, gas generation accelerates
abruptly. Monitoring typically involves tracking the
battery’s surface temperature. A sudden spike in
temperature, peaking at its maximum value, coincides
with the most intense phase of thermal runaway. During
this phase, hazardous gases are produced rapidly, with
their concentrations peaking when the Dbattery
temperature reaches its zenith.

According to the experiments, LIBs experience thermal

Fig. 3 Thermal runaway experiment of LiFePOy based lithium-ion battery.

(a) Initial battery; (b) battery starting to expand; (c) beginning of thermal runaway; (d) during thermal runaway; (e) end of thermal

runaway; () battery after thermal runaway.
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runaway between 120 and 130 °C, followed by the
production of large amounts of gas. Since the venting
valve remains open, the chamber pressure gradually rises
and stabilizes between 4 and 7 kPa as the lithium-ion
battery temperature reaches its maximum. At this point,
the volume of released gas is at its largest, and the
concentration of HF gas generated also peaks. Therefore,
the ability of the CeO, material is evaluated to rapidly
remove HF gas based on the detected HF concentration at
this time. The highest instantaneous removal rate is
calculated accordingly.

Figure 4(a) shows the HF concentration detected with
four pieces of nickel foam filter without CeO; coating,
reaching a maximum concentration of 349 mg/m3.
Figure 4(b) and 4(c) show the HF concentrations detected
on two and four pieces of nickel foam filter, each coated
with 0.4 g of CeO,. The highest instantaneous HF
concentrations are similar: 112.2 and 117.8 mg/m3,
indicating little difference in filtration efficiency between
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the two and four filters. Therefore, in later experiments,
four pieces of filter were used as the substrate, as they
could hold more adsorbent material.

Figures 4(c)—4(f) show HF concentrations when 0.4,
0.8, 1.2, and 1.6 g of CeO, were coated on four pieces of
nickel foam filter. The highest instantaneous HF
concentrations are 117.8, 67, 61.3, and 50.7 mg/m3, with
the corresponding instantaneous removal rates of
66.25%, 80.81%, 82.24%, and 85.47%, respectively.

Due to various factors, such as differences in the
production of LIBs and the inherent randomness of the
thermal runaway process, the concentration of thermal
runaway gas produced by LIBs can vary. Therefore, the
experiment was repeated by coating 0.4, 0.8, 1.2, and
1.6 g of CeO, on four pieces of nickel foam filters. As
shown in Figs.4(g) and 4(i), and Table 1, the
corresponding highest HF concentrations were 109.4,
73.8, 48.6, and 41.5 mg/m3, with instantaneous HF
removal rates of 68.66%, 78.86%, 86.08%, and 88.11%,
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Fig. 4 HF gas detection concentration.
(a) Four pieces of filter without CeO, coated; (b) two pieces of filter coated with 0.4 g CeO,; four pieces of filter coated with (c) 0.4 g;
(d) 0.8 g; (e) 1.2 g; (f) 1.6 g CeO, and (g) repeated experiments; (h) comparison of the highest instantaneous HF concentrations;
(i) comparison of the highest instantaneous HF concentrations (repeated experiments); (j) average of the highest instantaneous HF

concentrations.
Table 1 Comparison of the highest instantaneous adsorption of HF
gas during lithium-ion battery thermal runaway

Four pieces conceI;Ilfration Adsorption HF c?rléczr;r)ation Adsorption

of filter 5y efficiency p ! efficiency (repeat)
[(mg-m—) /(mg-m>)

0.4 g CeO, 117.8 66.25% 109.4 68.66%

0.8 g CeO, 67 80.81% 73.8 78.86%

1.2 g CeO, 61.3 82.24% 48.6 86.08%

1.6 g CeO, 50.7 85.47% 41.5 88.11%

respectively. These results are basically consistent with
the findings of the first experiment.

From the experiments, it can be seen that the rapid
adsorption effect of the filters for HF gas improves as the
mass of CeO, coating increases. However, the
enhancement in the adsorption becomes less significant
once the CeO, coating reaches a certain point. As shown
in Table 1, the increase in instantaneous HF removal rate
is relatively small when the CeO, mass increases from
1.2 to 1.6 g (82.24% to 85.47%). Based on these results,
1.2 g of CeO; appears to be an optimal choice in terms of
cost-effectiveness.

In addition to adsorption properties, the reuse of
adsorbents is also crucial. To advance the potential
application of CeO, materials for the rapid adsorption of
toxic gases from LIBs during thermal runaway, it is
important that they function effectively in high

temperature environments. The ability of CeO; to
regenerate at high temperatures was briefly investigated,
with the hope that it would be useful for future
experiments. Therefore, 1.2 g of CeO, coated on four
pieces of filters, after one adsorption cycle, was
regenerated and reused. The adsorbed CeO, was heated at
800 °C in air for 60 min to remove the fluorine element.

Figures 5(a) and 5(b), along with Tables 2 and 3, show
the SEM images and corresponding EDX data after one
adsorption and regeneration cycle of the flowerlike CeO,
microspheres. These images reveal that the CeO;
particles still maintained their spherical structure.
However, the pores seem to be partially blocked by some
substances, which may include CMC binders or products
produced by the adsorption of thermal runaway gas of
lithium-ion battery and vaporized electrolyte. In addition,
the EDX data (Tables 2 and 3, Figs. S2 and S3) show that
the 60-min treatment at 800 °C effectively removed
fluorine from the CeO, microspheres, thus achieving
regeneration.

As shown in Fig. 6 and Table4, the regenerated
flowerlike CeO, microspheres still continue to
demonstrate effective adsorption, with the highest HF
detection concentration detected being 74.3 mg/m? and
the highest instantaneous HF removal rate reaching
78.71%. This simple investigation confirms that, after HF
adsorption, the fluorine element can be removed by
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Fig. 5 SEM images and corresponding EDX mapping results.

(a) SEM image of flowerlike CeO, microspheres after one
adsorption cycle; (b—e¢) EDX mapping results; (f) SEM image of
flowerlike CeO, microspheres after regeneration; (g—j) EDX
mapping results.

heating, enabling the regeneration of adsorbent.
Furthermore, the regenerated CeO, maintains strong
adsorption performance.

Based on the results from the above experiments,
additional adsorption and corresponding regeneration
experiments were conducted to further evaluate the reuse
ability of flowerlike CeO,. In this experiment, 0.8 g of
CeO;, was uniformly distributed on two pieces of nickel
foam to create two filters which were used to adsorb HF
gas produced during thermal runaway of a single 5 Ah
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Table 2 EDX data of CeO, microspheres after one adsorption cycle
Element wt% Atomic%
oK 18.3 63.89
CeL 80.31 32.02
FK 1.39 4.09
Totals 100

Table 3 EDX data of CeO; microspheres after regeneration
Element wt% Atomic%
OK 20.35 69.12
CeL 79.65 30.88
FK 0 0
Totals 100

lithium iron phosphate (LiFePQ4) soft-pack battery over
several cycles, in order to investigate the adsorption
capacity of the filters. As shown in Fig. 7, the highest
instantaneous HF gas concentrations observed during
thermal runaway of the first to 10th 5 Ah LiFePOy soft-
pack batteries were 65.5, 67.5, 75.9, 87.2, 109.8, 110.9,
125.1, 195.5, 208.6, and 220.2 mg/m3, respectively. The
corresponding highest instantaneous removal rates were
81.23%, 80.66%, 78.25%, 75.01%, 68.54%, 68.22%,
64.15%, 43.98%, 40.23%, and 36.91%, respectively.
Repeated experiments are shown in Fig. S9, where the
highest instantaneous HF gas concentrations during
thermal runaway of the first to 10th 5 Ah LiFePO4 soft-
pack batteries were 62.8, 69.7, 74.1, 89.1, 101.8, 110.5,
137.6, 221.7, 234.6, and 242.5 mg/m3, respectively. The
corresponding highest instantaneous removal rates were
82.01%, 80.03%, 78.77%, 74.47%, 70.83%, 68.22%,
60.57%, 36.48%, 32.78%, and 30.52%, respectively.
Following this, the 0.8 g of CeO;, which had
undergone multiple adsorption cycles, was placed in an
air environment at 800 °C for 60-120 min for
regeneration. Figure S10 shows the XPS data of the
flowerlike CeO, after multiple adsorptions and
regeneration. From Table S4, it can be seen that

—
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Fig. 6 Detection concentration of HF gas for four pieces of filters coated.

(a) 1.2 g CeO, (regeneration); (b) comparison of the highest instantaneous HF concentrations.
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maintaining flowerlike CeO, at 800 °C for 60—120 min
in air can effectively remove the fluorine element. After
120 min, the fluorine content inside the flowerlike CeO,
was reduced to 0.25%, which was selected for resorption
experiments.

Table 4 Comparison of the highest instantaneous adsorption of HF

gas from lithium-ion battery during thermal runaway before and after
regeneration

1.2 g CeO, (Four pieces of filters) HF concentration Adsorption efficiency
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As shown in Figs. 8(a) and 8(b), after one adsorption
cycle, the flowerlike structure of the CeO, microspheres
is still visible, though there are noticeable agglomerates
inside. However, as observed in Figs. 8(d) and 8(e), after
ten adsorptions, the pores of the flowerlike CeO;
microsphere seem to be completely blocked, and the
structure looks more like a solid sphere. Upon
regeneration (Fig. 5(f)), the flowerlike structure is
retained after one adsorption, but after 10 adsorptions and
regeneration (Figs. 8(g), (h), (j), and (k)), the flowerlike

Before regeneration 61.3 mg/m?3 82.24% : ; g
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(a, b, c) after 1 adsorption; (d, e, f) after 10 adsorptions;

(g, h, 1) regeneration after 10 adsorptions (800 °C for 60 min);

(, k, 1) regeneration after 10 adsorptions (800 °C for 120 min).
transformation is likely due to the removal of the fluorine
element from the CeO, lattice. After 10 adsorptions, the
elemental fluorine content inside the flowerlike CeO, is
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higher (9.55%), which may account for the significant
morphological changes upon regeneration. The
mechanism of this structural transformation remains
unclear and requires further investigation.

The 0.8 g of CeO; coated on two pieces of filters, after
10 adsorption cycles, was regenerated at 800 °C for
120 min. The HF gas concentration detection during the
adsorption experiment after CeO, regeneration is shown
in Fig. 9. The highest instantaneous HF gas concentra-
tions during the thermal runaway of the 1st to 3rd 5 Ah
LiFePO4 soft-pack batteries were 83.4, 127.6, and
130.7 mg/m3, respectively. The corresponding highest
instantaneous removal rates were 76.11%, 63.44%, and
62.55%. These results provide further in-depth evidence
of the regeneration and reuse potential of flowerlike
CeO, for HF gas adsorption.

3.3 Possible adsorption mechanism analysis

CeO;, typically has catalytic activity for CO oxidation
above 200 °C [39]. However, as shown in Fig. S6, the gas
temperature during thermal runaway can reach a
maximum of 88.9 °C, well below 200 °C. Therefore, CO
oxidation catalysis by CeO; is not considered relevant in
this context. Related experimental studies will be
conducted in the future.
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Fig. 9 HF gas detection concentrations (regeneration).
(a) After 1st adsorption; (b) after 2nd adsorption; (c) after 3rd adsorption; (d) comparison of the highest instantaneous HF concentrations.
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The possible adsorption mechanism of flowerlike CeO,
microspheres for HF gas in the high-temperature
hazardous gas generated by LIBs during thermal runaway
is briefly discussed. In the field of polluted water
purification, both outer and inner sphere complexation
are known to play an important role in fluoride removal
by CeO; [40]. To further study the removal mechanism
of flowerlike CeO, for HF gas, XPS was performed on
CeO; samples before and after a single adsorption.

Figures 10(a) and 10(e) show the 3D spectra of Ce
before and after a single adsorption, respectively. The
peaks at 885, and 903.4 eV correspond to the Ce3"
oxidation state (blue line), while the peaks at 882.5, 889,
898.9, 901.4, 908, and 917.2 eV correspond to the Ce*"
oxidation state (red line). This observation suggests a
certain oxygen deficiency in the flowerlike CeO,
structure [41]. The ionic radii of F~ (0.133 nm) and 0%~
(0.140 nm) are nearly identical in size [42], implying that
F~ ions from HF gas could displace O  ions in the
cerium matrix via an ion exchange process. This ion
exchange may disrupt the charge equilibrium, promoting
the reduction of Ce*" to Ce3*, which is confirmed by the
increased proportion of Ce3* in the flowerlike CeO, after
adsorption (Table S5). Surface defects, particularly
oxygen vacancies from the Ce3"/Ce*" transition, signi-
ficantly impact charge transfer and surface chemisorp-
tion, thus enhancing fluoride adsorption [43].

HF gas adsorption increases the proportion of Ce3*
within the ceria structure, indicating the formation of
additional oxygen vacancies. Thus, it is likely that
oxygen vacancies promote easier Ce3*-F complexation
and ion exchange. When fewer oxygen vacancies are
present, the ability of F~ to enter these oxygen vacancies
and form complexes with Ce3" is reduced, which may
slow down the adsorption rate [45,46]. This phenomenon
has also been reported previously [40,44].

The peaks at 529.4 eV in Figs. 10(b) and 10(f)
correspond to the Ce-O band, mainly associated with
surface lattice oxygen (Ce-O). It can be observed that the
Ce-O ratio decreases after a single adsorption (Table S5),
further supporting the idea that F~ replaces O~ in CeO,.
Figure 10(h) shows the Fls XPS spectrum after
adsorption by flowerlike CeO, microspheres, where the
F 1s content increased from 0% to 3.36%. The fluorine
peak at 684.1 eV, with binding energies between 684
and 685.5 eV, is characteristic of the metallic fluorine
bond [45], which confirms the adsorption of fluorine on
the flowerlike CeO, microspheres.

The flowerlike CeO, microspheres also have an open
3D porous structure with a large specific surface area and
pore volume (129.8 mZ/g, 029 cm?/g), which is
conducive to gas transport.

Based on the following two premises: a low percentage
of Ce3* (e.g., below 20%) suggests that few oxygen
vacancies are present, and the adsorbed substance is HF
gas or other fluoride containing H* ions, it can be

1017

inferred from the X-ray photoelectron spectroscopy
results that the adsorption of HF gas by flowerlike CeO,
occurs in two steps. As shown in Fig. 11, first, HF gas
molecules enter the channel of the 3D porous structure of
flowerlike CeO,, where they are physically adsorbed.
This serves as the foundation for subsequent chemical
adsorption. Second, as the F and H atoms in the HF
molecules dissociate and migrate, some F~ ions enter the
oxygen vacancies to complex with Ce3*. Meanwhile, the
majority of F~ replace O2~ and bind to the cerium oxide
lattice, releasing two electrons in the process. These free
electrons initiate the reduction of Ce*" to Ce3*, which
then associates with F~. The H atoms from HF molecules
bond to O atoms, leading to the production and release of
H,O molecules.

3.4 Discussion of potential adsorbent materials

Currently, few studies have focused on the rapid
adsorption of toxic gases produced by LIBs during
thermal runaway. When selecting adsorbent materials for
such applications, three key factors should be considered:

(1) Temperature resistance: The adsorbent material
must withstand high temperatures without desorbing. For
example, carbon materials, though widely used for gas
adsorption, can easily react in high-temperature
environments, while NaF, commonly used for HF gas
adsorption, desorbs above 250 °C.

(2) Economic considerations: The economic viability
of the adsorbent material is crucial. This includes not
only the cost of the material itself but also its
regeneration performance and effectiveness. Alumina, for
instance, is currently a promising material for HF gas
adsorption due to its affordability and efficiency.

(3) Adsorption potential for major toxic gases: The
material must exhibit strong adsorption capabilities for
the toxic gases, such as CO and HF from LIBs during
thermal runaway. CeO; is a promising candidate due to
its ability to form oxygen vacancies, which enable it to
oxidize CO to CO; above 200 °C [39]. The temperature
required for this reaction can be further lowered when Pt-
loaded catalysts are used on Cu-modified CeO, supports
(below 100 °C) [47].

Given these considerations, future research on
materials for the adsorption of toxic gases from LIBs
during thermal runaway may focus on two areas points:

(1) Material selection: Materials like CeO,, Al,O3, and
molecular sieves should be further explored. These
materials either have a well-established research base
with wide industrial applications or exhibit unique
potential for use in LIBs gas adsorption during thermal
runaway. The complex nature of the gases emitted during
thermal runaway necessitates an in-depth investigation
into the adsorption capabilities of these materials, with an
emphasis on their capacity to adsorb a variety of toxic
gases.
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(1) Physical adsorption process
o HF gas molecules

Gas flow direction
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Fig. 11 Possible mechanisms of HF adsorption in CeO, microsphere.

(2) Material structure and modification: The structure
and modification of the materials are crucial for
enhancing their adsorption performance. Improving the
specific surface area through optimal structural design
can increase the contact area between the material and the
gas, enhancing its adsorption capacity. For instance, ball
milling techniques can effectively reduce particle size,
increasing the surface area and porosity, thereby
improving adsorption. However, smaller particle sizes
may lead to agglomeration, which reduced the material’s
activity and adsorption capacity [48]. For certain
materials, such as flowerlike CeQO;, further ball milling
may not be effective, as it could damage the structure and
reduce the material’s specific surface area and porosity.
Furthermore, loading materials like Cu, Mg, or Pt can
enhance the material’s activity, further boosting its
adsorption capacity.

4 Conclusions

This study investigates the rapid adsorption of HF gas
generated during the thermal runaway of LIBs and the
regeneration of the adsorbed CeO, microspheres. First, a
simple test device and method were designed to evaluate
the gas adsorption performance of LIBs during thermal
runaway. Then, flowerlike CeO, microspheres were
synthesized via a hydrothermal method. These

microspheres possess an open 3D porous structure with a
large specific surface area and pore volume (129.8 m?%/g,
0.29 cmd/gl), demonstrating significant adsorption
capability for toxic HF gas produced during thermal
runaway of LIBs.

For a 5 Ah LiFePOy4-based lithium-ion battery
undergoing thermal runaway, the highest instantaneous
removal rate of HF gas reached 82.24% using four pieces
of nickel foam filter coated with 1.2 g of CeO,. The
adsorption process is driven by the ion exchange
mechanism, where F~ ions in the HF gas replace O~ ions
in the cerium lattice. In addition, the regeneration and
reuse capabilities of flowerlike CeO, microspheres were
studied. The fluorine element can be effectively removed
by maintaining CeO; filters at 800 °C for 60—120 min.
After a single adsorption and subsequent regeneration,
the highest instantaneous removal rate of HF was
approximately 78.71% for the 1.2 g of CeO,, and after 10
adsorption and regeneration cycles, the 0.8 g of CeO;
maintained a removal rate of 76.11%.

This study provides valuable insights into the
prevention of toxic gas diffusion during lithium battery
fires, offering a potential solution for protecting
firefighters’ respiratory health.
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