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® The mechanisms and main sources of gas generation in sodium-ion batteries (SIBs) are discussed.

e In order to effectively improve the safety of SIBs, various strategies to inhibit gas generation are proposed.

e The future development direction to enhance the safety and performance of SIBs is emphasized.

ABSTRACT The transition to renewable
energy sources has elevated the importance of
SIBs (SIBs) as cost-effective alternatives to lith-
ium-ion batteries (LIBs) for large-scale energy
storage. This review examines the mechanisms
of gas generation in SIBs, identifying sources
from cathode materials, anode materials, and
electrolytes, which pose safety risks like swell-
ing, leakage, and explosions. Gases such as CO,,

H,, and O, primarily arise from the instability of
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I: Optimization of
battery components

III: Artificial intelligence-enhanced
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academia and industry.

The U.S. Department of Energy is fully
committed to developing the LENS
Consortium, led by Argonne National
Laboratory, to revolutionize SIBs.

China has included sodium-ion batteries in its ‘
“14th Five-Year Plan”
2023 is regarded as the first year of
industrialization of sodium-ion batteries <2017 =

SIBs formally enter
industrialization in China

cathode materials, side reactions between elec-
trode and electrolyte, and electrolyte decom-
position under high temperatures or voltages.
Enhanced mitigation strategies, encompassing
electrolyte design, buffer layer construction, and electrode material optimization, are deliberated upon. Accordingly, subsequent research
endeavors should prioritize long-term high-precision gas detection to bolster the safety and performance of SIBs, thereby fortifying their

commercial viability and furnishing dependable solutions for large-scale energy storage and electric vehicles.
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1 Introduction

The transition of energy structures from traditional fos-
sil energy to renewable energy is of immense significance
for all of human society. Secondary batteries, character-
ized by their high energy density and long cycle life, have
emerged as the most effective technology for energy storage.
Among these, LIBs represent the leading electrochemical
energy storage technology and have been successfully pen-
etrated the market [1-4]. Their importance has been further
emphasized by being awarded the Nobel Prize awarded in
2019 [4-9]. However, the widespread application of LIBs
in large-scale energy storage systems faces challenges due
to limited reserves of lithium resources and the high cost of
lithium materials. In contrast, sodium possesses abundant
reserves and is cost-effective with characteristics similar
to lithium [10, 11]. Therefore, SIBs are considered as one
of the most promising candidates to replace part of current
commercial LIBs, particularly for high-power and low-tem-
perature applications. There are some differences in the gas
production behavior of sodium and lithium batteries. First of
all, the gas production of sodium battery mainly comes from
the instability of cathode material, the side reaction between
electrode and electrolyte, and the decomposition of electro-
lyte under high temperature or high voltage, which produces
gases including CO,, H,, and O,. For example, Prussian blue
cathode materials in sodium batteries induce the decomposi-
tion of solvents and salts in the electrolyte under high volt-
age to produce gas. The gas production in lithium batteries,
on the other hand, is more related to the decomposition of
the electrolyte, especially under extreme conditions such as
overcharging, overheating, or short-circuiting, where the sol-
vents and additives in the electrolyte decompose to produce
a large amount of combustible gases, such as CO,, C,H,, and
C,Hg. In addition, the anode electrode material (e.g., silicon
anode electrode) in lithium batteries also undergoes volume
changes during the charging and discharging process, result-
ing in the decomposition of the electrolyte to produce gas.
Overall, the gas generation mechanism of sodium batteries is
relatively complex, involving a variety of materials and reac-
tion pathways, while the gas generation of lithium batteries
is more focused on the decomposition of the electrolyte.
Currently, the primary focus of competition in SIB
research lies in achieving higher energy density with stable
cycling performance [10, 12-16]. However, the enhancement
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of energy density is inevitably associated with the utiliza-
tion of capacity in the high-voltage region. This leads to
increased reactivity of the oxygen atoms within the material
matrix, as well as more intense interfacial reactions between
high-valent transition metals and the electrolyte, resulting in
significant gas generation issues. The accumulation of these
gases leads to increased internal pressure, causing swelling,
leakage, or even rupture, which deteriorates the battery’s
electrochemical performance, causes physical damage, and
may even lead to explosions. Therefore, improving the safety
of SIBs is particularly important [17-20]. By investigating
the gas generation mechanism of SIBs, we can gain a better
understanding and prediction of risks while providing strong
support for their development. In addition to the gas gen-
erated by the high-energy-density route mentioned above,
SIBs also experience gas production during conventional
testing processes, which significantly impacts the longevity
and safety of SIBs [21-23].

Normally, gas generation behavior occurs during the
long-term cycling [24-26], particularly under conditions of
overheating and overcharging. Extensive research has been
conducted on the collection and generation mechanisms
of gases inside SIBs, revealing that these gases primarily
originate from interfacial reactions between the electrode
and electrolyte, as well as the self-decomposition of the
applied electrolyte [27, 28]. Researchers have explored
the gas generation mechanisms of SIBs under normal long
processes and conditions of overheating and overcharging.
During regular cycling, the gases generated inside the bat-
tery primarily include CO,, H,, O,, CO, olefins, alkanes,
etc. [29-32]. Through isotopic labeling, titration of car-
bonates on the cathode surface, and electrochemical mass
spectrometry, it has been demonstrated that CO, and O, are
generated similarly to LIBs with liquid electrolytes. CO, pri-
marily originates from the decomposition of carbonates [12]
on the cathode surface [12, 32, 33], while H, mainly arises
from trace amounts of water in the system. The generation
of O, is closely related to temperature and the charging state
of the cathode material. Researchers attribute this phenome-
non to the inadequate cyclic stability of the cathode material
structure. For example, Na* insertion and extraction cause
structural rearrangements that result in oxygen loss in the
lattice [34—37], or a transformation from a layered structure
to a spinel structure. Besides, particle crack will also hap-
pen, resulting in increased contact area between the cath-
ode and electrolyte [38—40], and consequently enhancing
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side reaction likelihood [41, 42]. Furthermore, compared
to LIBs [43], the formation of a functional solid electrolyte
interphase (SEI) in SIBs is limited by the higher solubility
of SEI components (such as sodium salts). The instability of
the SEI layer on the anode side leads to continuous thicken-
ing and cracking during cycling, thereby accelerating the
side reactions [44]. Under conditions of overcharging or
overheating, it can also lead to self-decomposition of the
electrolyte system. With the accumulation of these circum-
stances, gases generated inside the battery gather, leading to
noticeable swelling.

Importantly, many of these gases are oxidizers or flamma-
ble gases. Gas generation inside the battery has a profound
impact on both electrochemical performance and safety. For
instance, structural deformation of layered cathode material
often coincides with the release of lattice oxygen, which can
significantly impair battery capacity and charge—discharge
efficiency [45]. Furthermore, the continuous accumulation
of gases inside the battery may result in the reorganization or
collapse of the cathode structure, rupture of the CEI film [46],
and electrolyte leakage. Ultimately, this can lead to internal
short-circuiting and create conditions conducive to subsequent
thermal runaway, potentially resulting in combustion or explo-
sion. Therefore, systematically summarizing the gas formation
mechanisms of different battery components helps to funda-
mentally clarify the gas generation issues in SIBs.

To achieve high-energy-density and high-safety SIBs,
this comprehensive review extensively covers the interfacial
reactions between commonly utilized cathode/anode mate-
rials and electrolytes. It systematically analyzes and sum-
marizes the associated gas generation processes, which are
closely related to the degradation processes of the employed
materials. Furthermore, this work compiles and discusses
strategies for suppressing gas formation, thereby providing a
more comprehensive understanding of gas suppression tech-
niques. The primary objective of this review is to present a
more comprehensive, efficient, and low-cost method to guide
the design of SIBs with higher energy density while ensur-
ing superior stability and safety.

2 Gas Evolution from Cathode Side

Currently, layered and tunnel transition metal oxides, poly-
anionic cathodes, and Prussian blue analogs are the main
research categories for SIB cathodes. The research progress
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of these materials is of great significance for improving the
performance of SIB and promoting its application in the
field of energy storage. However, there are still difficulties
in moving from the laboratory stage to industrial scale-up
production. These include complex phase changes (tremen-
dous volume changes) of sodium-ion cathodes under high
voltage, intense interface side reactions, transition metal dis-
solution, migration and deposition during cycling, and other
issues. The macroscopic manifestations of these microscopic
features in the battery are capacity fading and gas release.
Obviously, the cathode material is one of the key factors in
gas production. Therefore, elucidating the gas generation
mechanisms of various cathode materials under different
conditions is crucial to developing safer batteries.

2.1 Layered Transition Metal Oxides

Currently, the most commonly employed cathode materi-
als for commercial SIBs are layered transition metal oxides,
which have a similar structure compared to the layered tran-
sition metal cathodes used in LIBs [12, 47, 48]. In contrast
to Li*, Na* possesses a larger ionic radius, which increases
the likelihood of rearrangement or collapse of the layered
structure during the intercalation and deintercalation pro-
cesses of Na*. This structural instability can lead to lattice
oxygen escape [37, 49], which reacts unfavorably with the
electrolyte as oxygen molecules or radicals, thereby causing
a decline in electrochemical performance, capacity reduc-
tion, and gas generation. Furthermore, during deep charge,
the high-valent active transition metal ions present on the
cathode surface may interact unfavorably with the electro-
lyte, resulting in the generation of oxygen molecules or free
radicals. This interaction ultimately leads to the degradation
of the electrochemical properties of the cathode and genera-
tion of gases.

The presence of residual alkali on the surface of sodium-
ion layered transition metal oxides is a significant contribu-
tor to gas production in cathodes. During the sintering pro-
cess, some sodium ions fail to enter the bulk phase of the
cathode material, instead accumulating on the surface. This
part of the Na source interacts with the environment filled
with water and CO, and reacts to form CO;>~ and OH™,
forming residual Na,COj; [50, 51] and NaOH. After a long
time of cycling of the cathode material, the H,O and CO,
in the residual alkali on the surface will react with the
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electrolyte to generate acid as a side reaction, and react
with Na,CO; [52] and NaOH to generate H,O [53] and CO,.
Introducing water and gas into battery cells can affect the
performance of the battery cells and cause the battery to
expand in size, causing safety issues [54, 55]. In addition,
residual alkali can also hinder the transmission of sodium
ions, resulting in poor surface stability of the material and
rapid degradation of battery capacity. Residual bases also
promote defluorination of the PVDF binder and further lead
to paste gelation and particle aggregation.

The oxygen behavior in the layered transition metal oxides
has been extensively studied. They observed that the primary
strategy for triggering oxygen redox reactions in P2-type
cathodes involves achieving a Na—O-X configuration, where
X represents non-TM elements doped in the TM layer to
replace TM ions (Li*, Na*, Mg?*, vacancies) [28, 56].
Although the oxygen redox reaction has been recognized
as an effective way to overcome the capacity limitation bot-
tleneck of both LIB and SIB cathodes, strategies aimed at
enhancing oxygen redox activity inevitably led to irrevers-
ible structural changes in the cathode host. The strength of
the TM-O bond or the stacking of the layers has a direct
effect on the possibility of oxygen release. Strengthening
the TM—O bond can improve the stability of lattice oxygen
and inhibit the release of oxygen, thus improving the per-
formance and safety of the battery. The stronger the cova-
lency of the TM—O bond, the higher the stability of lattice
oxygen, which can inhibit the over-oxidation of the lattice
oxygen to O,.

The Na ionic radius is one aspect, but the decomposition
of the electrolyte is more a result of the oxidation of high-
valent transition metal ions on the surface [57-59]. High-
valent metal ions (e.g., nickel, cobalt, and manganese.) have
a high oxidation potential, resulting in the oxidative decom-
position of the electrolyte in the battery charging and dis-
charging process. Oxidation of high-valent transition metal
ions leads to not only the decomposition of the electrolyte
and generation of gases, but also the formation of unstable
interfacial phases, thus increasing the internal resistance and
self-discharge rate of the battery. In addition, the oxidation
of high-valent transition metal ions can also cause decom-
position of the electrolyte and the generation of gases, which
leads to an increase in pressure inside the battery and affects
the structural integrity and safety of the battery.

Li et al. conducted a comprehensive study on the redox
reactions of layered sodium-ion cathode materials [60].

© The authors

They investigated the anionic oxygen loss and its associated
structural evolution in O3-type layered sodium magnesium
ruthenium oxide (NaMg 7Ru, 350,) cathode materials in
SIBs [21]. Using in situ Raman spectroscopy and differential
electrochemical mass spectrometry (DEMS), the formation
of superoxide species and oxygen were observed, indicating
irreversible oxygen loss. In Fig. 1a, the capacity-dependent
in situ Raman spectra was recorded from the first constant-
current cycle of NaMg,, sRu,, sO,, with a potential exceeding
3.5V, and a sharp peak can be clearly seen at 1083 cm™! (at
point A), which was attributed to the decomposition of the
propylene carbonate (PC)-based electrolyte at high polariza-
tion potentials. And the researchers found that oxygen has
not been activated in the Na/ Na* potential window below
4.0 V. That is, the anionic oxygen loss process does not con-
tribute to the redox capacity in NaMg, sRu, 5O, (Fig. 1c). No
O, was detected from the DEMS (Fig. 1b), which verifies
that there was no escape of lattice oxygen; however, there
was CO, generation at the end of charging in the high-volt-
age region, which the researchers attributed to the decompo-
sition of Na,CO; and/or electrolyte. And during the second
charging process, almost no O, or CO, was detected, which
indicates the formation of a stable cathode—electrolyte inter-
face (CEI) protective layer after the first cycle.

During the initial charge process, the NaMg, ¢;Ru, 330,
cathode exhibited oxygen-related anionic redox reactions.
For NaMg, 4,Ru, 330, (Fig. 1d—f), oxygen-related redox is
activated during the initial charging process, so that oxygen-
related redox activity cannot be stored in NaMg, .;Ru, 350,.
Therefore, at the end of the first charge, the loss and dis-
appearance of oxygen from each oxygen-related substance
are severe, resulting in complete oxygen inactivation. The
process is not a reversible anionic redox, suggesting that
cationic redox will be further involved. In addition, the fol-
lowing, X-ray photoelectron spectroscopy (XPS) observa-
tions will provide further evidence of the change in valence
state during the redox process. Meanwhile, the O3 phase
can be restored, indicating better structural stability, which
is attributed to the structural distortion caused by initial
oxygen loss. It has been clearly demonstrated in Li-rich
NCM cathodes for Li-ion batteries that oxygen loss leads to
chemo-mechanical breakdown of layered cathode materi-
als [61, 62]. However, it is unfair to attribute the structural
distortion (caused by lattice oxygen loss) to a deleterious
structural transition throughout the layered oxide cathode.
In conclusion, novel ideas are presented: Irreversible lattice
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the change in electronic structure during charging and discharging. d In situ Raman spectroscopy of NaMg, 4;Ru,, 530, during the first electro-
chemical cycle related to capacity. e Gas evolution rate results for oxygen (indicated by red circles) and carbon dioxide (indicated by purple
circles) recorded by in situ differential electrochemical mass spectrometry (DEMS) during the initial and recharging of NaMg, 4,Ru,, 350,. f DOS
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oxygen loss does not necessarily correspond to deleterious
structural collapse, whereas aberrations may even lead to
favorable structural transformations, which instead favor
structural stability in subsequent cycles.

Covalent bond strength modulation is an effective meas-
ure to inhibit irreversible oxygen release reactions at high
voltages during cycling. Surface ion exchange reactions, for
example, work on the principle of passivation of the cathode
surface by means of surface ion exchange reactions, as in the
case of the “lanthanum infiltration” treatment process, or the
bimetallic strategy, which inhibits the irreversible release of
lattice oxygen by enhancing the charge transfer between the
transition metal and oxygen in the bulk phase and inhibit-
ing the parasitic reaction by a protective layer of fast ionic
conductors formed at the cathode interface. There are also
specific applications in the field of SIBs [63-65]. Guo et al.
prepared boron-doped sodium layered oxides to suppress
the activation of lattice oxygen [34]. DEMS was employed
to monitor gas evolution from the cathode materials during
charge and discharge cycles in SIBs. They revealed that dur-
ing the initial charge of the non-boron-doped sample, O, and
CO, evolution were detected, indicating irreversible oxygen
loss under high voltage charging, contributing to structural
instability and reduced electrochemical performance. In con-
trast, boron-doped sample demonstrated minimal O, evolu-
tion and slight CO, release, suggesting effective suppression
of oxygen-related side reactions through boron doping. This
suppression is attributed to the formation of B—O covalent
bonds in the cathode material, which enhances the oxygen
ligand framework and mitigates over-oxidation during high
voltage charging. Additionally, the quantitative analysis
of gas evolution and estimation of X-ray absorption near
edge structure (XANES) spectroscopy during initial cycling
revealed the contributions to capacity from both cationic and
anionic redox reactions.

2.2 Prussian Blue Cathodes

Prussian blue and its analogs (PB and PBAs), also known
as iron blue or Berlin blue, is chemically known as ferric
ferrocyanide, with the chemical formula Fe,[Fe(CN)gl;,
first discovered as blue pigments in 1706 by Johann Jacob
von Diesbach and Johann Conrad Dippel [66, 67]. PBAs are
widely applied across various fields, including rechargeable
batteries, catalysts, biosensors, optically switchable films
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for electrochromic devices, and nanomaterials for cancer
therapy. The chemical formula of PBAs can be expressed
as A\M,[M,(CN)¢],00,_,-zH,0, where A represents alkali
or alkaline earth metals, and M, and M, typically denote
transition metals interconnected by C=N bonds forming a
3D open framework structure [66, 68, 69]. When PB and
PBAs are used as cathode materials in SIBs, they may pro-
duce gas during battery operation. The causative factors of
gas production mainly include the following aspects [23, 66,
68-70]: firstly, electrolyte decomposition. The structural
stability of the Prussian blue cathode material is a key fac-
tor in hydrogen generation. Poor structural stability during
charging and discharging leads to the decomposition of the
electrolyte and generation of hydrogen. Water molecules in
the Prussian blue cathode material also have a significant
impact on hydrogen precipitation. It has been shown that
the removal of interstitial water from Prussian blue cath-
ode materials can significantly improve their performance
as cathode materials for sodium-ion batteries. The stability
of the electrolyte also affects hydrogen precipitation. Unsta-
ble electrolytes decompose under high pressure, producing
hydrogen and other gases.

When Prussian blue is operated at high voltage, it will
induce the solvents and salts in the electrolyte to decom-
pose and produce gas. Secondly, water and impurities exist
as side reactions. If water or other impurities exist inside
the battery, they will react with the salts in the electrolyte
or the cathode material to generate gases, such as water
reacting with PF,~ to generate HF and POF;, structural
changes in the cathode material and the formation and
destruction of the SEI layer. Finally, overcharging can lead
to the oxidation of the cathode material to produce oxygen,
which is a common gas production phenomenon for PB
and PBAs under overcharging conditions. As to PBAs, the
gas evolution primarily stems from the trace crystalline
water within the materials. As reactions proceed within
the battery, inevitable voltage changes and temperature
increases lead to breaking of HO-H bonds, resulting in
the escape of OH™ and O atoms [66, 68, 70]. Particularly
at elevated temperatures, adsorbed and lattice water within
PBAs escape the crystal structure, entering the electrolyte
and triggering side reactions that release gases such as
H,0, NH;, and N, [69-71]. Deng et al. [71] explored the
gas production at the PW cathode, demonstrating H, and
CO,, respectively, and also found the possibility of HCN
production. HCN is known to be highly toxic, which leads
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to the fact that the PW cathode will face more than just gas
production leading to battery safety issues.

In order to eliminate the impact of water on gas pro-
duction, You et al. synthesized high-quality Prussian blue
(HQ-NaFe) nanocrystals ranging from 300 to 600 nm
using Na,Fe(CN), as a single iron source precursor [70].
They pointed out that PBs prepared by conventional syn-
thesis methods produce a large number of [Fe(CN)¢]
vacancies in the crystal framework due to the rapid pre-
cipitation process, and these vacancies are occupied by
ligand water molecules. These water molecules decompose
and produce gas during the charging process. Feng et al.
investigated hierarchically structured hollow Prussian blue
rods (R-PB) synthesized via sacrificial template methods
as high-performance cathode materials for SIBs [69].
They mentioned that the water content can be reduced by
removing interstitial water molecules in Na,MnFe(CN),.
With this dehydration treatment, the capacity of PBA was
increased to ~ 150 mAh g~! and the charge/discharge volt-
age plateau was flat at 3.5 V. Normally, the thermogravi-
metric analysis (TG) method is commonly applied for the
water content calculation in the PBAs. However, Wang
et al. present differing views on this matter [23]. They
found that calculating PB’s water content based on weight
loss within a specific temperature range (25-350 °C) is
inaccurate. PB-1 h and PB-3 h (prepared in HCl solutions
with different pH) released both H,O and NH; within
25-350 °C, indicating the release of coordination water
molecules from the PB lattice along with NH; genera-
tion, indicative of hydrogen bond rupture with N in the
framework. Furthermore, gas evolved between 480 and
600 °C predominantly composed of N,, signifying com-
plete destruction of PB framework and formation of Fe/
Fe;C composite materials. The thermal decomposition
process shown in Fig. 2b for PB-1 h showed negligible
release of toxic HCN gas; however, HCN was observed in
PB-3 h between 230 and 320 °C, suggesting the presence
of H* ions within the PB lattice.

In addition to the decomposition reaction of water mol-
ecules that occurs when vacancies in the structure are
occupied by ligand water molecules, the PB crystal struc-
ture may be distorted or collapsed during the insertion and
extraction of sodium ions, particularly in the presence of
a substantial number of [Fe(CN)4] vacancies [16], which
can markedly enhance the structural instability.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.3 Polyanionic Electrode Materials

Polyanionic electrode materials are favored over other
types of cathode materials for their robust covalent bond-
ing framework, high structural and thermal stability,
enhanced cycle life and safety. They are widely consid-
ered as future Na-host electrodes. Despite the high safety,
there is still a risk of gas production, Zhang et al. [72]
hypothesized its gas production mechanism (Fig. 3a) and
gas production was indeed detected in the vinyl carbonate
electrolyte systems of NVPIINa and NVPFIINa (Fig. 3b).
However, the intrinsic electronic conductivity of these
materials is poor due to the presence of polyanionic units
and the lack of direct M-OM-electron leaving domains.
Zhang et al. emphasized the decomposition issues of
electrolytes under high-voltage charging conditions when
polyanionic compounds were employed as cathode mate-
rials in SIBs [73], including vanadium-based polyanionic
compounds (Na;V,(PO,);), iron-based polyanionic com-
pounds (NaFePO,), manganese-based polyanionic com-
pounds (Na;MnPO,COj;), NASICON-structured materials
(NasFe,(PO,);) [74], and mixed polyanionic compounds
(Na,Fe;(PO,),(P,0,)), respectively. Firstly, as a result of
the electrolysis of water, H, and O, are produced at the
cathode and anode, respectively. Secondly, vanadium-
based polyanionic compounds (e.g., Na;V,(PO,);) may
dissolve in an aqueous electrolyte, giving rise to vana-
dium ions (V™), which may react with hydroxide ions
(OH") in the water to form vanadium hydroxide precipi-
tates. Furthermore, Yue et al. also studied the degradation
mechanism of Na;V,(PO,); (Fig. 3c). It corresponds to
the previous statement that vanadium-based polyanionic
compounds are soluble in aqueous electrolytes to produce
vanadium ions. Finally, if the electrolyte contains acid
ions, it may also decompose to produce gases such as SO,
and CO,. Dissolved gases in the electrolyte, especially
oxygen, significantly impact the battery’s charge—dis-
charge performance. Based on the aforementioned find-
ings, they concluded the influence of different battery
configurations on gas solubility and proposed electrolyte
designs to control gas generation.

Na,FePO,F (NFPO) as a promising polyanionic cathode
was extensively studied due to its excellent sodium-ion chan-
nels, structural stability, abundant iron ore resources, high
theoretical capacity, and suitable operating voltage [49, 75].
Its polyanionic groups contribute to superior electrochemical
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performance but also undergo side reactions with electro-

lytes during electrochemical processes. First, for its special

crystal structure, the crystal structure of NFPF contains

channels for sodium-ion diffusion. If these channels are

smoother, the de-embedding process of sodium ions will

© The authors

be smoother, reducing electrolyte decomposition and gas
generation. Secondly, for its surface properties, the defects
on the surface of NFPF (e.g., grain boundaries, vacan-
cies, incomplete surfaces) act as active sites for electrolyte
decomposition, which promotes electrolyte decomposition

https://doi.org/10.1007/s40820-025-01697-1
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and increases gas generation. Finally, regarding its chemical
stability, the redox potential of NFPF is about 3.2 to 3.8 V
(vs. Na*/Na); if the potential is too high, it will lead to the
oxidative decomposition of the electrolyte and gas genera-
tion. The potential variation of the cathode material during
charge—discharge cycles leads to electrolyte decomposition
at high potentials, forming a stable cathode CEI. Incompat-
ible electrolytes exacerbate this decomposition, increasing
battery resistance and decreasing performance and life span.
Electrolyte decomposition typically involves the oxidation
of solvents and electrolyte salts, particularly on the cathode
material surface, resulting in the generation of various gases.
Carbonate-based solvents such as ethylene carbonate (EC)
and PC oxidize to produce CO, at high potentials, while
ester solvents and other additives generate O, during oxi-
dation. In some cases, oxidation of electrolyte additives or
impurities like water molecules can also produce oxygen.

Additionally, the use of fluorine-containing electrolyte salts
like NaPF¢ can decompose to generate hydrogen fluoride
(HF) under high-temperature or overcharge conditions, caus-
ing severe damage to battery components, environmental
concerns, and internal corrosion, thus affecting long-term
stability and safety of the battery. The generation of these
gases directly impacts the stability of polyanionic cathode
materials and electrolyte compatibility.

In conclusion, when polyanionic compounds are used as
cathode materials in SIBs, the decomposition and gas evo-
lution voltage conditions pose complex challenges involv-
ing multiple chemical reactions and physical processes. The
generation of these gases not only affects battery perfor-
mance and life span but also poses safety risks. Therefore, a
thorough understanding of the mechanisms behind these side
reactions is crucial for developing safer and more efficient
SIBs systems.
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2.4 Sulfur Cathode

Na-S batteries have attracted much attention due to their
high energy density, high efficiency, and long life, but their
performance is limited by the conductivity of the cathode
material and the migration of polysulfides. Sulfur, as the
cathode material of Na—S batteries, is prone to react with
components in the electrolyte during charging and discharg-
ing, leading to gas generation [76—79]. For example, sul-
fur will react with impurities or decomposition products in
the electrolyte to generate gases such as H,S. Xiong et al.
focused on gas-related probes in Na,S cathode materials in
room-temperature sodium—sulfur (RT-Na/S) batteries [76].
They detected the generation of H,, CO, and CO, gases
during the first sodium replenishment of the study samples
by the DEMS technique and showed that these gases origi-
nated from the decomposition of the carbonate electrolyte.
In addition, they utilized an ultrasound scanning technique
to study the gas generation process inside the Na,S-4/ICu
button cell. The blue areas in the ultrasound images indicate
low ultrasound transmittance, indicative of the gas genera-
tion behavior.

Moreover, the shuttle effect of polysulfides during charg-
ing and discharging can lead to decomposition of the elec-
trolyte and gas generation. The generation of gases is further
exacerbated by the migration of polysulfides in the elec-
trolyte and their reaction with the electrode materials. By
designing sulfur-based cathode materials with unique struc-
tures, such as nanostructured sulfur@carbon composites, Lu
et al. can effectively improve electrochemical performance
and reduce gas generation [79]. For example, embedding
sulfur nanoparticles into highly layered and spongy carbon
matrix can shorten the diffusion path of Na* and acceler-
ate electron transfer. This work improves the electrochemi-
cal performance and cycling stability of room-temperature
sodium—sulfur batteries by indirectly reducing the unfavora-
ble reactions that may lead to gas generation through the
optimization of electrolyte solvent and cathode materials.

Currently, there are relatively few studies on gas genera-
tion from cathode materials in Na—S batteries, and more
advanced technological means are needed to detect and
analyze the gas generation process. On-line electrochemi-
cal mass spectrometry (OEMS) and other techniques can
provide more detailed gas composition and generation
mechanisms for the study. It is also possible to optimize
the composition and additives of the electrolyte, which can

© The authors

reduce the side reactions between the electrolyte and the
cathode material, thus reducing the gas generation. At the
same time, modification of the cathode—electrolyte interface
is also an important means to improve the performance of
Na-S batteries.

3 Gas Evolution from Anode Materials

The gas evolution mechanism of anode materials in SIBs
primarily involves chemical reactions during the charge—dis-
charge processes, particularly interactions between the anode
materials and electrolyte. In SIBs, various common anode
materials undergo side reactions during cycling, leading to
gas generation. These reactions include: (1) Formation of
a stable SEI on the anode surface during initial charging is
accompanied by gas evolution; (2) solvents in the electrolyte
decompose on the anode surface during charging, producing
gases; and (3) interactions between the anode materials and
certain components in the electrolyte also generate gases.
These gas evolution phenomena significantly impact battery
performance and life span.

3.1 Carbon-Based Anode Materials

Graphite is a common anode material in LIBs, offering mod-
erate lithium storage capacity (approximately 350 mAh g1
compared to Li*/Li. However, research indicates that graph-
ite does not intercalate sodium ions effectively [80, 81].
Non-graphite anodes, primarily composed of various car-
bonaceous materials such as carbon black and pitch-based
carbon fibers [82, 83], allow for sodium-ion insertion and
are considered the "first-generation" anode choices for SIB
systems. Carbon-based anodes mainly include hard carbon
(HC) and soft carbon. HC, widely used as an anode electrode
material for SIBs, exhibits high specific capacity (exceeding
300 mAh g~!) and a low potential platform (typically below
0.1 V vs. Na*/Na).

HC [84], as an advanced electrode material, has gar-
nered significant attention in battery technology due to its
unique physical and chemical properties. A critical factor
influencing its performance is the pore structure, which
comprises both open pores (open porosity) and closed
pores (closed porosity), together forming the porous
nature of HC. This porous structure provides numerous
active sites for the electrolyte, thereby increasing the

https://doi.org/10.1007/s40820-025-01697-1
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contact area between the HC and the electrolyte. During
the charge—discharge cycles of a battery, the electrolyte
undergoes decomposition at these active sites, resulting
in gas generation [51]. The high specific surface area of
HC further enhances this contact, significantly increas-
ing the likelihood of electrolyte decomposition and gas
release. This gas generation not only affects the battery’s
performance but also poses potential risks to battery safety
and longevity [21]. Specifically, the gases generated from
electrolyte decomposition include various types. For
instance, carbonate solvents produce CO, upon decom-
position, while proton sources such as water molecules
generate H, [22, 83, 85]. In organic solvents, the cleavage
of C-H bonds can lead to CH, formation. Under extreme
conditions, such as battery overheating or overcharging,
CO, may even decompose further into CO [86]. A detailed
and in-depth study [87] of the gas adsorption and desorp-
tion behavior of HC [88, 89] anodes during charging and
discharging have been done by Deng et al. They compared
the principled difference between lithium and sodium, and
revealed the mechanism of adsorption of CO, gas on HC
anode during charging and desorption during discharging
(Fig. 3a—c). This study explains the gas release phenom-
enon using an adsorption—desorption mechanism. It also
emphasizes that adsorption and desorption of gases affect
the formation and stability of the SEI layer. Adsorbed CO,
interferes with the uniform growth of the SEI layer, while
desorbed CO, leads to poor contact between the electrolyte
and electrode interface. Finally, an effective solution—
introduction of 5SA molecular sieves—is proposed. Over-
all, this study reveals the effects of adsorption and des-
orption behaviors of gases in SIBs on the SEI formation
process through an in-depth study, and proposes an effec-
tive solution to improve the battery performance. Simi-
larly, the study of Xue et al. combined OEMS and TMS
techniques (Fig. 4d) to reveal the sodium storage behavior
and gas release mechanism of HC anodes in sodium-ion
batteries [90]. And the results showed (Fig. 4e) that small
amounts of Na metal and NaH were detected at 0.5 V, and
the amount of these compounds gradually increased with
the discharge process.

Furthermore, defects in HC significantly impact bat-
tery performance. Edge defects, vacancies, and heteroatom
defects (e.g., oxygen, sulfur, phosphorus, nitrogen, and
boron) in HC provide additional storage sites for sodium
ions, thereby enhancing the sodium storage capacity of HC.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

However, the presence of oxygen and phosphorus doping
in carbonate solvents can promote the generation of CO,
from decomposition products. These structural features not
only alter the electronic structure of HC but also affect its
interactions with the electrolyte, thereby influencing the
charge—discharge performance and cycle stability of the
battery. Therefore, in-depth research into the pore structure,
defect types, and their impact on battery performance is cru-
cial for developing high-performance, high-safety battery
systems. By optimizing the preparation process and struc-
tural design of HC, the generation of gas can be effectively
controlled, thereby improving the overall performance and
life span of the battery.

3.2 Sodium Metal Anodes

Sodium metal anodes (NMAs) are pivotal components in
full-cell systems, offering high energy densities. NMAs
provide a high theoretical capacity of 1166 mAh g~! and
a low redox potential of 2.71 V vs. SHE. However, NMA
materials face stability issues including unstable SEI in
organic electrolytes, dendritic growth, and gas evolution.
During the initial charging of sodium metal batteries, the
NMA contacts the electrolyte, initiating the formation of
SEI. This process involves the decomposition of electrolyte
components on the anode surface, leading to gas evolution as
a side reaction. For example, Chen et al. conducted detailed
research on the decomposition mechanisms of electrolytes
on NMA materials and the generation of gases [46]. They
concluded that sodium (Na) is more prone to gas evolution
in ionic solutions, compared to being more pronounced in
pure solvents. This difference was attributed to the fact that
the lowest unoccupied molecular orbital (LUMO) energy
level of the complex formed by the ion with the solvent was
lower than that of the pure solvent. The lower LUMO energy
level means that the complex is more likely to be involved
in a chemical reaction, which leads to more gas production.
In short, the presence of ions lowers the LUMO energy of
the solvent complex, making gas evolution reactions more
likely to occur.

Further insights into gas evolution mechanisms were pro-
vided through AIMD (ab initio molecular dynamics) simula-
tions, which generally apply to various electrolyte (e.g., PC,
1,2-dimethoxyethane (DME), tetra ethylene glycol dimethyl
ether (TEGDME), 1,3-dioxolane (DOL))-metal (e.g., Na,
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Li) systems [46]. When PC is used as a solvent, complexes  (Fig. 5a, b), indicating enhanced reducibility of [Na—-PC]
complexes on sodium metal, thereby triggering gas evolu-

tion [46]. The energetic difference between PC and [Na—PC]

formed between sodium ions (Nat) and PC significantly
lower the LUMO energy to 5.28 eV upon complexation

© The authors https://doi.org/10.1007/s40820-025-01697-1
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is as high as 5.11 eV, explaining the hypothesis that ion
coordination weakens solvent molecule stability and pro-
motes gas generation. Gases produced include carbon mon-
oxide and propylene, both of which are flammable, thereby
increasing safety risks.

Moreover, through AIMD simulations (Fig. 6a), a mecha-
nism of electrolyte decomposition involving carbon mon-
oxide generation was proposed. In this mechanism, a PC
molecule is reduced on the sodium metal surface, leading
to the formation of carbon monoxide and organic sodium
salts. This process involves electron transfer from PC mol-
ecules, breaking the C-O bond and subsequently releasing
a carbon monoxide molecule [46]. Additionally, sodium
metal reacts with carbonate-based solvents such as EC, PC,
DEC, and DMC to produce corresponding sodium salts and
gases (Fig. 6b). The general form of these reactions can be
represented as: 2ROCO,™ + Na—Na,CO;+ CO,1 +R,,
where RO- represents the alkoxyl group of the solvent and
R denotes the hydrocarbon chain [51]. Furthermore, Chen’s
group [46] mentioned that even when using ether-based sol-
vents like DME and TEGDME, gas generation still occurs
in sodium metal batteries.

3.3 Alloy-Type Anodes

Alloy-type anode electrode materials refer to materials
formed by metallurgical alloying of sodium metal ions
with alloying elements such as tin (Sn), antimony (Sb),
and indium (In) for SIBs. These materials typically exhibit
high theoretical specific capacities. For instance, tin (Sn)
has a theoretical capacity of up to 847 mAh g~!, which is
advantageous for enhancing the energy density of batter-
ies. Furthermore, alloying reactions often occur at lower
potentials, implying that alloy anode electrode materials can
provide a stable potential platform during the charge—dis-
charge processes of SIBs, thereby enhancing overall battery
performance.

However, alloy-type anode electrode materials also face
challenges in SIBs [91]. These challenges include capac-
ity degradation after prolonged cycling and, more critically,
issues such as inhomogeneous sodium insertion during the
alloying process and volume fluctuations. The localized
expansion of volume can result in the formation of stress
concentrations within the material, potentially leading
to cracking and structural damage over extended cycling

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

periods. Structural damage, particularly when cracks and
fractures occur, exposes fresh surfaces that can undergo
chemical reactions with the electrolyte, resulting in gas gen-
eration. Additionally, during charging, a significant number
of gases (e.g., CO,) are adsorbed by the anode material and
released upon discharge as its adsorption capacity dimin-
ishes. Simultaneously, due to volume expansion and struc-
tural damage, the SEI membrane is continuously ruptured
and reformed, accompanied by gas production throughout
this process [43]. Therefore, the fundamental issue remains
as electrolyte decomposition caused by structural damage
and increased side reactions. Despite the structural irrevers-
ibility of the alloying process, it is important to design the
alloying process more rationally for the side reaction chal-
lenges of batteries at high open-circuit voltage.

4 Gas Evolution from Electrolytes

Electrolytes play a crucial role in SIBs, not only influ-
encing the electrochemical performance but also directly
impacting the safety and longevity of the batteries. Firstly,
electrolytes serve as the medium for sodium-ion migration
between the cathode and anode electrodes, determining the
battery’s conductivity and ion transport efficiency [82]. An
excellent electrolyte should possess high ionic conductivity,
good chemical stability, and a wide electrochemical win-
dow. Secondly, the stability of the electrolyte directly affects
the battery’s cycling stability and operational life span. If
electrolyte decomposition occurs during battery charge and
discharge cycles, it can generate gases and solid by-products,
thereby reducing the battery’s energy density and posing
safety risks such as short circuits, thermal runaway, and even
explosions [47, 71]. Therefore, systematically summarizing
the phenomena and mechanisms of electrolyte decomposi-
tion and gas generation is crucial for the future development
of high-performance, long-life, and safe SIBs.

4.1 Organic Electrolyte

The utilization of organic electrolytes provides a broader
electrochemical range, enhanced conductivity, and superior
battery performance. Consequently, there is a substantial
market acceptance for battery technologies based on organic
electrolytes, with an already well-established supply chain
and recycling system in place. Organic electrolyte systems

@ Springer
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employ organic solvents (such as carbonates: EC and EMC)
blended with sodium salts (e.g., NaPF,, and NaBF,) and
additives. The selection of additives for sodium batteries
can best follow some strategies that can both enhance sta-
bility and inhibit gas production. For example, selecting

© The authors

film-forming additives to hinder the reaction between elec-
trode materials and electrolyte; combining multiple addi-
tives (e.g., molecular and ionic additives) to improve the
mechanical strength of the interfacial film and enhance the
stability of the film; and selecting additives that are easy to

https://doi.org/10.1007/s40820-025-01697-1
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be decomposed quickly and do not produce gas (e.g., per
fluorobenzene, Na,C,0,, and NaDFOB) [77]. Moreover, in
order to form a stable SEI/CEI layer, additives with high
reducing activity (FEC, VC, etc.) can be selected, which can
preferentially reduce the negative electrode surface to form
an SEI layer enriched with stabilizing components, such as
NaF, and thus effectively inhibit the decomposition of the
electrolyte [92]. In addition, the introduction of inorganic
salt additives (Nal, Na,COj;, etc.) is also an option. In order
to reduce the decomposition of the electrolyte, solvents and
additives that are not easy to decompose and additives that
will not decompose within the operating voltage range of
the battery should be selected, and the water and impurity
content of the electrolyte should be controlled.

Normally, during initial battery testing, solvent and salt
decomposition on the anode surface form SEI film. A com-
prehensive study on the formation of SEI film was con-
ducted by Kumar’s group [22]. They found that additive
molecules have significantly lower decomposition barriers,
thus decomposing first. And the presence of additive mol-
ecules increases the decomposition barrier of EC (Fig. 7a).
In the two-electron reduction process of EC, dissociation of
the CEOC bond leads to the release of CO, gas molecules,
while forming a -CH,CH,O- anion (EBS5). The Gibbs free
energy change (AG) for this process is 6.17 kcal mol™".
Meanwhile, in the two-electron reduction process of EC,
dissociation of the CCOC bond also releases CO gas and
forms a -OCH,CH,O- anion (EB4). The AG for this process
is —0.78 kcal mol~!. During the decomposition of FEC in
Fig. 7b dissociation of the C—CO-C bond also releases CO,
gas and generates a CHCHO- anion (FB +). The AG for this
process is —43.99 kcal mol™', indicating it is thermodynami-
cally favorable. In FEC decomposition, dissociation of the
CCOC bond releases CO gas and forms a CH,CHO,- anion
(FB5). The AG for this process is —29.76 kcal mol~". In
the decomposition of vinylene carbonate (VC) in Fig. 7c,
dissociation of the CCOC bond results in the release of CO
gas and formation of a -OCHCHO-anion (VB4). The AG
for this process is -38.55 kcal mol~!. The reaction pathways
discussed above lead to the formation of anionic radicals,
and of the many different reaction possibilities, the attack
of excess electrons on anionic radicals to generate carbonate
anions and release ethylene molecules is the most prominent
one. The thermodynamic data corresponding to this reaction
in the presence of the additive molecule is shown in Fig. 7d.

© The authors

In sodium-ion batteries, high open-circuit voltage does
lead to electrolyte decomposition, due to the reduced chemi-
cal stability of the electrolyte at high voltage, which makes it
susceptible to decomposition reactions. The thermal stability
of the electrolyte is critical to battery safety. At high volt-
ages, the electrolyte may undergo violent decomposition and
produce hazardous substances, which will continue to erode
the positive electrode, leading to severe capacity degrada-
tion of the battery. In order to increase the operating voltage
of sodium-ion batteries, electrolytes need to be designed to
withstand high voltages. Commercially available NaPFy/
carbonate-based electrolytes exhibit severe oxidative decom-
position at operating voltages greater than 4.2 V, forming
unstable SEI/CEI on the surface of the positive and negative
electrodes, leading to low Coulombic efficiency and accom-
panied by the generation of hazardous substances, which can
severely corrode the SEI/CEI and the materials, accelerating
the degradation of the battery. But in addition, studies have
shown that as the internal temperature of SIBs rises, a series
of chemical reactions occur inside the battery, releasing a
large amount of heat and gases. These reactions include salt
decomposition and reaction with solvents to generate new
SEI, SEI membrane decomposition reaction, electrolyte
evaporation, etc.

In traditional carbonate-based electrolytes, chemical and
electrochemical decomposition on sodium metal surfaces pro-
duce olefins, alkanes, CO, and H, gases [50]. These flammable
gases pose significant safety risks in practical applications.
Furthermore, continuous gas evolution (such as olefins, CO,
and CO,) and by-products of in situ cell generation (primarily
Na,CO;) disrupt the stability of the SEI, leading to continued
dendrite growth and very low Coulombic efficiency (CE). Lee
et al. performed gas analysis of the electrochemical processes
in sodium metal batteries using different electrolyte systems
through in situ DEMS [93]. By observing gas phenomena
and detecting by-products, they inferred gas generation reac-
tions, including the chemical decomposition of PC producing
Na,CO; and C;Hg, and the decomposition of FEC producing
CH,CHO and CO.,.

As the most important parts of gas production, CO, and CO
have received the most attention in the study of gas evolution
for SIBS. Lu et al. [50] deduced the side reactions produced
by the gas by observing the gas phenomena and detected by-
products, including the chemical decomposition of PC to pro-
duce Na,CO; and C;Hg, and the decomposition of FEC to
produce CH,CHO and CO, (Fig. 8a). In addition, due to the
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reaction of the by-products produced by the accompanying gas
with the silica-aluminum oxides in the diaphragm, the glass
fiber diaphragm is severely corroded and large holes appear,
which are penetrated by sodium dendrites (Fig. 8b). The evolu-
tion of C;Hy and CO, was quantitatively analyzed using gas
chromatography (GC) in the literature, and it was found that
the gas production of C;Hg and CO, in the screened electro-
lyte was significantly lower than that in the NaPF,—PC/FEC
electrolyte (Fig. 8c).

There is currently a great deal of interest in studies target-
ing FEC decomposition mechanisms. They presented various
pathways for FEC decomposition resulting in the formation
of compounds such as R-OCO,Na, Na,CO;, and NaF, and its
decomposition produces various gases, including C,H,, H,,
CO,, C,H,, and HF (Fig. 9a). The CO, signal detected by
DEMS indicates that the decomposition of FEC molecules
contributes to CO, formation through pathway 1-B. Previous
studies have highlighted the adverse effects of CO, produced
by electrolyte decomposition on batteries [72]. However, Lee
et al. [93] proposed a novel conclusion that the various gases
generated from FEC decomposition, especially a moderate
amount of CO, (Fig. 9b, ¢), help in forming a carbonate-based
SEI layer. This enhances the safety and cycling stability of the
battery.

4.2 Solid-State Electrolyte

Solid-state batteries, utilizing solid-state electrolytes (SSIs),
offer higher energy density and improved safety and are thus
considered promising alternatives to liquid electrolyte sys-
tems. The three main types of solid-state electrolytes cur-
rently under investigation are solid polymer electrolytes
(SPEs), composite polymer electrolytes (CPEs), and inor-
ganic solid electrolytes (ISEs). These electrolytes play a
crucial role in solid-state SIBs. The obvious advantages of
solid-state batteries over liquid batteries include high energy
density and high safety. However, solid-state batteries with
high energy density also face some problems, such as inter-
facial stability. High energy density usually requires the use
of high-voltage cathode and high-capacity anode materials,
which can increase the interfacial instability between the
electrodes and the solid-state electrolyte. It is the interfa-
cial instability within the battery that can cause serious
gas production problems. It is well known that solid-state
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electrolytes and solid-state electrolyte interfaces can effec-
tively mitigate gas evolution in metal-ion batteries [94]. As
a protective barrier in SIBs, the SEI provides essential func-
tions of electronic insulation and ionic conduction, prevent-
ing electrolyte decomposition and electrode material corro-
sion. This, in turn, enhances the coulombic efficiency and
cycling stability of the battery, significantly impacting its
overall performance and life span. A well-formed SEI layer
helps reduce side reactions during charge and discharge
cycles. In LIBs, the SEI layer also prevents lithium dendrite
formation, which is equally important for SIBs, despite the
lower tendency of sodium metal to form dendrites [4, 95].
However, gas production problems can occur even in solid-
state batteries.

In solid-state SIBs, inorganic solid electrolytes (ISEs)
such as Na—p/p"-alumina and NASICON, with their high
ionic conductivity and excellent mechanical strength, help
suppress sodium dendrite growth, thereby enhancing bat-
tery safety. However, these materials can react with sodium
metal, leading to gas release, such as the decomposition of
sulfide electrolytes in air or humid environments, produc-
ing H,S gas [54, 55, 96]. Sulfide electrolytes, such as many
sulfur-containing solid electrolytes, typically exhibit poor
stability in air or humid environments. This is due to their
tendency to react with water molecules or oxygen in the
environment, leading to electrolyte decomposition and the
production of hydrogen sulfide (H,S) gas and other by-prod-
ucts. The authors [55] explored the air stability of the sulfide-
based solid electrolyte Na;SbS,. This material was designed
with the hard and soft acid and base (HSAB) theory in mind
to improve its stability under ambient conditions. The HSAB
theory states that hard acids tend to react with hard bases,
while soft acids tend to react with soft bases. In the context
of sulfide electrolytes, sulfur (S*7) is usually considered a
soft base, while many metal ions, such as phosphorus (P),
are considered hard acids. Under ambient conditions, a hard
base (e.g., oxygen) may react with a hard acid (e.g., phos-
phorus), displacing the soft base (e.g., sulfur) and causing
the electrolyte to decompose. This reaction usually produces
H,S gas as follows: Metal,,S +O? — Metal,,O+S,?~ and
S,*~+H,0— H,S. In the literature, authors have noted that
most phosphorus-containing superionic conductors of phos-
phorothioates (e.g., Na;PS,) are unstable in air because they
readily react with oxygen to produce H,S gas.
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4.3 Others

In sodium batteries, polymer electrolytes and quasi-solid elec-
trolytes each have an important scientific position. Polymer
electrolytes are suitable for flexible batteries and application
scenarios requiring high safety due to their solid-state proper-
ties, high safety and good mechanical properties. However,
their room-temperature ionic conductivity is low. And despite
their relatively high safety, they are not immune to internal
gassing behavior, where the polymer electrolyte undergoes
electrochemical decomposition at high voltages, generating
gases. For example, polyethylene oxide (PEO)-based electro-
lytes decompose to produce gases such as H, and CO, when
the voltage exceeds their electrochemical stability window.
Also, at high temperatures, polymer electrolytes undergo ther-
mal decomposition, releasing gases. For example, PEO also
decomposes to form CO, at high temperatures.

In addition, the quasi-solid electrolyte combines the
advantages of solid and liquid electrolytes, has a high ionic
conductivity and good mechanical properties, and is suitable
for high-magnification and long-life applications, and has a
good application prospect. However, its ionic conductivity
at room temperature is still low. And the interfacial side
reaction between the quasi-solid electrolyte and the sodium
metal negative electrode leads to a continuous increase in
interfacial resistance. This side reaction usually involves
the reaction of the liquid components of the electrolyte
with the sodium metal to form unstable intermediates (e.g.,
Na,CO; and NaF) These intermediate contribute greatly to
the occurrence of both gas-producing side reactions. At high
voltages or high temperatures, the liquid components in the
quasi-solid electrolyte are prone to decomposition or even
volatilization, generating gases and solid by-products, which
not only increase the interfacial resistance, but also lead to
electrolyte failure or even battery explosion.

5 Methods to Suppress Gas Generation

5.1 Suppression of Gas Generation in Cathode
Materials

5.1.1 Structural Doping of Cathode Materials

Among the current cathode materials for SIBs, layered tran-
sition metal oxides are the most commercially successful
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due to their high theoretical capacity and abundant sodium
reserves, presenting promising application prospects. Do
et al. conducted a comparative study of sodium-rich layered
transition metal oxides and concluded that ordered O3-type
materials exhibit better structural stability [40]. However,
rapid capacity decay and severe safety issues caused by
detrimental phase transitions and significant volume strain
greatly limit their practical applications. Doping of layered
transition metal oxides can mitigate the structural rearrange-
ment caused by sodium-ion insertion and extraction in SIBs,
thereby reducing oxygen loss during charging and suppress-
ing gas evolution [30, 41, 97, 98].

For instance, Yu et al. made considerable efforts to sta-
bilize the internal crystal structure of layered transition
metal oxides and control harmful phase transitions and
volume strain [99]. They introduced light boron doping
in interstitial positions, which reduced the energy gap
between P2 and O3 structure formation energies, lead-
ing to the formation of P2 and O3 biphasic structures at
high Na states. Additionally, due to the lattice interlock-
ing effect of P2 and O3, the biphasic structure exhibited
nearly zero volume strain. The stabilization of the struc-
ture reduces side reactions between the cathode material
and the electrolyte, which reduces the generation of gases.
During battery charging and discharging, the instability
of the cathode material leads to a reaction with the elec-
trolyte, generating gases, such as oxygen or hydrogen.
Since the volume strain of the biphasic structure is almost
zero, the volume change of the battery during charging
and discharging is effectively controlled, which reduces
the change in the contact area between the active material
and the electrolyte due to volume expansion, thus reduc-
ing the possibility of gas production. The stabilization of
the structure helps to improve the cycling stability of the
battery. During the battery cycling process, the continuous
volume expansion and contraction leads to the destruc-
tion of the material structure, and the introduction of dop-
ing elements reduces the possibility of such destruction,
thus improving the cycle life of the battery. Due to the
stabilization of the structure of the cathode material, the
possibility of electrolyte decomposition is reduced, thus
reducing the amount of gas produced due to electrolyte
decomposition.

Li et al. successfully introduced natural vacancies in the
transition metal positions of P2 layered cathode materials
by incorporating Mg?™ into the Na layer [60]. The prepared
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Na, ;Mg ,[Fe,,Mn, (0, ,]O, cathode with inherent transi-
tion metal vacancies demonstrated superior cycling stability
and rate performance. The non-bonding 2p orbitals of oxy-
gen pointed toward the TM vacancies, theoretically trigger-
ing reversible oxygen redox reactions over a wide voltage
range of 1.5 to 4.5 V. By forming TM vacancies in the origi-
nal P2 layered cathode, oxygen redox was activated at the
beginning of the charging process. Within this voltage range,
the P2 phase maintained its structure well (Fig. 10a, b),
even at high current rates of up to 10 C. The study revealed
the charge compensation mechanism of MFM-2, where
Mn?>*/*%9* and 0?7/~ redox contributed to the entire volt-

age range of 1.5 to 4.5 V, and Fe**/>>*

redox mainly contrib-
uted to the high-voltage region of 3.0 to 4.5 V. Mg ions in
the Na sites acted as "pillars," preventing structural collapse
along the c-axis during charging and effectively suppressing
oxygen release at high voltages. Additional studies [30] of
the crystal structure of layered cathode materials of the P2
type are shown in Fig. 10c, d. These findings provide new
opportunities for designing reversible oxygen redox cathode
materials with high structural stability.

Through in situ XRD analysis, Zhu et al. confirmed
that copper doping enhances the stability of PBAs during
charging and discharging. This implies that copper doping
helps to maintain the structural integrity of the material and
reduce gas production due to structural damage [100]. The
co-doping of Cu, Co, and Ni, especially the introduction of
Cu as a pillar supporting the PBA framework, can signifi-
cantly improve the structural stability of the material. The
improved structural stability helps to reduce the phase transi-
tion and volume expansion during charge/discharge cycling,
both of which are the main causes of gas production.

There have been many studies on structural modifica-
tions to reduce structural phase transitions to minimize
structural damage and the occurrence of gas production
side reactions. The in situ XRD testing of CuCoNilll
and CuCoNiO11 elucidated the electrochemical inser-
tion/extraction mechanism. During sodium-ion extraction
from CuCoNil 11, there was initially no significant change
in the lattice, maintaining a perfect cubic Fd-3 m space
group. However, when the voltage rose to around 3.0 V, a
new peak near 38.5° appeared, which could be indexed as
(331) and included in the PDF card of the Fm-3 m lattice
parameter. This transition indicated that CuCoNil11 expe-
rienced minimal phase transition during extraction, main-
taining its cubic structure. During reduction, with sodium
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ions reinserted into the CuCoNilll sample, the (331)
peak gradually diminished. Eventually, the crystal struc-
ture returned to its original state, indicating that the lattice
parameter changes in CuCoNil11l were highly reversible
during cycling. Therefore, with Cu doping, CuCoNilll
exhibited minimal volume change during charge—discharge
cycles, thereby protecting the CuCoNi-based PBA lattice
framework. Overall, Cu-doped CuCoNil 11 exhibits small
volume changes and highly reversible lattice parameter
changes during charge/discharge cycling, which contrib-
utes to the reduction of outgassing and improves the per-
formance and safety of SIBs.

5.1.2 Surface Coating of Cathode Material

Phase transitions from layered to spinel structures, lattice
disruption and pore formation are the main factors leading
to cycle capacity degradation in metal-ion batteries and,
more critically, to mechanical strain, structural deformation
and even collapse, which can lead to serious safety issues
such as gas generation inside the battery. Researchers gener-
ally believe that surface coatings or chemical additives can
partially stabilize the structure. These methods can reduce
side reactions between materials and electrolyte, enhance
structural stability, and improve battery cycle life and safety.
The cladding methods include: chemical vapor deposition
(CVD), which generates a solid film through the chemical
reaction of gaseous reactants on the surface of the material;
physical vapor deposition (PVD), which forms a thin film on
the surface of the substrate by transferring the material from
the target material to the substrate through physical methods
(e.g., evaporation, sputtering); and atomic layer deposition
(ALD), a self-limiting vapor deposition technique in which
a single atomic layer is precisely controlled by alternat-
ing the introduction of different reactive gases; sol-gel, in
which a coating is formed on the surface of a material by the
chemical processes of sol-gel and gel; calcination, in which
the material is heated to a high temperature, resulting in
physical and chemical bonding between particles to form a
dense coating or structure; and electrochemical deposition,
in which a coating or structure is formed by electrochemical
reactions. In electrochemical deposition, a specific material
is deposited on the surface of a conductive material through
an electrochemical reaction. Coating materials include
Al,O;, AlF;, TiO,, nitrides (e.g., SizN,), carbon materials
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(e.g., graphene, carbon nanotubes), and polymer coatings
(e.g., polyvinylidene fluoride (PVDF)). As early as 2013,
Gu et al. applied an AlF; coating to metal-ion batteries and
found that it could partially alleviate the formation of spinel
within the layered structure during cycling, thereby reducing
side reactions and mitigating capacity decay [101]. However,
they also found that the AlF; coating could not completely
prevent spinel formation.

In the context of SIBs, P2-type Na,;[Ni;;sMn,3]0, has
been considered a promising cathode material due to its high
theoretical capacity (173 mAh g~') and long operational
voltage plateau (4.2 V). Liu et al. compared the pristine and
cycled Na,5[Ni;;sMn,;3]0, samples and discovered that the
delamination of transition metal oxide layers and crystal
phase transitions were the main reasons for gas production
side reactions and capacity decay [102]. To improve cycling
performance and battery safety, the researchers applied an
Al,O;5 coating, which effectively suppressed unfavorable
side reactions and delamination of the metal oxide layers at

© The authors

high voltage. The Al,O; surface coating not only reduced
side reactions at high voltage but also provided mechani-
cal support, helping to maintain the layered structure and
enhance the reversibility of the P2-O2-P2 phase transition.
This unlocked stable cycling performance of the P2-type
layered structure materials within a high-voltage window
and consequently suppressed gas evolution.

5.2 Suppression of Gas Generation in the Electrolyte

The decomposition of electrolytes has consistently been the
primary pathway for internal gas generation in SIBs, particu-
larly within electrolyte systems. Various research teams have
extensively studied and analyzed different electrolyte sys-
tems. Lu et al. conducted research on gas evolution in vari-
ous SIBs with different electrolyte systems, focusing particu-
larly on CO, and other flammable gases [50]. The research
team used gas chromatography (GC) for the quantitative
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analysis of C;Hg and CO, evolution. They found that the
gas production of C;Hg and CO, in the screened electrolytes
was significantly lower than that in the original NaPF.—PC/
FEC electrolyte. Furthermore, under battery abuse condi-
tions, such as over-discharge, batteries using the screened
electrolyte demonstrated a higher average coulombic effi-
ciency compared to those using the original NaPF—PC/FEC
electrolyte (99.6% vs. 98.1%), indicating that the screened
electrolyte has a robust capability to suppress gas generation
and reduce safety risks.

In addition to the self-decomposition of electrolytes under
high-temperature or process conditions, the deposition of
sodium metal in different electrolytes leading to significant
gas generation and fragile porous dendrite issues is also very
severe. Rodriguez et al. explored the morphology of sodium
metal deposition and gas generation in different electrolytes,
focusing specifically on the impact of FEC as an electrolyte
additive [103]. The research team found that sodium depo-
sition in EC, DEC, and PC produced a large amount of gas
and fragile porous dendrites (Fig. 10a). In the experiments,
when FEC was used as a co-solvent to mix with DEC, CO,
production was reduced, but still present. This suggests that
even in FEC/DEC electrolytes, where large amounts of gas
and labile porous dendrites are produced, the decomposi-
tion of carbonate species is also a major source of gas pro-
duction. In addition, oxygen production can be observed
throughout the high-voltage charging process. This is related
to the release of lattice oxygen due to the instability of the
oxide cathode material in the high charge state. Comparison
of multiple electrolyte systems shows that the co-solvent
of FEC and DEC (1:1 v/v) exhibits better cycling perfor-
mance, impedance, and cycling efficiency when FEC is used,
although porous deposition still exists, and also significantly
reduces the gas generation during the deposition process.

The screening and optimization of electrolytes for SIBs
are a complex process involving multiple consideration. In
addition to the direct screening of different electrolytes, the
optimization of the electrolyte structure can also be used to
achieve improved safety. For example, Xia et al. [104] intro-
duced ether-based solvents to improve the performance of
electrolytes. They showed that NaDFOB-based ether electro-
lytes exhibit excellent electrochemical stability, solvent com-
patibility, and the ability to form a dense, robust SEI on the
electrode surface. In addition, additives can be used appro-
priately. Li et al. [105] proposed a novel anion receptor addi-
tive, 4-aminobenzeneboronic acid pinacol ester (ABAPE),
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for attenuating the coupling between anions and cations and
accelerating the transport kinetics of Na™. ABAPE formed
hydrogen bonding with H,O/HF, which effectively prevented
hydrolysis and stabilized the acidic species of NaPF6.

Moreover, research on quasi-solid-state SIBs is also very
hot in order to take safety into account. Luo et al. are at the
forefront of this research [88]. They proposed a novel tri-
angular synergistic strategy to accelerate the conduction of
sodium ions through the interactions between polymer—salt,
ionic liquid, and electron-rich additives. This strategy fully
utilizes the advantages of each component to achieve fast ion
transport and stable battery performance. With this strategy,
the researchers succeeded in improving the ionic conductiv-
ity of the polymer electrolyte to 1.37x 10 S cm™!, which is
a significantly higher value than that of conventional poly-
mer electrolytes. Meanwhile, the controlled decomposition
of NaTFSI salts led to the formation of a thin SEI layer
enriched with organic fluorine, which facilitated the rapid
transport of sodium ions and improved the interfacial stabil-
ity of the cell. All of these studies provide new directions for
the development of new high-safety and high-energy-density
battery systems.

5.3 Suppression of Gas Generation in Anode Materials

As mentioned in the discussion of cathode materials, scien-
tists are now keen to utilize surface coatings to control the
growth of dendrites, thereby reducing the potential for side
reactions between the cathode material and the electrolyte.
This approach is not only applicable to cathode materials but
also extensively researched in other areas of SIBs for perfor-
mance optimization through surface coatings. For instance,
Lu et al. investigated a simple method to stabilize sodium
metal anodes to enhance sodium battery performance [106]
(Fig. 11b). They highlighted the extreme and uncontrolla-
ble dendrite growth and gas evolution issues with sodium
metal anodes, which lead to low Coulombic efficiency and
severe safety hazards such as dangerous short circuits and
even explosions. The research team developed an effective
protective layer on the sodium metal anode through a simple
pretreatment method using DOL. The protected sodium elec-
trodes exhibited excellent electrochemical performance in
symmetric Na—Na cells. In full cells, batteries with protected
sodium electrodes demonstrated significantly improved
cycling stability compared to untreated sodium electrodes.
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The spray coating technique successfully demonstrated the
potential scalability of the protection strategy, making the
transition from coin cells to 20 cm? pouch cells feasible.
Testing conditions (such as temperature, voltage, and cur-
rent density), as well as the optimization of the synthesis
process for electrode materials and electrolytes, are crucial
for suppressing gas evolution during electrochemical opera-
tions. By optimizing the electrode materials, optimizing the
electrolyte, and accurately controlling the test conditions
such as temperature, voltage, and current density, it is pos-
sible to reduce the side reactions during battery operation
and thus reduce the gas production. The most critical of
these is the optimization of electrodes materials and elec-
trodes, and the screening and optimization of electrodes are
discussed in detail next. For instance, Chen et al. prepared
nitrogen-doped porous carbon nanofibers (CNFs) and car-
bon nanotubes (CNTs) using bimetallic organic framework
(MOF)-based composites through self-etching and graphiti-
zation methods [107]. When synthesizing nitrogen-doped
carbon materials on an industrial scale, parameters such
as yield scaling, controlled atmosphere, temperature gra-
dient, humidity control, and calcination protocols must be
precisely controlled to ensure the structural stability and
properties of the materials while reducing unnecessary gas
generation. Optimization of these parameters is critical to
achieving an efficient, economical and environmentally
friendly production process. Their optimization of electrode
materials helps suppress gas release side reactions during
electrochemical processes The synthesized nitrogen-doped
carbon nanotube paper (CHT paper) exhibited ultra-long
cycling life (over 10,000 cycles) and high rate performance,
with a reversible capacity of up to 346 mAh g ~! in SIBs.
This structural optimization helps to reduce the side reac-
tions during charging and discharging, thus reducing the gas
production. Similarly, Xu et al. emphasized that selecting the
appropriate carbonization temperature and protective atmos-
phere is key to preparing high-performance HC [31]. Under
different preparation atmospheres, the electrochemical per-
formance and specific surface area of the HC materials will
be very different, which directly affects the gas production of
the cell. The electrochemical performance of HC materials
varied significantly depending on the atmosphere in which
they were prepared, primarily due to differences in specific
surface area. In the preparation of HC materials, the selec-
tion of a suitable protective atmosphere (e.g., nitrogen or
argon) reduces the oxidation or reduction of the material
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surface and thus improves the electrochemical properties
of the material. Although these gases primarily affect the
material synthesis process, they have a significant impact
on the final properties of the material and its stability during
battery operation. Overall, although gases in the sintering
atmosphere are not generated directly from within the cell,
the properties of the electrode materials can be improved by
optimizing the synthesis temperature, thus indirectly reduc-
ing gas generation during cell operation. All of the above
optimizations contribute to the safety and cycle stability of
the battery.

6 Conclusion and Perspective

This paper provides a comprehensive and unified under-
standing of gas generation mechanisms in SIBs, encom-
passing cathode materials, anode materials, and electro-
lytes. Specifically, the gas generation in cathode materials
is primarily attributed to their instability under high-voltage
conditions. For instance, during the insertion and extraction
of sodium ions, cathode materials may undergo phase transi-
tions or decomposition processes, resulting in the release of
oxygen or other gases. Anode materials can generate gases
through side reactions with the electrolyte during charge and
discharge cycles. Moreover, electrolytes can also decompose
at high temperatures or high voltages, leading to gas produc-
tion. Additionally, components such as conductive carbon
black and residual water can also serve as sources of gas
during battery operation.

In response to the aforementioned gas generation mecha-
nisms, we have summarized several strategies for suppress-
ing gas formation. First of all, as the most important com-
ponent inside the battery, the screening, optimization, and
appropriate additives of the electrolyte are all very helpful
to inhibit gas production. Meanwhile, setting a buffer layer
between the electrode material and electrolyte can also effec-
tively reduce the direct contact between them, thus reducing
the occurrence of side reactions. Secondly, optimization and
enhancement of electrode materials, such as the develop-
ment of more stable cathode and anode materials, can sig-
nificantly minimize gas production. Additionally, designing
rational compositions for electrodes structures, along with
adjusting synthesis conditions (such as temperature and
pressure), can also aid in suppressing gas generation.

https://doi.org/10.1007/s40820-025-01697-1
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Gas detection and analysis are fundamental to address-
ing the gas generation issue in SIBs. However, currently
widely adopted equipment like DEMS has several limita-
tions, including restricted detection duration due to elec-
trolyte evaporation, deviations from real battery systems
caused by the use of large amounts of electrolyte, and inac-
curacies in the collected gas production results. Therefore,
further enhancements in DEMS equipment are necessary
and imperative. Obtaining compelling gas production results
enables more precise conclusions regarding gas generation
mechanisms. This not only facilitates the analysis of the root
causes of battery degradation but also provides accurate and
targeted strategies for suppressing gas formation. Based on
the aforementioned summary, the future evolution mecha-
nism and inhibition approaches of gas in SIBs are proposed:

SHANGHAI JIAO TONG UNIVERSITY PRESS

Optimization of the battery system. Firstly, the stability
of the electrolyte has a direct impact on the gas production
of the battery during the charging and discharging process
of SIBs. Gas production can be reduced by developing new
electrolytes. Electrolyte additives can change the gas produc-
tion behavior of SIBs during cycling, which will be an effec-
tive means to prepare high-performance, long-cycle SIBs.
Therefore, the development of new electrolytes and addi-
tives to improve the chemical stability and electrochemical
window of the electrolyte is one of the key ways to reduce
gas production. Secondly, the choice of positive and nega-
tive electrode materials also has a significant impact on the
gas production phenomenon. It is found that the best com-
mercialized laminated cathode material has higher energy
density, but also has the fatal disadvantage that it is more
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likely to lead to the generation of H, and CO,, while the pol-
yanionic cathode material shows superior electrochemical
performance. Therefore, gas production can be effectively
reduced by optimizing cathode materials, such as develop-
ing materials with more stable structures that are insensi-
tive to ambient humidity. Finally, improving the stability
of the electrode—electrolyte interface is also an important
strategy to reduce gas production. Improving the stability of
the electrode—electrolyte interface in SIBs through interfa-
cial coating modification can reduce the side reactions, thus
reducing gas production. Meanwhile, the sodium compen-
sation strategy can optimize the full-cell performance and
reduce gas production due to insufficient sodium ions. The
initial coulombic efficiency of the battery can be improved
and gas production can be reduced through the presodiuma-
tion process.

Battery environment management. Firstly, tempera-
ture management, the performance of SIBs will be affected
under wide temperature range conditions, and the change
of temperature will significantly affect the chemical reac-
tion and reaction rate within the battery, which in turn will
have an important impact on the formation of the electrode/
electrolyte interface, the safety performance of the battery,
its service life, its stability, and various types of electro-
chemical characteristics. During the assembly process, the
ambient humidity must be strictly controlled to prevent the
material from absorbing moisture, and dust-free or low-dust
conditions must be ensured to avoid the mixing of impuri-
ties. Appropriate temperature control helps maintain mate-
rial stability, while proper pressure application ensures close
contact between the electrodes and electrolyte. The applica-
tion of automation and precision assembly technology helps
to improve the consistency and reliability of the battery. In
addition, considering the operating characteristics of SIBs
at different temperatures, the battery management system
(BMS) needs to be specially designed to accommodate their
unique voltage characteristics and over-discharge tolerance.
Combining these factors, an optimized assembly environ-
ment can enhance the performance and safety of SIBs in
a wide range of temperatures to meet the future needs of
electric vehicles, energy storage, and other applications.

Introduction of other high-resolution means. Future
research should focus on developing multifunctional in situ
DEMS devices with high-precision, long-term gas detec-
tion capabilities. Such devices should possess capabilities
for extended testing durations, advanced volatile electrolyte

© The authors

condensation and replenishment systems, highly sensitive
gas detection abilities, and standardized and reproducible
gas testing protocols. In commercial battery testing, pouch-
ing phenomena typically occur after several hundred cycles,
well beyond the current capabilities of DEMS. Therefore,
there is a need for devices capable of long-term testing to
perform in situ gas generation analysis over extended cycling
processes. Some electrolytes may be carried away by vac-
uum systems or carrier gases, which can shorten battery life
and clog capillaries, thereby affecting device sensitivity.
Hence, condensation systems are required to capture vola-
tile electrolytes, thereby reducing interference with instru-
ment sensitivity and test results. Furthermore, in long-term
gas generation studies of SIBs, internal gas consumption
needs to be considered for accurate analysis. Typically, the
gas produced by DEMS batteries is limited, and quantita-
tive results from different batches are difficult to replicate,
making standardized testing protocols crucial and worthy
of promotion.

Future efforts also need to focus on developing precise
detection technologies to maximize gas information acqui-
sition and deepen understanding of gas generation mecha-
nisms. In situ DEMS can provide information on gas gen-
eration initiation points and gas content, complemented by
other techniques detecting solid and liquid reaction products
to estimate gas generation mechanisms. Various gas suppres-
sion methods are needed to address multiple sources of gas
in SIBs. Modifying and optimizing all potential gas gen-
eration components before battery assembly can implement
multiple measures while suppressing gas production. The
mechanism of gas production and the suppression method
under different working conditions are studied deeply. In-
depth studies on gas generation mechanisms and suppression
methods under normal and thermal runaway conditions can
simultaneously enhance the electrochemical performance
and safety of SIBs. Gas analysis is crucial for achieving
high safety and electrochemical performance in SIBs and
requires more attention and research in the future. Through
systematic research and optimization, important scientific
basis and technical support can be provided for the develop-
ment of efficient and safe SIBs. This not only contributes to
advancing the commercialization of SIBs but also provides
more reliable energy solutions for large-scale energy storage
and electric vehicle applications.

Artificial intelligence-enhanced [108]. Including
electrolyte optimization, cathode material design, etc.

https://doi.org/10.1007/s40820-025-01697-1
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Utilizing artificial intelligence to better and more scien-
tifically observe and study the correlation of gas generation
mechanisms within the battery. The scientifically designed
gas testing processes are also a focal point of future research,
aimed at elucidating the internal mechanisms of complex
chemical reactions. This involves studying gas generation
across the entire battery through independent investigations
of the cathode and anode, thereby analyzing crossover reac-
tions. Comprehensive discussions on gas testing correlations
should systematically study normal operating conditions and
thermal runaway scenarios to establish correlations between
the two gas generation mechanisms. By analyzing internal
correlations, more effective measures to suppress gas gen-
eration can be proposed to address gas production and bat-
tery safety issues Figs. 12 and 13.

Control of dendrite
growth & optimization
of the synthesis process

Crystal structure
modification & surface
coating

Enhance communication between academia and
industry. At present, the industry may have encountered
technical bottlenecks in the field of SIBs with serious gas
production, which can be analyzed by analyzing the data
from enterprises and then guiding the direction of aca-
demic research and so on. In order to promote the devel-
opment of SIBs technology and solve the major technical
challenges that industry may encounter in this field, it is
particularly important to strengthen communication and
cooperation between academia and industry. Currently,
the industry faces a series of technical bottlenecks in the
R&D and production of SIBs, especially the problem of
gas generation during charging and discharging, which not
only affects the performance and lifetime of the batteries,
but also poses a safety hazard. In order to overcome this

Safer & Greener

Screening electrolytes
& controlling sodium
deposition

Fig. 12 Summary of various methods of suppressing gas production inside SIBs at the present stage
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Fig. 13 Mechanisms for the production of various gases from various reaction processes within SIBs
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problem, academia and industry can do data sharing and
analysis, cooperative research projects, joint training of
talents, and other methods. In addition, it should be noted
that regular seminars and forums should be conducted and
intellectual property rights should be well protected.
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