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Revealing Lithium Battery Gas Generation for Safer 
Practical Applications
Pei Liu, Luyi Yang, Biwei Xiao, Hongbin Wang, Liewu Li, Shenghua Ye, Yongliang Li, 
Xiangzhong Ren, Xiaoping Ouyang, Jiangtao Hu,* Feng Pan,* Qianling Zhang,*  
and Jianhong Liu*

Gases generated from lithium batteries are detrimental to their electro-
chemical performances, especially under the unguarded runaway conditions, 
which tend to contribute the sudden gases accumulation (including flam-
mable gases), resulting in safety issues such as explosion and combustion. 
The comprehensive understanding of battery gas evolution mechanism under 
different conditions is extremely important, which is conducive to realizing 
a visual cognition about the complex reaction processes between electrodes 
and electrolytes, and providing effective strategies to optimize battery perfor-
mances. This review aims to summarize the recent progress about battery 
gas evolution mechanism and highlight the gas suppression strategies to 
improve battery safety. New approaches toward future gas evolution analysis 
and suppression are also proposed. It is anticipated that this review will 
inspire further developments of lithium batteries on performance, gas sup-
pression, and safety, especially in high energy density systems.
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of components contact, and the crosstalk 
between different parts as well as the gas 
consumption has a significant influence on 
the quantities and constituents of the gases 
collected,[2] making the precise analysis of 
gas sources and gas evolution mechanism 
more difficult. Side reactions between elec-
trode materials and electrolytes are the main 
contributor to gases production during 
cycling, which is highly dependent on the 
types of the anode, cathode, and electrolyte 
applied.[1c,f,3] High specific capacity electrode 
materials, such as Ni-rich layered transi-
tion metal oxides (NMC),[4] Li-rich layered 
cathodes,[5] silicon anode,[6] and Li-metal 
anode,[7] are the basis of high energy density 
lithium battery, however, their high activity 
will aggravate the interfacial reactions, 
resulting in electrochemical performance 
attenuation and more gas generation.

As to the gas production analysis, researchers have carried 
on the studies under both normal cycling and thermal runaway 
conditions (Figure  1).[1c,f,4a,8] Under normal battery operating 
conditions, electrolyte tends to be oxidized/educed on the 
surface of the highly delithiated cathode/fully lithiated anode, 
leading to gas production, especially in the formation cycles. 
Later, obvious flatulence will be noticed due to the accumulated 
gases,[9] which may lead to capacity decay, impedance increase, 
material peeling from the current collector and the connection 
damage of cathode and anode. The series of unwanted phe-
nomenon contributes to a decreased cycle performance and 
new safety risk. Furthermore, gases production will be fully 
enhanced under thermal runaway conditions, including a large 
number of flammable gases, like O2, C2H4, and C2H6et al.[1b,9b] 
Overheating is a trigger for the thermal runaway, which occurs 
from overcharging,[8b,10] overheating,[4a,11] external short cir-
cuits[12] or internal short circuits,[13] resulting in fast increase of 
battery internal temperature.[1a] When the temperature reaches 
a certain level, the formed solid electrolyte interface (SEI) layer 
and separator start to decompose and melt, producing more 
heat and gases.[1a,14] Eventually, if the internal temperature 
exceeds the thermal stability temperature of cathodes, like 
NMC cathodes,[4a,15] oxygen release will occur to provide more 
combustion-supporting agent for the subsequent combustion 
explosion of battery. Hence, the gas formation mechanism 
under different conditions should be systematically summa-
rized, which is conducive to fundamentally illustrating the  

1. Introduction

Gas production from lithium secondary batteries received more 
and more attention in the recent years, especially in the struggle 
of developing high energy density batteries, which increases the 
gas evolution possibility and leads to insecurity.[1] The gases col-
lected in battery origins from the complex reactions of all kinds 
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battery decay process and providing effective theoretical guid-
ance for gas generation inhibition and performance optimiza-
tion, and thus enhancing the development of lithium batteries 
with high safety.

In order to guide battery material design to enable high 
energy density and high safety lithium batteries, we reviewed 
here the gas evolution mechanism of the widely applied cath-
odes, anodes and electrolytes under both normal test environ-
ment and thermal runaway circumstance. The corresponding 
gas production processes were analyzed and summarized sys-
tematically, which is closely related to the attenuation processes 
of the adopted battery materials. Moreover, the gas suppression 
strategies were also collected and discussed, giving a compre-
hensive understanding for gas inhibition. Accordingly, paths 
for more precise gas generation analysis and measurements 
for effective gas suppression were proposed in the last section. 
This review is expected to introduce a comprehensive and clear 
approach to reduce gas production to enable further develop-
ment of safer lithium batteries.

2. Gas Evolution from Cathodes

Cathode material is a contributor to battery capacity but a 
short board as well, which determines the energy density of 
the lithium battery, thus high specific capacity cathodes have 
been studied competitively.[4b] Gas generation from the cathode 
side is an important source of battery gases, especially under 
thermal runaway condition, where the gases generation will 
be ongoing and more gases from other components will be 
introduced into battery, bringing about serious safety risks. 
High specific capacity cathodes will enhance the above negative 
effects. Hence, the gas evolution mechanism from cathode side 
needs to be clarified and summarized in detail for safer opera-
tion, which will be shown in the following four parts.

2.1. Residue Impurities

Surface contaminants of cathode materials are an important 
gas source, like lithium carbonate (Li2CO3) on the surface of 
NMC cathode[16] or Li-rich Mn-based layered cathodes.[17] It 

is usually formed on the electrode surface during material 
preparation and storage, and has a detrimental effect on the 
stability of lithium batteries.[18] The decomposition process of 
Li2CO3during battery operation has been widely studied and 
discussed. Nika et  al. prepared carbon black/Li2CO3/PTFE 
electrode to study the decomposition products of Li2CO3, and 
found that it tends to decompose into CO2 based on the decom-
position reaction of 2Li2CO3→4Li+ + 4e− + 2CO2 + 1O2 at a rela-
tive low voltage of 3.8 V (Figure 2a).[19] Moreover, they proved 
that Li2CO3 decomposition will produce highly reactive singlet 
oxygen (1O2), which is extremely destructive to the applied elec-
trolyte. To figure out the CO2 source in the real battery, Toru 
et al.[20] labeled Li2CO3 with 13C on the surface of NMC cathode, 
and found that Li2CO3 decomposition contributes to the CO2 
generation in the first cycle. Meanwhile, the electrolyte decom-
position to generate CO2 happens in the whole cycle and occu-
pies a large proportion of the CO2observed (Figure 2b). LiOH 
is also an important lithium compound on the cathode surface, 
which was compared with Li2CO3 on the gas evolution content. 
Lithium compounds, including Li2CO3 and LiOH-H2O, were 
immersed into the electrolyte, which were then kept at 85  °C 
to monitor the gas generation behavior. The results show the 
chain-structured carbonates, like Ethyl methyl carbonate(EMC) 
and dimethyl carbonate (DMC), produced more gases than the 
cyclic-structured solvent (ethylene carbonate, EC), which is in 
contrast to the conventional expectation that the cyclic-struc-
tured solvent is less stable and would decompose through a 
ring-opening reaction.[21] In short, residue lithium salts on elec-
trode materials are recommended to be cleaned before assem-
bled into the battery, which tends to be decomposed at high 
voltage state no matter in which kinds of cathodes.

2.2. Interfacial Chemical Reaction between Cathode and Electrolyte

Chemical reaction between cathode and electrolyte is the main 
contributor to the gases generated inside the battery, which 
tends to occur at higher voltages but not to the point of elec-
trolyte electrochemical decomposition. Chemical oxidation 
of electrolyte is dependent on the release of reactive species, 
for instance, NMC releases highly reactive singlet oxygen at 
high voltage, which would violently react with electrolyte and  
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Figure 1.  Gas evolution processes under different conditions and the corresponding affection on battery performance and safety.
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produce gases (like CO2, CO).[3a] The singlet oxygen production 
phenomenon was proved by the comparison of NMC cathodes 
and Li-rich layered cathodes (LNMO), and found that it tends to 
occur at ≈80% state-of-charge (Figure 3a). Unavoidably, singlet 
oxygen formation imposes the challenge to develop high energy 
density lithium batteries based on layered oxide cathodes. The 
reaction mechanism between singlet oxygen and EC was pro-
posed by Jung et  al. as shown in Figure  3b,[22] and the corre-
sponding reaction equation can be described as 21O2 + EC → 
2CO2  + CO + H2O.[2b,16d,23] When NMC cathodes are charged 
beyond 4.5 V, like 4.7 V or higher, oxygen evolution will happen 
from the surface of the applied materials, which can be attrib-
uted to the recombination result of singlet oxygen escaped from 
the NMC lattice.[1c] Lithium rich compounds (LNMO) present 
higher specific capacity than the typical transition metal layered 
oxides, like NMC811, and are regarded as a promising solution 
toward the high-energy density lithium battery bottleneck.[5a] 
However, this material suffers from serious O-loss at the par-
ticle surface for the oxidation reaction of O2− during charge 
process.[24] The O-loss process was extensively studied, and 
proved that all the charge capacity originating from Li2MnO3 
will lead to O-loss.[25] Hieu et al.[26] did a comprehensive study 
on the structural variation of Li1.16Ni0.19Fe0.18Mn0.46O2 (LNFM), 
as illustrated in Figure 3c. At the beginning of charge process, 
Ni2+ and Fe3+ were oxidized to Ni4+ and Fe4+ at 4.08 V, then CO2 
started to produce owing to the electrochemical decomposi-
tion of Li2CO3 impurity before 4.2 V. When charged to 4.55 V, 
the lattice oxygens are oxidized to a higher valence (superoxide 
radicals) and react with electrolyte to produce CO2. From 4.55 
to 4.8  V, the O2 and CO2 evolution rates are increased, which 

correlate with the lattice oxygen release in Li2MnO3 and the 
chemical reactions between the applied carbonate solvents and 
reactive oxygen species, respectively. The two kinds of gases 
both reach to their maximum contents at the end of the first 
charge to 4.8  V. However, Shen et  al.[27] presented a different 
gas evolution mechanism, and attributed the CO2 generation at 
different voltages to the strong oxidizing ability of high valence 
nickel ions. In general, gas evolution from the cathode side 
originates from the interfacial chemical reaction that is induced 
by the high reactive substances of cathode surface. Normally, 
the high reactive oxygen and high valence transition metal ions 
are regarded as the two contributors, but the detailed reaction 
processes are not well proved and clarified. Hence, high spa-
tial and temporal resolution techniques are needed for better 
understanding of the gas evolution mechanism.

2.3. Thermal Runaway Condition

Thermal runaway happens at the conditions of uncontrolled 
exothermic reactions, including overcharging, high temperature 
exposure and short circuits.[1b,1e] When the working tempera-
ture increases higher than 80  °C, more exothermic chemical 
reactions will follow up to further heat up the battery, leading 
to an undesirable feedback cycle and safety issues.[14,28] Hence, 
it’s significant to study the thermal runaway mechanisms for 
more efficient electrode material design and safer battery opera-
tion. For battery, cathode seems to be one of the most sensitive 
part to the temperature variation, such as NMC cathode, which 
tends to decompose to gases and release a lot of heat, resulting 
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Figure 2.  a) Gas evolution from carbon black/Li2CO3/PTFE electrodes with a scan rate of 0.14 mV s−1 in 0.1 MLiTFSI in tetraethylene glycol dimethyl 
ether. Reproduced with permission.[19] Copyright 2018, John Wiley & Sons. b) Voltage profile of the prepared cell and the corresponding gas evolution 
rates, including CO2, CO, and O2. Reproduced with permission.[20] Copyright 2018, American Chemical Society.
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in battery expansion and heat accumulation.[1e,4a,15a,29] Seong-
Min et  al.[29] studied the thermal decomposition processes of 
the overcharged layered cathodes by the combination of time-
resolved synchrotron X-ray diffraction and mass spectroscopy. 
The structural changes of the cathode are correlated with the 
evolution of the captured gas, as illustrated in Figure 4a. It is 
clear that the evolution of O2 and CO2 from the delithiated LixN
i0.8Co0.15Al0.05O2 can be attributed to the phase transitions from 
layered structure to the disordered spinel structure and finally 
to the rock-salt structure. In particular, they noticed that the 
degree of the charge state affects both the phase transition tem-
perature and the oxygen release temperature significantly. For 
better understanding the thermal stability of NMC cathodes, 
Seong-Min and co-authors[15a] systematically investigated the 
structural variation and gas production of NMC433, NMC532, 
NMC622, and NMC811, and found that NMC532 composition 
presents an optimal performance (Figure 4b). By comparing the 
above four materials, it’s noticed that Ni is the least stable ele-
ment and experiences the fastest reduction from Ni4+ to Ni2+ 
during the thermal decomposition, hence it can be concluded 
that the Ni4+ content after charge governs the thermal stability 
of NMC cathodes. In contrast, Mn and Co plays an important 
role in improving and maintaining the thermal stability of 
materials, respectively. Moreover, the phase stability map of the 
charged NMC with different Ni content is obtained and pre-
sented in Figure 4c, which directly expresses the structural sta-
bility of NMC at different charge states.[15a] M. Guilmard et al.[30] 
investigated the thermal degradation mechanism of LixNi1.02O2 

and LixNi0.89Al0.16O2, and proved that the two materials own the 
same degradation mechanism, which mainly consists of two 
steps: layered structure to pseudo-spinel transformation and the 
progressive transformation to NiO-type structure accompanied 
with O-loss. Moreover, the thermal stabilization is enhanced by 
the Al substitution for Ni (Figure 4d), which can be explained 
by the stability of the Al3+ ions in tetrahedral sites disrupting 
the cationic migrations. Accordingly, suppressing the surface 
phase variation of cathodes is an important way to improve the 
thermal stabilization and safety of battery. Methods including 
locking lattice oxygen and fixing transition metals, are recom-
mended, and the corresponding routes will be presented in the 
following sections.

2.4. Influence of Other Components of Electrode

The regulation of electrode drying process and material storage 
environment is very important for improving the electrochem-
ical performance by eliminating the residue water. The residue 
water within electrode will diffuse into electrolyte, which not 
only destroys the electrolyte environment, but also contributes 
to more H2 generation by its reduction reaction at the anode 
side. It will be further illustrated in the next section. Carbon 
black is an indispensable part of the electrode, which can also 
contribute to the gas evolution, especially under the high voltage 
conditions.[16d,31] For instance, Michael et  al.[32] analyzed the  
corrosion of conductive carbon (Super C65) and PVDF binder at 
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Figure 3.  a) Gas evolution comparison of NCM811, NCM111, over lithiated NCM (HE-NCM) and LNMO tested in 1 m LiPF6 in EC/EMC (3:7 by volume). 
Reproduced with permission.[3a] Copyright 2018, Elsevier. b) Schematic illustration of the possible electrochemical and chemical electrolyte oxidation paths. 
Reproduced with permission.[22] Copyright 2017, Elsevier. c) Proposed mechanism of the reaction processes of Li-rich and Mn-rich layered oxide cathode 
when charged to 4.8 V, including structure evolution, gas production and interfacial reaction. Reproduced with permission.[26] Copyright 2022, Elsevier.
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high cutoff voltage by using a fully isotope labeled EC-based elec-
trolyte (referred as 13C3EC), which is an essential component in 
the commercial electrolytes. They found that conductive carbon 
produced lots of gases in the presence of trace water or/and 
functioned in high temperatures (Figure  5a,b). Carbon coating 
strategy is widely applied for cathode materials with low intrinsic 
electrical conductivity to improve their electrochemical perfor-
mance, like olivine structure LiMPO4 (M equals to 3d-transition 
metal). However, the carbon coating layer may experience anodic 
oxidation at high voltage and produce gases in the presence of 
water. Michael et  al.[33] systematically studied the affection of 
working voltage and water content on the gas production from 
LiFePO4 based batteries, and the corresponding carbon coating 
layer was isotopically labeled 13C. They found that the oxidation 
of carbon coating layer happens when the potential is higher 
than 4.75 V in the water-free electrolyte, or 4.5 V in the electro-
lyte with 4000 ppm water, and the gas content in the water-con-
tained electrolyte is larger than that in the water-free electrolyte. 
(Figure  5c) Moreover, Michael et  al.[34] compared the oxidation 
stability of conductive carbon in organic electrolytes coupled 

with different lithium salts, including LiClO4, LiPF6, and LiTFSI 
under various temperatures between 25 and 60 °C. By analyzing 
the CO/CO2 data, they captured the decomposition of conduc-
tive carbon at high voltage and noticed that the molar oxidation 
rates at different electrolytes are different, which elucidates the 
importance of lithium salts on gas generation at high voltage and 
provides guidance to the design principles for novel electrolytes. 
For practical research of battery applications, a dry experimental 
circumstance is necessary, and the functions of voltages and elec-
trolyte salts should be well controlled to exclude the gas interfer-
ence generated from the conductive carbon, which is significant 
to get the gas evolution mechanism accurately.

3. Gas Evolution from Anodes

Anode is coupled with cathode to run a battery, which experi-
ences low potential environment and its surrounding substances 
are easy to be reduced, including the formed solid electrolyte 
interphase (SEI), contaminants, electrolyte, et  al. Based on the 

Adv. Funct. Mater. 2022, 32, 2208586

Figure 4.  a) The structure variation and gas evolution results of Li0.1Ni0.8Co0.15Al0.05O2 during heating to 500 °C. Reproduced with permission.[29] Copyright 
2013, American Chemical Society. b) Mass spectroscopy profiles of oxygen obtained during the heating process to 600 °C, and the lower panel shows the cor-
responding phase transitions of the NMC samples during heating. Reproduced with permission.[15a] Copyright 2014, American Chemical Society. c) The phase 
stability of the charged NMC cathodes during heating. Reproduced with permission.[15a] Copyright 2014, American Chemical Society. d) Evolution of the c/a ratio 
changed with the increasing of temperature of LixNi1.02O2 and LixNi0.89Al0.16O2. Reproduced with permission.[30] Copyright 2003, American Chemical Society.
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previous literatures, the gas evolution mechanism from anode 
side is reviewed and demonstrated by the following four aspects.

3.1. Electrolyte Reduction

The widely applied negative electrode in lithium batteries is 
graphite due to its stable structure with high theoretical capacity 
(372  mAh  g−1) and low working voltage as well as limited 

interfacial reaction. In practical applications, there are many 
gases generated from the graphite surface owing to the electro-
lyte reduction companied with the formation of SEI. One of the 
most dominated gas is ethylene (C2H4), which can be attributed 
to the electrolyte reduction under the voltage of 0.8 V,[2b,35] and 
the corresponding decomposition processes can be illustrated 
as 2EC + 2Li+ + 2e− → C2H4 + (CH2OCO2Li)2 and EC + 2Li+ + 
2e− → C2H4 + Li2CO3.[36] Rebecca et al. studied the C2H4 gen-
eration mechanism by comparing the gas evolution results in 

Adv. Funct. Mater. 2022, 32, 2208586

Figure 5.  a) Voltage-dependent CO2, CO, and O2 evolution during the oxidation of a Super C65/PVDF electrode in H2O-free and 4000 ppm H2O-
containingelectrolytes when charged to 5.5 V at 0.2 mV s−1. Reproduced with permission.[32] Copyright 2015, Elsevier. b) The affection of temperature on 
CO2and CO production ofa Super C65/PVDF electrode when charged to 5.5 V at 0.2 mV s−1. Reproduced with permission.[32] Copyright 2015, Elsevier. 
c) The oxidation results of coating carbon in the presence of different contents of water in the applied organic electrolyte, the corresponding working 
electrode and counter electrode are LiFePO4@C and Li-metal, which was charged to 5.3 V at 0.05 mV s−1. Reproduced with permission.[32] Copyright 
2015, Elsevier. d) CO2 production on the surface of LTO without and with SEI layer (upper plane). Gaseous H2, CO2 and CO are produced from LTO 
surface without and with SEI layer coupled with NMC cathode. Reproduced with permission.[38] Copyright 2015, Springer Nature. e) Gas evolution 
content of LTO and rutile TiO2 under different conditions. Reproduced with permission.[38] Copyright 2015, Springer Nature. f) Proposed gas generation 
reactions in the gassing LTO electrode. Reproduced with permission.[38] Copyright 2015, Springer Nature.
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H2O-free and 4000  ppm water organic solutions, and proved 
that the formation of C2H4 is from the water free electrolyte 
by the reduction of EC.[35] CO is another product from the EC 
reduction, and the detailed decomposition pathway was proved 
to be a two-electron reaction as EC + 2Li+ + 2e− → (CH2OLi)2 + 
CO.[37] More detailed information will be illustrated in the elec-
trolyte decomposition section.

The interfacial reaction between lithium titanate (LTO) anode 
and the electrolyte results in more gases compared to graphite 
anode owing to its un-protected surface with high activity. In 
LTO system, the redox potential is 1.55 V versus Li/Li+, which 
is higher than that in graphite-based batteries, and the gas 
production content is supposed to be less due to missing the 
low voltage stage. However, the interfacial parasitic reaction 
between LTO and electrolyte tends to happen in the whole 
electrochemical process owing to the naked surface, which 
leads to a constant gas production and electrochemical per-
formance attenuation. He et al.[38] did a comprehensive study 
on the gas evolution of LTO-based batteries and found that the 
generated gases mainly contain H2, CO2 and CO, which are 
initiated by the decarbonylation, decarboxylation, and dehy-
drogenation reactions of solvents on the outermost LTO (111) 
plane (Figure 5d,e).At the end of the gas production, the reac-
tion basal of (111) plane transforms to (222) plane, and the Li+ 
and O2− ions are removed from the surface of (111) plane by the 
interfacial reactions. The main reaction mechanism is shown 
in Figure 5f that CO2 is generated by the decarboxylation reac-
tion of organic solvents, the alkoxy groups in alkyl carbonates 
dehydrogenate to H2 under the catalytic action of LTO, and the 
intermediate of solvent dehydrogenation can also accept elec-
tron and Li+ for decarbonylation to form CO. Moreover, in this 
system, CO2 can also be reduced to CO. Gas analysis shows that 
H2was produced together with other gases, most of which was 
attributed to the side reaction of electrolyte and contaminant on 
LTO surface catalyzed by TiO bond in LTO.[39]

3.2. SEI Decomposition

SEI is a perfect protection layer on the surface of the anodes, 
like graphite and silicon, which initially forms during the first 
formation cycle and owns the ability to suppress the interfacial 
parasitic reactions with the electrolytes. Normally, SEI layer 
is stable on the surface of anodes, however, it may encounter 
morphology break by the wild volume variation or decompo-
sition reaction under thermal runaway condition. The broken 
SEI layer contributes to more interfacial reaction and results in 
more gases, which tends to occur in the whole electrochemical 
process, especially when there is a large volume change during 
lithiation and delithiation, such as silicon. At high tempera-
ture, SEI layer decomposition can be observed and accompa-
nies with some exothermic reactions,[40] which not only leads 
to the capacity decay, power attenuation and gas evolution,[41] 
but also increases the possibility of thermal runaway and exac-
erbates the safety risk. Li2CO3 has been observed to be a major 
constituent of the SEI formed on graphite electrode,[36a] which 
may experience decomposition to generate CO2under the con-
dition of high temperature. There are numerous articles about 
the thermal behavior of SEI,[42] and it has been reported that 

the exothermic decomposition of SEI at about 100—150 °C can 
lead to the thermal runaway of lithium ion batteries.[43]Taeho 
et  al.[44] studied the SEI thermal decomposition process on 
silicon electrode by monitoring the disintegration of lithium 
ethylene dicarbonate (LEDC), because they have very similar 
thermal decomposition processes. The thermal decomposition 
process of model SEI (LEDC) has three stages, where LEDC 
decomposes into CO2 and C2H4, leaving lithium propionic acid 
(CH3CH2CO2Li) and Li2CO3 as solid residues when the temper-
ature increases from 50 to 300 °C. In the heating process from 
300 to 600  °C, CH3CH2CO2Li decomposes into pentanone, 
leaving Li2CO3 as a residual solid. Finally, Li2CO3 breaks down 
beyond 600 °C and evolves into CO2, leaving lithium oxide as 
a residual solid (Figure  6a). The thermal behaviors of lithi-
ated graphite were studied in 1  mLiPF6-EC/DMC electrolyte, 
wherein CO2 evolution was observed owing to the partial 
destruction of the formed SEI consistence with the small exo-
thermic peak around 140 °C.[45] The broken SEI results ina large 
exothermic peak above 280 °C caused by the drastic side reac-
tion between the lithiated graphite and the electrolyte applied, 
which promotes the formation of C2H4O. Liu et al.[8a] studied 
SEI decomposition, lithium leaching and gas evolution of the 
lithiated graphite under the high temperature circumstance, 
and emphasized the importance of robust SEI and coating layer 
construction. Under normal operation, the electrochemical 
reduction process is the main contributor to the gas produc-
tion. In contrast, at high temperature, the plated or the leaching 
metal lithium on the anode surface will react with SEI compo-
nents and PVDF binder to produce gases. Hence, to minimize 
the possibility of electrolyte reduction, an excellent barrier is 
needed between electrolyte and anode, which can be a dense 
coating layer or a robust SEI layer. Moreover, further efforts on 
tuning lithium nucleation process on the anode surface are also 
suggested for reducing safety risks caused by metal Li.

3.3. Contaminants Reduction

Contaminants in the electrolyte or/and anode electrode, con-
tribute to more gases driving from the reduction process on 
the anode surface. H2O is one of the most important contami-
nants within the cell, which is generated mainly by the insuf-
ficient drying or the parasitic reaction. Bernhard et al.[17b] used 
differential electrochemical mass spectrometry (DEMS) to 
clarify the decomposition process of H2O, which was proposed 
to be a single electron process as H2O + e−  → OH−  + 0.5H2. 
Wu et  al.[46] believes that moisture is the main cause of bat-
tery flatulence. They prepared electrolytes with different water 
contents to simulate the effect of water on the gas produc-
tion in LTO||Li(Ni1/3CO1/3Mn1/3)O2 flexible battery. The results 
show that the expansion rate increases with the increase of the 
injected water. During the initial formation cycle, the water in 
the graphite electrode decomposes to H2near the potential of 
1.2  V, and the water absorbed in the LTO electrode still exists 
after formation, mainly because the working potential of LTO 
is higher than 1.3 V versus Li/Li+. However, the residual water 
will react with PF6

− in the electrolyte to form POF3,[47] which is 
believed to catalyze the decomposition of carbonate and then 
produce CO2. Moreover, the existence of water inside the battery 
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will accelerate the occurrence of H2generation, and promote 
the subsequent formation of hydrogen, such as the decomposi-
tion of propylene carbonate (PC) (Figure 6b)[48] To figure out the 
origin of H2 (from the decomposition of H2O or organic electro-
lytes), Fell et al.[49] added different contents of heavy water (D2O) 
into the electrolyte and electrode. They found that in addition to 
D2, there were H2 and DH components in the collected gases. 
The more heavy water (D2O) content was, the more H2 and DH 
(H-D products) were produced. D element in DH comes from 
D2O, while H element comes from ester solvent, which indi-
cates that OD− generated by decomposition of residual water in 
the battery will participate in the subsequent reaction of ester 
to generate DH. In the same year, He et al.[50] certificated that 
H2 was mainly derived from water decomposition that occurred 
in the early cycles. Rebecca et al.[51] used electrolytes with dif-
ferent water contents (20 ppm, 4000 ppm, and 4%) to analyze 
the gases in LTO-based batteries, including LTO||LiFePO4 and 
LTO||Li cells. When the water content is 20  ppm, the volume 

of gases generated from the LTO is very low. However, with the 
condition of 4000 ppm and 4% H2O, the water reduction on the 
surface of LTO is enhanced and produces lots of H2 and OH−.
The formed hydroxide ions facilitate the EC decomposition as 
shown in equation of OH− + EC → C2H5O2

− + CO2.[17b,52] More-
over, the hydrolysis reaction between H2O and EC was also 
detected by Michael and his colleagues, that the reaction of EC 
with trace amounts of water was strongly accelerated, especially 
at 60 °C, resulting from the enhanced oxidation effect of con-
ductive carbon and electrolyte.[32] The corresponding hydrolysis 
reaction can be demonstrated as H2O + EC → (CH2)2(OH)2 + 
CO2. According to the above analysis, it’s well known that H2O 
and OH− drive EC hydrolysis to produce many unexpected sub-
stances, including gases. However, it is not clear how the exist-
ence of OH− affects the decomposition efficiency of EC by H2O. 
Michael and co-authors studied the CO2 evolution rate of EC in 
the absence and presence of catalytically active OH− at various 
temperatures (10–80  °C) and water concentrations (<20  ppm, 

Adv. Funct. Mater. 2022, 32, 2208586

Figure 6.  a) The thermal decomposition mechanism of LEDC and illustration of SEI composition change during cycling on the surface of Si electrode. 
Reproduced with permission.[44] Copyright 2017, American Chemical Society. b) Gas generation in LTO|1 mLiBF4 in PC|AC hybrid supercapacitor cells at 
different voltages. Reproduced with permission.[47] Copyright 2019, Elsevier. c) The possible EC hydrolysis routes driven by H2O and OH−. Reproduced 
with permission.[52] Copyright 2013, Elsevier. d) Arrhenius plot of EC-normalized CO2 evolution rates by the decomposition of EC at different concentra-
tions of H2O and OH−. Reproduced with permission.[52] Copyright 2013, Elsevier. e) The activation energy of EC hydrolysis by the catalytic of H2O and 
OH− at different water concentrations. Reproduced with permission.[52] Copyright 2013, Elsevier.
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200, 1000, and 5000 ppm H2O), and proved that OH− is a much 
stronger nucleophile than H2O and contributes more gas pro-
duction (Figure 6c–e).[52] It’s clear that H2O, as the main com-
ponent of commercial electrolyte, has an unfriendly influence 
on EC, which promotes EC decomposition to generate gas. 
Moreover, the H+ and OH− products are also not welcome in 
the organic electrolytes. Accordingly, the H2O-free electrolyte is 
highly required, and the EC-free electrolyte should be recom-
mended in the future lithium batteries.

3.4. Cross-Talk Reactions

The gases detected from lithium batteries are usually compre-
hensive results, and only parts of them are produced from the 
cathode side or the anode side as illustrated in the above sec-
tion. Hence, the interaction effect between the two electrodes 
should also be considered, where the products (like evolved 
gases, decomposition products et  al.) from one electrode can 
be absorbed or consumed at the other to generate more sub-
stances. In principle, the evolved gaseous products and oxidized 
substances can scatter on the surface of positive electrode and/
or dissolve in the electrolyte, which, however, can also reach to 
the negative electrode and be reduced there.[53] H2 evolution 
has been seen to be an important cross-talk reaction.[1c,2b,54] 
For instance, Michael et  al.[2b] found that Graphite||NMC cell 
without any buffer layer between cathode and anode shows 
enhanced H2 generation, and they proposed that there is a 
substance named as protic electrolyte oxidation species (R-H+), 
which diffuses from the cathode to the anode to be reduced for 
an increase of H2 production. This hypothesis was successfully 
proved by adding methanesulfonic acid in the electrolyte as a 
chemical source of protons, which were quantitatively reduced 
to H2. Moreover, the authors introduced an Al-sealed diffusion 
barrier between anode and cathode to stop the R-H+ diffusion, 
as expected, this design essentially eliminates that the genera-
tion of H2was caused by the high cathode potentials.

Carbon dioxide consumption is one of the most significant 
consumption reactions in lithium batteries. When the tested 
batteries coupled with lithium metal anode, the produced 
CO2 tends to react with lithium metal to form carbon deposits 
coating on the anode surface.[55] Graphite anode can be regarded 
as a sink for CO2 produced from the cathode side,[2a,f ] which is 
easily consumed to form lithium oxalate.[56] This“conversation” 
between the two electrodes has been proposed to create a 
“shuttle” that could harm battery performance.[2e] To figure out 
the relationship of gas evolution and subsequent consump-
tion, Ellis et  al. carried out a comprehensive study by using 
Archimedes’ principle and gas chromatography, and found 
that except the aforementioned CO2 and saturated hydrocar-
bons, all the evolved gases are subsequently consumed at the 
anode side and reduced to form the SEI layer (Figure 7a).[56] In 
addition, the cross-talk reaction also relates to the soluble prod-
ucts. For example, the cathodes containing transition metals 
may experience the dissolution (especially Mn2+), resulting in 
their deposition on the surface of the formed SEI, which could 
damage the graphite SEI surface and induce enhanced electro-
lyte reduction and more gases. Michalak et al.[57] compared the 
gas generation content in graphite||LiNi0.5Mn1.5O4 with that in 

LTO||LiNi0.5Mn1.5O4 cells, and found that LiNi0.5Mn1.5O4 elec-
trode produced more gases when coupled with graphite anode 
than LTO electrode (Figure  7b,c), which can be explained by 
the unstable SEI interface induced by the deposited transition 
metals. The above-mentioned cross-talk reactions have been 
detected and reported already, and it’s reasonable to infer that 
there are more cross-talk reactions that have gone undetected. 
Hence, more in situ and high-resolution techniques are needed 
to visualize the whole reaction processes of electrodes in real-
time in battery.

4. Electrolyte Decomposition for Gas Evolution

Electrolyte has been described as the “blood” of lithium bat-
teries, which is not only responsible for the ion transfer 
between cathode and anode, but also inhibits the parasitic reac-
tion at the electrode/electrolyte interface by building a protec-
tive layer to enable high performance for lithium batteries.[58] 
However, the electrolytes widely applied now have two sides, 
which are judged to be responsible for the battery safety issue 
owing to their flammability and gas production, especially 
under unguarded thermal runaway conditions. It is well known 
gas production mainly originates from the decomposition of 
solvents and the corresponding reaction products such as SEI, 
hence a detailed conclusion about the gas evolution mechanism 
from electrolytes would be of great significance. The contribu-
tion of all kinds of electrolytes for high energy density lithium 
batteries, including organic liquid electrolytes, solid-state elec-
trolytes, and polymer electrolytes et al., are reviewed as follows.

4.1. Conventional Organic Liquid Electrolyte

Solvent, salt and additive are the three components of the tra-
ditional liquid electrolyte, and the corresponding combination 
form is closely related to the gas categories and gas content. 
Ester solvents mainly include circular carbonates (e.g., EC, 
PC) and chain carbonates (e.g., EMC, DMC). EC is the most 
important gas contributor and certainly has received extensive 
studies. Generally, there are three pathways causing EC decom-
position and producing gases, including cathode/EC interface 
reaction, anode/EC interface reaction and impurity affection. 
At a high charge state of cathode, EC would be oxidized and 
present as ring opening reaction accompanied with CO2 and 
CO evolution.[1c,2b,3a] The detailed decomposition reaction of 
EC ring opening was proposed by Hubert and co-authors,[2b] as 
shown in Figure  7d, which is a chemical reaction pushed by 
the released strong oxidizer from cathode materials (e.g., sin-
glet oxygen) and their high active surface. Normally, the sol-
vents applied in electrolyte are stable under 5 V, so the collected 
gases should not be from the simple electrochemical decom-
position of EC.[1c,3a] At anode side, EC would be electrochemi-
cally reduced by receiving electrons under certain potentials, 
and the corresponding by-products include lithium ethylene 
dicarbonate (LEDC), C2H4, and CO et  al.[59] CO2 and H2 were 
also observed.[2b,59] As to CO2, it was regarded as the reaction 
product between EC and POF3,[50,60] however, the generated 
CO2 experienced continuous consumption at low potentials[2e,59] 
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that should be considered during gas content quantification. H2 
production was systematically studied by Hubert,[2b] and con-
cluded that H2O contamination and protic electrolyte oxidation 
species (R-H+) from the cathode are the main contributors to 
the H2 evolution at anode side. Water and hydroxide promote 
EC hydrolysis was studied by Hubert and co-authors, demon-
strating that OH−-driven EC hydrolysis happens at room tem-
perature and H2O-driven EC decomposition is only relevant at 
elevated temperature (≥40  °C) (Figure  6c).[52] Other solvents, 
like EMC, PC and DMC, also contributed to the gas evolution 
during electrochemical process, that EMC contributes to CO 
production,[61] and in PC-based electrolytes,[62] CO2, CO and 
C3H8/C3H6 are the characteristic gases. As to DMC solvent, 
it promotes the generation of CH4.[62] In short, the molecular 
structural formula of the applied solvents in electrolytes and 

the corresponding bonding energy are important references to 
understand the gases generation behavior of batteries.

Salt selection also has great influence on the gas genera-
tion, as illustrated by Michael and co-authors[63] that lithium 
tetrafluoroborate (LiBF4) presents excellent electrolyte sta-
bility at high temperature (50  °C) and high voltage (5  V) 
at cathode side, as compared to LiClO4, LiPF6 and lithium 
bis(trifluoromethane)-sulfonimide (LiTFSI). However, LiPF6 
and LiTFSI show pronounced advantage on the gas suppres-
sion of conductive carbon under the above extreme conditions. 
LiClO4 seems to be the worst choice that amounts of gases were 
generated from both carbon and electrolyte over all tempera-
ture ranges, especially at high temperature. Oxygen containing 
gas POF3 is noticed in case of the LiPF6-based electrolyte  
solutions, and its generation process is believed to obey this 

Adv. Funct. Mater. 2022, 32, 2208586

Figure 7.  a) Variation of gas content of the 4.5 V charged fresh cells at different storage time. Reproduced with permission.[56] Copyright 2017, Elec-
trochemical Society. b) Voltage and gas volume profiles of LTO||LiNi0.5Mn1.5O4 cell. Reproduced with permission.[57] Copyright 2015, Springer Nature.  
c) Voltage and gas volume profiles of graphite||LiNi0.5Mn1.5O4 cell. Reproduced with permission.[57] Copyright 2015, Springer Nature. d) Proposed 
mechanism of EC decomposition and its contribution to the CO2, CO and H2 evolution. Reproduced with permission.[2b] Copyright 2016, Electro-
chemical Society. e) Schematic description of the interface formation processes, the VC and VEC decomposition were also included. Reproduced with 
permission.[61] Copyright 2017, Electrochemical Society.
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equation (PF5 + H2O → POF3 + 2HF), nevertheless, PF5 may 
originate from different sources, including LiPF6  ↔ LiF + 
PF5

[64] and EC + H2O → C2H6O2 + CO2 / C2H6O2 → C2H4O2 + 
2H+ / PF6

− + H+ → PF5 + HF,[63] respectively. Hence, moisture 
elimination in the battery is quite significant to suppress the 
production of POF3. Lithium Bis(oxalato)borate (LiBOB) has 
attracted much attention due to its special properties, which 
can promote the SEI formation on both anodes and cath-
odes.[65] However, LiBOB experiences a decomposition process 
at overcharge state and produces CO2 under the reaction with 
high active oxygen released from cathode material. The accu-
mulated CO2 increases the battery internal pressure in a short 
time, which can break the “safety vent” and is regarded as a 
security assurance.[66] Vanchiappan and co-authors[67] present 
an overview on the properties of different kinds of lithium salts 
used in lithium batteries, which is an important reference for 
recognition and future selection of lithium salts.

Normally, electrolyte additives are selected to suppress gas 
evolution, which will be discussed in the following sections. 
However, they also contribute to more gas production during 
the electrochemical process. For instance, vinylene carbonate 
(VC) and vinyl ethylene carbonate (VEC) were noticed to evolve 
CO2 and C4H6, respectively (Figure  7e).[61] In 2014, Dahn’s 
group[68] studied the influence of electrolyte additives on battery 
gas evolution by monitoring the volume of the pouch cell using 
Archimedes’ Principe, presenting that the combination of 2% 
VC and 2% Prop-1-ene 1,3-sultone (PES) successfully sup-
pressed the gas evolution in graphite||NMC333 full cells. How-
ever, some additives, like Tris(trimethylsilyl) phosphite (TTSPi), 
contributed amounts of gas production. Hence, the selection of 
electrolyte additive is not arbitrary with monotonous regularity, 
but a choice based on the actual situation, where the cathode, 
anode, electrolyte solvent and salt applied are all needed to be 
considered for the best selection.

4.2. Solid (Semi-Solid) State Electrolyte

Solid-state electrolyte (SSE) is conducive to gas suppression 
which would be illustrated in the following section. However, 
solid-state electrolyte also faces the possibility of being disin-
tegrated and produces gases.[16a,b,69] Torsten and co-authors[16a] 
studied the gas evolution of SSE batteries based on Ni-rich lay-
ered cathode (NCM622), and captured SO2 gas besides the tra-
ditional CO2 and O2 gases (Figure  8a,b). The produced gases 
were attributed to the decomposition of lithium thiophosphate-
based SSE (β-Li3PS4) under the chemical reaction with high-
active oxygen generated from the cathode. The evolution of 
SO2 gas is highly depended on the electrolyte type[16a] and the 
adopted anodes.[16b] As shown in Figure  8b, SO2 generation 
happens in β-Li3PS4 based cells but not in Li6PS5Cl based cells. 
As to the influence of anode selection on gas production of 
SSEs, researchers found that Li4Ti5O12/Li7Ti5O12 anode has the 
ability to suppress SO2 evolution, where no SO2 was captured, 
but not for Indium anode. Torsten’s group also studied the 
affection of coating technique on gas suppression in solid-state 
batteries.[69] They prepared Li2CO3-coated and Li2CO3/LiNbO3-
coated NCM622 cathodes that were tested in β-Li3PS4 based 
electrolyte (Figure  8c), finding that the gas evolution content 

was highly suppressed including CO2, O2, and SO2 (Figure 8d). 
Above systemic studies show that solid-state batteries may be 
not the guarantee for next generation high energy density and 
high safety lithium batteries with no gas evolution,[1g] however, 
such optimization strategies are truly recommended which has 
been proved to work well.

Polymer electrolytes present good fire-resistant proper-
ties, poor liquidity and large mechanical strength, which 
are expected to be a good choice to improve the electro-
chemical performance and safety issues of lithium batteries. 
Polymer electrolytes suffer from low ionic conductivity and 
poor connection to electrodes, but can suppress the inter-
face reaction between electrolyte and electrolyte as well as gas 
production.[58a,70] Polymers electrolytes are not stable at high 
operating voltage and the associated gas release needs to pay  
more attention, like poly(ethylene oxide) (PEO). Kaihui and co-
authors [71] tested the gas release of PEO under different voltages 
to 4.5 V, and various types of gases were detected, including H2, 
CH4, H2O, C2H2, C2H4, CO, C2H6, HCHO, O2, CH3OH, CO2, 
CH3CHO, CH3CH2OH, and HCOOH. (Figure  8e) To clarify 
the gas evolution mechanism of PEO, the authors proposed a 
detailed decomposition process, revealing that the surface cata-
lytic effect of LiCoO2 on PEO is the root cause. As to the H2 gas 
evolution in LiCoO2|PEO-LiTFSI|Li solid polymer batteries, the 
oxidation/dehydration of PEO at the cathode side is more likely 
to produce H+, leading to the formation of strong acid HTFSI, 
which diffuses to the anode side and reacts with Li-metal to 
release H2. The above-proposed process was proved by the den-
sity functional theory (DFT) calculations that H2is very likely 
to originate from a crossover process of hydrated TFSI anions 
(HTFSI). (Figure 8f) For other kinds of polymers or oligomers, 
the study on gas evolution is limited, so more efforts need to be 
contributed for its safe and extensive applications.

Gas evolution detection and mechanism discussion for solid 
(semi-solid) state lithium batteries are rarely reported nowa-
days, which provides us more space to explore. SSE is regarded 
as the solution to fix the safety issue and the energy density 
limitation of lithium battery, but it also produces gas. Hence, 
it’s imperative to study the relationship of gas production and 
performance decay in such battery systems, and clarify the cor-
responding mechanism for gas suppression.

5. Methods to Suppress Gas Generation

5.1. Buffer Layer Building between Material and Electrolyte

Gases generation is typically induced by the interfacial reac-
tions between electrode materials and electrolytes, so avoiding 
the direct contact between the two parts seem to be the most 
feasible strategy. Normally, there are two ways to achieve it, 
which are electrode materials surface coating and solid electro-
lyte interface fabrication on both cathode and anode sides.

5.1.1. Coating Layer Construction

Surface coating seems to be the most obvious strategy, however, 
not all the substances can be used as coating medium, which 
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Figure 8.  a) Distribution of electrode material and electrolyte in solid-state electrolyte. Reproduced with permission.[16a] Copyright 2020, American Chemical 
Society. b) Voltage profiles of solid-state batteries using Li3PS4 and Li6PS5Cl solid electrolyte and corresponding in situ gas evolution rates of 12CO2, 13CO2, 
O2, and SO2. Reproduced with permission.[16a] Copyright 2020, American Chemical Society. c) Illustration of the coating layer construction on the surface of 
NCM622 and the different interfacial reactivities when coupled with different coating substances. Reproduced with permission.[69] Copyright 2019, American 
Chemical Society. d) First cycle electrochemical curves of Li2CO3-coated and Li2CO3/LiNbO3-coated NCM622 cathodes and the corresponding gas evolution 
processes. Reproduced with permission.[69] Copyright 2019, American Chemical Society. e) Voltage profiles and the corresponding gas evolution curves detected 
by DEMS. Reproduced with permission.[71] Copyright 2020, American Chemical Society. f) Theoretical calculations of reaction energies of PEO electrochemical 
oxidation on carbon electrode and LiCoO2 electrode at 4.5 and 4.2 V, respectively. Reproduced with permission.[71] Copyright 2020, American Chemical Society.
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should meet the following requirements, including stable struc-
ture to electrolyte,[72] ionic conductor,[73] and capacity donor if 
possible.[74] Oxides and fluorides,[72a,75] including SiO2, Al2O3, 
TiO2, AlF3, and FeF3 et al., are typical coating materials with 
high structural stability and have been applied to passivate 
interfacial activity and improve the cycle stability. Inorganic 
lithium compound as fast ion conductor was always adopted 
as coating substance to forbidden the interfacial reaction and 
gas evolution during electrochemical process, like inorganic 
solid-state electrolytes,[73b,76] Li3PO4,[73a] LiTiO2,[77] et al. Battery 
materials as coating substance present great values, which 
can not only protect the target materials, but also offer certain 
content of capacity. For example, Hu et al.[74a] prepared single 
crystal NMC622 coated with LiFePO4@C, which successfully 
suppressed the oxygen release of the delithiated NCM622 
during heating. (Figure 9a–c) The improved performance was 
attributed to the strong absorption between PO4

3− and transi-
tion metals, leading to the stabilization of the transition metal 
ions and oxygen ions on the surface against electrolyte. Similar 
method was applied on Li-rich layered cathode, by which the 
surface variation of crystal structure and TM ions migration 
are effectively restrained, resulting in an improved long-term 
cycling stability.[74c] As to layered cathodes, including layered 
oxides and Li-rich layered cathodes, the main role of the coating 
layer should be able to suppress oxygen activity and eliminate 
the side reaction between electrode material and electrolyte. 

However, surface coating layer cannot fully eliminate the 
oxygen release, thus suppressing the continuous oxygen loss 
remains a significant challenge.

As to anode, carbon coating is frequently adopted, which 
can not only suppress the gas evolution, but also can enhance 
conductivity and rate performance.[78] He et al.[38] constructed 
a carbon layer on the surface of LTO, which controlled the 
interfacial reactions between LTO and the surrounding elec-
trolyte solution, and suppressed the gassing. Furthermore, the 
coated carbon is helpful for the SEI formation on LTO sur-
face, which offers a significant synergy to separate LTO and 
electrolyte, preventing the interfacial gas evolution. Schiele  
et al.[79] prepared core-shell structure of Si/C composite parti-
cles, which demonstrated positive effects on suppressing the 
issues faced by high-content Si anodes, including serious gas-
sing behavior, bulk volume expansion, and mechanical degra-
dation. (Figure 9d) As mentioned ahead, the main contribution 
of carbon coating layer in suppressing gas evolution to Si anode 
is to promote the formation of stable SEI layer and maintain 
the structure by weakening the volume expansion. Besides 
carbon coating, other forms of coating were also frequently 
applied, such as ceramic coating,[50,80] atomic layer deposition 
coating,[81] multi-layer coating[82] et al. For example, Lin and co-
authors[81b] monitored the volatile species generated from the 
reaction between Li-metal and organic electrolytes, and found 
that the thin ALD protection layer on the Li-metal surface can 

Adv. Funct. Mater. 2022, 32, 2208586

Figure 9.  a) SEM and b) TEM images of NMC622@LFPNP@C, and the corresponding c) EDS mapping. Reproduced with permission.[74a] Copyright 
2022, Elsevier. d) Schematic of polymer-derived carbon-coated silicon nanoparticles. Reproduced with permission.[79] Copyright 2022, American Chem-
ical Society. Schematics of gas detection cell assembled in e) Ar-filled glovebox, f) m/z = 28, and g) m/z = 45 gas evolution data collected in DME/DOL 
without Li, DME/DOL with bare Li and DME/DOL with ALD coated Li@Al2O3. Reproduced with permission.[81b] Copyright 2016, John Wiley & Sons.
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effectively forbidden the parasitic reaction and suppress the gas 
evolution (Figure 9e–g). The built ALD layer makes the Li-metal 
surface smooth and protects against the reaction between local-
ized surface topographic features (like ridges and sharp edges) 
and electrolytes, resulting in the improvements of chemical 
and electrochemical stability of Li-metal anode. However, in dif-
ferent electrochemical conditions, the coating thickness should 
be optimized for better performances, which is not only for Li-
metal anode, but also for other anode materials.

5.1.2. SEI Layer Construction

Electrolyte is a main component in lithium-ion batteries, which 
experiences side reaction with electrodes and forms by-products 
which covered on the electrode surface, leading to performance 
attenuation. Hence, high-quality electrolyte optimization is very 
important, which is conducive to the stable SEI formation on 
both cathode and anode to suppress parasitic reactions and 
solve gas production issues.[58b]

Organic solvents, Li salts and electrolyte additives are the 
three main components of the liquid organic electrolyte. 
Organic solvents are the main contributor to the gas evolution 
by the reaction with electrode materials, such as EC,[1c,2b,22,36a,83] 
which is so important to the battery performance that we can’t 
completely replace it with other solvents. Kasnatscheew and co-
authors[84] claimed that the EC-free electrolytes can promote the 
decomposition of LiPF6 species and suppress thedissolution 
of transition metals, resulting in a superior electrochemical 
performance under high voltage conditions. However, its com-
mercial value needsto further discuss. Goers et  al.[85] success-
fully inhibited the gas evolution of Graphite||LiMn2O4 cells by 
applying γ-butyrolactone (GBL) in EC-based liquid electrolyte 
(1:1 in weight). GBL as a co-solvent in carbonate electrolytes did 
a great job on gas suppression in graphite-based lithium bat-
teries, which is much easier to be decomposed into stable SEI 
protective layer than EC.[86] As to Li salts, LiTFSI[51] or LiBF4

[87] 
was applied to replace LiPF6, and found that the gas produc-
tion was significantly suppressed. Recently, researchers found 
that bis(fluorosulfonyl)imide (FSI−) anion can promote the for-
mation of robust SEI layer on Li metal anode, achieving high 
chemical stability for Li-based electric storage devices.[88] Com-
pared to LiTFSI, LiFSI is beneficial to protecting Al current 
collector from electrolytic corrosion.[89] The credits of lithium 
fluoroalkylborate (LiFAB) can’t be ignored, which functions 
better than LiPF6- and LiBF4-based electrolytes when coupled 
with graphite anode. Moreover, it demonstrates perfect endur-
ance in the environment containing HF contamination rela-
tive to LiPF6 and LiBF4.[67,90] Dual-salt electrolytes were also 
widely applied to improve electrochemical performance and 
suppress the parasitic reaction between electrode materials and 
electrolytes, and the well-known combinations include lithium 
difluoro(oxalato)borate (LiDFOB)/LiBF4,[12a] LiPF6/LiBF4,[87] 
spiro(1,1’)-bipyrrolidinium tetrafluoroborate (SBPBF4)/LiBF4,[91] 
LiTFSI/LiDFOB,[92] lithium trifluoro(perfluoro-tert-butyloxyl)
borate (LiTFPFB)/LiTFSI,[93] et  al. Additive occupies only a 
small amount to other components, but makes great contri-
bution on forming protective layer on the electrode surface, 
which enables the separation of electrode materials and the 

surrounding electrolyte to suppress the irreversible electrolyte 
decomposition.[58b,94] Plenty of literatures have done on addi-
tives and demonstrated excellent effects on gas suppression 
of electrolytes.[78,95] For example, Dahn and co-authors[95c,d] 
carried out series works to optimize the additive combination 
to suppress gas evolution and found that VC and lithium dif-
luorophosphate are the very promising additives(Figure  10).
Wu et al.[96] successfully suppressed the gassing behavior in 
TiNb2O7||LiFePO4 full cells by building a stable SEI on the 
anode surface with VC additive in electrolyte, which is helpful 
for preventing the continuous formation and dissolution of SEI 
film. The additives applied to modify SEI should be reduced 
(anode additives, low lowest unoccupied molecular orbital 
(LUMO)) or oxidized (cathode additives, high highest occupied 
molecular orbital (HOMO)) prior to other electrolyte compo-
nents and prevent further decomposition of the SEI. Owing to 
the complex battery environment, muti-additive combination is 
recommended to be used to passive the electrode surface and 
suppress gas evolution effectively.

5.2. Material Structure Stabilization

Apart from the aforementioned buffer layer construction strate-
gies on electrode materials, other methods including material 
doping,[97] surface modification,[98] morphology control[1c,99] and 
material design[100] are also applied to suppress the electrode 
activity and eliminate the parasitic reaction between active mate-
rial and electrolyte. Doping method is the most frequentway to 
stable material structure by forming strong bonding between 
dopants and material elements. For example, Jung and co-
authors[97a] synthesized boron-doped NMC cathode, which 
successfully improved cycle stability and suppressed gas evolu-
tion at high voltage. Moreover, by the comparison with phos-
phorous-doped NMC cathode, the author claimed that building 
oxygen stable facets is very important to suppress gas evolu-
tion and helpful for realizing state-of-the-art NMC cathodes. 
As shown in Figure  11a, both boron- and phosphorous-doped 
NMC cathodes demonstrated the textured microstructure, 
which is beneficial to suppressing the formation of microc-
racks, however, they presented different gas generation results 
owing to the different crystal faces for the two doped materials. 
Artificial surface modification was often adopted on Li-rich lay-
ered cathodes to suppress the surface oxygen activity. Meng and 
co-authors[98a] created a thin and uniform oxygen vacancy layer 
on the surface of Li-rich layered oxides by a gas-solid interface 
reaction method, which significantly suppressed gas release 
from the surface, including O2 and CO2. As explained, com-
pared to the untreated sample, the oxygen vacancies introduced 
on the surface can hinder the generation of highly reactive 
oxygen radicals during the electrochemical process (Figure 11b). 
Coincidentally, Ramakrishnan and co-authors[98b] also applied 
“reactive” surface passivation techniques on Li-rich layered 
cathode to improve electrochemical performance and suppress 
gas production. Hu and co-authors[1c] did a representative work 
to illustrate the importance of morphology control on gas sup-
pression that they synthesized polycrystalline and single crystal 
LiNi0.76Mn0.14Co0.1O2 (NMC76) cathodes (Figure  11c,d) and 
compared their gas evolution results. They found that the gas 

Adv. Funct. Mater. 2022, 32, 2208586
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evolution onsets and content of single crystal NMC cathode are 
less than those of polycrystalline cathode (Figure 11e,f), which 
can be attributed to the difference in morphology and surface 
area. Furthermore, material design is another option for the 
material stabilization, such as prelithiation technique. Xu et 
al.[100b] made LixSn foil by Sn anode prelithiation, which pre-
sents a lower initial anode potential and promotes the forma-
tion of an adherent passivating SEI on the surface to suppress 
gas production. Without the prelithiation process, an isolated 
gas layer will be formed on the surface of Sn anode to cut off 
Li+ transport, leading to increased internal resistance and poor 
electrochemical performance.

5.3. Other Methods

Electrode components optimization and test conditions (e.g., 
temperature, voltage, and current density) are also significant 
in suppressing gas production during electrochemical opera-
tion. For instance, Hubert and co-authors[32] presented a com-
prehensive study on anodic oxidation of conductive carbon in 
high-voltage Li-ion batteries, and found that conductive carbon 
(Super C65) was oxidized to CO/CO2 when the cutoff voltage 
was set higher than 5.0 V. The gas evolution phenomenon was 
enhanced by the presence of water or high-temperature envi-
ronment, as shown in Figure  12a. It is also revealed that the 
contribution of temperature on gas generation from electro-
lyte is larger than that from conductive carbon. For the study 
of H2 originating from battery, Hubert et al.[2b] developed an 
aluminum edge-seal diffusion barrier to elucidate separately 
the detailed reaction process of cathode and anode, demon-

strating H2 evolution from H2O reduction at graphite electrode 
is an important contributor (Figure 12b). Accordingly, for high 
loading electrode preparation, conductive carbon and residual 
water content should be carefully controlled to achieve high 
energy density and high safety lithium batteries. As to elec-
trode binder, like Polyvinylidene Fluoride (PVDF), there is no 
gas evolution from itself up to 5.0 V, however, some binder can 
suppress battery gas production. For example, Buqa et al.[101] 
applied a water-based fluorine acrylic hybrid latex binder in LTO 
cells, which inhibited gas production by stabilizing the electro-
lyte. Battery voltage interval selection affects the state-of-charge 
(SOC) on both cathode and anode sides. Normally, at high SOC 
condition, the corresponding electrochemical activity will be 
highly enhanced, including oxidation ability of cathode and 
reduction ability of anode, resulting in serious parasitic inter-
facial reactions and plenty of gas production.[3a] By adjusting 
voltage window, battery gas evolution can be highly suppressed.
For example, Ulriika and co-authors[102] developed a functional 
electrochemical insitu mass spectrometry cell for gas evolu-
tion study of commercial cylindrical cells, and found that the 
CO2 and H2 generation content increased fast when the cutoff 
voltage is higher than 4.15 V or lower than 2.8 V. (Figure 12c) 
Moreover, C-rate dependency of gas evolution was noticed, like 
C2H4, which increased fast with the variation of C-rates from 
1 to 4 C. Kozonoetal and co-authors[103] demonstrated that low-
ering the discharge voltage below 0.4 V is conducive to stabling 
SEI coating layer on LTO anode, resulting in efficient suppres-
sion on gas generation.

Electrolyte structure design was frequently applied to suppress 
gas evolution by restraining interfacial reaction, including high 
concentration electrolyte (HCE),[104] localized high concentration  

Adv. Funct. Mater. 2022, 32, 2208586

Figure 10.  a) Gas evolution content comparison of NMC cathodes tested in carbonated electrolytes with different additives. Reproduced with 
permission.[95c] Copyright 2021, Electrochemical Society. b) Average gas evolution volume after formation cycle and long-term cycle tested with dif-
ferent additives. Reproduced with permission.[95d] Copyright 2021, Electrochemical Society.
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electrolyte (LHCE),[73c] solid-state electrolyte (SSE),[16a,105] 
polymer electrolyte,[70,106] ionic liquid electrolytes,[107] et al. HCE 
is a typical example, where the labile solvents are bonded with 
cation-ions, achieving wider electrochemical stability window 
and suppressing gas production. Tong et al.[104b] developed a 
concentrated electrolyte consisting of 4  m LiFSI in tetrameth-
ylene sulfone (TMS), which enabled a high working potential 
≈6.0 V and dramatically suppressed gas formation during high 
voltage test in dual-ion batteries. In the concentrated LiFSI/
TMS solution, the reduction of TES solvent at Li-metal anode 
was alleviated and the decomposition of LiFSI was promoted, 
which enhanced the formation of an F and N-rich SEI layer, 

resulting in an improved electrochemical performance. In con-
sideration of the high viscosity of HCEs, a new type of electro-
lyte was proposed, named as LHCE,[108] which can not only keep 
the strengths of HCE, but also can improve the lithium diffu-
sion ability. The main strategy of this electrolyte is to choose 
an “inert” diluent that does not dissolve the salt but is miscible 
with the solvent applied. Especially, in Li-metal batteries, LHCE 
can successfully suppress the interfacial parasitic reaction with 
Li-metal, resulting in improved electrochemical performance 
and limited side products.[109] Moreover, the concept of “water-
in-salt” (Figure  12d) applied in aqueous electrolytes also aims 
to decrease the activity of water molecules and improve its 

Figure 11.  a) Schematic illustration of oxygen evolution from boron- and phosphorous-doped NMC cathodes. Reproduced with permission.[97a] Copy-
right 2021, John Wiley & Sons. b) Schematic demonstration of the gas solid interface reaction. Reproduced with permission.[98a] Copyright 2016, 
Springer Nature. c,d) SEM images of polycrystalline and single crystal NMC76. Reproduced with permission.[1c] Copyright 2022, Elsevier. e,f) The com-
parison of gas evolution onsets and contents between polycrystalline and single crystal NMC76 during the potential stepping procedures. Reproduced 
with permission.[1c] Copyright 2022, Elsevier.
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stability during electrochemical process, which captured much 
researchers’ attention in the last ten years.[110] As to other kinds 
of electrolyte structure, adhering the same concept to HCE, 
they were selected to decrease the possibility of adverse side 
reactions by means of their merits. For instance, Torsten and 

co-authors[16a] first compared gas evolution in different electro-
lyte systems based on Ni-rich layered cathodes, including SSE 
(β-Li3PS4 and Li6PS5Cl) and liquid electrolytes (LP57, 1 m LiPF6 
in 3:7 by weight EC and EMC), and proved that the cumulative 
amount of gases released from liquid electrolyte based lithium 

Figure 12.  a) Weight loss of conductive carbon and electrolyte tested with the cutoff potential of 5.0 V under different moisture contents and tem-
peratures. Reproduced with permission.[32] Copyright 2015, Elsevier. b) H2 concentrations of SLP||Li after 1st and 2nd charge tested in different cell 
configurations and different electrolytes. Reproduced with permission.[2b] Copyright 2016, Elsevier. c) Schematic of the commonly observed gases under 
different voltages, including CO2, CO, C2H4, and H2. Reproduced with permission.[102] Copyright 202, Elsevier. d) Comparison of stable voltage window 
in different electrolyte systems. Reproduced with permission.[110] Copyright 2010, Elsevier. e,f) Gas evolution comparison between LP57, β-Li3PS4, and 
Li6PS5Cl under different conditions. Reproduced with permission.[16a] Copyright 2020, American Chemical Society.
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batteries is higher than that in SSB cells. (Figure 12e,f) Li and 
co-authors[70] developed a dual-functional gel-polymer electro-
lyte, which greatly suppressed the gas production, especially 
for the graphite-Si/C anode batteries. The gel-polymer based 
batteries did not experience violent combustion during needle 
penetration test.

6. Conclusion and Perspective

In the last decades, gas generation in lithium battery hasre-
ceived more and more attention due to its great influence on 
battery development and commercial applications. Here, we 
first reviewed the gas evolution mechanismsof cathode mate-
rials, anode materials and electrolytes, which enable us a com-
prehensive and unified understanding of the gas production 
situation from the common battery system. The gas evolution 
prevention strategies were also summarized, including buffer 
layer construction between electrode materials and electrolytes, 
electrode materials optimization and modification, electrode 
components and electrolyte structure design, test condition 
adjustment, et al., which can open the horizon for gas preven-
tion and is expected to provide reference for more efficient gas 
suppression strategies. It’s not easy to suppress gas completely 
just based on one or two strategies, because the gases observed-
from battery may originate from different components, 
including cathode, anode, electrolyte, conductive carbon, res-
idue water, et al. It is a kind of enormous project for radical gas 
evolution suppression that every part of the battery should be 
paid special attention to.It is of great significant to suppress gas 
toachieve high electrochemical performance and high safety for 
the future high energy density lithium batteries.

Gas detection and analysis are the basis to solve gas evolution 
issue in lithium battery. However, the most frequently adopted 
equipment, namely DEMS, has great limitations, such as lim-
ited gas detection duration induced by the electrolyte evapora-
tion, deviation from real battery system owing to the use of large 
amount of electrolyte, accuracy of the collected gas production 

results, et al., hence measurements for further improvement 
of DEMS is necessary and important. With the convincing gas 
production results, the gas evolution mechanism can be con-
cluded in a precise way, which is not only rewarding for the 
analysis of the root attenuation reason of battery, but also for 
providing precise and targeted strategies for gas suppression. 
Combining the above review with the gas detecting deficien-
cies, a short perspective for future gas evolution analysis and 
suppression is proposed as follows (Figure 13):

1)	 Long-term gas test ability with high precision. A multi-function-
al in situ DEMS equipment is expected to be designed and 
developed, which should enable the following requests, in-
cluding long-term test duration, advancedvolatile electrolyte 
condensation and replenishment system, high sensitivity for 
gas detection, a standard and repeatable gas testing protocol, 
et  al. In commercial battery testing, flatulent phenomenon 
always appears after hundreds of cycles, which is far beyond 
the ability of DEMS. Hence, a long-term testing ability is 
needed, capable of affording an in situ gas evolution analy-
sis during the long-term cycling. Part of the electrolyte can 
be carried away by the vacuum system or carrier gas, which 
will shorten battery life and blockthe capillary tube to affect 
the equipment sensitivity.Thus the condensation system is 
needed to trap the evaporable electrolyte and then reduce the 
interference to instrument sensitivity and test results. Fur-
thermore, in the long-term study of gas generation in lithium 
batteries, internal gas consumption needs to be considered 
for an accurate analysis. Normally, gas content produced 
from DEMS cell is limited, and the corresponding quantified 
result from different batches is difficult to repeat, hence a 
universal testing protocol is very important and deserved to 
be promoted, which has been proved by Jie and co-authors.[1c]

2)	 Scientificdesign ofgas testing process. Scientific discussion of 
gas production mechanism is crucial to reveal the liuthium 
battery attenuation process, which can fundamentally clar-
ify the internalcomplex chemical reactions when coupled 
with other high-resolution characterizations. Considering 

Figure 13.  Perspective for future battery gas evolution analysis.
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its complexity caused by cross-talk reactions, the separate 
studies (namely the half-cell) of the applied cathode and 
anode are recommended, where LiFePO4 can be used and 
regarded as an important reference. Thereafter, full-cell gas 
evolution investigation is suggested to follow up for the 
analysis of cross-talk reactions by studying the gas catego-
ries and contents.

3)	 Correlation discussion of omnidirectional gas test. Systematic 
studies on gassingshould be done under normal work condi-
tion and thermal runaway situation (high temperature, over-
charge, short circuits, et al.), which is conducive to building 
the correlation between the two gas evolution mechanisms. 
By analyzing the internal correlation, more effective meas-
urement for gas generation suppression can be precisely pro-
posed to solve the issues of gas generation and battery safety. 
Up to now, most studies have focused onthese two conditions 
separately, which is not conducive to a comprehensive un-
derstanding of the battery gas evolution processes. So it is of 
great significant to establish the correlation mechanism of 
gas production under the two backgrounds.

4)	 Advanced techniques for combined detection. More efforts on 
developing precise techniques for detection are needed. They 
are designed to offset each technique’s limitation to maxi-
mize the gas information for better understanding of gas 
evolution mechanism. In situ DEMS provides the informa-
tion of gas evolution onsets and gas contents, which can be 
coupled with other techniques to probe solid and liquid reac-
tion products to estimate the gas evolution mechanism, such 
as in situ high resolution transmission electron microscopy, 
and nuclear magnetic resonance spectroscopy, respectively.

5)	 Multiple methods for gas evolution inhibition.There are many 
gas sources generated in the battery, so all the possible 
components for gas generation should be modified and op-
timized before battery assembly. The reviewed gas suppres-
sion methods, including buffer layer construction, electro-
lyte optimization, testing condition selection, et al., are not 
the state-of-the-art techniques, which need further modifi-
cation. For instance, the extent of the coating’s coverage on 
the electrode surface is often nonuniform,[111] resulting in 
the continuous interfacial parasitic reactions and gas pro-
duction. Hence, it requires the simultaneous implementa-
tion of multiple measures to suppress gases. On the other 
hand, multiple suppression measures are also necessary.
For example, singlet oxygen released from NMC cathodes 
is the fuse of gas evolution, and the most direct way is to 
lock the surface oxygen. Element doping is regarded as an 
efficient way, however, it is impossible to fully solve the gas 
issue. Hence, coating layer construction together with elec-
trolyte screening may be necessary and recommended to 
participate in gas evolution inhibition.

6)	 Intensive researchon gas evolution. Mechanism analysis and 
suppression methods of gas evolution on normal condition 
and thermal runaway circumstance can restrain the complex 
battery safety issue, and improve the electrochemical perfor-
mancesimultaneously. That is because the gas suppression 
methods are normally chosen to stable the electrode mate-
rials and electrolyte, which are the main determinants for 
battery performance. Hence, gas analysis is definitely an ef-
ficient and valuable technology in achieving high safety and 

high electrochemical performance lithium batteries.Inten-
sive research on gas evolution is deserved to get more atten-
tion for practical battery application.
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