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Gas generation (namely, the volume
swelling of battery, or called the gassing)
is a common phenomenon of the degradation of battery performance, which is
generally a result of the electrolyte decomposition occurring during the entire lifespan of Li-ion batteries no matter whether
the battery is in service or not. Abuse conditions such as overcharging and overheating
make the gassing worse or even result in
disastrous accidents. In overcharging, the
gassing occurs mainly through the electrochemical oxidation of electrolyte solvents
on the cathode with the Li+ ions from
the electrolyte being reduced into metallic Li on the anode. In overheating, the
gassing takes place through not only the
redox decomposition but also the chemical
decomposition of the electrolyte solvents
on both the anode and cathode besides
the vapor expansion of volatile electrolyte
solvents. In this opinion article, only the
gas generation occurring under the normal operation and storage conditions will
be addressed.
Assuming that the Li-ion battery is well
formed in manufacture and properly operated in service, the gas generation can be
attributed to the chemical decomposition
and redox decomposition of the electrolyte
solvents on the anode and cathode. The
chemical decomposition of dialkyl carbonate solvents produces ether and CO2 , as
described by Eq. 1, which can take place on
both the anode and cathode. Resulting CO2
can be reduced into CO in accompany with
the consumption of Li+ ions that are eventually originated from the cathode either
by the chemical reduction (Eq. 2) or by the
electrochemical reduction (Eq. 3) on the
anode.
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CO2 + 2LiC6 → Li2 O + C6 + CO (2)
CO2 + 2Li+ +2e → Li2 O + CO

(3)

Therefore, CO2 and CO are often coexistent inside the battery. In particular, the
chemical decomposition is increased with
the temperature, and the redox decomposition is increased with the state-ofcharge (SOC) of battery. Chemical decomposition of the carbonate solvents is catalyzed by the anode, cathode, conducting
carbon, and impurity particles, and lasts
the entire lifespan of the Li-ion battery.
Since a catalyst can be effectively deactivated by very small amounts of poisoning species, electrolyte additives appear to
be very effective in suppressing the gas
generation.
For the gas generation caused by the
redox decomposition of electrolyte solvents on two electrodes, Figure 1 shows
that the swelling ratio of a graphite/LiCoO2
cell remains nearly constant when the SOC
is lower than 80%, however, dramatically
increases as the SOC exceeds 80% (Lee
et al., 2003). Potential-capacity profiles
of the charging process indicate that the
potential of the graphite anode is very flat
at ~0.25 V vs. Li/Li+ , whereas that of the
LiCoO2 cathode linearly increases with the
SOC (Zhang et al., 2006). This observation suggests that the gassing below 80%
SOC can be attributed to the reduction of
electrolyte solvents on the anode, and the
increased gassing above 80% SOC to the
oxidization of electrolyte solvents on the
cathode. The redox-relative gas generation

is closely associated with the anode and
cathode materials, which are discussed
below.

ON ANODE
The gases from the graphite anode are
dominated by the reductive gases such as
H2 , CO, olefins, and alkanes. The mildly
oxidative CO2 is typically a product of the
catalytic decomposition of carbonate solvents. The reduction of electrolyte solvents
is considerably affected by the solid electrolyte interface (SEI) on the graphite surface, which is formed by the electrochemical reduction of the electrolyte solvents or
additives at higher potentials than those of
the intercalation of Li+ ions into graphite.
The gases generated during the formation of SEI have been degassed before
the battery is sealed. Further gas generation is accompanied by the growth of
SEI due to the parasitic solvent reduction or the failure of the pre-formed SEI.
Therefore, forming a robust SEI is the
key to the suppression of gas generation on the graphite based anode. It is
in particular importance to note that the
gassing from Li4 Ti5 O12 (LTO) anode is
due to the intrinsic redox reaction between
the LTO and carbonate solvents at the
LTO–electrolyte interface (He et al., 2012).
The redox reaction on one hand produces H2 , CO, and CO2 , and on the
other hand transforms the lattice structure of the LTO surface from (111) plane
to (222) plane, resulting in the formation of a new TiO2 phase. Surface coating
with nanoscale carbon particles shows very
effective in suppressing the interfacial reaction and resultant gas generation from the
LTO anode.
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FIGURE 1 | A trend of swelling ratio with SOC for graphite/LiCoO2 prismatic cells stored at 90°C
for 4 h. Drawn from the data of Lee et al. (2003).

ON CATHODE
The gases from the cathode are dominated
by the mildly oxidative CO2 , which can be
produced by both the oxidative and chemical decompositions of the electrolyte solvents. Lithiated transition metal oxides are
of very strong alkaline. Even a short period
exposure to air, they will rapidly absorb
CO2 and H2 O to form Li2 CO3 and LiOH,
resulting in the removal of Li+ ions from
the cathode particle surface, which changes
not only the chemical composition but also
the lattice structure of the cathode particle
surface. Alkali metal carbonates (M2 CO3 ,
M = K, Na, and Li) are a known catalyst
for the direct synthesis of dialkyl carbonates from CO2 and alcohol (Yang et al.,
2013). In the same principle, Li2 CO3 on the
cathode particle surface could catalyze and
participate in the chemical decomposition
of dialkyl carbonate solvents to generate
CO2 , as indicated by Eq. 4. Additionally,
the Li2 CO3 may react with LiPF6 from the
electrolyte to produce CO2 , as described
by Eq. 5.
O
C
R1O

+ Li2CO3

catalyst

R1OLi + R2OLi + 2CO2

OR2

(4)
Li2 CO3 +LiPF6 → 2LiF+LiPOF4 + CO2
(5)
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As evidence for the above reactions, it is
shown that the simple removal of Li2 CO3
from the surface of LiNi0.83 Co0.15 Al0.02 O2
cathode particles by washing with water
can dramatically reduce the gassing of the
cathode (Kim et al., 2006). In order to mitigate the gassing caused by the Li2 CO3 ,
the exposure to air should be maximally
avoided in the storage of cathode materials
as well as the coating and drying processes
of the cathode sheets.
The other nature of the cathode materials is the dissolution of transition metal
ions into the electrolyte solution (hereafter
referred as to “metal dissolution” for simplicity) with the cycling and storage of Liion batteries, which was earliest ascribed
to the HF-assisted disproportionation of
Mn3+ ions for spinel LiMn2 O4 cathode. In
addition to those staying in the electrolyte
solution, the dissolved metal ions are also
incorporated into the SEI of two electrodes
by combining with the solvent decomposition molecular moieties on the electrodes
(both the cathode and the anode) or being
reduced into the metal on the anode, leading to a rise in the SEI resistance (Xu,
2014). It is interesting to note that the
metal dissolution is highly dependent of
the SOC, showing a dramatic increase as
the SOC approaches the end of charging
(Terada et al., 2001; Pieczonka et al., 2013).

This finding reveals that the metal dissolution is also associated with the direct redox
between the delithiated cathode material
(for example, MnO2 for LiMn2 O4 ) and
electrolyte solvents. Comparison of the
previous results (Terada et al., 2001; Lee
et al., 2003) indicates an excellent corresponding correlation between the swellingSOC chart and the metal dissolution-SOC
chart, suggesting that the metal dissolution must be accompanied by the gas
generation. Therefore, the strategies for
suppressing the metal dissolution are also
applicable to the reduction of gas generation. The most effective suppression would
be to coat the cathode with more stable compounds, such as, a metal oxide, a
halide, a phosphate, and preferably a solid
electrolyte (Li et al., 2013). Another benefit of the surface coating is to reduce the
basicity of the cathode particle surface,
which favors reducing CO2 absorption of
the cathode and increasing chemical stability of the PVdF binder that is otherwise
subject to dehydrofluorinate in strong alkaline environments (Dias and McCarthy,
1985). Besides the gassing caused by the
Li2 CO3 impurity and the metal dissolution, each type of cathode materials affects
the gas generation in their specific manners, which are discussed, respectively, as
below.

LAYERED CATHODE MATERIALS
The gassing from the layered cathode materials is mainly due to O2
evolution and metal dissolution. The layered cathode materials, such as LiCoO2 ,
nickel-cobalt-aluminum (NCA), nickelmanganese-cobalt (NMC), and a family of Li-rich transition metal oxide
solid solutions with a general formula
of xLi2 MnO3 . (1 − x)LiMO2 (M = Co, Mn,
Ni), have no distinct potential rise that can
be used to detect the fully charged state (i.e.,
the end of charging) by the battery charger.
With the service going on, the impedance
of the battery is progressively increased due
to the growth of the SEI on the anode and
cathode, which meanwhile consumes the
Li+ ions from the cathode. As a result, the
capacity ratio of the cathode to anode is
decreased so that the cathode can be readily overcharged if the charging protocol
is not adjusted according to the real-time
health of battery. Overcharging results in
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the evolution of O2 , during which the oxygen radical anion intermediate can nucleophilically attack dialkyl carbonate solvents
to produce CO2 and other insoluble products, as occurred in the Li-air batteries
(Freunberger et al., 2011), with the insoluble products further contributing to the
growth of resistive SEI on the cathode. The
O2 evolution results in a net loss of Li2 O,
and consequently changes the lattice structure of the cathode materials, as described
by Eq. 6:
Lix MO2 − 4δe− → Lix−4δ MO2−2δ
+ 4δLi+ + δO2

(6)

Since “4δLi+ + δO2 ” in the product side
of Eq. 6 is equivalent to “2δLi2 O – 4δe− ,”
the net result of the O2 evolution is a loss of
Li2 O. In accompany with the O2 evolution,
the released Li+ ions are incorporated into
the SEI of the cathode, which results in the
growth of the cathode SEI and contributes
to the irreversible overcharging capacity.
Therefore, the O2 evolution caused by overcharging is the source of not only the gas
generation but also the SEI growth on the
cathode. In particular, charging potentials
of the Li-rich xLi2 MnO3 . (1 − x)LiMO2
(M = Co, Mn, Ni) solid solutions are up
to above 4.6 V vs. Li/Li+ . Even in normal operation potential range (2.0–4.6 V),
the O2 evolution is inevitable, leading to
an irreversible lattice structural transformation of the cathode materials (Armstrong et al., 2006; Gu et al., 2013). The
O2 evolution and resulting reactions with
the carbonate solvents and even with the
conducting carbon agent (i.e., oxidation in
the latter case) have been recognized to be
the major cause for the gas generation and
capacity degradation of the Li-rich cathode materials. Therefore, timely adjusting
of the charging protocol to strictly avoid
the overcharging and structural stabilization by doping with more stable metal ions
such as Al3+ would be very effective to suppress the gas generation from the layered
cathode materials.

SPINEL CATHODE MATERIALS
The gassing from the spinel cathode materials, such as 4 V Li2 Mn2 O4 and 4.7 V
LiNi0.5 Mn1.5 O4 , is dominated by the oxidation of the electrolyte solvents. The ultimate products of the oxidation of carbonate solvents are CO2 and H2 O, and
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organic acids (H+ ) are the possible intermediate of the solvent oxidization (Armstrong et al., 2005). Therefore, the oxidation very likely initiates other problems,
such as the hydrolysis of LiPF6 salt and H2
generation as the H2 O and organic acid
intermediate are diffused onto the anode
and reduced there. The electrochemical
oxidation occurs only in the charging
process, whereas the chemical oxidation
lasts the entire lifespan and it is often
accompanied by the metal dissolution.
Surface coating with more robust compounds such as AlPO4 , AlF3 , Al2 O3 , ZnO,
Bi2 O3 (Liu and Manthiram, 2009), and
solid electrolyte (Li et al., 2013) shows
very effective in suppressing the metal dissolution, this strategy is certainly applicable to the gassing reduction. Lithium
bis(oxalato)borate (LiBOB) is very effective
in suppressing metal dissolution, however,
it is oxidized to generate CO2 at high potentials. Some electrolyte additives, such as
fluorinated carbonates (Zhang et al., 2013)
and phosphates (Cresce and Xu, 2011),
have the ability to form robust SEI on
the cathode surface by the chemical reaction, and hence could offer an alternative
approach for the in situ surface coating
to protect the 4.7 V LiNi0.5 Mn1.5 O4 cathode from direct contact with the liquid
electrolyte. The above approaches are also
applicable to the other high-voltage cathode materials such as Li-rich layered oxides
and LiCoPO4 . For the LiNi0.5 Mn1.5 O4
cathode, the Lix Ni1 − x O impurity is also
responsible for the gas generation because
above 4.5 V vs. Li/Li+ it evolves O2 , during
which the oxygen radical anion intermediate reacts with the carbonate solvents to
produce CO2 . A combination of the surface coating, using electrolyte additive and
purifying cathode material likely leads to a
synergistic effect for the gassing suppression of the high-voltage LiNi0.5 Mn1.5 O4
cathode.
In summary, gas generation in the Liion batteries involves many complicated
reactions in relation to the chemical and
redox decompositions of the electrolyte
solvents. The chemical decomposition is
catalyzed by the active electrode materials, conducting carbon, and Li2 CO3 impurity. The redox decomposition may be an
electrochemical process or/and a chemical
process, in which the former occurs only
in the charging process, whereas the latter

lasts the entire lifespan of the battery and
is often accompanied by the metal dissolution. The dissolved metal ions participate in the progressive formation of SEI
on the cathode and anode, resulting in the
growth of the resistive SEI and adversely
affecting the performance of the Li-ion
batteries. Given that all the materials are
in high purity and are strictly dried, the
combination of the surface coating and
electrolyte additive would offer the most
effective solution to the gassing problem of
Li-ion batteries.
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