
Review article

A study on chemical kinetics of carbonates-based electrolytes for enhancing 
fire safety in lithium-ion batteries – A review

Ghulam Abbas Gohar a,b,c , Liang An b,* , Hafiz Muhammad Ali c,d, Hao Zhao a,*

a College of Engineering, Peking University, Beijing 100871, China
b Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hong Kong
c Mechanical Engineering Department, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
d Interdisciplinary Research Center for Sustainable Energy Systems (IRC-SES), King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia

A R T I C L E  I N F O

Keywords:
Chemical kinetic mechanism
Carbonate-based electrolytes
Gas chromatography (GC)
Shock tube
Flow reactor
Molecular beam mass spectrometry (MBMS)

A B S T R A C T

Lithium-ion batteries are widely used in electronics and electric vehicles for their high energy storage and long 
lifespan. Electrolytes are a major source of lithium-ion transportation between electrodes. However, the organic 
components of electrolytes can also present a fire hazard. Therefore, it is essential to investigate the oxidation of 
electrolytes under different oxidizing environments and analyze the chemical stability of solvents, salts, and 
cathode materials. To understand the reactive chemistry and fire propensity of lithium-ion battery carbonate 
solvents, several gas phase experimental techniques such as shock tube (ST), flow reactor (FR), jet stirrer reactor 
(JSR), and rapid compression machine (RCM) have been used to analyze the reaction chemistry of carbonate 
mixtures. Flammable gases are generated during the oxidation and pyrolysis of carbonate mixtures, and the 
product species can be analyzed by using MBMS and GC–MS. This review describes the chemical kinetics model 
of various carbonate-based electrolytes under oxidation and pyrolysis conditions, providing insights from a fire 
safety perspective. It is recommended to employ fundamental combustion experiments for the analysis of the 
decomposition and oxidation processes of carbonate-based electrolytes (DEC, DMC, EMC, EC, etc.) under low- 
temperature and atmospheric-pressure conditions relevant to the environment of lithium-ion batteries. This 
review emphasizes the recent developments in carbonate base electrolyte’s chemistry, thermal stability, and 
their implications for fire safety.

Symbols

Equivalence ratio (Φ)
Temperature (T)
Pressure (P)
Mole fraction (X)

1. Introduction

Lithium-ion batteries (LIBs) are widely used in consumer gadgets and 
electric vehicles (EVs). The pursuit of safe, high-capacity, and affordable 

batteries has led to the prominence of lithium-ion batteries (LIBs) due to 
their high energy density and low cost, and subsequent concern is 
satisfying the demand for batteries. Annual electric vehicle battery de
mand is projected to reach approximately 5.5 TWh by 2030 in the Net 
Zero Emissions Scenario, an increase from 0.8 TWh in 2023. Neverthe
less, the battery industry appears adequately equipped to meet this 
rising demand, as recent announcements and advancements suggest a 
strong capability to increase production and innovate technology [1,2]. 
The global demand for affordable and reliable lithium-ion batteries 
(LIBs) with high capacity is unprecedented. However, ongoing efforts to 
improve cathodes and anodes to increase capacity are hindered by safety 
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concerns, which limit widespread adoption [3,4]. Enhancing safety is a 
crucial aspect of improving lithium-ion batteries, particularly due to 
their growing demand in electric vehicles [5,6]. Batteries failure is 
generally caused due to temperature, heat and chemical process. Ther
mal runaway can occur if the battery’s temperature exceeds a threshold 
(usually between 130 ◦C to 250 ◦C), which is influenced by cell design, 
size, and electrode materials [7–11]. As the demand for electronic de
vices grows, higher energy density in LIBs could lead to more incidents 
of thermal runaway, resulting in the release of flammable gases [12–16]. 
Many researchers have described thermal runaway events in lithium-ion 
batteries as being triggers by excessive heat and temperature. As heat 
increases, electrolytes are consumed, which fuels a fire and eventual 
explosion [17–23]. To prevent battery failure, many researchers are 
working on lithium anodes to avoid dendrites formation and enhance 
lithium mobility between electrodes [24–27]. The concentration of salts 
in electrolytes may affect charge transfer and ohmic resistance. More
over, a reduction in cyclic capacity of LIBs is observed when large 
amount of electrolyte is present [28]. The use of various additives may 
not only increase the viscosity of the electrolyte medium but also in
fluence the overall volume of the electrolyte [15]. A minimum electro
lyte volume factor of 3.1 times of the total volume of cell components 
(cathode, anode, and separator) is required for enhanced cycle stability 
[29]. The liquid-phase oxidation between electrolyte solutions and ox
ygen was investigated using Synchrotron vacuum ultraviolet photoion
ization mass spectrometry (SVUV-PIMS). In a closed autoclave, diethyl 
carbonate (DEC) was reacted with air (1 bar) and pure O₂ (10 bar) at 
temperature below 120 ◦C that suggests that it may happen early on in 
the thermal runaway of Li-ion batteries [30]. Characterization using 
synchrotron X-ray diffraction and transmission electron microscopy 
during in-situ heating demonstrated that the intense exothermic process 
is triggered by the released oxygen species. Thermal runaway is attrib
uted to oxygen species (O2, O2− , O− , etc.) released from cathode. The 
electrolyte significantly influences the thermally driven release of these 
oxygen species. It reduces thermal stability of cathode, potentially 
facilitating phase transition and oxygen release [31]. New analytical 
techniques have been described for examining the oxygen loss, along 
with potential strategies for mitigating it and the related electro
chemical degradation [32]. Fig. 1 explains the thermal runway mecha
nism for lithium-ion batteries. Thermal runaway occurs when operating 
temperatures exceed the limits of 180 ◦C during charging and 

discharging cycles.
A non-flammable electrolyte prevents thermal runaway during the 

initial stage of failure. To improve safety, solid-state electrolytes offer a 
non-flammable alternative. Nevertheless, these advancements face the 
several challenges, including lower ionic conductivity relative to liquids, 
unstable solid electrolyte interface (SEI) layers, and several other diffi
culties associated with solid-state systems [33,34]. Flame-retardant 
electrolytes (FREs), specifically triethyl phosphate (TEP) and tributyl 
phosphate (TBP), provide a liquid alternative [35,36]. Previous studies 
suggested employing a high concentration of lithium salt [37–39], 
however this increases viscosity and reduces ionic conductivity, making 
it difficult to maintain battery performance. Li-ion conducting glass 
ceramic was employed as a solid electrolyte to prevent solid/liquid 
electrolyte interphase side reactions. It is desirable to employ solid 
electrolytes with a wider potential window, such as Li6.5La3Zr1.5

Ta0.5O12, and suppress side reactions and lower interfacial resistance for 
quasi-solid-state LIBs [40].

In the field of combustion kinetics, kinetic models of different elec
trolytes such as DMC, DEC, DMC/EC and EMC have been developed at 
high temperature and pressure. For DMC based electrolyte, the ignition 
delay time of DMC has been investigated in shock tube at T = 830–1330 
◦C, pressure up to 1 MPa and different equivalence ratio. DMC molecules 
consumed due to H abstraction at high temperature and validated with 
proposed kinetic model of opposed flow diffusion flame [41]. Using 
tunable laser absorption under high temperature (990 ◦C to 1390 ◦C), 
near 1 atmospheric pressure and measure time histories of CO and H2O 
[42] In flow reactor, the kinetic model is validated and shows 257 
species and 1563 reactions [43]. The presence of oxygen at central 
carbon in DMC can lead to formation of methoxy radicals, as well as low 
level of acetylene, ethylene, methane and ethane [44]. The methane and 
hydrogen gases were generated at T = 726 ◦C and along with rapid 
production of CO and CO2, completing the reaction [45]. To understand 
the reaction mechanism of DMC, it was observed that higher burning 
velocity approaches the saturation point under initial conditions, with a 
maximum explosion pressure of 0.94 MPa [46]. The results demonstrate 
that DMC has a low soot formation tendency compared to other oxy
genates and can contribute to NO reduction under specific fuel-rich 
conditions [47].

In case of rapid compression machines, the ignition delay time of 
dimethyl carbonate (DMC) was calculated over a temperature range of 

Fig. 1. General overview of temperature limits and degradation of components of lithium-ion batteries [17–21].
Copyright © 2020, Reproduced from Elsevier.
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520 ◦C to 1312 ◦C, and at pressure up to 4 MPa. It was concluded that the 
reactivity of DMC is mainly due to reaction H+ O2⇋Ö+ _OH, especially 
at low pressure and lower equivalence ratio (i.e., increasing O2 con
centration), which increases the rate of this chain reaction [48]. Under 
the experimental temperature range of 500–900 ◦C, hydrogen abstrac
tion from DMC by CH3O2 (R2728), HO2 (R2727), and OH (R2725) enhances 
the system’s reactivity and the unimolecular breakdown process (R2737) 
that generate CH3 radicals also exert a promoting influence under fuel 
rich conditions [49]. For diethyl carbonate (DEC) based electrolytes, in 
jet-stirred reactor (JSR) studies, the oxidation of DEC occurred over a 
temperature range of 375–825 ◦C, at pressure 0.1 MPa with residence of 
0.07 s. At 405 ◦C, the concentration of DEC is decreased and early 
generation of carbon dioxide, ethylene, formaldehyde and ethanol [50]. 
At temperature T = 505 ◦C, the ethylene, CO2 and ethanol species are 
measured [51]. The oxidation of DMC, DEC, and EMC was performed at 
T = 325–825 ◦C and 1 atm. The reactivity of carbonates ester during 
oxidation was found as follow the order: DEC ~ EMC < DMC, based on 
consumption rate. This reaction sequence was accompanied by forma
tion of gaseous product species such as CO, CO2, H2, CH4, C2H5OH, 
CH3CHO and C2H4 [52].

In the case of a flow reactor, Major pyrolysis products such as 
C2H5OH, CO2, C2H4 and CH3CHO are generated during pyrolysis of DEC 
at temperature T = 525 ◦C [53]. The mole fraction of C2H4 and CO2 
increased at temperature range of 475 ◦C during oxidation of DEC at 1 
atm [45]. Moreover, the oxidation of DEC is occurs within the range of 
temperature range of 275–475 ◦C and 1 atm [54]. In shock tube ex
periments, the ignition delay times, CO time histories, and laminar flame 
speeds for DEC combustion were measured at near-atmospheric pressure 
for ϕ = 0.5, 1.0, and 2.0, over temperature of 908–1132 ◦C. CO profiles 
were recorded using Laser absorption diagnostics with a second shock 
tube [55].

The pyrolysis of DMC/EC has been investigated at temperature range 
of T = 726 ◦C where species such as CH3CHO, CO2, CH2O, C2H4 and H2 
species were observed [56]. Various species such as C3H6, C2H4, 
C2H5OH and CO2 are detected during the pyrolysis of DEC over the 
temperature range of 390–930 ◦C, showing good agreement with model 
[57]. In shock tube experiments, both DEC and EMC produced an 
alcohol (ethanol in the case of DEC) and (methanol in the case of EMC) 
which then react to yield CO at pressures (1 atm) and temperatures 
between 960 and 2100 ◦C [58].

For an EMC based electrolyte, in case of rapid compression machine, 

the oxidation of Ethyl methyl carbonate occurs over wide range of 
temperature (540–705 ◦C), equivalence ratio (0.5, 1, 1.5) and pressure 
(2–4 MPa). The H-abstraction reaction of EMC with HO2, OH, H, and 
CH3O2 radicals produces the intermediate product such as H2O2, this 
intermediate enhances the system reactivity through chain branching, 
leading to generation of a significant number of OH radicals [59]. In case 
of constant volume combustion bomb, a new kinetic model of ethylene 
carbonate was developed under temperature of 250 ◦C and pressure (0.2 
MPa), based on the basis laminar burning velocity (LBV) to better un
derstand combustion of lithium ion batteries electrolytes [60–62]. 
Furthermore, the combustion characteristics of EMC/EC/DMC mixture 
were investigated. Increasing the EMC percentage from 25.00 % to 
50.00 % results in an increase of 75.34 kW/m2 in heat release rate, a 
12.50 % escalation in flame height, and a 203.40 ◦C elevation in flame 
temperature. A higher DMC % reduces the flash point and increases the 
mass loss rate during combustion [63]. The combustion and chemical 
kinetics of different electrolytes can be investigated using various re
actors and equipped with equipment such as GC and molecular beam 
and mass spectrometry (MBMS) as shown in Fig. 2.

In case of lithium-ion batteries cells, gas evolution occurs as a result 
of solvent decomposition at cathode materials. Flammable gases like 
hydrogen and ethylene can initiate thermal runaway, posing safety risks. 
Additionally, gas evolution affects cell performance, causing electrode 
degradation, reduced shelf life, shortened cycles, electrolyte loss, and 
increased cell impedance [68]. A theoretical framework has been pro
posed to explain how liberated lattice oxygen interacts with ethylene 
carbonate, leading to the formation of carbon dioxide (CO2), carbon 
monoxide (CO), and water [69]. The electrolytic solvents used in LIBs 
consist of flammable carbonate esters [70–74]. The combustion prop
erties of these esters were analyzed [75]. A comprehensive under
standing of the reactivity and chemical reactivity of these esters is 
essential for improving the fire safety of LIBs. They observed the pro
duction of CO2, H2, and C2H4, which provides direct evidence of solvent 
oxidation reactions. Therefore, the possible pathways that can lead to 
LIBs fires are as follows: (1) low-temperature the decomposition of 
carbonate-based electrolyte generates flammable gases; (2) combustion 
of lithium in anode materials initiating the fire; (3) oxidation of elec
trolyte solvents with O2 gas initiating the fire; (4) interaction between 
carbonate-based electrolytes and other forms of oxygen, such as singlet 
oxygen, O2 and surface oxygen from cathode materials. However, the 
literature shows that electrolyte solvents do not undergoes the reaction 
with O2 below 380–400 ◦C K without catalytical sensitization [51]. 

Fig. 2. Different approaches are used for chemical analysis under various conditions [43,54,57–60,64–67].
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Additionally, the decomposition temperatures of DMC and DEC are even 
higher. Furthermore, studies [45,76] have reported a minimum ignition 
temperature of lithium at 630 ◦C in pure oxygen. Therefore, it is 
necessary to evaluate pathways (1–4) that may explain the failure of 
LIBs between the temperature limits of 125 to 200 ◦C, while the low- 
temperature oxidation of carbonate-based electrolytes occurs in 
various reactors. Secondly, it is crucial to investigate the reaction 
behavior between cathode materials and carbonate-based electrolytes 
using different reactors at low temperature and pressure (0.1 MPa) to 
better understand LIBs fires. Unfortunately, the understanding of the 
kinetics of their low-temperature oxidation and ignition through 
pathway (1–4) remains very complex and unclear due to their multi- 
phase interaction.

Thermal instability and fire propensity of high nickel and low cobalt 
(NCM) of LIBs represent one of largest challenges for commercial ap
plications. Improving thermal stability is crucial for advanced LIBs and 
requires a focus on understanding interface reactions and kinetics, along 
with the development of advanced cathode materials. Furthermore, 
Investigating the low-temperature decomposition and ignition of 
carbonate-based electrolytes, particularly in interaction with cathode 
materials, remains a significant challenge. This is not only due to het
erogeneous reaction pathways at low temperatures but also because of 
the difficulties in in-situ gas-phase and surface diagnostics. Thermal 
runaway in lithium-ion batteries involves both electrochemical and 
chemical reactions. Our focus is on the chemical aspect, particularly 
oxidation of electrolytes, using experiment platforms such as Shock 
Tube, Flow Reactor and Rapid Compression Machine. These tools pro
vide valuable insight into fundamental chemical kinetics from ambient 
to combustion conditions. These methodologies provide a mechanistic 
understanding of the chemical behavior of electrolyte components, 
which is crucial for formulating comprehensive kinetic models and 
improving battery safety via predictive simulations. However, hetero
geneous experiments involving cathode material are not yet available 
for these facilities. Therefore, we recommend that oxidation of these 
electrolytes in the presence of cathode materials be carried out in a flow 
reactor under controlled temperature and pressure 1 atm to simulate 
battery thermal runaway events. The gaseous product was analyzed by 
Gas Chromatography. The morphology and oxidation state of each atom 
of NCM were examined using SEM, EDS and XPS spectrum. We believe 
this combined approach is more helpful to analyze real battery failure 
materials. This critical review study aims to enhance the fire safety of 
lithium-ion batteries by investigating chemical reactions involving 
carbonates-based electrolytes. It utilizes various experimental setups, 
including flow reactors, jet-stirrer reactors, rapid compression ma
chines, constant volume combustion bomb, and shock tubes, to examine 
the gas-phase decomposition of carbonate-based electrolytes under 
different oxidation and pyrolysis conditions. A kinetic model of 
carbonate-based electrolytes (DEC, DMC, EMC, EC and FEC etc.) in the 
literature is validated through experimental validation to analyze 
similar species as LIBs thermal runaways.

2. Organic carbonates-based electrolytes for lithium-ion 
batteries

Carbonate esters are significant components of renewable energy 
technologies such as lithium-ion batteries (LIBs) electrolytes. Detailed 
knowledge of the combustion analysis and reaction mechanism of 
carbonate-based electrolytes is necessary to understand the fire safety of 
LIBs. The number of accidents involving fires and explosions in LIBs- 
enabled products such as mobile phones and electric cars has risen. 
Common electrolyte solvents such as DMC, DEC, EC, and EMC in LIBs 
are considered major fire hazards [77,78]. The experiments and simu
lations have been conducted to identify the thermal runaway events that 
cause the failure of batteries and to examine the safety concerns of LIBs 
[79–81]. Once combustion occurs in a LIB cell, most of the heat is 
generated by the electrolytes [82]. The combustion enthalpy of the 

electrolyte is primarily determined by its solvent mixtures, regardless of 
the salt added [83,84]. Combustion enthalpy and vaporization enthalpy 
should be considered when selecting solvent mixtures in situations 
where flammability is a concern [75]. Most researchers are studying 
electrolyte flammability using auto-ignition temperature and flash point 
[85]. While the evaporation of liquid solvents [70,71] is the primary 
determinant of these features, more research into the combustion 
behavior or chemistry of different organic carbonates [75] is required 
for a better comprehension of the electrolytic combustion process. The 
investigation of combustion behavior remains infrequent and may lead 
to an inadequate assessment of the thermal safety of the electrolytes. 
Some studies on the combustion properties of electrolytes have been 
conducted. Eshetu et al. [84] used a fire propagation apparatus to study 
the combustion of eight typical electrolytes and found that the solvent 
mixture affected the enthalpy of combustion, and the lithium salt 
affected the hazardous byproducts. Harris et al. [75] reported significant 
variations in combustion and evaporation enthalpies of carbonate-based 
solvents during burning. Zhang et al. [86] compared the heat release 
rate (HRR) and mass loss rate of EC/DMC/DEC mixtures using an ISO 
5660 cone calorimeter. The HRR of the oxygen consumption method 
and the stoichiometric method were found to be similar. Huang Qiurui 
et al. [87] investigated the combustion characteristics of flame retardant 
compounds in electrolytes under low pressure. These electrolytes play 
an essential role in any battery or other electrochemical energy storage 
device [88,89]. Fig. 3 illustrates the classification of linear and cyclic 
organic carbonate-based electrolytes utilized in lithium-ion batteries.

2.1. Linear carbonates-based electrolytes for lithium-ion batteries

Dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl 
methyl carbonate (EMC) are linear carbonate-based electrolytes that 
exhibit excellent electrolyte properties for use in lithium-ion batteries, 
as shown in Table 1.

2.2. Cyclic carbonates-based electrolytes for lithium-ion batteries

Lithium-ion batteries can employ cyclic carbonate-based electrolytes 
as their electrolyte. The physical characteristics of these carbonates are 
explained in Table 2.

3. Oxidation and pyrolysis of carbonate-based electrolytes

Electrolytes consist of a flammable blend of cyclic and linear car
bonates that facilitate the flow of lithium ion between the anode and 
cathode in a battery system during charging and discharging. Due to 
design flaws, manufacturing errors, or physical damage to the electro
lyte, LIBs have been implicated in several fire events involving mobile 

Fig. 3. Classification of organic carbonate-based electrolytes.
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phones to airplanes [73,91,92]. With rapid increase in the number of 
electric vehicles on the roads [93], which utilized large scale LIBs, it has 
become essential to understand the mechanical damage that may occur 
under real world conditions. Additionally, analyzing the combustion 
and chemistry of the reaction between the LIBs electrolyte components 
is necessary for developing strategies to reduce their flammability 
[75,94]. The oxidation and kinetics of diethyl carbonate 
[45,51,53,54,66,95–99], the pyrolysis and oxidation of dimethyl car
bonate (DMC) [41–43,48,75,99–102], the oxidation and kinetics of 
ethyl methyl carbonate [45,76,98] and reaction kinetics of ethylene 
carbonate [60] were investigated.

3.1. Thermal decomposition characteristic of dimethyl carbonates (DMC)

(a) Pyrolysis and oxidation of dimethyl carbonate (DMC)

Dimethyl carbonate, a crucial carbonate-based solvent used in 
lithium-ion battery electrolytes [103,104], undergoes oxidation and 
pyrolysis under diverse conditions of temperature and pressure in 
various combustion mode such as shock tube, flow reactor and rapid 
compression machines [41–43,45,46,48,105]. This study aims to 
investigate its behavior across various temperature and pressure ranges. 
Its reactivity is remarkable, with pressure and equivalence ratio 

significantly impacting ignition delay, particularly at low and high 
pressures conditions [48]. The experiments and kinetics analysis in a 
shock tube provide valuable insights into its decomposition mechanisms 
which are driven by H-abstraction reactions, notably the primary chain 
branching reaction: 

Ḣ+O2 = Ö+OH (1) 

Sensitivity analysis highlights the significance of this reaction across 
various temperature ranges [41].Moreover, the mixture of DMC/O2/ 
He/Ar was experimentally studied in a shock tube under varying con
ditions [42]. Due to the absence of C–C bonds, dimethyl carbonate 
(DMC) produces lower amounts of ethylene and acetylene. The O-C-O 
bonds in DMC can be cleaved due to oxygen on the main carbon atom. As 
a result, a methoxy radical and small amounts of CH4, C2H4, and acet
ylene are produced [44]. The high-temperature pyrolysis of DMC yiel
ded a wide array of intermediates and products which results the a 
comprehensive kinetic model consisting the 257 species and 1563 re
actions [43]. The DMC/air model slightly overpredicted some burning 
velocities but provided accurate prediction of for flame temperature 
power exponent (α) [105]. For detailed reaction mechanism of DMC 
under various combustion techniques, are explained in Table 3.

It is concluded that the oxidation of DMC, a carbonate-based elec
trolyte occurs within the temperature range of Tw,max = 725–875 ◦C, 
while the mole fractions of H2, CO, CH4, C2H4, and C2H6 increase within 
narrower range of Tw,max = 776–826 ◦C. Alexandrino et al. [48] cor
rected the DMC thermal decomposition rate constant (Eq. (2)) from the 
Sun to Hu mechanism. 

DMC = CH3OCO+CH3O (2) 

Under oxidizing conditions, the consumption of DMC involves 
radical H-atom abstractions. Various mechanisms have been proposed 

Table 1 
Properties and structure of linear carbonates for lithium-ion batteries.

Sr 
#

Linear carbonate Properties Structure

1 Dimethyl carbonate 
(DMC) [90]

Formula: 
C3H6O3 

Density: 1.069 
g/cm3 

Boiling point: 
91 ◦C 
Flash point: 18 
◦C 
ΔHc (MJkg− 1): 
14.48 
ΔHvap 

(MJkg− 1): 0.43 
ΔcHliq 

(MJkg− 1): 
− 15.78

2 Diethyl carbonate 
(DEC) [78]

Formula: 
C5H10O3 

Density: 0.975 
g/cm3 

Boiling point: 
126 ◦C 
Flash point: 57 
◦C 
ΔHc (MJkg− 1): 
22.7 
ΔHvap 

(MJkg− 1): 0.34 
ΔcHliq 

(MJkg− 1): 
− 22.7

3 Ethyl methyl 
carbonate (EMC) 
[90]

Formula: 
C4H8O3 

Density: 1.01 g/ 
cm3 

Boiling point: 
110 ◦C 
Flash point: 23 
◦C 
ΔHc (MJkg− 1): 
22 
ΔHvap 

(MJkg− 1): 0.34 
ΔcHliq 

(MJkg− 1): − 22

Table 2 
Properties and structure of cyclic carbonates for lithium-ion batteries.

Sr 
#

Cyclic carbonate Properties Structure

1 Propylene carbonate (PC) 
[78]

Formula: C4H6O3 

Density: 1.2 g/cm3 

Boiling point: 242 ◦C 
Flash point: 145 ◦C 
ΔHc (MJkg− 1): 
− 27.4 
ΔHvap (MJkg− 1): 
0.55 
ΔcHliq (MJkg− 1): 
− 27.4

2 Ethylene carbonate (EC) 
[90]

Formula: C3H4O3 

Density: 1.3210 g/ 
cm3 

Boiling point: 248 ◦C 
Flash point: 146 ◦C 
ΔHc (MJkg− 1): 
12.66 
ΔHvap (MJkg− 1): 
0.62 
ΔcHliq (MJkg− 1): 
− 13.29

3 Fluoroethylene carbonate 
(FEC)

Formula: C3H3FO3 

Density: 1.41 g/cm3 

Boiling point: 249.5 
◦C 
Flash point: 101.7 ◦C 
ΔcHliq (MJkg− 1): 
− 10.4

4 Vinylene carbonate (VC) Formula: C3H2O3 

Density: 1.35 g/cm3 

Boiling point: 162 ◦C 
Flash point: 72.7 ◦C 
ΔcHliq (MJkg− 1): 
− 13.29
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by Glaude et al. [100] analogies to alkanes, Hu et al. [41] to methyl 
butanoate [106], and Sun et al. [43] to methyl formate [107]. The re
actions with O and H radicals were calculated using theoretical rate 
constants [64,65]. Thermal degradation rate constants differ between 
the Hu and Sun mechanisms. 

DMC = CH3OCH3 +CO2 (3) 

CO2 elimination rate constants from the Glaude and Sun mechanisms 
were respectively applied in the Hu and Sun mechanisms. Fig. 4 dem
onstrates the product species, observed during oxidation and pyrolysis 
of DMC and compares the results simulation models with experiment 
data [45]. 

(b) Reaction pathway of dimethyl carbonate (DMC)

Alexandrino et al. [48] proposed a DMC kinetic model that describes 
the ignition delay time of the oxidation mechanism and breakdown of 
DMC. The chemical reaction pathway conducted at 20 % DMC conver
sion reveals that the predominant pathways for DMC consumption 
involve two unimolecular breakdown processes of DMC and the 
abstraction of H-atoms from DMC, mostly by Ḣ atoms and ȮH radicals. 
Reaction pathways of DMC with different concentrations (1.75 and 0.75 
%) T = 1076 ◦C, φ = 1.0 and pressure P = 2 atm is illustrated in Fig. 5.

Fig. 6 describes sensitivity analysis of DMC oxidation. The most 
significant reactions increasing reactivity are the chain-branching re
action Ḣ + O2 ⇄ Ö + ȮH (R8) and the fuel-specific reaction R1 [48]. 

Table 3 
Summary of reaction mechanisms of various DMC models at different temperatures and pressure [41–43,45,46,48,105].

Sr. No Mixture Temperature (◦C) Φ Pressure (MPa) Combustion method Ref.

1 DMC/O2/Ar T5 = 826–1326 0.5–2.0 P5 = 0.12, 0.5, 1 Shock tube (ST) [41]
2 DMC/O2/Ar Tf = 1970, 2045 1.0, 1.5 0.0027, 0.0033 Burner stabilized premixed flame [43]
3 8%DMC/N2, 39%O2/N2 Tf = 1352 Non-premixed 0.1 Opposed flow diffusion flame [44]
4 DMC/O2/Ar(/He) T5 = 1033–1368 0.5–2.0 P5 = 0.125–0.133 Shock tube [42]
5 2%DMC/Ar 568–1216 ∞ 0.004, 0.020, 0.1 Plug-flow reactor [43]
6 DMC/O2/(N2 or Ar) Tc (T5) = 521–1311 0.5–2.0 Pc (P5) = 0.2, 2, 4 Rapid compression machine, shock tube [48]
7 1.5%DMC/O2/N2 426–1026 1.0 0.1 Micro flow reactor [45]
8 1.5%DMC/N2 426–1026 ∞ 0.1 Micro flow reactor [45]

Fig. 4. The concentration of different species were measured (the open diamond) and calculated (the circle with a line) of DMC mixtures [45].
Copyright © 2021 The Combustion Institute. Reproduced by Elsevier.
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Increasing fuel concentration makes the specific fuel reaction more 
sensitive, but the chain-branching reaction less sensitive.

K. Alexandrino [108] proposed the DMC kinetic model at high 
pressure (20, 40, and 60 atm), different temperature (500–1073 K) and 
describe the reaction pathway of DMC using model’s reaction rate 
analysis as shown in Fig. 7. Throughout all the stoichiometries and 
pressures examined in this study, the predominant consumption of DMC 
occurs through reactions with CH3O2 and OH radicals. This reaction is 
facilitated by increased oxygen concentration under fuel-lean condi
tions, leading to subsequent breakdown of DMC and formation of methyl 
radicals and CO2.

W. Sun et al. [43] used Chemkin Pro to investigate the premixed 
flames, flame speeds, ignition delay time and opposed-flow diffusion 
flames for the DMC Kinetic model. The disintegration of the CH3OC(=O) 
OCH2 radical also produces a significant quantity of CH3OCO radical, 
more than 90 % of which decomposes into CO2 and CH3. Furthermore, 
the CH3OC(=O)O radicals generated from the direct bond cleavage of 
the fuel are entirely transformed into CO2 and CH3O radicals. Further
more, the molecular removal of CO2 from DMC facilitates the production 
of CO2. The three fuel-related processes, along with the reaction CO +
OH ⇌ CO2 + H, account for nearly all CO2 production as shown in Fig. 8.

Fig. 9(a & b) illustrates the principal reaction pathways of DMC/air 
mixtures at points where 30 % of each fuel is burned at temperature Tw 
= 760 ◦C, along with similar pathways at the same temperature Tw =

560 ◦C for comparative analysis. While fuel consumption reactions are 
minimal at low temperatures Tw = 560 ◦C, CO generation via the C1 
pathway accelerates swiftly following the consumption of DMC at Tw =

760 ◦C. According to the analysis of DMC oxidation reactions, The key 
difference between their reactivity and that of C2H4 producing thermal 
decomposition reactions is the fuel consumption activities that occur 
during H-atom abstraction events in DMC [45].

K. Kanayama et al. [56] described the EC/DMC pyrolysis reaction 

pathways with 30 % reactant consumption. EC is mostly used by R1, 
which creates CO2 and acetaldehyde. The chemical route of EC that 
produces CO2 and ethylene oxide (C2H4O) (R2) was the second most 
energetically preferred decomposition reaction based on theoretical 
calculations; however, it had little effect on EC pyrolysis under the 
examined conditions. CO2 elimination produces DME (CH3OCH3) (R4) 
the main DMC consumption process. The CH3–O bond dissociation 
channel is the second lowest channel energetically. The current reaction 
pathway consumes 30 % DMC at Tw = 867 ◦C, and this dissociation 
channel contributes 18 %. According to the reaction path study, EC 
mostly decomposes into stable species (CO2 and acetaldehyde) and has 
little effect on DMC consumption. After EC and DMC unimolecular 
breakdown, all reaction paths reach CH3, CO, and CO2. CH3 then 
recombines to form the C2 species, which evolves progressively, as 
shown in Fig. 10.

3.2. Thermal decomposition characteristic of diethyl carbonates (DEC)

(a) Pyrolysis and oxidation of diethyl carbonate (DEC)

Diethyl carbonate (DEC) is common electrolyte in lithium ion bat
teries [44]. DEC oxidation and combustion was examined in different 
combustion approaches such as shock tube, flow reactor, rapid 
compression machines and jet stirrer reactor [45,50,51,53,54]. Oxida
tion species were investigated utilizing a jet stirrer reactor operating at 
10 atm and temperatures ranging from 225 ◦C to 925 ◦C, along with 
equivalence ratios of 0.5 to 2.0. A chemical kinetic model was con
structed for DEC and validated using experimental data, enabling the 
prediction of changes in concentrations of intermediate species and 
ignition times. The agreement between the model and experimental 
results was assessed for evaluation [51]. This study explored DEC’s 
higher temperature oxidation and pyrolysis. Initially, the [-OC(=O)O-] 

Fig. 5. Reaction pathways of DMC with different concentration (1.75 and 0.75 %) T = 1076 ◦C, φ = 1.0 and pressure P = 2 atm [48].
Copyright © 2017 The Combustion Institute. Reproduced from Elsevier.
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group in DEC enhances CO2 production during premix flame conditions, 
breaking down C2H5OC(=O)OH and leading to the generation of in
termediates such as C2H4, CH3CHO, C2H5OH, and C2H5 through β-scis
sions of radicals like C2H5OĊ(=O) and C2H5OC(=O)O• [53]. The 
oxidation of DEC initiates CO2 generation at low temperatures (Tw,max =

475 ◦C) because of its ester/carbonate group. Oxidation generates C2H4 
and C2H5OH even at low temperatures [45]. Oxidation initiates at 375 
◦C with DEC and at 175 ◦C with O3, indicating its low-temperature 
characteristics. A DEC/O3 kinetic model was developed, demon
strating considerable accuracy, but with a minor overestimation in the 
range of 275–475 ◦C. The DEC oxidation trajectory with O3 demon
strates accurate predictions within the range of 275–475 ◦C. The O3 
promotes DEC oxidation by generating active O atoms that do not 
engage in direct reactions with DEC [54].The reaction mechanism of 
DEC is explained in Table 4.

Fig. 11(a) illustrates that the mole fraction of O2 observed during 
DEC oxidation decreases steadily from Tw,max = 626 ◦C (900 K) to near 
depletion at Tw,max = 776–826 ◦C (1050-1100 K). At Tw,max = 626 ◦C 
(900 K), mole fractions of H2, CO, CH4, and C2H6 peak at 676–726 ◦C 
(950–1000 K). The CO2 and C2H4, key species in DEC combustion, in
crease at lower temperatures (Tw,max = 476 ◦C (750 K)), whereas oxygen 
declines slightly. Between Tw,max = 576 ◦C and 726 ◦C (850 & 1000 K), 
the CO2 mole fraction stabilizes around 0.074 by 826 ◦C (1100 K). 
Compared to theoretical and experimental predictions, the Sun mecha
nism and Nakamura technique estimate O2, H2, CO, CH4, and C2H6 mole 
percentages properly. The two methods forecast CO2 and C2H4 mole 
fractions differently at low temperatures (Tw,max = 476–576 ◦C 
(750–850 K). The pyrolysis of DEC is shown in Fig. 11(b), above 726 ◦C 
(1000 K), both the Nakamura and Sun methods align, showing similar 
trends for increasing H2, CO, and CH4 fractions. However, the DEC, CO2, 

Fig. 6. Sensitivity analysis at P = 2.0 atm, and T = 1076 ◦C for 0.75 % DMC & 1.75 % DMC [48].
Copyright © 2017 The Combustion Institute. Reproduced from Elsevier.

Fig. 7. Reaction pathway of DMC oxidation under high pressure [108].
Copyright © 2021, Reproduced From Elsevier.
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C2H4, and C2H5OH fractions differ between the methods.
Fig. 12(a) and (b) depict concentration of DEC and O2 at different 

temperatures with varying levels of O3 addition. The experimental 
findings show that, in the absence of O3 addition, DEC oxidation com
mences at 376 ◦C (650 K), and low-temperature reactivity is not 
observed, which aligns with prior literature [51]. Conversely, when O3 
is added, the oxidation of DEC occurs at a significantly low temperature 
from 176 ◦C (450 K), which intensifies with higher O3 concentrations. 
The present study of DEC/O3 model predicts low temperature DEC 
oxidation well in the presence of O3. however, it slightly overestimates 
DEC and O2 consumption at 276–476 ◦C (550–750 K), indicating un
certainties in the low-temperature DEC oxidation pathway [54].

Fig. 13(a) & (d) depict the concentration of CO, CH3CHO, CH2O, and 
CO2 at various temperature range with addition of O3 The evaluation of 
these species from 176 ◦C (450 K) occurs and indicates low temperature 
oxidation [54].

The molecules of C2H4 and C2H5OH are not produced lower than 
376 ◦C (650 K) which are not primary products during oxidation of DEC. 
This implies that C2H4 and C2H5OH are not significantly affected by O3 
levels at low temperatures, as observed in the experimental and simu
lations results. The O3 begins to quickly disintegrate around 176 ◦C (450 
K) with agreement with our previous findings [54]. 

(b) Reaction pathway of diethyl carbonate (DEC)

Zhao, Hao, et al. [54] investigated the oxidation of diethyl carbonate 
(DEC) in flow reactor at various temperatures range from 126 to 576 ◦C 
(400–850 K) and with addition of O3. They developed a kinetic model 
for diethyl carbonate/O3 system, and its predictions were found to be 
highly accurate, except for DEC oxidation between temperature of 
276–476 ◦C (550–750 K), where model somewhat overpredicted reac
tivity. Following the H-atom abstraction reaction, diethyl carbonate 

forms the molecule such as C2H5OCOOC⋅HCH3 through the reaction 
involving OH and Ȯ radicals.

The molecule of C2H5OCOOC⋅HCH3 oxidizes with O2 to produce 
C2H5OCOOCH(OO)⋅CH3. Two molecules, C2H5OCOOC.HCH3 and 
C2H5OCOOCH(OO)⋅CH3/HO2⋅/CH3O2, react with each other to 

generate C2H5OCOOCH
(

Ȯ
)

CH3.The molecule of C2H5OCOȮ and 

CH3CHO are generated through decomposes of C2H5OCOOCH
(

Ȯ
)

CH3 

using β-scission mechanism, and finally produces the CO and CO2 as 
demonstrated in Fig. 14.

K. Kanayama et al. [45] studied the DEC/air kinetic model, which 
was based on the Alexandrino mechanism [41]. The reaction pathways 
of DEC/air mixture were investigated, where 30 % of fuel is burned at 
temperature at Tw = 555 ◦C and Tw = 755 ◦C, as shown in Fig. 15(a and 
b). The oxidation of DEC at a low temperature (Tw = 555 ◦C) produces a 
variety of intermediate and final products, such as C2H5OH, C2H4 and 
CO2. However, these products are relatively stable, and only a small 
number of active radicals are formed. Although a radical loop uses up 
oxygen and generates hydrogen peroxide and hydroxyl radicals (HO2) 
by performing two-step reactions from CH3CHO to C2H5OH, the radical 
loop oxidation enhancement is still rather weak when carried out at low 
temperatures.

W. Sun et al. [53] proposed a reaction pathway for diethyl carbonate 
(DEC) in which the degradation of DEC happens. Although the six- 
membered elimination DEC⇋C2H5OC( = O)OH + C2H4 is responsible 
for limiting DEC consumption under pyrolysis and primary mechanism 
of DEC degradation is due to H-atom abstraction from the diethyl car
bonate (DEC).

About 50 % of the DEC is decomposed by H-abstractions from sec
ondary carbon atoms, whereas only about 22 % is used up by those from 
main carbon atoms (because of varying strengths of the C–H bonds 
involved). Two distinct fuel radicals CH3CHOC( = O)OC2H5 and 

Fig. 8. Analyses of DMC reaction routes at different φ = 0.1 and 1.5 using ROP [43].
Copyright © 2015 The Combustion Institute. Reproduced from Elsevier.
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CH2CH2OC( = O)OC2H5, are produced, which easily degrade and 
generate smaller species. The three principal products seen in pyrolysis 
investigations (CO2, C2H4, and C2H5OH) are present in high levels in the 
premixed flame, but their generation paths may differ from those re
ported in pyrolysis. According to the ROP study, C2H5OH is produced 
solely from the degradation of C2H5OC(=O)OH, just like in pyrolysis, 
whereas CO2 and C2H4 are formed by several processes, as shown in 
Fig. 16.

H. Nakamura et al. [51] explained the oxidation of DEC at high 
temperature ignition and species concentration in a jet stirred reactor. 
Fig. 17 depicts the reaction mechanism of DEC oxidation in the JSR at 
50 % fuel consumption at different conditions (T = 506 ◦C, P = 10 atm). 
Fig. 18 depicts the chemical pathway of DEC was performed at 526 ◦C, 
30 atm.

3.3. Thermal decomposition characteristic of ethylene carbonate (EC)

(a) Oxidation and pyrolysis of ethylene carbonate (EC)

The ethylene carbonate (EC) is a widely utilized as electrolyte in LIBs 
due to its high dielectric constant [74,109]. Limited studies have 
explored the behavior of EC. The decomposition of EC radical cation 
suggests that the likely outcome is the generation of CO2. Xing et al. 
[110] employed the DFT model (B3LYP/6-311++G(d,p) and confirming 
CO2 formation. Unlike dialkyl carbonates, the unique structures of linear 
and cyclic carbonates lead to distinct decomposition pathways, often 
involving CO2 production. Investigation into the combustion of EC is 
vital for comprehending the chemical events associated with LIB flames. 
Harris et al. [75] proposed a kinetic model to estimate energy and 
product release rates. Therefore, the development of a kinetic model for 
ethylene carbonate is crucial. K. Kanayama et al. [56] studied CO2, CO, 

H2, and C1-C2 hydrocarbon species using gas chromatography at 
different temperature conditions (T = 426–926 ◦C). The reaction 
mechanism of DMC/EC is explained in Table 5.

The EC compound experiences a rapid decrease and is completely 
consumed at T = 726–776 ◦C (1000–1050 K), whereas concentration of 
DMC begins to decrease at a higher temperature range (T = 776–825 ◦C 
(1050–1100 K) and is fully consumed at 926 ◦C (1200 K). The concen
tration of H2, CH4, and CO sharply increase at 1100 K, while CO2 begins 
to rise within temperature range where EC is consumed at T = 726–776 
◦C (1000–1050 K). At 776 ◦C, C2H6, C2H4, and C2H2 are successively 
generated. DME and CH2O increase sharply escalate between 726 and 
776 ◦C (1050–1100 K), mirroring the decline of DMC. CH3CHO, a reli
able EC decomposition indicator, peaks at 776 ◦C, followed by a rapid 
decline. In summary, EC decomposes earlier than DMC, which aligns 
with the theoretical projections shown in Fig. 19.

3.4. Thermal decomposition characteristic of ethyl methyl carbonate 
(EMC)

(a) Pyrolysis and oxidation of ethyl methyl carbonate (EMC)

EMC, a linear carbonate, was decomposed in a microflow reactor 
(MFR) under various equivalence ratios, at a pressure of 1 atm and 
temperature (426–1026 ◦C). Gas chromatography identified several 
product species (CO, O2, CH4, H2, CO2, C2H2, and C2H4). The production 
of CO2 occurred in two stages: initially during fuel degradation at 576 
◦C K, and subsequently through CO oxidation at 776 ◦C. EMC decom
position yielded CO2 and C2H4, along with CH3OH, which was formed 
via methyl formic acid. The oxidation of CH3OH and C2H4 led to a 
secondary increase in CO2 [88]. Table 6 explains the reaction mecha
nism and combustion method of ethyl carbonate.

Fig. 9. Reaction paths of DMC/air weak flames [45] estimated using the Alexandrino mechanism [48].
Copyright © 2017 The Combustion Institute. Reproduced from Elsevier.
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The findings reveal that EMC decomposition yielded C2H4 and CO2 
without consuming oxygen at temperatures of 476–576 ◦C (750–850 K). 
At high temperature, oxygen consumption and the generation of H2, CO, 
and CH4 commenced. The EMC reaction progressed in multiple stages: at 
temperature (T = 476–576 ◦C), different species such as C2H4 and CO2 
are produced, at temperature (T = 626–726 ◦C), the conversion of 
decomposition products into carbon monoxide (CO) occurs, and at 776 
◦C, the oxidation of CO to carbon dioxide (CO2) takes place. Further
more, a significant fraction of H2 and CO observed around 626–726 ◦C 
(900–1000 K) as shown in Figs. 20 and 21(a and b) [76]. 

(b) Reaction pathway of ethyl methyl carbonate (EMC)

A kinetic model for ethyl methyl carbonate has been developed and 

validated it experimentally using flow reactor [76]. Fig. 22(a and b) 
illustrates the primary reaction pathway of EMC during oxidation at 576 
◦C and 776 ◦C. At 576 ◦C, the decomposition of EMC occurs to produce 
COC*OOH and C2H4 through reaction of R1, which is the main reaction, 
while other EMC breakdown processes (R2 and R3) contribute far less 
than R1 does. The reaction R4 quickly breaks down, releasing CO2 and 
CH3OH, and low temperature prevents C2H4 and CH3OH from reacting 
with one other. However, these reactions continued at 776 and 576 ◦C. 
The methanol is oxidized to CO and CO2 through the C1 pathway and 
ethene (C2H4) mostly produces CH3 radicals and C2 species. At 776 ◦C, 
the EMC decomposition reaction was negligible when compared to the 
oxidation of ethene and methanol.

Fig. 10. Reactions pathways that occur during the pyrolysis of EC and DMC. The primary reaction routes are indicated by the black and red arrows. At Tw,max = 926 
◦C, 30 % of the EC (at Tw = 756 ◦C) and 30 % of the DMC (at Tw = 867 ◦C) are consumed [56]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
Copyright © 2022, Produced from Elsevier.

Table 4 
Reaction mechanism of different DEC models at different temperature and pressure [45,50,51,53,54].

Sr. # Mixture Temperature (◦C) Φ Pressure (MPa) Combustion method Ref.

2 0.1%DEC/N2/O2 T0 = 286–946 0.5–2.0 0.1 SP; Jet-stirred reactor [50]
3 DEC/air Tc (T5) = 386–1026 0.5–2.0 3 Rapid compression machine, shock tube [51]
4 0.1%DEC/N2/O2 226–926 0.5–2.0 1 Jet-stirred reactor [51]
5 DEC/O2/50%Ar 2162 1.5 0.15 Burner stabilized premixed flame [53]
6 1.5%DEC/N2 426–726 ∞ 0.1 Micro flow reactor (MFR) [45]
7 1.5%DEC/O2/N2 426–1026 1.0 0.1 Micro flow reactor (MFR) [45]
8 0.5%DEC/O2/Ar/He 126–576 1.2 0.1 Atmospheric laminar flow reactor [54]
9 0.5%DEC/O3/Ar/He 126–576 1.2 0.1 Atmospheric laminar flow reactor [54]
10 2%DEC/Ar 418–863 ∞ 0.004, 0.020, 0.1 Plug-flow reactor [53]
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3.5. Thermal decomposition characteristic of propylene carbonate (PC)

(a) Degradation of propylene carbonate (PC)

A quantum chemical investigation was conducted to analyze the 

degradation process and kinetics of propylene carbonate (PC) in the 
presence of the hydroxyl radical (OH), as illustrated in Fig. 23 [111] and 
the resulting products from the studied reactions encompass OCHO, 
CH3CHO, CH2O, and CO2.

Fig. 24 scheme (a) illustrates the possibility of the alkyl radical 

Fig. 11. The mole fractions of different species were measured (the open diamond) and calculated (the circle with a line) of DEC mixture (a) Oxidation od DEC (b) 
Pyrolysis of DEC [45].
Copyright © 2021 The Combustion Institute. Reproduced from Elsevier.

Fig. 12. Consumption of (a) DEC (b) O2 concentration at different temperature and pressure 1 atm [54].
Copyright © 2021 American Chemical Society.
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undergoing subsequent reactions, resulting in the formation of a cyclic 
keto carbonate or glyoxal.

Fig. 24 in scheme (b), the removal of hydrogen atom from methyl 
group of propylene carbonate occurs and generates alkoxy radical which 
can undergo a variety of reactions. Fig. 24 scheme (c) proposes the 
potential elimination of a methyl group by the alkoxy radical, resulting 
in the formation of a keto-cyclo-carbonate. However, the absence of 
carbonate absorption in the product spectrum, along with the presence 
of formaldehyde (HCHO) and methanol (CH3OH), indicates a different 
outcome. The involvement of additional methyl radicals in the genera
tion of these compounds suggests that this reaction pathway is not sig
nificant. The primary reaction route for this radical involves the opening 
of its ring through the breakage of a C–C or C–O bond. Methyl glyoxal 
could be synthesized using the C–O bond breakage strategy, however it 
is not considered because it is not present in the product spectrum. C–C 
bond cleavage is then assumed to be the primary process, leading to the 
resynthesis of acetyl formyl anhydride [112].

4. Functionalized electrolyte additives for thermal and 
electrochemical stability

Various additives such as borates [113], phosphates [114], nitrates 
[115], phosphates [114], quercetin [116], polymers [117], and car
bonates are used for improving safety as shown in Fig. 25. These 
chemicals produce a protective layer on the surface that enhances bat
tery safety without diminishing cycle performance. Moreover, several 
chemicals enhance cellular thermal resistance at elevated temperatures. 
Transition metal ions such as Ni, Co, and Mn are commonly found in 

lithium-rich oxides. The transition metal ions solubilize in the 
carbonate-based electrolyte during the charge and discharge cycles of 
these oxides. Dissolution leads to structural degradation and a reduction 
in cathode capacity, hence diminishing battery performance [118].

5. Discussions and recommendations

Researchers have developed the kinetic model of carbonate-based 
electrolytes (DMC, DEC, EMC and EC) in which they concluded that 
most electrolytes are stable below 380 ◦C in gas phase reaction. The 
oxidation and pyrolysis of electrolytes have been conducted in flow 
reactors, rapid compression machines, shock tubes and plug flow re
actors at high temperature, high pressure and low residence time. In 
actual scenarios, lithium-ion batteries can fail in temperature range of 
125–225 ◦C. The temperature of lithium-ion batteries can increase 
because of lithium migration and electrochemical processes. Generally, 
this temperature rise has a minimal impact on the performance and 
safety of the batteries during regular usage. Nevertheless, in cases of 
battery misuse where excessive heat is generated, it can trigger internal 
electrochemical side reactions that produce substantial heat and flam
mable gases. This could potentially result in a thermal runaway incident. 
As the solid electrolyte interphase (SEI) degrades, the temperature of 
lithium-ion batteries can elevate within the range of 80 ◦C to 120 ◦C. 
This causes the breakdown of the meta-stable substance present in the 
SEI, resulting in the production of carbon dioxide (CO2), oxygen (O2), 
and flammable hydrocarbons. Oxygen (O2), known for its strong 
oxidizing properties, has the potential to worsen electrochemical side 
reactions within lithium-ion batteries. Additionally, oxygen (O2) acts as 

Fig. 13. Evolution of (a) CO (b) CH3CHO (c) CH2O (d) CO2 at different temperature and pressure 1 atm [54].
Copyright © 2021 American Chemical Society.
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a combustion enhancer, posing an additional safety risk. These flam
mable gases, produced from the interactions between electrolytes and 
electrodes, are commonly served as fuel for battery combustion and 
explosion except for CO2 under thermal abuse conditions. Their com
bustion kinetics have been comprehensively studied in the combustion 
society [119] and not emphasized in this work. The fire safety of bat
teries can be highly improved by inhibiting the production of flammable 
gases especially for H2 and C2H4, which exhibit broader flammable 
ranges and higher flame speeds and heat releases. Therefore, we have to 
understand the oxidation chemistry of electrolytes for producing these 
gases and emphasize their correlation with thermal runaway in this 
work.

On the contrary, electrolyte radicals such as H, CH3, and C2H5 un
dergo degradation processes that have the potential to produce addi
tional hydrocarbon gases (CH4, C2H6, C3H6, C3H8, and H2) at higher 
temperatures. Elevated temperatures can lead to the evaporation of the 
electrolyte. As exothermic reaction progresses, the reaction rate in
tensifies, leading to a rapid increase in internal battery pressure caused 
by the emission of gases. If the internal pressure exceeds a specific 
threshold compared to the external ambient pressure, the battery can 
burst and disintegrate. The decomposition of electrode materials re
leases gases that are expelled from the battery, resulting in the formation 

of a significant smoke stream. Ultimately, this can lead to fires or even 
explosions [120,121]. Excessive heat in the battery can source oxidation 
of the electrolyte and vent out of the cells. The released gases can ignite 
immediately or with a delay, posing a risk of a subsequent gas explosion. 
In heating and fire incidents, lithium-ion batteries emit various toxic 
compounds, including carbon monoxide and carbon dioxide [122–124]. 
It was concluded that thermal runway starts from temperature 150 ◦C by 
investigating the cell voltage, time and temperature profile using visu
alize accelerating rate calorimetry (ARC) [80]. It is possible to see how 
the liquid electrolyte in a battery sample fluctuates and how the pro
tective plastic layer deforms when heated (150–200 ◦C) to the point of 
thermal runaway [125].

This review focuses on the thermal runaway problem in lithium-ion 
batteries where oxidation of electrolytes is carried out at low tempera
ture and pressure. It can be investigated that thermal runaway problems 
can be solved by using kinetics reaction of electrolyte in different re
actors. It will be a big achievement in the field of batteries where we can 
analysis the reaction mechanism of electrolyte with cathode materials 
and understand the real scenario of thermal runaway. The oxidation of 
electrolytes can be investigated in different reactors such as flow re
actors in which we can select the different residence time, low tem
perature ranges 25–375 ◦C and 1 atm pressure and the kinetic model of 

Fig. 14. Schematic of DEC at and 1 atm with 539 ppm O3 [54].
Copyright © 2021 American Chemical Society.
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electrolyte can be developed at low temperatures and pressure. Sec
ondly, it can be analyzed the interaction between electrolytes and 
cathode materials at long residence time, low temperature, and pressure 
to develop the batteries environment. Authors can provide a clear image 
of thermal runaway events in the field of oxidation kinetics of electro
lytes to combustion society and bridge the gap between the communities 
of LIBs. Fig. 26(a) describes degradation of different parts of batteries at 

various temperature during operational conditions [17–21]. Fig. 26(b) 
explains the combustion kinetics of different carbonated based solvents 
at high temperature and pressure [43,45,53,54,56,58,66,95]. Fig. 26(c) 
describes future recommendations and research gaps between commu
nities of LIBs and fundamental combustion behavior of carbonate-based 
electrolytes.

There are two types of reactions that happen in batteries, 1. 

Fig. 15. Reaction paths of DEC/air weak flames [45] estimated using the Alexandrino mechanism [48].
Copyright © 2017 The Combustion Institute. Reproduced from Elsevier.

Fig. 16. Premixed flame DEC reaction pathways based on comprehensive ROP analysis [53].
Copyright © 2017 The Combustion Institute. Reproduced from Elsevier.

G.A. Gohar et al.                                                                                                                                                                                                                               Journal of Energy Storage 131 (2025) 117492 

15 



Electrochemical reaction 2. Chemical reaction. A significant research 
gap exists under heterogeneous reaction between electrolyte and cath
ode, particularly to identify the thermal runaway species. We focus on 
chemical reactions specifically, how electrolyte oxidation happens. High 
temperature techniques such as shock tube, flow reactor, rapid 
compression machines have been used to study electrolyte oxidation. 
There is lack of research on low temperature and pressure oxidation of 
these that resemble the real operational environment of electrolyte and 
cathodes. We proposed a real time experimental approach for thermal 
stability of electrolytes and cathode. In order to simulate DEC under low 

Fig. 17. Chemical reactions involving the oxidation of DEC in a JSR under 10 atm & T = 506 ◦C [51].
Copyright © 2014 The Combustion Institute. Reproduced from Elsevier.

Fig. 18. Reaction pathways of Ignition of DEC at 526 ◦C, 30 atm [51].
Copyright © 2014 The Combustion Institute. Reproduced from Elsevier.

Table 5 
Reaction mechanism of ethyl carbonate model at different temperature and 
pressure [56].

Sr. 
#

Mixture Temperature 
(◦C)

Φ Pressure 
(MPa)

Combustion 
method

Ref.

1 0.088% 
DMC/ 
0.112%EC/ 
99.8%N2

T0 = 426–926 – 0.1 Micro flow 
reactor (MFR)

[56]
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temperature and 1 atm pressure conditions that are pertinent to real 
battery environments, a previously developed kinetic model of DEC 
must be used. We propose to use a gas chromatograph (GC), coupled 
with a flow reactor to validate the model. NCM particles will be sus
pended in a flow reactor and allowed to interact with gaseous electro
lytes. Chemical reactions happen for long residence time in reactors, 
enabling the quantification of generated species and providing real time 
insights into reaction dynamics. Furthermore, low temperature thermal 
runaway species is important in critical safety concern, as it often 

Fig. 19. The concentration (mole fraction) of DMC, EC, H2, and C1-C2 species were determined both through measurement (open symbol) and computation (closed 
symbol with a line) [56].
Copyright © 2022, Reproduced from Elsevier.

Table 6 
Reaction mechanism of ethyl carbonate model at different temperature and 
pressure [76].

Sr. 
#

Mixture Temperature 
(◦C)

Φ Pressure 
(MPa)

Combustion 
method

Ref.

1 EMC/ 
O2/N2

426–1026 ∞ 0.1 Micro flow 
reactor (MFR)

[76]

Fig. 20. The oxidation of EMC in MFR was determined at atmospheric pressure with a mixture of 1.5%EMC/O2/N2 with different equivalence ratios [76].
Copyright © 2021 The Combustion Institute. Reproduced from Elsevier.
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Fig. 21. (a and b). The oxidation of EMC in MFR were determined experimentally (using symbols) and through computer simulations (using lines) at atmospheric 
pressure with a mixture of 1.5%EMC/O2/N2 with different equivalence ratios [76].
Copyright © 2021 The Combustion Institute. Reproduced from Elsevier.

Fig. 22. Pathways for the oxidation of EMC in MFR at 1.0 atm, Tw,max = 576 ◦C and 776 ◦C [76].
Copyright © 2021 The Combustion Institute. Reproduced from Elsevier.
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involves the complex reaction between cathode and electrolyte. 
Although electrolytes exhibit little reactivity with ground-state O2 at low 
temperatures, they can be oxidized by some potential active oxidizers 
such as cathode metal oxides and singlet O2 at low temperatures. These 
reactions can lead to gas generation, progressive exothermal reactivity 
and increase internal pressure, all of which may ultimate full scale 
thermal runaway.

This review is mainly focused on chemical kinetics of electrolytes at 
various temperatures and pressure, from which we suspect the low 
temperature thermal runaway is due to the electrolyte-electrode inter
facial reactions above. Unfortunately, the relevant heterogeneous ki
netic mechanisms are very lacking and deserve comprehensive future 
studies. The potential research direction for the in-depth study on the 
low temperature thermal runaway is recommended here: 1) The 
chemical kinetics of electrolyte and cathode materials can be investi
gated using a flow reactor coupled with gas chromatography (GC) under 
the conditions of long residence time, atmospheric pressure and low 

temperature. 2) The theoretical computation of surface reactions be
tween electrolyte and cathode materials by using DFT computation for 
the kinetic mechanism and studying their low temperature oxidation in 
the electrolysis process. Moreover, carbonates-based electrolytes have 
shown reactivity at low temperatures when interacting with cathode 
materials, and similar species have been observed during thermal run
aways events [126]. Electrochemistry side reaction is based on cell 
design and using DEMS cells to investigate the product species during 
charging and discharging of cells. The electrochemistry side reaction 
will be considered in future study.

6. Conclusion and future directions

The advancement and adoption of lithium-ion batteries (LIBs) have 
greatly improved convenience across various aspects of our daily lives. 
However, safety is an ongoing concern that necessitates immediate 
investigation, particularly concerning lithium-ion batteries (LIBs) with 

Fig. 23. Reaction pathway of PC [111].
Copyright © 2019, Reproduced from Elsevier.
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high energy density. This review examines the chemical kinetics of 
carbonate-based electrolytes of lithium-ion batteries. The study involves 
three phases. In the first phase, the gas-phase reactivity of various car
bonate solvents (e.g., DEC, VC, DMC, FEC, EMC, PC, EC) in lithium-ion 
batteries was investigated using multiple reactors equipped with GC and 
MBSM for product detection. Resulting products like CO, CO2, CH4, etc., 
were observed under different conditions and verified through experi
ments and kinetic modeling. The coexistence of CO2 and CO within the 
battery and decomposition patterns with temperature and state of 
charge were noted [127]. In second phase, gas-phase chemical kinetic 
modeling of various carbonate solvents (e.g., DEC, VC, DMC, FEC, EMC, 
PC, EC) for lithium-ion batteries has been developed to analyses the 

reaction mechanism. It has been proven that resulting products, such as 
CO, CO2, CH4, CH3CHO, CH2O, C2H5OH, C2H4 etc., were observed under 
different temperature and pressure conditions, which have been verified 
through experiments. The gases evolved during the oxidation of the 
electrolyte exhibited similar species as those observed during thermal 
runaway events. This research primarily examines the heterogeneous 
reactions between carbonate-based liquid electrolytes and cathode ma
terials, particularly under regulated low-temperature circumstances 
utilizing reactors such as flow reactors, shock tubes, and rapid 
compression machines. The aim is to replicate real-time thermal con
ditions pertinent to liquid electrolytes and analyze their combustion 
characteristics at initial temperatures (150–250 ◦C). For liquid 

Fig. 24. Possible reaction path of propylene carbonate [112].
Copyright © 2016, Reproduced from The Royal Society of Chemistry.
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electrolyte, additives can enhance the fire safety concern. This new type 
of experiment is more helpful for selecting additives and compatible 
with cathodes. Although recent developments in solid-state electrolytes 
and their thermal stability are significant, they are beyond the intended 
focus of this study.

First challenge:
Studies have shown that most carbonate-based electrolytes exhibit 

stability at temperatures below 380–400 ◦C. However, it has been 
observed that batteries may experience failure when operating at lower 
temperatures, specifically between 125 and 200 ◦C.

Future direction:
Designing a new type of reactor such as flow reactor (FR), continuous 

stirred-tank reactor (CSTR), jet stirrer reactor (JSR) and constant 

volume combustion bomb (CVCB) for investigating carbonate-based 
electrolytes in lithium-ion batteries would enable us to make signifi
cant scientific contributions in this field. 

• An automated temperature and pressure-controlled reactor should 
be designed using fused silica (quartz materials) for real time com
bustion of carbonate-based electrolytes using high speed camera and 
should be coupled with Micro-GC and molecular beam and mass 
spectrometry (MBMS) for analyzing the product species.

• To develop the realistic representation of battery environment in the 
reactors, enabling reliable and accurate operating conditions.

• Investigating the low temperature chemistry of different carbonate- 
based electrolytes at low pressure (1 atm), providing valuable 
insight into chemistry of various electrolytes that can contribute to 
the fire safety of lithium-ion batteries.

Second challenge:
Currently, there is no comprehensive kinetic model of DMC, DEC, 

EMC, and EC based electrolytes of lithium-ion batteries at low temper
ature range 125–350 ◦C and low pressure (1 atm) for understanding 
chemical kinetics of these electrolytes for fire safety perspective.

Future direction: 

• Leveraging the previous kinetic model of different carbonate-based 
electrolytes, the new experimental data point and simulation re
sults can be developed under various conditions as long residence 
time for reaction, low temperature (125–350 ◦C) and low pressure (1 
atm).

Third challenge:
There is currently no study on heterogeneous reaction between 

carbonate-based electrolytes and cathode or anode materials of lithium- 
ion batteries, which are essential for analyzing the real scenario of re
action mechanism that leads to thermal runaway.

Future direction:
There are few possibilities to solve this challenge, 

Fig. 25. Various additives for lithium-ion battery applications [118].
Copyright © 2023, Reproduced from Elsevier.

Fig. 26. Thermal runaway of lithium-ion batteries and oxidation mechanism of carbonate-based electrolytes.
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• The oxidation of carbonate-based electrolytes can be carried out with 
ozone (O3), as O3 is decomposed into O2 and singlet oxygen (O) state 
in different reactors. This process mimics cathode oxygen where the 
suitable environment for reaction under low temperature (125–350 
◦C) and low pressure (1 atm).

• Cathode materials should be placed in the reactor with continuous 
flow of vaporized carbonate-based electrolytes interacting with 
them. After heat treatment, cathode materials should be character
ized by using different techniques such as XPS, SEM, XRD, Raman to 
access their chemical and thermal stability. The occurrence of ther
mal runaways in lithium-ion batteries is attributed to heterogeneous 
reactions taking place between the electrolyte and the electrode. To 
analyze the product species, it is recommended to develop a reactor 
integrated with gas chromatography (GC) and molecular beam and 
mass spectrometry (MBMS). This study assumes a significant role in 
examining the reactions between the carbonate-based electrolytes 
and the cathode, as well as detecting the various species involved.

• Density functional theory (DFT) studies are particularly helpful for 
understanding the heterogeneous reaction of electrolyte and cathode 
materials, supporting analysis of thermal runaway behavior.
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[55] S.P. Cooper, C.M. Grégoire, Y.M. Almarzooq, E.L. Petersen, O. Mathieu, 
Experimental kinetics study on diethyl carbonate oxidation, Fuels 4 (2) (2023) 
243–260, https://doi.org/10.3390/fuels4020015.

[56] K. Kanayama, S. Takahashi, H. Nakamura, T. Tezuka, K. Maruta, Experimental 
and modeling study on pyrolysis of ethylene carbonate/dimethyl carbonate 
mixture, Combust. Flame 245 (2022) 112359, https://doi.org/10.1016/j. 
combustflame.2022.112359.

[57] P. Sela, Y. Zhang, J. Herzler, M. Fikri, C. Schulz, S. Peukert, Pyrolysis of diethyl 
carbonate: shock-tube and flow-reactor measurements and modeling, Proc. 
Combust. Inst. 38 (1) (2021) 987–996, https://doi.org/10.1016/j. 
proci.2020.07.052.

[58] C.M. Grégoire, S.P. Cooper, M. Khan-Ghauri, S.A. Alturaifi, E.L. Petersen, 
O. Mathieu, Pyrolysis study of dimethyl carbonate, diethyl carbonate, and ethyl 
methyl carbonate using shock-tube spectroscopic CO measurements and chemical 
kinetics investigation, Combust. Flame 249 (2023) 112594, https://doi.org/ 
10.1016/j.combustflame.2022.112594.

[59] R. Yu, J. Liu, Y. Wu, C. Tang, Experimental and modeling study on ignition 
kinetics of ethyl methyl carbonate, Combust. Flame 261 (2024) 113318, https:// 
doi.org/10.1016/j.combustflame.2024.113318.

[60] Q. Luo, L. Zheng, J. Wang, X. Shao, X. Wang, H. Li, C. Niu, Z. Peng, Flame 
propagation characteristics and reaction kinetics of electrolyte solvent vapor 
(ethylene carbonate) released from lithium-ion batteries, Appl. Therm. Eng. 
(2025) 125543, https://doi.org/10.1016/j.applthermaleng.2025.125543.

[61] Q. Luo, L. Zheng, J. Wang, H. Jia, X. Wang, S. Zhang, D. Wang, J. Lu, 
Investigation of chemical kinetic models for electrolyte solvent vapors released 
from thermal runaway lithium-ion batteries, Journal of Energy Storage 107 
(2025) 114932, https://doi.org/10.1016/j.est.2024.114932.

[62] X. Yang, W. Yang, C. Liu, M. Yu, Experimental and kinetic study on the explosion 
characteristics of lithium-ion battery vented gases, Journal of Energy Storage 98 
(2024) 113101, https://doi.org/10.1016/j.est.2024.113101.

[63] J. Deng, W. Yang, Y. Zhang, L. Pan, F. Kang, X. Ji, H. Wu, Combustion 
characteristics and fire risk assessment of EC/DMC/EMC electrolytes for Li-ion 
batteries, Journal of Energy Storage 110 (2025) 115308, https://doi.org/ 
10.1016/j.est.2025.115308.

[64] S. Peukert, R. Sivaramakrishnan, J. Michael, High temperature shock tube studies 
on the thermal decomposition of O3 and the reaction of dimethyl carbonate with 
O-atoms, Chem. A Eur. J. 117 (18) (2013) 3729–3738, https://doi.org/10.1021/ 
jp400613p.

[65] S. Peukert, R. Sivaramakrishnan, J. Michael, High temperature shock tube and 
theoretical studies on the thermal decomposition of dimethyl carbonate and its 
bimolecular reactions with H and D-atoms, Chem. A Eur. J. 117 (18) (2013) 
3718–3728, https://doi.org/10.1021/jp312643k.
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Radiolysis as a solution for accelerated ageing studies of electrolytes in Lithium- 
ion batteries, Nat. Commun. 6 (1) (2015) 1–8, https://doi.org/10.1038/ 
ncomms7950.

[100] P.A. Glaude, W.J. Pitz, M.J. Thomson, Chemical kinetic modeling of dimethyl 
carbonate in an opposed-flow diffusion flame, Proc. Combust. Inst. 30 (1) (2005) 
1111–1118, https://doi.org/10.1016/j.proci.2004.08.096.
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