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Innovative Chemical Processes, Institute of Engineering, University of Seoul, Seoul, Republic of Korea

Lithium-ion batteries (LIBs) are integral to modern technology, yet their reliance
on flammable liquid electrolytes poses significant safety challenges, especially in
electric vehicles and large-scale energy storage systems. This paper presents the
development of flame-retardant electrolytes utilizing the Define-Measure-
Analyze-Design-Optimize-Verify (DMADOV) methodology to enhance both
safety and performance of LIBs. The study initiates by defining the correlation
between the properties of organic solvents and electrochemical stability,
focusing on the overcharging risks that can induce thermal runaway. Through
systematic measurement and analysis of candidate components, critical factors
influencing the quality of flame-retardant electrolytes are identified. The design
phase prioritizes the establishment of solid electrolyte interface (SEl) conditions
for y-butyrolactone (y-BL), ensuring the electrolyte’s performance and stability in
LIBs. The optimization phase further refines the SEI formation conditions to
address performance challenges identified during initial design, incorporating
related manufacturing processes. The final verification phase confirms the
alignment of the flame-retardant electrolyte composition with optimized SEI
conditions, establishing a viable electrolyte range for practical applications. The
study demonstrates that the use of y-BL markedly reduces the explosion risk due
to overcharging. The final verification phase confirms the alignment of the flame-
retardant electrolyte composition with optimized SEI conditions, establishing a
viable electrolyte range for practical applications. Significantly, this study
emphasizes the importance of robust SElI design in developing flame-
retardant electrolytes with high-flash-point organic solvents like vy-BL,
supported by validation experiments on patented technology. These
advancements not only enhance the safety profile of LIBs but also
demonstrate the potential for improved battery performance, paving the way
for broader applications in energy storage solutions.

frame-retardant electrolyte, butyrolactone, SEI, FEC, LIB

1 Introduction

Li-ion batteries (LIBs) are pivotal in numerous technological fields, such as portable
electronics, electric vehicles, drones, and energy storage systems, due to their high energy
density, long cycle life, and low self-discharge characteristics (Neef and Thielmann, 2023).
These attributes render LIBs essential for modern devices, providing power in increasingly

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenrg.2024.1508471/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1508471/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1508471/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1508471/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1508471&domain=pdf&date_stamp=2025-01-20
mailto:csjung@uos.ac.kr
mailto:csjung@uos.ac.kr
https://doi.org/10.3389/fenrg.2024.1508471
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1508471

Lee and Jung

compact forms. Consequently, LIBs remain at the forefront of
research and industry, driven by the increasing demand for
efficient and durable energy storage solutions (Grey and Hall,
2020). Despite their advantages, most LIBs use flammable liquid
electrolytes with about 70 vol% of low-flash-point solvents such as
DEC, which poses serious risks. The volatility of these electrolytes
under stress can lead to failures like fires or explosions, threatening
user safety and the environment (Ouyang et al., 2019). This issue is
critical in applications like electric vehicles and large-scale energy
systems where failure has severe consequences.

As the demand for higher performance in these technical
applications continues, research must also continue to ensure the
safety of high-capacity and -power LIBs. This trend is pushing the
boundaries of current battery technologies, necessitating the
development of more advanced and robust systems.
Consequently, high-capacity LIBs are increasingly being equipped
with sophisticated safety mechanisms, such as protection circuit
module (PCM), current interrupt devices (CID), mechanical venting
system, and so on (Li et al., 2022). While these safety systems are
effective in mitigating risks, there is a constant need for innovative
technologies that can provide intrinsic safety without compromising
performance by increasing the cost and complexity of battery design.

In the electrolyte field, various approaches are being studied to
develop flame-retardant or non-flammable electrolytes to reduce
flammability and minimize the risk of thermal runaway (Mu et al,
2023). Approaches include liquid, gel, and solid-state formulations,
each with their own advantages and challenges. Liquid electrolytes
offer high ionic conductivity and low cost; however, they inherently
require some flammable organic solvents that may compromise flame
retardancy, thus limiting safety improvements. In contrast, solid
polymer electrolytes provide excellent safety features but face a
significant technical challenge: they need to enhance ionic
conductivity by nearly tenfold, particularly under low-temperature
conditions. Gel polymer electrolytes, considered a compromise
between the characteristics of liquids and solids, aim to address the
limitations of solid polymer electrolytes through the addition of liquid
components (Huang C. et al., 2024; Chen et al., 2024; Li et al,, 2025).
From an industrial perspective, liquid flame-retardant electrolytes, in
particular, the electrolyte
experimentally in this paper may be the most desirable approach

liquid  flame-retardant discussed
because it can be applied without any special changes to the production
lines of LIB manufacturers. In particular, liquid flame-retardant
electrolytes may be the most desirable approach for companies
because they can be applied to the manufacturing processes of LIBs
currently in production without significant changes. Strategies to
improve the flame resistance of these liquid electrolytes include
adding flame-retardant additives, using new solvents with higher
flash points, and developing non-flammable ionic liquids (Wang
et al, 2014). Improving the flame resistance of electrolytes can
significantly reduce the risk of thermal runaway in LIBs and allow
for higher energy densities, resulting in lighter and more compact
battery packs. Even if flame-retardant electrolytes can improve the
safety of LIBs, they must still meet consumer expectations for proper
charge-discharge performance over a wide range of temperatures
required for applications that require LIBs, such as smartphones,
electric vehicles, and renewable energy storage (Huang Y. et al,
2024). This is essential because industries such as electric vehicles
and renewable energy storage require high performance and safety.
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It is no exaggeration to say that flame-retardant electrolytes have
now reached a point where they are essential for LIB design, which
continuously demands high capacity and high power. If a high-
safety electrolyte design technology that can respond to this
changing technological environment is developed, LIBs can
continue to lead as a core technology in eco-friendly mobile
science and technology civilization. In this paper, we summarize
the electrolyte design technology that can improve the safety of LIBs
by reducing the amount of linear carbonate compound with low
flash point and increasing the amount of cyclic carbonate with high
flash point and relatively low heat of combustion. In this process, we
will find the cause of performance deterioration due to the change in
electrolyte composition and solve the problem using the Six Sigma
method, which is a form in which companies develop technology in
the order of Define, Measure/Analyze, Design, and Optimize/Verify.
This electrolyte development method is expected to be helpful for
researchers who have not yet developed LIBs in companies to
understand ~ the  process  of

developing  high-safety

electrolytes for LIBs.

2 Experiments

2.1 Define step in DMADQYV process

In Definition step, the correlation between the physical
properties of various organic solvents that can be used as
electrolytes and the electrochemical stability of LIBs should be
analyzed. In this paper, we define the process leading to
explosion when an overcharge situation occurs during the use of
LIBs, and use this step to find electrolyte conditions that can solve
this overcharge problem.

2.1.1 Electrochemical hazards occurring within
LIBs during overcharge

Among the unexpected events that can occur during the
operation of LIBs, overcharge is an electrochemical phenomenon
that occurs inside the cell that can lead to dangerous events,
including explosion. As shown in Figure 1, when the LiMO:2
electrode is overcharged to a potential outside the normal
charging range, not only does the electrolyte undergo oxidative
decomposition, but also the electrolyte undergoes reduction
decomposition due to the excessive lithium precipitated from the
graphite electrode. In addition to this electrolyte decomposition, the
LiMO:2 structure decomposes due to the excessively dissociated Li*
ions, releasing oxygen, and the environment in which fire occurs
inside the cell becomes more severe (Lee et al., 2023). On the other
hand, if the reduction of Li* ions proceeds excessively in the graphite
electrode, lithium dendrite may form, penetrating the separator and
causing a hard short (Becherer et al., 2022). Unfortunately, these
electrochemical phenomena proceed as exothermic reactions,
accelerating the temperature rise inside the cell, which can lead
to a hard short, where the separator melts, shrinks, or tears, causing
direct contact between the overcharged graphite electrode and the
LiMO, electrode. As a result, thermal runaway occurs, which can
lead to a chain reaction of explosions in environments where a large
number of LIBs are used in confined spaces, such as electric vehicles
or renewable energy storage systems. In fact, as the supply of LIBs
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FIGURE 1

Electrochemical hazards occurring within lithium-ion batteries during overcharge and the associated temperature variations.

TABLE 1 Comparison of physical and chemical properties of solvents examined as electrolyte components in this paper.

Boiling p. [°C] Melting p. [°C] D.C () Viscosity [cP] at 20°C Flash p. [°C] HOC [kd/g]
DEC 127 -43 2.86 0.8 31 24
y-BL 202 -2 39.1 18 98 23
PC 242 —49 64.4 3.0 132 19
EC 238 40 89.6 Solid 160 15
FE 92 -110 4 1.2 - -

DEG, diethyl carbonate; y-BL, y-butyrolactone; PC, propylene carbonate; EC, ethylene carbonate; FE, 1,1,2,2,3,3-hexafluoro-1-(2,2,3,3-tetrafluoro propoxy) propane; D. C, dielectric constant;

HOC, heat of combustion.

used for these purposes increases every year, explosion accidents due
to overcharge are also increasing rapidly every year (Lai et al., 2022).
Therefore, overcharge is one of the most dangerous scenarios in LIB
operation, so strong safeguards are installed to mitigate the risk
(Chung et al., 2009).

However, in order to design an electrolyte for LIBs, both the
overall performance and safety as a battery must be considered.
High-dielectric compounds promote lithium salt dissociation, while
low viscosity can increase ion conductivity. Unfortunately,
compounds with high dielectric constants also have high viscosity
and melting points, so they must be mixed appropriately with low-
dielectric solvents. Maintaining a balance of these characteristics is
essential to improving the performance of LIBs. In order to be used
electrolyte with
electrochemical stability that can withstand the high charging

as  an component, compounds a wide
voltage conditions of LIBs must be selected. Using compounds
with high flash points and low combustion heat as electrolyte
compositions can protect LIBs more safely from the risk of fire

or explosion.
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2.1.2 Correlation between physical and chemical
properties of electrolyte components and the
safety of LIBs

Table 1 lists the common solvents used in LIB electrolytes:
diethyl carbonate (DEC), y-butyrolactone (y-BL), propylene
(PC), and ethylene carbonate (EC). 1,1,2,2,3,3-
Hexafluoro-1-(2,2,3,3-tetrafluoro propoxy) propane (FE) is a type

carbonate

of non-flammable solvent used in the patent (Yamaguchi et al,
2007). EC is notable for its high dielectric constant, aiding in
effective salt dissociation, and its high boiling and flash points
coupled with low heat of combustion enhance its safety,
particularly during overcharging. Despite these benefits, EC’s
high melting point and viscosity limit its low-temperature ionic
conductivity, making it unsuitable alone for sub-ambient conditions.
Therefore, EC is typically mixed with lower melting point and
viscosity solvents like DEC, despite DEC’s own high-temperature
performance challenges due to its low boiling point and safety risks
from its low flash point and high heat of combustion. Blending EC
with DEC, typically around 70 vol%, achieves stable performance at
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FIGURE 2
(A) 3.0 C overcharge and (B) 1.0 C cycling performed on 4.2 V pouch-type
(3/7 vol%), EC/y-BL (6/4 vol%), and EC/y-BL/FE (5/3/2 vol%).

standard conditions. However, this mixture can pose safety risks
under high temperature or abnormal conditions like overcharging.

PC and y-BL offer high dielectric constants, high boiling points
above 200°C, and low freezing points below - 40°C, alongside high
flash points and low heats of combustion, suggesting that could
enhance safety and stability in formulations. However, these
solvents have poor electrochemical stability in the SEI formed at
the anode, limiting their use under normal cycles (An et al., 2016).
Addressing this, flame-retardant electrolytes using PC and y-BL
necessitate SEI design tailored for these solvents’ specific conditions,
ensuring durability and high-temperature stability, which are
advanced aspects of electrolyte design for LIBs. In this paper, we
verify the patented technology regarding a flame-retardant
electrolyte developed by replacing flammable solvents such as
DEC and DMC with y-BL, and analyze the operating mechanism
of the flame-retardant electrolyte. To this end, we newly applied an
electrolyte designed with a composition similar to that proposed in
the patent to a single full-cell (SFC) composed of graphite and
Li(NiyC0p2Mng,)O, electrode, and verified how the flame-
retardant electrolyte works in LIBs.

3 Results and discussion

3.1 Measure and Analyze steps in
DMADOV process

The measurement and analysis stages are to find out what
problems need to be solved for the flame-retardant solvent
selected in the define stage to be applied as an electrolyte
component of LIBs. In this paper, the cycle and overcharge tests
were used as a process to find technical problems that need to be
improved for use as a flame-retardant electrolyte.

3.1.1 Overcharge test of LIBs depending on
electrolyte components

When LIBs are subjected to overcharging, the mechanisms that
can lead to ignition or explosion vary based on several factors,
including the conditions of overcharging, the types of batteries
(prismatic, cylindrical, pouch), the structures of active materials,
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and the compositions of the electrolytes. Figure 2 presents the
experimental results of an overcharge and 2.0 C cycle performed
on a 4.2 V pouch-type LIBs (LiCoO,-Graphite, 800 mA h), using an
electrolyte composed of EC/DEC (3/7, vol%), EC/y-BL (6/4, vol%),
and EC/y-BL/FE (5/3/2, vol%). The overcharge experiment was
conducted by charging the LIBs with the protection circuit removed
to 4.2 V at 1.0 C and then overcharging them at 3.0 C (Yamaguchi
et al., 2007). As can be seen in the figure, the voltage rapidly
increased to 5 V, and the temperature change measured by a
sensor attached externally to the battery during this period was
almost negligible (step 1). These results suggest that the rapid voltage
rise to 5 V was primarily due to overvoltage applied to the LiCoO,
electrode, and that no electrochemical reactions occurred that could
induce exothermic events such as electrolyte oxidation or reduction.
In step 2, the voltage gradually increased from 5 V to 6 V over 900 s,
and the pouched-LIBs expanded without a temperature increase.
This phenomenon is thought to be due to electrochemical reactions
such as electrolyte decomposition at the graphite or LiCoO,
electrode, and it is thought that the potential increase of the
LiCoO, electrode was suppressed by this faradaic reaction.

After reaching 6 V, all LIBs showed a brief voltage drop and
temperature increase, but the degree of temperature increase varied
depending on the electrolyte condition (step 3). Once the voltage
climbed back to 6 V, all LIBs exhibited a rapid surge in voltage,
reaching up to 14 V (step 4). At this step, the internal temperature
trends showed significant differences based on the electrolyte
composition. In particular, LIBs using an electrolyte mixture of
EC/DEC (3/7, vol%), which contains 70 vol% of DEC known for its
low flash point and high combustion heat, exhibited relatively mild
temperature increases up to step 3. However, upon entering Stage 4,
the external temperature of these batteries spiked sharply, reaching
as high as 400°C. Conversely, LIBs using an electrolyte mixture of
EC/y-BL (6/4, vol%) showed a stable temperature around 120°C
throughout both Stage 3 and Stage 4. Additionally, LIBs featuring an
electrolyte formulation of EC/y-BL/FE (5/3/2, vol%), which
included 20 vol% of a non-flammable solvent (FE), were noted to
maintain a stable temperature around 60°C, indicating no further
temperature increase under these conditions.

These experiments, shown in Figure 2A, were conducted using a
pouch-type battery, and the following series of events could be
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observed under overcharge conditions. That is, the fact that the
temperature increase rate was not large until reaching 130°C under
the EC/DEC (3/7,v0l%) condition means that the exothermic reaction
due to the oxidation or reduction reaction of the electrolyte at the
electrode interface due to overcharge progressed less than under the
condition where y-BL was applied, which relatively suppressed the
volatilization of DEC. As a result, it is judged that the temperature
inside the cell increases to over 120°C due to the cumulative
exothermic reaction caused by overcharging, causing the separator
to melt and shrink, and ultimately causing the temperature to rise to
400 C due to the ignition phenomenon caused by the hard short.

However, in cases where y-BL, which has a similar heat of
combustion to DEC but a flash point of 99°C, was used, the voltage
increased to 6 V, and the temperature rose to 120°C, leading only to
cell swelling without progressing to thermal runaway due to hard
short. This outcome suggests that the significantly lower heat of
combustion of y-BL compared to DEC prevented the melting of the
polyethylene (PE) separator, which has a melting temperature of
134°C, thus not allowing for the occurrence of hard short. On the
other hand, when a non-flammable FE solvent was applied, it was
observed that the temperature did not exceed 60°C. This result
suggests that the pouch expanded and ruptured during overcharge
up to 6 V because the boiling point of FE is 93°C, which is
considerably lower than that of y-BL or EC, and finally reached a
stable state without further temperature increase.

3.1.2 Cycle test of LIBs depending on electrolyte
components

Figure 2B illustrates the 1.0 C cycle performance of a pouch-type
full cell with flame-retardant components, y-BL and FE. It is
observed that the lifespan performance significantly deteriorates
from the initial cycles when a flame-retardant electrolyte was
applied. When the lifespan performance declines sharply from
the outset following a change in electrolyte composition, it is
highly likely that the SEI formed at the interface of graphite
electrode during initial charging is in an unstable state, or
alternatively, that the ionic conductivity of the electrolyte has
decreased due to compositional changes. Analysis of the ionic
conductivity of these compositions revealed that when y-BL was
used instead of DEC, the ionic conductivity increased by 3 mS/cm.
Meanwhile, as can be confirmed in Supplementary Figure S1B;
Figure 3B, a notable difference was observed in the electrolyte
decomposition behavior related to SEI formation during the
initial charge process. Ultimately, it is concluded that the
degradation of the cycle performance of LIBs using y-BL is due
to the instability of the SEI formed at the graphite electrode interface.

In the composition of 1.0 M LiPF4 in EC/DEC (3/7, vol%), SEI is
known to be formed by the decomposition of EC-solvated
supramolecular structure, Li* (EC),PF; (Peled and Menkin,
2017). That is, the SEI formed on the graphite electrode during
the initial charge can be modified by changing the type of electrolyte
salt, the type of solvent with high dielectric constant, and the ratio of
salt and solvent. As shown in Table 1, y-BL has a lower dielectric
constant than EC, but is much higher than DEC, so it is expected
that the supermolecular structure formed with LiPF¢ in the
electrolyte composition using y-BL can be sufficiently modified.
In fact, when y-BL is used as the main component, the
electrochemical behavior required for SEI formation on the
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graphite electrode during the initial charge can be confirmed in
Supplementary Figure S1B; Figure 3B.

According to the research results on the SEI structure formed at
the graphite interface of LIBs, it is analyzed that the inorganic layer
and organic layer are formed mixedly with a thickness of several tens
of nm by the reduction of the electrolyte components distributed at
the electrode interface (Peled and Menkin, 2017). Among the
organic solvents currently used as electrolyte components of
LIBs, FEC is a substance that can be reduced before EC if it does
not cause a special behavior due to the solvation structure with
lithium salt in the electrolyte because fluorine, which has high
electronegativity, is substituted for EC (Wang et al, 2018).
Therefore, FEC can be a candidate substance worth sufficiently
verifying as a SEI modification composition formed in a flame-
retardant electrolyte of y-BL composition. Meanwhile, the
electrochemical decomposition behavior of the electrolyte for
forming SEI can be changed depending on the conditions of use
of the electrolyte salt. That is, when LiBF,, which has a higher ionic
bonding strength than LiPFs, was added to 1.0 M LiPFs of EC/DEC
(3/7, vol%), the reduction-decomposition voltage of the electrolyte
gradually shifted to a higher potential, as shown in Supplementary
Figure S2B. Since both the electrolyte salt and the components of the
electrolyte are involved in SEI formation, appropriate combinations
of two or more electrolyte salts can facilitate the development of an
SEI suitable for flame-retardant electrolytes (Takeuchi et al., 2009).
Another experimental result showed that the addition of salts having
larger electronic spatial extents (ESE) than PFg, such as BF,, could
change the adsorption behavior on the electrode, which would
induce changes in the electrochemical reactions at the electrode
interface during the initial charge, and ultimately affect the SEI
formation process (Xu et al., 2014). This result implies that even
under standard EC/DEC conditions, the SEI can be modified based
on the choice of electrolyte salt. Based on the analytical results on
these electrolyte components, an experimental plan to modify the
SEI by FEC and LiBE, in the electrolyte composition applied with y-
BL was established in the design step.

3.2 Design step in DMADOQV process

In Design step, the SEI design conditions necessary for applying
v-BL as a flame-retardant electrolyte component are found from the
meaningful experimental results performed in the Measurement and
Analysis. In this paper, the SEI forming sources designed in Table 3
were applied to a 4.45 V single full cell composed of graphite and
Li(Niy ¢Coo2Mng )0, electrodes, and the effects of the differences in
SEI formation components on the overall performance of the LIBs
were compared and analyzed with the related patents.

3.2.1 Experimental plan for designing SEI suitable
for y-BL-based flame retardant electrolyte

In order for y-BL to properly implement its effect as a flame-
retardant electrolyte component, a systematic analysis of the
electrochemical effect of the SEI formed by FEC and LiBF, is
necessary, as confirmed in the Measure and Analyze
step. Table 2 is an experimental plan designed to find the SEI
conditions suitable for the electrolyte conditions of 1.0 M LiPF¢ in

EC/DEC/y-BL (3/2/5, vol%). The electrolyte components used in the
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TABLE 2 Experimental design for SEI formation compatible with flame-retardant electrolytes using y-BL, based on the patent.

Electrolyte solvents (vol%)

EC DEC y-BL
DOE 1 30 70 - 1.0 mol/L
DOE 2 30 20 50
DOE 3 30 20 50
DOE 4 30 20 50

“Parts differing form on the patent.

2Additive
Experimental No. in the patent
LiBF4
- - Reference No. 1
- - Frame-retardant No. 2
3.0 wt% - SEI reformation 1 No. 3
3.0 wt% 0.03 mol/L SEI reformation 2 No. 4

TABLE 3 Comparative analysis of overall performances of LIBs related to which the compositions of DOE 1 ~ 4, summarized from the related patent

(Yamaguchi et al., 2009).

Experimental results according to related patent data

Storage at 90°C for 4 h

ExpeHrcr:ental CaDIs((;r:]Ah) Dlschirgeccgpflcezlty on (initial cell thickness: Overcharge (2 A 12 V)
- P: ooy 3.70 mm)
02C 20C 100th 200th 400th TthknoeSS ReCOV.el’y From Charge .FrOm
at 90°C capacity discharge
DOE 1 No. 1 825 795 95% 96% 96% 4.19 mm (13%) 89% Explosion Explosion
DOE 2 No. 2 805 760 42% 1% 0% 4.10 mm (10%) 65% No explosion Explosion
DOE 3 No. 3 830 796 95% 92% 86% 4.65 mm (26%) 32% No explosion Explosion
DOE 4 No. 4 817 790 94% 91% 61% 3.80 mm (3%) 95% No explosion No explosion
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FIGURE 3

(A) Initial charge-discharge curves of LIBs composed of Graphite and Li(Nio.sCoo.2Mno.2)O2 electrodes using four different electrolytes designed in

Table 2, and (B) dQ/dV analysis of their charge curves.

verification experiments were supplied as follows. The main
components of the liquid electrolyte, such as LiPFs, LiBE,, EC,
and DEC, were purchased from ENCHEM Co., a Korean electrolyte
manufacturer, and the new electrolyte components, y-BL and FEC,
were purchased from DAEJUNG Co., Korea and Thermo Fisher
Scientific Co., United States, respectively. Also, the charging voltage
was set to 4.45 V, and the capacity varied depending on the
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electrolyte composition, with the relevant data presented in
Figure 3. Additionally, the detailed specifications of the electrode
and separator can be found in Supplementary Table S4. In order to
pursue both convenience and reproducibility of the experiment, the
concentration of LiPFg, the main electrolyte salt, was changed from
1.3 mol/L to 1.0 mol/L, the concentration of FEC from 5 wt% to 3 wt%,
and the concentration of LiBF, from 0.03 mol/L to 3 wt% in the
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composition suggested in the related patent (Yamaguchi et al., 2009).
However, there was no significant change in the logical flow of the
experimental results.

DOE 1 is a reference electrolyte composed only of EC, DEC, and
LiPF¢, which are commonly used as electrolyte components for LIBs.
DOE 2 is a composition that applied 50 vol% y-BL as a flame-
retardant component instead of DEC in DOE 1. As analyzed in the
Measure and Analyze steps, it is a composition that satisfies the
overcharge performance of LIBs but needs improvement in cycle
performance. DOE 3 is a composition that used FEC as an electrolyte
additive, which can be reduced more easily to form SEI than EC or y-
BL, which are the main components of flame-retardant electrolytes.
Finally, DOE 4 incorporates LiBF,, another main component deeply
involved in SEI formation, into DOE 3 to analyze the correlation
between the difference in SEI formation mechanism at the graphite
electrode interface and the performance implementation as a flame-
retardant electrolyte.

3.2.2 Analysis of SEI formation mechanism
according to electrolyte additives

Figure 3 shows the initial charge-discharge performance and
dQ/dV analysis for the charge curves of the LIBs composed of
Graphite-Li(Nij Co2Mng,)O, not only did swelling occur under
compositions designed in Table 2. This is a common interpretation
method used to analyze the difference in SEI formation process
during the charge process depending on the electrolyte composition.
These experimental results are very similar to the experimental
results of the related patent data presented in Supplementary Figure
S1. That is, the experimental results show electrochemical behaviors
that are almost similar to the SEI patterns formed in LIBs composed
of Graphite-LiCoO,, which means that there is no great difficulty in
conducting electrochemical supplementary experiments using the
new battery system. Additionally, this dQ/dV data is reinforced by
the EIS data shown in Figure 4, providing further insights into SEI
characteristics. In the case of DOE 1, the decomposition peak of EC
solvated system, Li* (EC),PF;, appeared at approximately 3.3 V, the
highest voltage among the four conditions. This decomposition peak
forms an electronically insulating film (SEI) at the graphite electrode
interface. Therefore, in order to improve the SEI by a new electrolyte
component, it is essential that the added component should be
decomposed before the EC solvated component that previously
formed the SEI In the electrolyte conditions where EC/DEC/y-
BL (DOE 2, 3/2/5) was used instead of EC/DEC (DOE 1, 3/7), a new
decomposition peak was formed at 3.2 V, and the decomposition
peak at 3.3 V related to EC observed in DOE 1 was absent. These
results imply that the SEI formed by y-BL also has electronic
insulating properties, suggesting that it can be potentially used as
a component for SEI formation. This supports the conclusion that
the SEI composition differs, as evidenced by the distinct Ry
differences observed in the EIS data. However, the y-BL-based
SEI exhibits relatively high resistance, which may adversely affect
cell performance. Meanwhile, in DOE 3, where 3 wt% of FEC was
added to DOE 2, it was observed that the decomposition peak
attributable to FEC occurred at a lower potential than the
decomposition caused by EC or y-BL. Subsequently, no
decomposition peaks associated with EC or y-BL were observed.
Interestingly, in DOE 4, where 0.5 wt% of LiBF, was added to the
DOE 3 composition, the decomposition occurred at a higher voltage

Frontiers in Energy Research

10.3389/fenrg.2024.1508471

compared to DOE 3, yet the FEC decomposition was not observed.
This can be interpreted as the result of the same mechanism
observed in Supplementary Figure S2, where the decomposition
potential shifts to a higher voltage with the addition of LiBF,.
Specifically, the reduction decomposition of supermolecules
formed by EC, y-BL, FEC, and LiPFs is considered to have
shifted to a higher potential by adding LiBF,. Furthermore, the
EIS data from DOE 3 and 4 reveal that FEC not only undergoes
preferential reduction to form the SEI but also effectively
reduces R.

3.2.3 Comparative analysis of overall performances
of LIBs

Table 3 shows the results of experiments related to the
compositions of DOE 1 ~ 4 extracted from USP 7491471B2,
comparing and analyzing the overall performance of LIBs. The
parts highlighted in red are areas requiring improvement under each
electrolyte condition. When examining the battery performances
according to each designed electrolyte, DOE 1 (corresponding to No.
1) with 70 vol% DEC applied showed the best result in terms of
battery performance at room temperature (2.0 C discharge, 1.0 C
cycle). However, not only did swelling occur under the 90°C
protection condition, but all cells were judged unsuitable for
explosion even when evaluated under the charging state, which is
amild overcharge experimental condition. DOE 2 (corresponding to
No. 2) incorporating 50 vol% y-BL for flame retardancy showed a
slight advantage only in the overcharge test compared to No. 1, but
failed to demonstrate adequate performance as a LIB overall.
Considering this result and the clear difference in the dQ/dV
data in DOE 1, it can be inferred that the reduction of only y-
BL, which is first reduced at the graphite electrode interface to form
an electron-passive layer in the composition of DOE 2, is an
undesirable electrochemical behavior for LIBs.

In DOE 3 (corresponding to No. 3), where the SEI of the y-BL-
based electrolyte was modified with FEC, room-temperature
performance was similar to that of the reference electrolyte, No.
1. However, despite the application of high-boiling-point y-BL, it
performed worse than No.1 in high-temperature storage tests. To
analyze the cause of this, the experimental results in Table 2 limited
to the high-temperature storage performance were analyzed. As a
result, it was found that the improved stability at high temperature
was more affected by the suitability of the SEI design for the y-BL
composition than by the use of the high-boiling-point y-BL.
Specifically, in the electrolyte composition of No. 1, the high-
temperature storage performance of No. 2, which reduced the
low boiling point DEC from 70 vol% to 20 vol% and applied
50 vol% y-BL, was actually deteriorated. This suggests that the
difference is likely due to the difference of high-temperature
durability of the SEI formed by EC and y-BL. Furthermore, the
high-temperature performance of electrolyte compositions with
FEC, as reported in experimental results (Example 6 in
Supplementary Table S3), showed that No.3 was the most
vulnerable in the 90°C storage test. Considering that the boiling
point of FEC is 212°C, it is evident that the thermal durability of the
SEI formed by FEC is low. Many papers have reported experimental
results that the thermal characteristics of the electrolyte applied with
FEC are poor (Cho et al, 2010). However, since the positive
electrode used in this experiment is 4.2 V LiCoO,, and FEC was
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DSC comparison of graphite electrodes (A) before and (B) after storing LIBs at 90°C for 4 h in discharged state. Using 800 mAh LIBs composed of

LiCoO, and Graphite (Jung, 2008).

added less than 3% as an SEI forming agent, it is judged that the
reason why the conditions of DOE 3 are weak in high-temperature
characteristics is due to the weak thermal stability of SEI rather than
the oxidation of FEC. The weakness at high temperatures caused by
FEC was almost perfectly suppressed by the addition of a small
amount of LiBF,, which prevented the batteries from swelling during
high-temperature storage. It can be inferred that this is due to the
improved durability of the SEI modified by LiBF, at 90°C.

In overcharge performance of Table 3, the use of high flashpoint
y-BL improved performance compared to No. 1, but similar to No.
2, its effectiveness diminished under harsh conditions like
overcharge from a discharged state. Finally, DOE 4
(corresponding to No. 4), where the SEI in the flame-retardant
y-BL-based composition was modified with FEC and LiBF,, showed
only capacity reduction at the end of the cycle performance. It
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experienced almost no swelling or capacity loss under high-
temperature storage conditions, and remarkably, achieved 100%
safety without ignition even during the severe overcharge test even
from a discharged state.

3.2.4 DSC analysis of graphite electrodes before
and after storage at 90°C

To analyze such differences in the thermal behavior of SEI, the
discharged state cells were disassembled in a dry room to separate
the graphite electrodes, and electrolytic components such as
electrolyte salt, EC, and y-BL were extracted by immersing them
in DEC for more than 12 h. Afterwards, the thermal behavior of the
SEI components was analyzed through a differential scanning
calorimetry (DSC) analysis of the graphite electrodes dried under
reduced pressure.
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As shown in Figure 5, the graphite electrode that was immersed in
the electrolyte and dried without charging and discharging did not show
any endothermic behavior in the range of 100°C-150°C, whereas
different endothermic peaks were observed under the four
experimental conditions (Jung, 2008). In addition, these endothermic
peaks showed distinct differences in temperature and shape of the
endothermic peaks observed under each condition, as in the dQ/dV
behavior observed in Figure 3B. These results suggest that these
endothermic peaks are due to thermal behaviors related to SEI
melting (Cao et al,, 2013).

First, let’s look at the results analyzed before storing at 90°C. The
endothermic behavior of SEI formed by y-BL (No. 2 corresponding to
DOE 2) was analyzed in a non-sharp form over a wider temperature
range, unlike under EC or FEC conditions. More interesting is the
comparison of the endothermic energy required for SEI melting. It
was found that SEI formed by EC (DOE 1) and y-BL (DOE 2)
required 15 kJ/g, while SEI formed by FEC (DOE 3 and DOE 4)
required only 7-8 kJ/g. This difference in endothermic energy is not
due to the difference in the thermal stability of SEL, but rather to the
difference in the chemical or physical structure, thickness, and base of
the materials composing SEI, so it can be judged to be due to the
difference in the SEI formation process.

Meanwhile, the DSC analysis conducted after 4 h of storage at
90°C yielded even more intriguing findings. Primarily, it was noted
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that the melting form of the SEI, except for that formed by FEC +
LiBF, (No. 4 corresponding to DOE 4), was significantly altered
after the 90°C storage. Additionally, the change in exothermic
energy after high-temperature storage was analyzed as follows:
15 kJ/g to 142 kJ/g (9.5 times, No. 1), 15 kJ/g to 93 kJ/g (6.2 times,
No. 2), 7 kJ/g to unmeasurable (No. 3), and 8 kJ/g to 55 kJ/g
(6.9 times, No. 4). The increase in calorific value after high-
temperature storage is attributed to the accumulation of
additional reduction decomposition products of the electrolyte
due to SEI melting during the storage period. Particularly, as could
be somewhat inferred from the 90°C storage experiments, the SEI
formed under No. 3 with FEC was found to have very weak high-
temperature properties. The melting pattern of the SEI formed
under No. 4 conditions showed almost no deformation even after
high-temperature storage, indicating superior high-temperature
durability compared to other conditions.

The experimental results from this Design step reveal that
merely increasing the boiling and flash points of the electrolyte
does not suffice as a technology to ensure the safety of batteries
under conditions such as high-temperature storage or overcharging.
By constructing an SEI with enhanced durability while maintaining
elevated boiling and flash points of the electrolyte, it was possible not
only to suppress the swelling of the battery at high temperatures but
also to keep the battery safe under extreme overcharging conditions.
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These results imply that in order to design a flame-retardant
electrolyte, it is necessary to consider not only the high-
of the
components, but also the design of an SEI that is durable even

temperature safety and salt resistance electrolyte
under harsh conditions. However, as summarized in Table 3, the
condition of No. 4 (corresponding to DOE 4) still has issues to be
resolved in the 1.0 C cycle performance, which was not a problem in
No. 1 (DOE 1). To solve this issue, a more detailed electrolyte design
is required to form an optimal SEI for the flame-retardant electrolyte

containing y-BL.

3.3 Optimize and verify steps in
DMADOV process

In this stage, the electrolyte composition confirmed in the design
stage should be applied to the pilot line-level manufacturing process
to find and optimize items that may be problematic under mass
production conditions. In this process, more effort should be put
into improving the manufacturing process rather than researching
electrolyte composition or material development. This paper briefly
describes the process performed to solve the cycle performance
problem that remained an insufficient part in the development of
flame-retardant electrolyte using y-BL.

3.3.1 SEl optimization for y-BL-based flame-
retardant electrolyte

In order to optimize the cycle performance of LIBs using y-
BL-based flame-retardant electrolytes, it is necessary to analyze
and optimize the effects of each process that can affect SEI
formation in the battery manufacturing process. In other
words, the optimal conditions for the mixing process of FEC
and LiBF, for the flame-retardant electrolyte applied with y-BL,
which has a different dielectric constant from DEC, the
impregnation process of the flame-retardant electrolyte into
the coating electrode such as graphite or LiMO,, and the
initial charging process that affects the electrochemical
reaction of the impregnated electrolyte component should be
pursued through joint research with process researchers. An
experimental plan is needed to determine the optimal contents
of FEC and LiBF,, which are SEI-forming electrolyte additives,
after applying the electrolyte composition EC/y-BL/DEC (3/5/2,
vol%) tested in the design stage to the selected process
conditions. Figure 6A is a partial example of an experimental
plan designed for SEI optimization required for the DOE
4 conditions selected as the y-BL-based flame retardant
electrolyte conditions. As a result, as confirmed in the main
effect analysis summarized in Figures 6B, C, applying 3.0 wt%
FEC and 0.15 wt% LiBF, was interpreted as being advantageous
for the cycle life. On the other hand, it was analyzed that applying
an FEC content of less than 3.0 wt% was a more effective
composition for  evaluating

high-temperature  storage

performance.

3.3.2 Verification of flame-retardant electrolyte
with various contents of y-BL

Through this process, the optimized SEI composition for the
flame-retardant electrolyte with y-BL applied was fixed, and
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conversely, the performance of the designed SEI was verified by
applying the electrolyte components EC, y-BL, and DEC under the
conditions as shown in Figure 7A. That is, the liquid components
of the electrolyte were designed in the ranges of 30-15 vol% EC,
55-15 vol% DEC, and 30-70 vol% y-BL, respectively, and the SEI
forming components were designed by fixing the conditions of
3.0 wt% FEC and 0.1 wt% LiBF, determined by the main effect
analysis. As a result, as can be confirmed from the related patent
data, it was shown that the discharge capacity was uniformly
evaluated at 0.2 C, 0.5 C, 1.0 C, and 2.0 C conditions regardless
of the composition ratio of the liquid components of the
electrolyte. Even in the 90°C 4-hour storage test, which showed
the largest deviation at the design stage, less than 1% expansion
compositions. The charge-discharge
performance measured after the storage test also showed a

was observed in all
recovery capacity of more than 95%. In addition, as verified in
Figure 7B, the cycle performance, which remained an unresolved
issue in DOE 4, was stable for more than 400 cycles in all

compositions.

4 Conclusion

This study successfully developed a flame-retardant electrolyte
for LIBs using the DMADOV methodology, focusing on enhancing
safety and performance critical for electric vehicles and renewable
energy storage systems. The key findings of this research are
as follows:

Selection of Organic Solvent: The y-BL solvent was identified
as an effective choice, significantly reducing flammability risks
compared to conventional electrolytes and improving
electrochemical stability. The importance of suitable solvent
selection was emphasized for enhancing electrolyte safety.

SEI Formation Mechanism: The study explored the SEI
formation mechanisms using FEC and LiBF, as SEI-forming
agents. This research highlighted the critical role of SEI
formation in improving ion conductivity and overall
battery efficiency.

Thermal Stability: Testing under overcharging scenarios
demonstrated that the optimized y-BL-based electrolyte exhibited
enhanced thermal stability, significantly increasing safety during
battery operation.

Performance Metrics: The developed flame-retardant electrolyte
showed overall performance improvements compared to
conventional electrolytes, indicating its potential for further
applications in high-performance electrolyte formulations.

In conclusion, this research provides substantial evidence for
the applicability of y-BL-based flame-retardant electrolytes in
enhancing the safety and performance of LIBs, offering valuable
insights  for future in

developments high-performance

electrolyte designs.
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