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Abstract: In recent years, the evolution of lithium-ion batteries (LIB) has been propelled by the
growing demand for energy storage systems that are lightweight, have high energy density, and are
long-lasting. This review article examines the use of self-terminated oligomers with hyperbranched
architecture (STOBA) as a key electrode additive for the superior performance of LIBs. STOBA
has been found to have excellent electrochemical properties, including high specific capacity, low
impedance, and good cycling stability when used as an additive in electrode materials. The article
discusses the process of synthesis and characterization of STOBA materials, including their potential
applications in LIBs as electrode material additives. The article also discusses current research on
the optimization of STOBA materials for LIBs, including the use of different solvents, monomers,
and initiators. Overall, the review concludes that STOBA materials possess huge potential as a
next-generation additive for LIB safety.

Keywords: lithium-ion batteries; high safety; STOBA; self-terminated oligomers; electrode materials

1. Introduction
1.1. Overview of the Current State of STOBA for Lithium-Ion Battery Technology

Lithium-ion batteries (LIBs) have become an essential technology in a host of utilities
from electronics dedicated to consumers to the latest usage in electric vehicles (EVs) [1–3].
The high density of energy and long cycle life of these batteries make them particularly
suitable for portable electronics and EVs, where weight is a critical factor, as shown in
Figure 1 [4]. In recent years, the evolution of LIBs has been propelled by the growing
demand for energy storage systems that are lightweight, have high energy density, and
are long-lasting [5,6]. The usage of fossil fuels heightens the need for cleaner and greener
energy technologies, such as solar panels, fuel cells, batteries, and wind turbines, and
causes a number of environmental and economic problems. The usage of fossil fuels, cars,
and other mobile devices is one of the main emitters of greenhouse gases. Accordingly,
rechargeable battery systems might be a practical means of achieving the societal aim of
switching to an electrified transportation system for the purpose of curtailing emissions.
The recent stance on LIB technology is characterized by ongoing research and development
to improve performance, safety, and cost. Thus, researchers are working to develop new
materials and cell designs that can increase energy density, improve safety, and reduce
costs [7,8]. Additionally, the industry is working to improve manufacturing processes to
increase production efficiency and reduce costs.
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duce costs [7,8]. Additionally, the industry is working to improve manufacturing pro-
cesses to increase production efficiency and reduce costs. 

 
Figure 1. Evolution of lithium-ion batteries [4]. 
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made available for purchase. The LIB, extensively utilized in the majority of modern elec-
tronics, is presently used in electronic automobiles or hybrid electronic automobiles and 
is seen as the most successful device in the field of rechargeable battery technology. The 
growing utility of the in-use batteries inflates safety concerns, and multiple incidents of 
related mishaps occurring from using LIBs (or packs of them) in EVs and daily electronic 
gadgets have been documented. Therefore, improving LIB safety is of utmost significance. 
For instance, mechanical abuse (nail piercing, falling, crushing, vibration, etc.) and elec-
trochemical abuse (short circuits, over-charge and discharge, gas production, etc.), as well 
as thermal abuse (superficial heating, conflagration assault, hot igniting gases, etc.), may 
undermine the safety of LIBs [9–12]. The battery might immediately fail due to mechanical 
abuse, which could result in thermal runaway [13,14]. The emergence of dendrites of lith-
ium on the surface of the negative electrode, dissolved collectors of current, the break-
down of electrolytes alongside gas production and heat initiation, and, lastly, battery ther-
moelectric instability are all effects of situations involving electrochemical exploitation, 
such as short circuits, as well as overdischarge/overcharge [15,16]. Additionally, batteries 
that are heated from the outside may experience thermal runaway more quickly, causing 
serious damage. 

Numerous protective strategies and procedures have been applied both within and 
outside to help LIBs with their safety issues. “Current interruptive devices (CID)”, “posi-
tive temperature coefficient (PTC)” systems, and fuses restraining current, as well as di-
odes (which can be obstructed or bypassed), are used as external safety methods to reduce 
possible battery risks under typical operating circumstances [17,18]. Whenever the inter-
nal pressure exceeds a certain level, CIDs interrupt the internal electrical connection. To 
reduce excessive currents, PTC disks are often placed in the cell header. When the tem-
peratures rise quickly, PTC components rapidly increase their resistance and stop the 
charge conduction at the battery terminal. In situations when a continuous discharge is 
not preferred, current-limiting fuses might be utilized. Due to sporadic hardware system 
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Over the past several decades, numerous battery devices have been developed and
made available for purchase. The LIB, extensively utilized in the majority of modern
electronics, is presently used in electronic automobiles or hybrid electronic automobiles
and is seen as the most successful device in the field of rechargeable battery technology.
The growing utility of the in-use batteries inflates safety concerns, and multiple incidents
of related mishaps occurring from using LIBs (or packs of them) in EVs and daily electronic
gadgets have been documented. Therefore, improving LIB safety is of utmost significance.
For instance, mechanical abuse (nail piercing, falling, crushing, vibration, etc.) and elec-
trochemical abuse (short circuits, over-charge and discharge, gas production, etc.), as well
as thermal abuse (superficial heating, conflagration assault, hot igniting gases, etc.), may
undermine the safety of LIBs [9–12]. The battery might immediately fail due to mechan-
ical abuse, which could result in thermal runaway [13,14]. The emergence of dendrites
of lithium on the surface of the negative electrode, dissolved collectors of current, the
breakdown of electrolytes alongside gas production and heat initiation, and, lastly, battery
thermoelectric instability are all effects of situations involving electrochemical exploitation,
such as short circuits, as well as overdischarge/overcharge [15,16]. Additionally, batteries
that are heated from the outside may experience thermal runaway more quickly, causing
serious damage.

Numerous protective strategies and procedures have been applied both within and
outside to help LIBs with their safety issues. “Current interruptive devices (CID)”, “positive
temperature coefficient (PTC)” systems, and fuses restraining current, as well as diodes
(which can be obstructed or bypassed), are used as external safety methods to reduce
possible battery risks under typical operating circumstances [17,18]. Whenever the internal
pressure exceeds a certain level, CIDs interrupt the internal electrical connection. To reduce
excessive currents, PTC disks are often placed in the cell header. When the temperatures rise
quickly, PTC components rapidly increase their resistance and stop the charge conduction
at the battery terminal. In situations when a continuous discharge is not preferred, current-
limiting fuses might be utilized. Due to sporadic hardware system failures, which generally
happen under unusual circumstances, it is currently not feasible to make the LIB 100%
secure [19]. Moreover, peripheral components complicate the system and increase the
battery pack’s weight, volume, and price, which is unfavorable for batteries consisting
of high energy or power densities. Additionally, complicated internal chemistry changes
including resistance increases, interfacial phenomena, and current collector corrosion make
it difficult for external devices to react quickly [20]. Therefore, it is vitally important
to design a trustworthy internal protection system to increase the security of LIBs. To
render the battery system risk-proof, advancements to the inside protective workings are



Batteries 2024, 10, 65 3 of 26

now mostly concentrated upon independent units, together with electrode composites,
separators, and electron collectors, as well as electrolytes.

One of the effective internal protection techniques that may be utilized to stop battery
overcharging misuse is the redox shuttle. Battery safety may sometimes be increased
by using internal protective mechanisms such as shutdown separators, thermosensitive
nanostructures, nonflammable electrode compositions, and fire-repelling electrolyte compo-
nents placed inside negative electrodes or separators [21,22]. Among the misuse scenarios,
thermal runaway has drawn a lot of attention due to its detrimental impact on LIB appli-
cations. Typical safety issues, particularly with regard to considerable and critical uses,
include overcharging, thermic excessive heating, and internal short circuits, which result
in thermal runaway. The disintegration along the solid electrolyte enterokinetic surface,
which results in a significant interlayer decrease well at the lithiated electrode’s interface,
triggers the thermal runaway mechanism. A sharp temperature rise in thermal runaway is
seen when the positive electrode compositions disentangle oxygen, with the oxidization
of the electrolytes near the interfaces starting at 180 ◦C. This can cause the temperature to
climb quickly, reaching several hundred degrees in a matter of seconds.

Recent advances in LIB technology include the evolution of current cathode mate-
rials, like “nickel cobalt manganese oxide (NCM)”, which have higher energy densities
than traditional cathode materials [23,24], as well as anode materials, such as silicon and
lithium–sulfur, that have the potential to significantly increase energy density [25]. Fur-
thermore, the development of solid-state batteries, which utilize solid electrolytes in place
of liquid electrolytes, is expected to significantly increase safety [26]. However, despite
these advances, there are still significant challenges facing the LIB industry. One major
challenge is cost, as LIBs are still relatively expensive compared to other forms of energy
storage devices [27]. Additionally, the recycling of disposal LIBs is a significant concern,
as these batteries contain toxic materials that can be harmful to the environment if not
properly handled [28]. In conclusion, the current state of LIB technology is characterized by
ongoing research and development to improve performance, safety, and cost. Researchers
are working to develop new materials and cell designs that can increase energy density,
improve safety, and reduce costs. Moreover, the industry is working to improve manufac-
turing processes to increase production efficiency and reduce costs. While there are still
significant challenges facing the LIB industry, the future of this technology looks promising
as researchers continue to make advances in design and manufacturing processes.

LIBs have become an essential technology for a variety of works, from consumer-based
electronics to EVs. However, the use of these batteries is not without challenges. One of
the main challenges facing the LIB industry is the evolution of the latest materials that can
improve performance, safety, and cost. One promising area of research is the use of self-
terminated oligomers with hyperbranched architecture (STOBA) in LIBs [29]. The Industrial
Technology Research Institute (ITRI, Taiwan) has created a series of STOBA materials that
may be layered over positive electrodes to minimize the danger of thermic control in an
effort to tackle the thermal runaway issue [30]. STOBA as a novel additive material can be
used to optimize the battery properties in the electrochemical, as well as thermal runaway,
aspect. According to the research by Lin et al., the STOBA coating significantly decreased
thermal runaway despite having a noteworthy impact on the electrochemical performance
of LIBs. The STOBA layering effectively prevented the heat from increasing quickly, as
demonstrated by the nail penetration test [31]. In less than two seconds, the temperature
of a cell with a Li(Ni0.4Co0.2Mn0.4)O2 cathode even with no STOBA plating rose to almost
700 ◦C. Furthermore, unintentional internal or external short circuits may be the root of
a cell’s fast heat creation [32]. A thorough investigation has not yet been conducted to
examine the function of the STOBA interlayer in inhibiting circuit breakdowns, as well as,
consequently, the thermal controls of an energy storage system. In this work, the changes
in the structure of the STOBA layer at various temperatures, as well as the STOBA–cathode
interface in the completely charged state, were examined in order to better understand the
safety mechanism.



Batteries 2024, 10, 65 4 of 26

1.2. Background and Motivation for the Use of STOBA Materials in LIBs

STOBA materials are a class of polymeric materials that have been found to have
several advantages over traditional LIB materials [32]. These materials have a unique
branched architecture, which allows for a higher degree of flexibility and adaptability in
the design of the polymer. Figure 2 shows the self-terminated nature of the oligomers in
STOBA that allow for more control over the properties and structure of the polymer as it is
heated [32–34]. The use of STOBA materials in LIBs has several potential advantages. For
example, these materials can be used to create more stable and reliable LIBs. Additionally,
the unique properties of these materials may make it possible to create batteries with higher
energy densities, longer cycle lives, and improved safety [35,36]. The background and
motivation for the utilization of STOBA materials in LIBs can be attributed to the search
for new materials that can enhance the safety and performance of these batteries. The
unique structure and properties of STOBA materials make them a promising candidate for
use in LIBs. Furthermore, the use of STOBA compositions has the potential to convey the
current challenges facing the LIB industry and open new possibilities for the development
of high-performance and safe LIBs. In this article, we will lay out the background and
motivation for the use of STOBA materials in LIBs, including an examination of the unique
properties of these materials and their potential advantages for use in LIBs. Furthermore,
we will discuss the current state of research on STOBA materials in LIBs and important
challenges that still need to be addressed.
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cathode before and after heating [32].

Thus, STOBA has amassed recognition in the current decade given its unique proper-
ties and potential applications in diverse fields including electronics and medicine, along
with material research. The use of various techniques, solvents, monomers, and initiators.
This review focuses on the different fabrication techniques for STOBA materials, includ-
ing the addition of different solvents, monomers, and initiators. We will also review the
recent advancements in the field and the challenges that still need to be addressed for
the successful synthesis of these materials, as well as their thermal and electrochemical
advancement. Overall, this article focuses on providing a comprehensive outline of such
directional advancements in STOBA synthesis, as well as highlighting the potential of these
materials in numerous applications. In particular, STOBA materials were researched for
their potential use as electrolytes for LIBs. The synthesis of STOBA materials is a complex
process that involves the use of various techniques, solvents, monomers, and initiators. In
this article, we will discuss the different methods for the synthesis of STOBA materials,
including the applications in different solvents, monomers, and initiators, with a specific
focus on their utilization in LIBs.
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2. Synthesis and Characterization of STOBA Materials
2.1. Synthesis of STOBA Materials: Effect of Solvents, Monomers, and Initiators

One of the key challenges in the synthesis of STOBA materials is achieving the desired
level of branching and control over the molecular weight [37]. One common method
for achieving this is the “living” or “controlled” polymerization approaches, namely, the
“atom transfer radical polymerization (ATRP)” or “reversible addition–fragmentation
chain-transfer (RAFT)” polymerization. These methods allow for the exact regulation of
the molecular mass, as well as the branching of the polymer, which is essential in the
development of powerful electrolytes [38].

The other crucial factor in lieu of synthesis of STOBA materials is the choice of sol-
vent. The selection of a solvent plays a pivotal role in the polymerization process and can
affect the properties of the resulting materials. Common solvents used in the synthesis
of STOBA materials include “dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), and
N,N′-dimethylformamide (DMF)” [39]. These solvents are polar and have a high dielectric
constant, which allows for efficient charge transfer and improved conductivity in the result-
ing materials. In contrast, 4-(2,4-Dichlorophenoxy) butyric acid is a nonpolar compound,
and as such, it is best dissolved in a nonpolar solvent [40]. The solvent dichloromethane
(DCM) is a commonly used solvent for STOBA due to its nonpolar properties and high
solubility for nonpolar compounds. However, DCM is toxic and can be harmful if inhaled
or ingested, so appropriate precautions must be taken when using this solvent. Toluene is
another commonly used solvent for STOBA due to its high solubility for nonpolar com-
pounds and low toxicity compared to DCM. However, it is flammable and must be handled
with care. Hexane is a highly nonpolar solvent that is often used for dissolving STOBA.
Although hexane possesses high solubility for nonpolar compounds and low toxicity, it
is also flammable and must be handled with care. Chloroform is a polar solvent that is
sometimes used to dissolve STOBA. Although it has a higher solubility for polar com-
pounds, its polar nature may result in decreased solubility for nonpolar compounds like
STOBA. Additionally, chloroform is toxic and should be handled with caution. Acetone
is a highly polar solvent that is not commonly used for dissolving STOBA due to its low
solubility for nonpolar compounds. It is also highly flammable and should be handled
with caution. Accordingly, the choice of solvent for dissolving STOBA will depend on
various factors, namely, solubility, compatibility with other materials in the system, and
toxicity/flammability of the solvent. It is always best to consult a specialist or reference a
reliable source before selecting a solvent for a specific application.

Excellent mechanical qualities, chemical resistance, and thermal stability are provided
by the polyimides that result from the reaction of N,N′-bismaleimide-4,4′-diphenylmethane
(BMI) with barbituric acid (BTA), which display hyperbranched or strongly conjoined
matrix architectures [41]. As a result, these items have seen extensive use in sectors in-
cluding electronics and aerospace. Thus, BTA was shown to start the independent radical
polymerizations of BMI or bisphenol A diglycidyl ether diacrylate in prior investigations.
Furthermore, the group of BMI, –C=C–, could react with BTA, which imparts two –NH
groups, as well as one –CH2 group, via the aza-Michael addition and Michael addition
reaction mechanisms, respectively. However, in the polymerizations of BMI with BTA,
competitive free radical and Michael addition polymerizations were more common. It is
also noteworthy to observe that the two –NH groups of BTA or 5,5′-dimethylbarbituric acid
(55BTA) have little reactivity with the –C=C– group of BMI. Contrarily, the hyperbranched
polymer produced when BMI was combined with cyanuric acid (CA, which has three –NH
groups) and triethylamine (TEA), functioning as a primary catalyst for the aza-Michael
addition reaction, was exclusively produced by the aza-Michael addition reaction mech-
anism (as shown in Figure 3) [42]. Herein, STOBA, a special type of polymer created by
polymerizing BMI with BTA, has been utilized as a supplement to give LIBs many protec-
tion layers against thermal runaway and eventually catastrophic explosion. In addition, as
indicated previously, the aza-Michael addition reaction mechanism played a major role in
controlling the reaction of BMI with CA in the presence of TEA that produced polymers
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with a hyperbranched structure. Investigations into the self-polymerization of heat and
radical polymerization, as well as polymerization with diamine, polyamine, ethyl alco-
hol, and diphenol, have been conducted using N,N′-bismaleimide-4,4′-diphenylmethane
(MDA-BMI). The tautomerization characteristics and resonance structures of calculations
involving the BTA molecule have received the majority of attention in these studies.
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Generally, STOBA is a type of branched polymer that can be synthesized by a con-
trolled polymerization process. The common methods used for the synthesis of STOBA
materials can be described as follows. The living anionic polymerization method involves
the use of a strong base to initiate the polymerization reaction [43], followed by the inclu-
sion of a chain-transfer factor to control the polymerization process and limit the length of
the polymer chains. The end result is a branched polymer with a well-defined molecular
weight dispersal and an abundance of branching. ATRP is administered by the radical
polymerization method that is based on the movement of a halide to a transition metal
complex [44]. In the presence of a chain-transfer agent, the growth of the polymer chains is
limited, resulting in a branched polymer with a well-defined molecular weight distribution
and a high degree of branching. In contrast, RAFT polymerization is another controlled
radical polymerization method that is based on the use of a chain-transfer agent [45]. The
chain-transfer agent acts as both an initiator and a controller of the polymerization process,
resulting in a branched polymer with a well-defined molecular weight distribution and a
high degree of branching. Ring-opening metathesis polymerization (ROMP) is a metathesis
polymerization method that involves the ring-opening of cycloolefins by a metathesis
catalyst [46]. By controlling the monomer feed and the reaction conditions, it is possible to
synthesize branched polymers with a well-defined molecular weight distribution and a
high degree of branching. The controlled/living cationic polymerization method involves
the use of a Lewis acid to initiate the polymerization reaction, followed by the inclusion
of a chain-transfer factor to control the polymerization process and limit the length of
the polymer chains. The end result is a branched polymer with a well-defined molecular
weight distribution and a vehemence of branching. There are several methods available
for the synthesis of STOBA materials, each illuminating their own advantages and impedi-
ments. The adoption of techniques is influenced by variables like the intended molecular
weight dispersal, the amount of branching, and the compatibility with other materials in
the system. It is always best to consult a specialist or reference a reliable source before
selecting a synthesis method for a specific application.
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The choice of monomer and initiator will affect the properties of the resulting STOBA
material, including its molecular weight dispersal, intent of branching, and solubility.
The monomers used in the synthesis of STOBA materials can vary widely depending on
the desired properties of the final products. Common types of monomers used for the
synthesis of STOBA materials include acrylates, methacrylates, and vinyl esters. The choice
of initiator will affect the rate of polymerization and the molecular weight distribution of
the final STOBA material. Common initiators used in the polymerization process include
copper (II) chloride and benzyltrimethylammonium chloride, while common monomers
include cyclic oxide and ethylene oxide [47]. These monomers have been shown to have
good solubility in common solvents, which helps to improve the conductivity of the
resulting materials. Common types of initiators used for the synthesis of STOBA materials
include strong bases for anionic polymerization, Lewis acids for cationic polymerization,
and radical initiators for radical polymerization [48]. Chain-transfer agents are used in the
synthesis of STOBA materials to control the polymerization process and limit the length
of the polymer chains. Common types of chain-transfer agents include mercaptans for
radical polymerization, thiols for anionic polymerization, and Lewis acids for cationic
polymerization. The polymerization conditions, such as temperature, pressure, and the
presence of a solvent, will also affect the properties of the final STOBA material. It is
important to carefully control these conditions to ensure the desired molecular weight
distribution and branching intensity, as well as solubility, of the final product. The choice of
monomer, initiator, and polymerization conditions will play an essential role in determining
the properties of the final STOBA material.

2.2. Characterization Techniques for STOBA Materials

Once the STOBA materials have been synthesized, it is crucial to evaluate their proper-
ties and performances in order to assess their suitability for use in LIBs. Common methods
for evaluating the properties of STOBA materials include thermal analysis techniques such
as differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), as well
as electrochemical methods like cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Recent studies have shown that STOBA materials have good thermal
stability, high conductivity, and low viscosity, which make them promising candidates
for use as electrolytes in LIBs [49]. Even so, there are challenges, waiting to be found, to
achieve the required level of performance. For example, the low thermal stability of some
STOBA materials can be a constraint to their utility in high-temperature applications. Ad-
ditionally, the development of methods for the synthesis of STOBA materials obtaining the
optimal molecular weight, as well as a high intensity of branching, is still an area of active
research. As such, to fully acknowledge the properties and behavior of these materials, it
is essential to use various characterization techniques to study them. This critical review
focuses on different characterizations for STOBA materials, including Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR), and transmission electron
microscopy (TEM). FTIR is a common technique used to study the chemical structure of
STOBA materials [50]. This technique is based on the absorption of infrared radiation by a
material, and it can provide information on the functional groups present in the material,
as well as the chemical bonding. FTIR can be utilized to detect the existence of functional
groups such as ethers, esters, and amides, which are commonly found in STOBA materials.
Additionally, FTIR can be exercised to characterize the thermal stability of STOBA materials,
as the absorption spectrum can be obtained at different temperatures. NMR is another
powerful technique that can be used to examine the chemical structure of STOBA materials.
NMR is based on the principle that the nuclei of certain atoms, such as hydrogen and
carbon, have a magnetic moment that can be manipulated by an external magnetic field.
NMR can be used to calculate the number and various categories of atoms present in a
material, as well as their chemical environment. Additionally, NMR can also be employed
to investigate the molecular dynamics of STOBA materials, as it can provide information on
the mobility and interactions of the atoms within the material. TEM is a technique that can
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be used to study the microstructure of STOBA materials. TEM is based on the transmission
of electrons through a thin sample, and it can render direction about the distribution shape,
as well as size factors, of particles within the compound. Additionally, TEM can also
be used to study the morphology of STOBA materials, as it can provide information on
the structure and organization of the particles within the material. In addition to these
techniques, other characterization methods, namely, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and dynamic mechanical analysis (DMA), can be exploited
to study STOBA materials [51,52]. XRD can be used to explore the crystal structure along
with the crystallinity of the materials, SEM can be used to study the surface morphology,
and DMA can be applied to study the hardness properties of the samples. Overall, the
characterization of the STOBA compound is of utmost importance to fully understand the
properties and behavior of these materials. The combination of different characterization
techniques, such as FTIR, NMR, and TEM, can provide a comprehensive analysis of the
materials, enabling researchers to better understand the structure–property relationships of
the materials. Furthermore, understanding the properties of these materials is important
for rational design, as well as the development of advanced compounds with upgraded
characteristics and functionality.

3. Electrochemical Properties of STOBA Materials
3.1. Effect of STOBA Additive on Specific Capacity, Impedance, and Cycling Stability

STOBA materials have recently gained attention as potential additives for electrode
materials, citing their unique electrochemical properties. In this article, we will discuss the
specific capacity, impedance, and cycling stability of STOBA materials on other anodes
in LIBs. Specific capacity is a measurement of the amount of energy that a substance
can hold per mass unit, which also depends on the thermal management of the batteries.
Figure 4 [53] depicts the different stages of the thermal runaway of LIBs. This occurs due
to the unique structure of the materials, which allows for more lithium ions to be stored
in the electrode materials. The impedance of a material is affected by its composition,
structure, and electrochemical properties. STOBA materials have been found to exhibit
low impedance values, indicating their ability to facilitate the flow of electrical current.
This property is highly advantageous for enhancing the electrochemical performance
of LIBs as it enables faster charging and discharging. In addition, cycling stability is
essential to the effectiveness of LIBs, as it determines how well a material can maintain
its capacity and impedance over repeated charge and discharge cycles. STOBA addition
in electrode materials has demonstrated excellent cycling stability, which is essential for
the longevity of LIBs. Compared to other anode material additives, STOBA materials offer
several advantages, including higher specific capacity, lower impedance, and better cycling
stability. These properties make them promising candidates for the creation of LIB electrode
components with higher efficiency with the required safety.

3.2. Explanation of How STOBA Materials Contribute to Electrochemical Properties

The unique structure of STOBA materials is a result of the self-termination reaction
of the oligomers during synthesis. This results in a highly branched, three-dimensional
structure with a large surface area. This hyperbranched structure provides several advan-
tages for electrolytes. One of the main advantages of the hyperbranched structure is the
increased specific capacity. As shown in Figure 5 [54], the large surface area allows for more
lithium ions to be stored in the material, resulting in a higher specific capacity. This means
that STOBA materials can store more energy per unit mass than other anode materials. The
hyperbranched structure also improves the cycling stability of STOBA materials. The large
number of branches provides multiple pathways for lithium ions to move through the
material during charging and discharging. The hyperbranched structure also contributes to
the low impedance of STOBA materials. The branches provide multiple pathways for elec-
trical current to flow through, which reduces the resistance to current flow. This improves
the rate performance of the STOBA-added anode and allows for fast charge/discharge. In
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addition to the electrochemical properties, the hyperbranched structure also contributes
to the mechanical stability of STOBA materials. The branches act as a buffer against vol-
umetric changes during charging and discharging, which improves the stability of the
material and reduces the formation of cracks and defects. Therefore, the hyperbranched
structure of STOBA materials is a key factor in their excellent electrochemical properties.
The large surface area, multiple pathways for lithium-ion movement, and low resistance to
current flow all contribute to the high specific capacity, excellent cycling stability, and low
impedance of STOBA materials. These properties make them a favorable anode material
for LIBs. However, further research is needed to fully understand their properties and to
develop ways to scale up their production.

Batteries 2024, 10, x FOR PEER REVIEW 9 of 27 
 

pedance over repeated charge and discharge cycles. STOBA addition in electrode materi-
als has demonstrated excellent cycling stability, which is essential for the longevity of 
LIBs. Compared to other anode material additives, STOBA materials offer several ad-
vantages, including higher specific capacity, lower impedance, and better cycling stability. 
These properties make them promising candidates for the creation of LIB electrode com-
ponents with higher efficiency with the required safety. 

 
Figure 4. Schematic of the classification of thermal runaway stages of LIBs [53]. 

3.2. Explanation of How STOBA Materials Contribute to Electrochemical Properties 
The unique structure of STOBA materials is a result of the self-termination reaction 

of the oligomers during synthesis. This results in a highly branched, three-dimensional 
structure with a large surface area. This hyperbranched structure provides several ad-
vantages for electrolytes. One of the main advantages of the hyperbranched structure is 
the increased specific capacity. As shown in Figure 5 [54], the large surface area allows for 
more lithium ions to be stored in the material, resulting in a higher specific capacity. This 
means that STOBA materials can store more energy per unit mass than other anode ma-
terials. The hyperbranched structure also improves the cycling stability of STOBA mate-
rials. The large number of branches provides multiple pathways for lithium ions to move 
through the material during charging and discharging. The hyperbranched structure also 
contributes to the low impedance of STOBA materials. The branches provide multiple 
pathways for electrical current to flow through, which reduces the resistance to current 
flow. This improves the rate performance of the STOBA-added anode and allows for fast 
charge/discharge. In addition to the electrochemical properties, the hyperbranched struc-
ture also contributes to the mechanical stability of STOBA materials. The branches act as 
a buffer against volumetric changes during charging and discharging, which improves 
the stability of the material and reduces the formation of cracks and defects. Therefore, 
the hyperbranched structure of STOBA materials is a key factor in their excellent electro-
chemical properties. The large surface area, multiple pathways for lithium-ion movement, 
and low resistance to current flow all contribute to the high specific capacity, excellent 
cycling stability, and low impedance of STOBA materials. These properties make them a 
favorable anode material for LIBs. However, further research is needed to fully under-
stand their properties and to develop ways to scale up their production. 

Figure 4. Schematic of the classification of thermal runaway stages of LIBs [53].

Batteries 2024, 10, x FOR PEER REVIEW 10 of 27 
 

 
Figure 5. Milestone discoveries that shaped the modern lithium-ion batteries. The development of 
(a) anode materials including lithium metal, petroleum coke, and graphite, (b) electrolytes with the 
solvent propylene carbonate (PC), a mixture of ethylene carbonate (EC), and at least one linear car-
bonate selected from dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate 
(EMC), and many additives, (c) cathode materials including conversion-type materials, intercalation 
materials titanium disulfide (TiS2), and lithium cobalt oxide (LiCoO2) [54]. 

4. Applications of STOBA Materials in LIBs 
4.1. Portable Electronics, EVs, and Renewable Energy Storage Systems 

One of the main potential applications of STOBA materials is in portable electronics 
[55]. LIBs are commonly used in portable electronics such as smartphones, laptops, and 
tablets given their high energy density and long-lasting performance. The high specified 
capacity and excellent cycling stability of STOBA materials make them well suited for use 
in portable electronics, as they can provide longer battery life and more power in a smaller 
package. STOBA materials also have potential in EVs [56]. The high specific capacity and 
low impedance of STOBA materials can improve the range and performance of EVs. Ad-
ditionally, the excellent cycling stability of STOBA materials can extend the life of the bat-
tery, which is critical for the high-use scenario of EVs. Another potential application of 
STOBA materials is in renewable energy storage systems. With the increasing use of green 
sources of energy including solar and wind power, effective energy retention systems are 
needed to store the energy generated when it is not being used. The optimal specific ca-
pacity and minimal impedance, along with the excellent cycling stability of STOBA mate-
rials make them well suited for use in renewable energy storage systems, as they can pro-
vide long-lasting and efficient storage of renewable energy. Furthermore, STOBA materi-
als have a huge range of potential applications in LIBs, including electric cars, portable 
gadgets, and sustainable systems for storing energy. The unique properties of STOBA ma-
terials, such as high specific capacity, low impedance, and optimum cycling stability, 
make them well suited for these applications [57]. However, further research is needed to 
fully understand their properties and to develop ways to scale up their production. 

  

Figure 5. Milestone discoveries that shaped the modern lithium-ion batteries. The development
of (a) anode materials including lithium metal, petroleum coke, and graphite, (b) electrolytes with
the solvent propylene carbonate (PC), a mixture of ethylene carbonate (EC), and at least one linear
carbonate selected from dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate
(EMC), and many additives, (c) cathode materials including conversion-type materials, intercalation
materials titanium disulfide (TiS2), and lithium cobalt oxide (LiCoO2) [54].
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4. Applications of STOBA Materials in LIBs
4.1. Portable Electronics, EVs, and Renewable Energy Storage Systems

One of the main potential applications of STOBA materials is in portable electron-
ics [55]. LIBs are commonly used in portable electronics such as smartphones, laptops, and
tablets given their high energy density and long-lasting performance. The high specified
capacity and excellent cycling stability of STOBA materials make them well suited for use
in portable electronics, as they can provide longer battery life and more power in a smaller
package. STOBA materials also have potential in EVs [56]. The high specific capacity and
low impedance of STOBA materials can improve the range and performance of EVs. Addi-
tionally, the excellent cycling stability of STOBA materials can extend the life of the battery,
which is critical for the high-use scenario of EVs. Another potential application of STOBA
materials is in renewable energy storage systems. With the increasing use of green sources
of energy including solar and wind power, effective energy retention systems are needed
to store the energy generated when it is not being used. The optimal specific capacity
and minimal impedance, along with the excellent cycling stability of STOBA materials
make them well suited for use in renewable energy storage systems, as they can provide
long-lasting and efficient storage of renewable energy. Furthermore, STOBA materials have
a huge range of potential applications in LIBs, including electric cars, portable gadgets, and
sustainable systems for storing energy. The unique properties of STOBA materials, such
as high specific capacity, low impedance, and optimum cycling stability, make them well
suited for these applications [57]. However, further research is needed to fully understand
their properties and to develop ways to scale up their production.

4.2. Optimization of STOBA Materials for LIBs

STOBA materials have a high specific capacity, which is a standard of how much
energy a material can store per unit mass. This means that they can store more energy per
unit mass than other anode material additives, which is beneficial for LIBs. The enhanced
specific capacity from STOBA materials is due to their unique hyperbranched structure,
which allows for more lithium ions to be stored in the material. STOBA materials also have
a low impedance, which is a measure of how easily electrical current flows through a mate-
rial. This means that electrical current can flow through STOBA materials easily, which is
beneficial for LIBs, and enables the battery to charge and discharge quickly. Materials with
STOBA also have excellent cycling stability, which is a measure of how well a material can
maintain its performance over multiple charge and discharge cycles. This reveals that they
can maintain their high specific capacity and low impedance over many charge and dis-
charge cycles, which is important for LIBs. The unique hyperbranched structure of STOBA
materials also contributes to the mechanical stability of the material, which is paramount
to the sustainable performance and longevity of the battery. Furthermore, current research
is aimed at improving the synthesis methods of STOBA materials, increasing their specific
capacity, improving their cycling stability, and reducing the cost of the materials. This will
lead to a more practical and cost-effective application in various disciplines like electric
cars, portable gadgets, and sustainable systems for storing energy.

Carbonaceous materials, namely, graphite, are customarily in usage as anode materials
in rechargeable LIBs studied by Hwang et al. [58]. “LiCoO2 is the primary material
used as the positive electrode in present-day commercial LIBs given its record theoretical
capacity, working potential, and magnificent cycling ability at room temperature. But
one major challenge in utilizing these electrodes is the marked oxidative decomposition
of the electrolytes on the electrode surface, which results in high capacity loss and poor
cycling ability.” To address this issue, several additives have been used to modify the solid
electrolyte interface (SEI) layer over the electrode interface, as seen in Figure 6 [59]. These
additives should be reduced or oxidized before being introduced into the electrolyte to
prevent further decomposition of the SEI layer. While some additives can improve battery
safety, they may negatively affect battery performance, and an additive that has a positive
effect on the anode may show negative effects on the cathode.
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Silicon polymers are a versatile cluster of materials that have been widely used in
various applications due to their human friendliness and universal properties studied by
Plichita et al. [60]. 3-aminopropyl trialkoxysilane is a silicon-based chemical compound
that is commonly used in industrial processes that produce siloxane compounds, silica
nanoparticle compounds, or silane-containing particulates. The goal of this study was to
synthesize branched oligomers established on trialkoxysilane under different conditions,
as well as further apply them to alter urethane prepolymers. To achieve this, as shown
in Figure 7 [60], the primary amino group of APTES was reacted with a five-membered
EC to obtain a hydroxyl-terminated alkoxysilane monomer and oligomers. The ideal
circumstances for synthesizing APTES-OH monomers with high precision were found to
be a reaction at a temperature of 20–25 ◦C instead of utilizing a catalytic agent. Meanwhile,
to obtain the APTES-OH oligomers with maximum effectiveness, the process must be
sustained at a high enough temperature using a catalyst, preferably based on Ti.
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Feng et al. [61] explored the application of the accelerating rate calorimetry (ARC)
technique to evaluate the thermal runaway (TR) features of battery cells. Different ARC
models were used for testing small and large format samples. The ARC curves were
analyzed together with differential scanning calorimetry (DSC) results for the constituent
substances to gain insights into the heat generation mechanisms of the battery cells. The
Hatchard model, evolved on the principle of thermodynamic overlaying, was employed to
interpret the mixed reactions in the system, the results of which can be seen in Figure 8 [61].
By comparing the ARC outcomes for cells and the DSC results for the electrodes, it was
found that the exothermic reactions within the SYSAN

ELE component were the primary
thermal source of devices with NMC or LFP cathodes. The thermal review database
developed at Tsinghua University provided a useful resource for studying the current
lithium-ion devices’ highly exothermic mechanics, and it revealed that for systems with
something like a LiO2 electrode, the primary source of heat throughout heat dissipation
was indeed the redox interaction seen between the anode and cathode.
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and DSC tests, for Cell Type F, with an LFP cathode and an MCMB anode. (c) Mechanism of heat
generation between T1 and T2 [61].

To ensure battery safety, protection mechanisms can be external or internal, which
was described by Liu et al. [62]. The latter approach employs per se safe materials for
components of the battery, making it the “ultimate” solution for battery safety. Recent
developments in material design have produced progress in resolving battery safety issues.
Flammable substances that can put out crystalline lattice fires are strongly sought to
improve battery protection. Polymer binders or conductive frameworks that contain
flammable substances can be combined with graphite. While ongoing reviews concentrate
on the materials’ ground safety, a whole-person strategy to address the flammability of
LIBs ought to be considered. Ingredients, cell layout and constituents, battery modules,
and modules all have similar importance in ensuring batteries are dependable before being
offered for sale.

According to Kao et al. [63], the addition of external devices to a battery system
results in increased complexity, weight, volume, and costs, which are not conducive to
high-energy or power-dense batteries. While thermal runaway is a concern for LIBs, a
detailed analysis of how the solid-state electrolyte (SSE) layer restricts short circuits and,
consequently, thermal runaway has not been conducted. Therefore, Kao et al. conducted
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nitrogen adsorption–desorption measurements to examine the SSE’s porous architecture
in the material, STOBA, under different thermic experimental conditions. It has been
found that the thermal runaway of LIBs occurs above 180 ◦C due to the emission of O,
as well as the heat from the reaction of the electrode material, leading to the interfacial
oxidation of the electrolyte and expedited increase in temperature. Nitrogen adsorption–
desorption quantification revealed that the porosity of STOBA disappears at around 180 ◦C,
which suggests that the chains in STOBA crosslink with one another and then melt at high
temperatures. Furthermore, Kao et al. observed changes in the STOBA chains through
nitrogen adsorption–desorption measurements and SEM (see Figure 9) [63]. These changes
indicate that the chains in STOBA crosslink with one another and lead to an elevated degree
of crosslinking with rising temperatures, resulting in the transformation of the STOBA
interlayer changing from porous to nonporous.
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In their research, Duh et al. [64] discussed the hazards in relation to thermal runaway
and incidents related to LIBs. They provided a list of transnational fire incidents caused
by various types of LIBs due to failures. The number of fire incidents caused by LIBs has
increased significantly since 2016, coinciding with the surge in demand for smartphones
and EVs. To assess the thermal runaway hazards of 18,650 LIBs, the researchers selected six
parameters: TOnset, Tcr, Tmax, Pmax, ∆n, and ∆H. It was found that the 18,650 LFP battery is
safer than other batteries under abusive scenarios. For non-LFP batteries, a Tcr of 200 ◦C
and a maximum rate of 100 ◦C min−1 were chosen to evaluate the no-return hazard and rate
hazard. While the safety of batteries at the level of material is what the research focuses on,
it really is crucial to follow a holistic function that considers the safety of cell components
and layout, as well as battery modem with packs, to produce batteries that are more reliable
before releasing them to the public.
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Pham et al. [65] studied the synthesis of polymers with hyperbranched structures for
the advancement of LIBs. They reported that N,N′-bismaleimide-4,4′-diphenylmethane re-
acted with cyanuric acid (CA) in accordance with trimethylamine via aza-Michael addition
reaction to form hyperbranched BMI/CA polymers that advanced battery performance.
Another type of polymer was obtained by reacting BMI with 55BTA (barbituric acid) in the
presence of Ph3P, which could also be a good addition to LIBs. The authors investigated the
dynamics and processes involved in the polymerization of BMI with 55BTA in accordance
with Ph3P, using approaches to estimate the energy barrier using both prototype and
framework techniques, pre-exponential factor, and reaction modeling. The results showed
that linear polymers could be derived from the polymerization of BMI, along with 55BTA,
in the presence of Ph3P and hydroquinone at temperatures between 40 and 90 ◦C, while
hyperbranched polymers could be synthesized in a broad temperature range of 60–150 ◦C.

Deruelle et al. [66] extracted the percent signal change with regard to the three ap-
proaches in the active cluster and a right hemispheric reflecting ensemble. The rmANOVA
analysis indicated that the grouping and agent had meaningful contact, suggesting that the
hypothalamic activity’s lateralization in the tight standards led to a brain-wide assessment
utilized in place of functional lateralization. In the analysis of activity, the left PHN complex
in terms of capability was linked to a solitary cluster at the left temporoparietal intersection,
which is in contradiction to the hypothalamic complex in terms of interaction. A study re-
ported the beneficial effects of a lack of anthropomorphism on how young autistic children
perceive animals’ motion. When controls played against a robot, running against people
caused a noticeably worse lTPJ/PHN communication, indicating a similar effect. The
results hint that within the general population, signals regarding the social environment
and hypothalamic chemicals, including oxytocin, influence the pleasant rewards from
social engagement, linked to the left temporoparietal intersection.

In a previous study by Pan et al., it was shown that a branched oligomer with ox-
idative SEI elevates the performance of a self-polymerized membrane and provides very
good heat and high-temperature durability. In an insightful work by Li et al. [67], the
same branched oligomer (BO) was selected as an additive to improve the electrochemical
performance of lithium-ion cells. The impact of various BO contents on cellular func-
tioning was investigated. The 503759-type full cell cycle performance was evaluated at a
charge–discharge rate of 0.5 C at ambient temperature. The results of Figure 10 [67] showed
that the cycle performance of the cells with 1.0 wt% BO additive was superior compared
to those without the additive and those with 2.5 wt% additive for 400 cycles. However,
increasing the concentration of BO decreased performance at higher power rates because
the self-polymerizing oligomer thin film interrupted lithium-ion exchange. The structural
changes in the cathode surface and electrolyte during charge/discharge cycles led to a high
temperature cycle ability. Overall, this study investigated the influence of BO concentration
on the electrochemical characteristics in lithium-ion cells and demonstrated the potential
for using BO to provide a high temperature and long cycle life. The findings imply that
the maleimide-based BO will undergo oxidation at a rate of 1.9 V relative to Li/Li+. The
reference cells’ discharge capacities were 143.2, 128.8, and 124.7 mAh g−1 when they were
discharged at a rate of 0.2 C.

According to Pan et al. [68], the occurrence of an explosion of a cell/battery is due
to a chain of chemical reactions causing thermal runaway. The introduction of organic
additives leads to the generation of a coating following a few rotations upon that cathode’s
interface, leading to a reduction in battery rate performance. Nonetheless, the suggested
oligomer addition keeps a lithium battery’s stability and cycle performance intact. Wang
reported that the branched oligomer created a solid electrolyte interphase (SEI) during
the charge/discharge mechanism of batteries. Furthermore, the results of the practical
nail permeation test using prismatic cells show that the safety performance of a battery
comprising branched oligomers incorporating (PMI)/BMI is preferable compared to the
additive. Thus, the PMI/BMI-containing branched oligomer additive is demonstrated to
improve the cycle ability, as well as the safety of LIBs.
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Figure 10. Cycle performance of Li-ion cells with BO as additives at 0.5 C: (a) at room temperature
(25 ◦C); (b) at high temperature (55 ◦C); 1.0 M LiPF6/EC:DEC, 1.0 M LiPF6/EC:DEC + 1.0 wt% BO
(BO1), 1.0 M LiPF6/EC:DEC + 2.5 wt% BO (BO2);EC:DEC (6:4, v/v) [67].

According to Lin et al. [69], coating the surface of cathode active compounds with
different inorganic interlayers has been highlighted, in certain circumstances, to reduce the
exothermic interstitial interaction between the components of the electrolyte, as well as the
cathode. To address the thermal breakdown limitation of LIBs, the ITRI, Taiwan, developed
a polymeric cathode coating material of self-terminated oligomers with hyperbranched
architecture. It has been demonstrated that this coating effectively suppresses thermal
breakdown in the nail permeation methods of various graphite/oxide LIBs. Prior to the
nail penetration test, the batteries were held under a constant current of 0.1 C between
4.2 V and 2.8 V and charged. LiO2 cathode particles were coated with STOBA, which
was demonstrated to successfully prevent thermal breakdown and mitigate the graphite
potential difference. In situ synchrotron XRD analysis depicts that the polymer coating
hardly impacted the layer-to-spinel phase orientation, suggesting that the suppressing
methodology is working under the temperature of oxygen release from the oxide particles.
The results from electrochemical as well as DSC analyses show that such a coating prefers
to passively inhibit the interfacial tension of electrified cathode ions, which suppresses
SEI development in a high-risk environment and significantly reduces the thermic po-
tential arising from SEI breakdown, and when overheating, the electrified cathode layer
decomposes the electrolyte.

Wen et al. [70] used nuclear magnetic resonance spectroscopy to conduct a study in
the in situ setting and measure the equilibrium thermodynamics of the STOBA fabrication
process. They researched the STOBA synthesizing procedure to identify important reactant
locations, activation processes, and the effect of elements including the molecular level of
the solution, the kind of reactant, the ratio, the volume, the activation time, the reaction
duration, and the sequence of inclusion. Figure 11 [70] showed that the STOBA synthesis
reaction follows primarily the Michael addition process, specifically a 2 + 2 stepwise poly-
merization. The a-methylene carbon as well as the two amino nitrogen atoms of benzene-
1,3,5-tricarbaldehyde (BTA) are possible locations for nucleophiles that respond to the elec-
trophilic C of N,N′-bismaleimide-4,4′-diphenylmethane. The STOBA preparation method
has a relative pace comparable to that required for “Michael addition BTA > Knoevenagel
condensation > self-reaction of MDA-BMI > self-polymerization of PMI”. Experimental
results revealed that the rate of reaction order is “BTA-BTA > BMI-BMI > PMI-PMI”. This
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study also concluded that now the Michael addition rule governs the chemical reactions
of conflicting reaction processes of the rest, the BTA a-methylene proton retaliates with
BMI/PMI C, Michael addition of the second BTA a-methylene proton reacts with the
BMI/PMI –C=C– double bond, and C1N0K to C1N0E tautomerization, BTA Knoevenagel
condensation, MDA-BMI thermal polymerization, and PMI self-polymerization occur.
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Su et al. [71] developed a longitudinal reaction scenario whereby a silica particulate
surface and a solitary siloxane bond were first created, in sync with condensation reactions
between the silanol groups belonging to the silane molecules that are attached to the silica
particle surface, in their study of the surface reaction of bistetrasulfane with silica. Silica
enhanced the interaction seen between inorganic as well as organic fractions by connecting
chemical organosilanes in addition to generating other desirable properties; for example,
when employed as additives for different polymer composites, these properties include
gas absorption, toughness, heat resistance, and scratch and wear resistance. Meanwhile,
barbituric acid was utilized by Pan et al. to start the free radical polymerization of N,N′-
bismaleimide-4,4′-diphenylmethane with two –C=C–. They found that the level of BTA
initially controlled the polymerization, and the resulting oligomers with hyperbranches
were soluble in organic solvents. The vinyltriethoxysilane molecule had already been
effectively grafted onto silica nanoparticles according to the FTIR as well as TGA statistics.
In their study, native along with silane-modified silica dispersions including continuous
nonaqueous phase N-methyl-2-pyrrolidone and total solid contents ranging from 1 to
6 wt% exhibited a significantly different rheological mechanism.

In a study by Chern et al. [72], different solvents like N-methyl-2-pyrrolidinone, N,N′-
dimethyl formamide, tetramethylsilane-containing dimethyl sulfoxide-d, tetramethylsilane-
containing chloroform-d, and hydroquinone were used. A small amount of HQ was in-
cluded in the mixture of the operation to polymerize BMI isothermally with 2,2′-Azobis(iso-
butyronitrile) (AIBN) to help establish the baseline during the primary stage of polymeriza-
tion. The definition of the conversion was given as X DHt = DH, where DHt is indeed the
region underneath the essential of the heat flow vs. t curve from t0 to t, and the apparent
total heat of the reaction resulting from the nonisothermal polymerization is represented by
DH in the denominator. With this procedure, isothermal polymerization took place at 453 K
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for one hour after the temperature was raised from room temperature to 453 K at a rate of
5 K min−1. The reaction rate constant was in the range of 3.06 × 10−2–1.97 × 10−11/min,
and the activation energy was 76.3 kJ mol−1 in the 373–403 K temperature range. The
study also included a discussion on the “mechanism of free radical polymerization of BMI
triggered by BTA, involving initiation reactions, propagation reactions, and termination
reactions, with a representative molecular structure corresponding to the resultant BMI
polymer. The apparent overall heat of reaction per mole of BMI initially increased slowly
up to a point where the mole fraction of BTA [BTA/ca] corresponds to nonisothermal
polymerizations of BMI by BTA. Furthermore, at a specific weight percentage of HQ, the
degree of DH reduction increased with the declining molar ratio of BTA/BMI. These results
show that free radical polymer reactions contribute significantly to the polymerizations of
BMI with BTA, alongside the Michael addition process.”

Yu et al. [73] found that barbituric acid or azobisisobutyronitrile can initiate the free
radical polymerization of BMI. They observed that the overall heat of the reaction dropped
rapidly and then leveled off as the concentration of HQ was elevated in nonisothermal
polymerizations of BMI with BTA at various molar ratios of BTA/BMI. The study aimed
to investigate the kinetics of Michael addition polymerization of BMI/BTA in NMP at
various temperatures by incorporating enough HQ to inhibit the polymerization of free
radicals. This made it possible to identify the actual critical kinetic parameters for Michael
addition polymerization, such as the activation energy and reaction rate constants, by
decoupling the intricate competitive Michael addition and free radical polymerization
processes. The isothermal Michael addition polymerizations of N,N′-bismaleimide-4,4′-
diphenylmethane, as well as barbituric acid, with BMI/BTA 2/1 in 1-methyl-2-pyrrolidone
were explored independently by completely suppressing free radical polymer reactions
through the addition of hydroquinone. The study developed in front of a crucial trans-
formation. A mechanistic model was used to forecast the dynamics of polymerization;
after that point, diffusion-controlled polymer reactions dominated throughout the latter
stages of polymerization. Rate constants of Michael addition polymerization in the range
of 2.44–7.18 L mol−1 for 21 min and an activation energy of 36.1 kJ mol−1 were obtained in
the range of 383–423 K temperature based on the kinetic model. It was possible to reach
a comparatively stationary limiting conversion beyond the critical conversion that was
unaffected by the reaction temperature.

Pham et al. [74] showed that in the BMI-BTA polymerizations inside the temperature
range of 100–130 ◦C, the Michael addition and free radical polymerization mechanisms
competed with each other, with the input of the free radical polymerization mechanism
increasing with reducing mole fraction of BTA in the medium of reaction. However, the
key kinetic parameters of the Michael addition polymerization of BMI/BTA in the presence
of HQ were significantly varied from those obtained in the mixed mode of competitive
free radical and Michael addition polymerization mechanisms of BMI with BTA. In order
to obtain a basic understanding of the thermal degradation process and mechanism, the
aim of this study was to investigate the nonisothermal degradation kinetics of the cured
samples of native BMI/BTA [2/1] and BMI/BTA in the presence of HQ in a solid state.
They proposed a method to learn the kinetic parameters of the complex mechanism without
resorting to the deconvolution technique. The cured polymer sample of S5 and its thermal
breakdown process is primarily controlled by the simultaneous reaction order mechanism
and third stage. Finally, for the cured polymer sample of S5, the model-fitting method
yielded parameters of Ea = 335.20 kJ mol−1 and cA = 2.38 × 1020 min−1, corresponding to
the thermal breakdown process involved in the third stage, with the greatest R2 of 0.997 for
n = 1.45 and m = −1.

Pham et al. [75] have reported that the mechanisms of free radical polymerization and
Michael addition struggle amongst themselves in the polymerizations of BMI with BTA
in the temperature range of 100–130 ◦C. The bequest of the free radical polymerization
mechanism to the reaction of BMI with BTA elevates with reducing mole fraction of
BTA in the reaction medium. In this work, they aimed to achieve a hybrid polymer
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system of BMI/BTA and phenylsiloxane with adequate compatibility through the aid of
3-Aminopropyltriethoxysilane. Thermal stability was the focal point of this research for
the PhSLX polymers. After satisfactory post-curing reactions, the PhSLX- and APTES
(PASi)-altered BMI/BTA oligomers displayed diminished rates of thermal degradation
in the range of 300–800 ◦C, increasing the level of residues at 800 ◦C compared to the
native BMI/BTA oligomer. The activation energy values for the thermal degradation
reactions of the cured PASi-modified BMI/BTA oligomers were found to be higher than
those of the virgin BMI/BTA oligomer, as confirmed by additional thermal degradation
kinetic tests. The Michael addition reaction between the amino group of APTES and the
carbon–carbon double bonds of BMI allowed for the compatibility of the hybrid polymers
of PhSLX and BMI/BTA oligomers. However, HYBRID30, comprising a greater level of
the aminopropyl groups of APTES, displayed slightly lower thermic stability compared to
HYBRID20, which could be ascribed to the thermal dependency of the cured PASi-modified
BMI/BTA oligomers on the amounts of both PhSLX and APTES to some extent.

According to Pham and colleagues [76,77], the initiation mechanism for the BMI/BTA
polymerization system involves the generation of a ketone radical pair via a single-electron
transfer reaction. The authors aimed to examine the mechanism of nonisothermal degra-
dation and the kinetics of the cured EA polymer, which was prepared via radical poly-
merization of EA triggered by either BTA or BPO. They used the deconvolution technique
to estimate the distinct thermally oxidative degradation by utilizing a statistical function
that addresses peaks on the differentiated thermogravimetric graph that are similar in size.
They then conducted a kinetic analysis of the deconvoluted individual peaks to dictate
the kinetic parameters, and the results were used to assess the relevant mechanisms. The
values of activation energy (Ea) gained using the method of model fitting for the two
primary thermal degradation steps of the cured polymer samples of BTA/EA, as well as
BPO/EA, are comparable to those obtained from the model-free method, indicating that
the degradation reaction mechanisms mentioned throughout this research are correct. The
method of model fitting, aided by the deconvolution technique, was employed to determine
the degradation kinetics for both cured polymer samples of BTA/EA and BPO/EA. As for
the cured polymer sample of BPO/EA, reaction modulation was the mechanism guiding
the initial stage of the deterioration process.

In their recent work, Pham et al. [78] proposed an initiation mechanism for the
BMI/BTA polymerization system that involves the synthesis of a ketone radical pair
through a single-electron migration reaction. They also investigated the distinction be-
tween the radical polymerization of EA started by conventional precursors like BPO and the
polymerization of EA using BTA. The researchers focused on the molar ratio of BTA to EA
as the major variable for the study. Their experiments showed that γ-butyrolactone (GBL),
which lacks a nitrogen atom within its cyclic molecular structure, was unable to activate the
radical polymerization of EA with BTA in the temperature range of 40–180 ◦C. In addition,
the polymerization of EA with BTA in NMP or GBL did not exhibit a Michael addition
reaction. The researchers found that the BTA concentration did not have a significant effect
on the reaction mechanism for the polymerization of EA with BTA. Finally, based on the
findings derived from the method of model fitting, the researchers proposed a first-stage
reaction response process entailing nucleation and nucleus development.

Accelerating the cut-off voltage during charging has been suggested to enhance the
density of energy in batteries. However, Yang et al. [79] reported that high voltage can cause
unfavorable interphasial side reactions amidst the cathode, as well as the liquid electrolyte,
leading to increased resistance, capacity loss, and cycle performance deterioration. To
address this, oligomer additives were investigated as a means of reducing the endurance
of electrochemical reactions by decreasing the polarization of the cell from the electrode
surface. It was observed that the initial 10 cycles hold importance corresponding to the
high-voltage cyclability of the batteries, as the high-voltage application of cells with BMI
in the electrolyte was no different from that of cells with no additives when the batteries
were directly cycled at a charging cut-off voltage of 4.5 V. The performance of high-voltage
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cycling is primarily a result of three essential factors: cathode structure, cathode/electrolyte
interphasial property, and electrolyte stability. In this experiment, the electrochemical
stability of the electrolyte with BMI inclusion was up to 5.0 V, then a new interface film was
formed on the cathode surface. This new interface film from BMI in the electrolyte served
as a protective film that could effectively suppress unwanted interphasial side reactions
within the cathode and liquid electrolyte. Consequently, BMI as an electrolytic addition
considerably enhanced the LIBs’ mechanical and physical properties.

Hydroquinone, a highly effective free radical inhibitor, was previously used by Yu et al. [80]
as just a molecular tool to explore the dynamics and response mechanics of the polymeriza-
tions of BMI and BTA. A mechanistic model was subsequently improved to determine the
Michael addition polymerization of BMI with BTA, taking into account the complicated
competitive Michael addition reaction along with free radical polymerization mechanisms
in the temperature range of 383–423 K. This was achieved by the addition of an adequate
quantity of HQ to entirely suppress the competitive free radical polymerization. This study
aims to investigate the impact of solvent proton affinity on the kinetics of Michael addition
polymerization of BMI and BTA in solvents with different proton affinities at different
temperatures. The isothermal Michael addition polymerizations of BMI and BTA with
BMI/BTA (2/1) in different solvents in the temperature range of 383–423 K were studied,
with the competitive free radical polymerization reactions completely suppressed by the
addition of HQ. The activation energy of the Michael addition polymerization of BMI
with BTA was correlated well with the solvent proton affinity and was found to be in the
following order: “NMP < DMAC < DMF”. This indicates that NMP, when at its highest
proton affinity, was the most effective catalyst amidst the solvents investigated and greatly
dropped the energy barrier for the Michael addition polymerization of BMI with BTA.

It has been reported by Pham et al. (2011) [81] that the Michael addition reaction
mechanism allows BTA, which contains two > NH groups and one > CH2 group, to
polymerize with BMI. However, this process is not the only mechanism involved in the
BMI/BTA polymerization, as there is also competition with free radical polymerization.
Recently, it was found that adding 20 wt% aminopropyl phenylsiloxane oligomer (APSi)
to BMI/BTA polymers enhances their thermal stability. The kinetics of polymerizations
of BMI/BTA with the existence and deficiency of 20 wt% APSi were investigated, and the
BMI content in BMI/BTA/APSi MPs was found to be 53 mol%, which is similar to that in
BMI/BTA MPs.

In their previous work, Yu et al. [82] used hydroquinone as a molecular probe to
investigate the reaction techniques and kinetics involved in the polymerizations of BMI
with BTA by completely suppressing free radical polymerization. Working with the kinetic
parameters of Michael addition polymerization, a mechanistic model was developed
by combining experimental data from DSC and 1H-NMR measurements to estimate the
kinetic parameters of free radical polymerization initiated by BTA. The authors aimed to
further investigate the contest between free radical polymerization and Michael addition
polymerization in the polymerization of BMI with BTA by varying the molar ratio of BMI
to BTA and the reaction temperature. They discovered that the polymerization of BMI
with BTA involved a combination of processes, including Michael addition polymerization
and free radical polymerization, and that the contribution of free radical polymerization
increased with elevating temperature and molar ratio of BMI to BTA.

In 2016, Pham et al. [83] noted that BMI/BTA-based polymers with magnificent resis-
tance to heat were being utilized as additives in LIBs, where preventing thermal runaway
and explosion is a critical safety concern. Predicting the complexity of polymerization data
arising from the simultaneous manifold steps requires the use of a deconvolution technique
based on the supposition of the simple additivity of individual thermal effects, and the
free radical and Michael addition reactions associated with the BMI/BTA system can be
employed. The focal goal of this study is to investigate the nonisothermal polymerization
mechanisms and kinetics included in the BMI/BTA system. Using the model-free method
and the deconvolution technique, three different stages were identified in the BMI/BTA
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polymerization system. The values of n for stages 1, 2, and 3 were determined to be
1.61 ± 0.02, 2.24 ± 0.03, and 2.77 ± 0.02, respectively, using Erofeev models [84].

Chern et al. [85] reported that BMI/CA-based polymers can be effective additives for
enhancing the performance of LIBs. This study aimed to understand the polymerization
kinetics of BMI with CA in the presence of triethylamine and to provide useful data for
the molecular design and scale-up of these BMI/CA-based polymers. The kinetics of
polymerization of BMI with CA in NMP was studied for temperatures ranging from 50 to
80 ◦C, using both the model-free and model-fitting methods to ascertain the appropriate
kinetic parameters. Comparable kinetic parameters were obtained by both techniques. The
Michael addition mechanism included in the polymerization procedure of BMI/CA was
successfully obtained by the model g = ln based on 1H NMR measurements.

According to Chern et al. [86], while free radical polymerization was found to be the
dominant mechanism in the polymerization of BMI with BTA in NMP, N,N′-dimethylacetamide,
and N,N′-dimethylformamide, the Michael addition polymerization was governed by the
>CH2 group of BTA. The authors also investigated the processes and mechanisms of the
reactions involved in polymerizing BMI in NMP using either 1,3-dimethylbarbituric acid or
5,5-dimethylbarbituric acid as displayed in the H-NMR spectra in Figure 12 [86]. Moreover,
they studied the nonisothermal polymerization of BMI with BTA in DMSO and determined
the triple kinetic parameters using the model-free and model-fitting methods. The current
model obtained in the research study is consistent with that of Michael addition reactions.
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Wang and colleagues [87] reported the synthesis of two oligomers, named additive A
and additive B, which were secured using the interaction reaction of BMI with 1,3-BTA and
5,5-BTA, respectively. The electrochemical and thermal properties of bare and modified
NMC622 electrodes along with the two oligomers were explored. The phenomenon of
interface kinetics was characterized based on the results of the surface plasma resonance.
On the Au surface, additive B revealed a diminished intensity throughout the scanning due
to the inhibition of the SP waves by the oligomer, whilst additive A showed an intermediate
intensity due to the marginal excitement of the SPs. The study further investigated the
operando gas evolution of the bare electrode, electrode A, and electrode B. The peak
observed at approximately 536 eV was allocated to oxygen in Li2CO, which decreased in
the surface-modified electrodes, with the intensity weakening at approximately 530.7 eV.
The peak observed at 536 eV shifted drastically to a greater energy by 0.33 eV when
the temperature increased from RT to 340 K, indicating that the generation of carbonate
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species was remarkable at high temperatures. The electrode modification performed
with additive B displayed optimal cycle performance, chiefly attributed to its stronger
binding affinity at the electrode surface. Therefore, this study showed that additive B
can efficiently inhibit degradation when LIBs are charged at large current voltages and
temperatures, preventing electrolyte breakdown processes that produce residues and
solidify the cathode morphology.

In their study, Wu et al. [88] found that LNCM cathode materials tend to exhibit
structural and thermal instabilities when fully charged. This leads to decreased rate capa-
bility and poor capacity retention, mainly under high cut-off voltage and high-temperature
conditions. To stop the surface of the cathode materials from one-to-one contact with the
electrolyte, approaches, namely, coating of the surface and doping of the element, have been
adopted. Coating materials, for example, metal oxide, phosphate, fluoride, or oligomer
materials, can be applied to make a protective layer. The study investigated the effect of
the concentration of BT oligomer species and the particle morphology of NCM523 active
materials on the performance properties and safety of LIBs. The results revealed that the
reaction mechanism involved in the polymerization of BT oligomers in the presence of
NCM active materials differs from that in the absence of NCM cathode active materials.
NCM523 active materials coated with varying amounts of BT oligomer as a bifunctional
additive were successfully prepared for LIBs. The electrolyte decomposition temperature of
the 1 wt% BT@NCM electrode was much higher than that of the bare LNCM electrode, and
the heat generation of the coin cells with the 1 wt% BT@LNCM electrode in the completely
charged state was minutely lower than that of the cells with the bare LNCM delithiated
electrode, particularly when the temperature was increased from 25 to 300 ◦C. The study
concluded that the BT oligomer is an effective bifunctional additive material for improving
the performance and safety of LIBs.

Chorng and colleagues [89] explained that nonuniform deposition of Li+ on the Li
electrode surface during charge can lead to the formation of undesirable Li dendrites,
which may penetrate the separator and cause a short circuit. To prevent contact between
the two electrodes and to allow movement of Li+ during the process of charge/discharge,
microporous polymeric separator membranes are used in LIBs. The separator also affects
the electrochemical performance properties and safety. After a long cycling process, the
bare Li metal anode may develop a rough surface morphology and fissures and generate a
huge number of byproducts due to side reactions with the electrolyte. The stated negative
factors contribute to the buildup of Li metal in the structure, which is porous and loose,
that in turn increases the interfacial resistance, as well as the capacity fading rate. To design
polymer materials that can suppress Li dendrite development on the Li metal anode surface
during cycling of the Li metal battery, factors including the uniform distribution of Li+ flux,
blocking of Li dendrites’ mechanical formation, and polymer structure tailoring, along with
modulating the physical structure of polymer membranes, should be taken into account.
However, the mechanisms related to the safety of LIBs with a reactive polymer coated on
the cathode active material pellet surface are unclear.

Additionally, because of the collapse of the SEI upon that anode surface, thermal
runaway results in a tremendous declination of the electrolyte. To avoid thermal runaway,
which is primarily caused by the ferociously exothermic interaction of the combustible
electrolyte with the cathode only, but also results in oxygen evolution out of the cathode,
it is imperative to have a solid grasp of how to manage the amount of heat produced.
Earlier research has concentrated on decreasing the volatile character of the electrolytes
by including additives, including cosolvents, in the electrolytes in the hope of decreasing
similar effects. Moreover, it has been shown that flame-retardant electrolytes containing
additional fire retardants diminish the combustibility of the electrolyte. These fire retar-
dants’ combination with active elements in the electrodes, nevertheless, causes them to
have additional detrimental impacts on battery efficiency. New findings mention many
monomer additions that polymerize to create electrical conducting polymers under cell
voltages higher than the optimum operational voltage level. An ITRI-developed nanos-
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tructured polymeric electrode coating compound called STOBA apparently successfully
reduces thermal runaway under abusive circumstances in an LIB. According to a study,
STOBA change from permeable substances to a coating and halts the process whenever
the battery reaches 130 ◦C. Without any discernible impact upon electrochemical proper-
ties, 2% of STOBA may effectively cover the whole surface layer, thus preventing thermal
runaway. They possess the capacity to create a stable combination with the electroactive
component only due to their hyperbranched features. They also improve adherence to the
electrode, as well as the contemporary collector, and are compatible with the electrolytes.
The layer of STOBA has no impact on the transport of lithium ions during cycling in an
ambient environment. The STOBA strands that have been formed upon the cell’s inter-
face crosslink as the temperature rises, becoming nonporous but hard. This prevents the
electrolytes from coming into contact with oxygen directly, preventing the electrolyte from
decomposing. Furthermore, the polymerization and layer transition from a permeable
to a nonporous state following heating prevent both the movement of lithium ions and
electrons. The layer-to-spinel transition region is unaffected by the STOBA coating upon
Li(Ni0.4Co0.2Mn0.4)O2 because electrolyte breakdown is prevented before the oxide layer
even releases oxygen. Furthermore, electrolyte additives offer a useful way to increase the
compatibility among electrolytes with cathode phases. Subsequently, an electrolytic addi-
tive for LIBs called STOBA—a branched bismaleimide oligomer—was used. According to
a paper, the oligomer supplement can lessen the intractability of electrochemical processes
by reducing the orientation of the device away from the working electrode. There are
not many publications on the method; however, there are a few descriptions that explain
how STOBA ends thermal runaway. Additionally, investigation on the reconfiguration of
STOBA with different functional groups or novel emulsifiers with comparable physical
and chemical characteristics, including such additives that do not initiate reaction during
storage or operational phases but initiate crosslinking at a specific temperature, could prove
to be a productive prospective research area.

5. Conclusions and Future Work

In conclusion, STOBA materials have the potential to be next-generation additives in
anode and cathode materials for LIBs due to their unique properties such as high specific
capacity, low impedance, excellent cycling stability, and mechanical stability. Their unique
hyperbranched structure contributes to these properties. Current research efforts are aimed
at improving their synthesis methods, increasing their specific capacity, improving their
cycling stability, and reducing the cost of the materials. These efforts will help to optimize
STOBA materials for use in LIBs and make them more practical for various applications.
While there has been significant progress in understanding the properties and potential
applications of STOBA materials, there are still several areas for further research. In this
article, we discussed some of the key areas for further research, including the optimiza-
tion of synthesis processes, investigation of long-term stability and safety, and the use of
advanced techniques such as in situ spectroscopy and electrochemistry. One important
area for further research is the optimization of synthesis and characterization of STOBA
materials. The synthesis of STOBA materials is currently challenging, and researchers are
working on developing methods to improve the control of the degree of branching during
synthesis. This would allow for more precise control of the properties of the resulting
material. In addition, researchers are working on developing new characterization tech-
niques to better understand the properties of STOBA materials. Another important area for
further research is the investigation of the long-term stability and safety of STOBA materials.
While STOBA materials have excellent cycling stability, it is important to investigate their
long-term stability over many charge and discharge cycles. Additionally, researchers need
to investigate the safety of STOBA materials, especially in the event of thermal runaway or
other accidents. A third area for further research is the use of advanced techniques such
as in situ spectroscopy and electrochemistry to study the properties of STOBA materials.
These techniques allow researchers to study the materials in real time and under realistic
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conditions, which can provide valuable information about their properties and behavior. In
conclusion, while there has been significant progress in understanding the properties and
potential applications of STOBA materials, there are still several areas for further research.
These include the optimization of synthesis and characterization, investigation of long-term
stability and safety, and the use of advanced techniques such as in situ spectroscopy and
electrochemistry. These efforts will help us to fully understand the properties of STOBA
materials and to develop methods for their practical applications in LIBs.
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