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Abstract 

Fire safety becomes one of the most concern in the development of lithium-ion batteries 

(LIBs). The main contribution of the LIB fire can be traced back to the combustion of 

electrolytes. To mitigate the fire hazard of electrolytes, safer components (solvent, lithium salt, 

and additives) are expected. However, due to the conflict between flame retardancy and battery 

performance, it requires a quantitative flammability evaluation for a balanced electrolyte 

formula.  

To quantify the flammability limits of organic electrolyte solvents used in lithium-ion 

batteries, a unique wick combustion system was developed in conjunction with limiting oxygen 

concentration (LOC) of candle-like flame, named wick-LOC method. By controlling the 

oxygen-nitrogen ratio of external flow of the wick diffusion flame, the flammability limits 

(LOC) of electrolyte solvents were determined experimentally. 

This thesis first validated the reproducibility and reliability of the wick-LOC method. The 

LOC of single solvents, binary solvents, and solvents with organophosphorus compound (OPC) 

additives were quantified and discussed. To make an in-depth understanding of the effect of 

OPC additives in terms of flame extinction, flame stability limits were then studied. The blow-

off regime and quenching regime were found in the flammability maps when OPC added. 

Finally, the influences of three typical lithium salts (LiPF6, LiBF4, and LiTFSI) on electrolyte 

combustion and wick flame extinction were investigated. The gas-phase flame inhibition of 

LiPF6 addition was first found by the wick-LOC method. Furthermore, the solid-phase reactions 

due to the salt decomposition provided some inspirations in suppressing the electrolyte fire. 

In Chapter 1, a brief overview of the LIB fire and the hazard of electrolyte components 
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were introduced. Then, the methods of flammability evaluation for electrolytes were reviewed. 

Finally, the scope and structure of this thesis were presented. 

In Chapter 2, the experimental setup of the wick-LOC method was presented. The 

experimental conditions and procedures to determine the LOC or flame stability limits were 

specified. The tested solvents, additives, salts and their combinations for each study were listed 

as well. 

In Chapter 3, validations and applications of the wick-LOC method were conducted. To 

provide reproducible results under specified conditions, the effects of axial flow velocity, 

exposed wick length and elapsed time after ignition on the wick-LOC were studied, and the 

proper experimental conditions were selected for further applications. To validate the reliability 

of wick-LOC in flammability evaluation, correlation analyses to other flammability properties 

(flash point, auto-ignition temperature, the heat of combustion and other types of LOC) were 

conducted. The wick-LOC method was then applied to quantify the flammability of mixed 

solvents. The linear changes of wick-LOC with mixing ratios were found in the mixture of 

linear and cyclic carbonates, while the non-linear trends were found in carbonate-ether mixed 

solvents. To evaluate the flame-retardant effectiveness of organophosphorus compounds (OPCs) 

as additives in electrolyte solvents, a series of tests were conducted. Results showed that small 

amounts of OPCs had significant flame-retardant effects, but the efficiency decreased with the 

higher OPC additions. The effectiveness of four OPCs was distinguished as well.  

In Chapter 4, in-depth studies on the wick flame extinction affected by OPC additions were 

conducted. With the wick-LOC method, two modes of stabilized flame are found, namely, wake 

flame and full flame. In the case of higher OPC addition, two distinct branches of extinction 
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processes occurred according to the different flame modes near extinction, and there was no 

transition from the full flame to wake flame. The flame stability limits are measured as a 

function of OPC addition for both flame modes. The wake flame is shown to be consistently 

more stable at low levels of OPC addition. However, once the OPC addition exceeds a critical 

amount, the full flame shows higher stability with a lower LOC than the wake flame. These 

phenomena in the two regimes are also found in other cases of high OPC addition (different 

type of OPC and electrolyte solvent). In terms of the most stable flame mode, the regime 

switches from the wake flame to the full flame with increasing OPC addition, and they are 

defined correspondingly as “blow-off regime” and “quenching regime”.  

In Chapter 5, the dimethyl carbonate (DMC)-based electrolytes with 1M addition of 

different lithium salts (LiPF6, LiBF4, and LiTFSI) were studied comparing with pure DMC and 

trimethyl phosphate (TMP)-added solvents. The three lithium salts gave unique and distinct 

flame behaviors including flame shapes, colors and the changes of wick surface until self-

extinguishing. The wick-LOC results indicated a considerable flame-retardant effect of LiPF6, 

while other salts have minor effects on the flame extinction. Utilizing the flame spectrum and 

combustion residue analyses, the roles of salts during combustion were characterized. The PF6 

anion played a similar role with the TMP additive in the gas phase flame inhibition. In the cases 

of LiPF6 and LiBF4, the solid products (LiF) accumulation blocked the fuel supply from the 

wick to the flame region. The combustion complexity of LiTFSI on the cotton wick charring 

and heat release were considered as a potential hazard on solid combustible in the real fire cases. 

In Chapter 6, conclusions of the present work and recommendations for the future work 

were summarized. 
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Chapter 1. Introduction 

1.1. Background of Lithium-ion battery fire safety 

1.1.1. Overview of lithium-ion batteries 

Facing the increasing demand for high power and energy storage sources, the rechargeable 

lithium battery technologies have been developed for several decades. Since the lithium-ion 

batteries (LIBs) were first commercialized by Sony in 1991, LIBs have become a part of our 

daily lives [1]. Due to their high energy density, good performance, no memory effect, and 

portability, LIBs are widely utilized in many fields like portable electronic devices, 

uninterrupted power supply (UPS) and electric vehicles (EVs) [2,3]. Applications at larger 

scales are expected as well, such as for the storage of the excess electricity produced by power 

plants during off-peak periods of electric grids [4,5]. Some applications of LIBs in different 

scales were presented in Fig. 1.1 below. 

 

 

Fig. 1.1. Various applications of LIBs from small scale to large scale. 

 



2 

 

Since the first practical battery, namely, Volta cell (also called Galvanic cell), was invented 

2 centuries ago, the batteries have been developed in various types based principally on the 

same working mechanism [6]. A typical LIB cell is comprised of four main components, 

cathode, anode, electrolyte and separator. As shown in Fig. 1.2, the lithium ions move from the 

cathode to the anode through the electrolyte in a charging state, and the lithium ions move back 

to the cathode during discharging to apply the current for devices [7].  

 

 

Fig. 1.2. Schematic of the LIB work mechanism. 

 

In recent decades, the materials and shape of the LIB cell have been developed for higher 

electrochemical performance, more portable size, and safer utilization. The shapes and 

components of LIB cell differ in various LIB configurations (cylindrical, coin and prismatic 

cell), and the new structure like plastic Li-ion or Li-ion polymer batteries were developed [2]. 

In the cylindrical and prismatic cells, the anode, separator and cathode materials were stacked 

together with the electrolyte and entangled to form a multilayered structure. As one of the most 
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commonly used cells in commercial electronic devices, the structure of the 18650 cell was 

shown in Fig. 1.3 from Ref. [8]. 

 

 

Fig. 1.3. The structure of 18650 cell LIB [8]. 

 

1.1.2. LIB fire safety 

With the explosive growth of LIB usage, some serious fire and explosion accidents 

associated with LIBs have been frequently reported in recent years. Since the severe fire broke 

out at of SONY manufacturing site in November 1995, the safety of LIB has started to be 

noticed. In the last decade, the battery fire accidents in the laptops have been frequently reported, 

which led to the battery recall of Dell in 2006 and Panasonic’s in 2015. After the explosions of 

Samsung Note7, the fire safety issues of LIB have attracted attention all over the world. 

According to the statistics, 582 LIB failure incidents have reported in the five years until fiscal 

2017 in Japan, and 70 percent of them involved with fires [9]. According to the Federal Aviation 

Administration (FAA), 258 air/airport incidents involving LIB failures have been recorded from 

1991 to 2019 [10]. Now, with the explosive growth of the market share of electric vehicles like 

Tesla, EV fires have threatened public safety. From 2011 to 2015, 31 EV fire incidents have 

been recorded in China, it faced many difficulties in fire prevention and suppression. 
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Wang and co-workers have summarized the potential causes of LIB fire accidents [5], as 

shown in Fig. 1.4. The direct cause of LIB fire is the thermal runaway from the internal 

components’ reactions. Under misuse or abuse conditions, like crushing, overcharging, short-

circuit, overheating and so on, the internal short circuit is triggered as a common cause of 

thermal runaway. With the heat accumulating inside the sealed battery cell, the internal pressure 

increases dramatically until the explosion occurs. The venting aerosol and gas are generally 

flammable and toxic including electrolytes and some byproducts. Based on the fire triangle, the 

utilization of flammable electrolytes brought the main fuel to the LIB fire and explosion. In the 

case of internal thermal decomposition of the cathode, or the venting cases to the external air, 

oxygen can be supplied continuously. With the presence of internal exothermic reaction or 

external heat source, electrolytes can be ignited leading to the flaming even larger propagation 

incidents. 

 

 

Fig. 1.4. Schematic of potential causes of LIB fire accidents [5]. 
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To prevent the LIB fire and control the damage, a series of researches in different scales 

and levels have been done, both from the communities of LIB and fire safety. From the 

perspective of LIB products managers or firefighters, detecting and suppressing the LIB fire 

are the main tasks. However, from the perspective of manufacturers and researchers, the safety 

issues of LIB cells and components are considered with the balance of safety, performance, and 

cost. For the safety on a system or a battery cell level, the safety devices are incorporated into 

the LIB including safety vents, current interrupt device, positive temperature coefficient device, 

shutdown separator, and battery management system [5,11]. For the inherent safety of the LIB 

on a component level, screening safer materials are necessary, including the modifications of 

cathode and anode materials [5,12], adding functional additives like flame retardant (FR) 

additive [13–15], and other types of safer/nonflammable electrolytes [16–18]. As the fuel in the 

battery, the electrolyte components are directly linked to the fire hazard of LIB cell and systems. 

The main objective of this thesis is finding a scientific way to screen safer material of electrolyte 

components. 
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1.2. Safety issues of LIB electrolyte components 

Even the most of LIB fire accidents are directly caused by the thermal runaway reactions 

under the various failure modes, the main contribution of the LIB fire can be traced back to the 

combustion of electrolytes [12]. As the organic solvents (carbonates or ethers) are used in 

commercial battery electrolytes, their flammability can bring larger combustion energy than the 

electrochemical energy of the battery cell [19]. To mitigate the fire hazard of electrolytes, the 

flammability and thermal instability studies are always required including different organic 

solvents and multi-component electrolytes with lithium salts or some functional additives.  

 

 

Fig. 1.5. Approaches to improve the electrolyte safety. 

 

There are several approaches to enhance electrolyte safety in the LIB industry [1,12,20–

22], as shown in Fig. 1.5. Considering the instability of lithium salts, replacing the traditional 

lithium salt (LiPF6) to more stable salts [23–26] or adding Lewis base stabilizer [27,28] in the 

commercial LIB could be the effective methods to improve the safety of LIB. To reduce the 
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flammability of electrolyte solvents, series of studies on FR additives [14,29–31], new 

nonflammable solvents [16,18,32] and solid-state electrolytes [2,33] have been conducted and 

still under development. Besides the above approaches, adding overcharge protection additives 

like redox shuttle [34,35] or electrochemical polymerization additives [36,37] could be an 

effective way to consume excess current or release the voltage under overcharge condition. For 

a deeper understanding of the other functional additives, ionic liquid or solid-state electrolyte 

from the perspective of material science, the review paper by Wang [12], Xu [1,22], and Liu 

[38] could be helpful. While, in this thesis, the potential contributions to the electrolyte 

flammability were considered to be three main components, organic electrolyte solvents, flame 

retardant additives, and lithium salts.  

1.2.1. Organic electrolyte solvents 

In the LIB industry, an ideal electrolyte solvent should fulfill at least four requirements 

[22]: (1) Enough dissolubility of lithium salts for a high dielectric constant; (2) unreactive to 

the charged surface of electrode during cell operation; (3) Wide operation range in both low and 

high temperature; (4) Non-flammable, non-toxic and eco-friendly. However, the reality is far 

from perfect.  

At present, most of the commercial LIB cells utilize organic solvents to dissolve the 

lithium salts, particularly, 1 mole/L LiPF6 dissolved in the mixture of linear carbonates (DMC, 

EMC, and DEC), cyclic carbonate (EC and PC) or ethers (DME and TEGDME). Some 

properties of the organic electrolyte solvents and some common solvents mentioned in this 

thesis were shown in Table 1.1.  
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Table 1.1. Properties of organic solvents from MSDS and [39,40] (a) linear carbonates, (b) 

cyclic carbonates, (c) ether-based solvents; (d) common solvents. 

(a) Linear carbonates 

solvents: 
Dimethyl carbonate 

Ethyl methyl 

carbonate 
Diethyl carbonate 

Abbreviations DMC EMC DEC 

Structure 
   

Formula C3H6O3 C4H8O3 C5H10O3 

MW 90.08 104.1 118.13 

ρ (g/mL) 1.07 1.015 0.9751 

MP (℃) 2~4 -55 -43 

BP (℃) 90 109 126 

FP (℃) 18 23 33 

AIT (℃) 458 446 445 

VP (Pa) 5300 3600 1100 

∆Hc (kJ/g) 14.45 18.12 21.06 

(b) Cyclic carbonates 

solvents: 
Ethylene carbonate Propylene carbonate 

Abbreviations EC PC 

Structure 
  

Formula C3H4O3 C4H6O3 

MW 88.06 102.09 

ρ (g/mL) 1.321 1.206 

MP (℃) 36.4 -49 

BP (℃) 248 242 

FP (℃) 160 132 

AIT (℃) 465 455 

VP (Pa) 1.31 6 

∆Hc (kJ/g) 12.84 17.81 
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(c) Ether-based 

solvents: 

Tetraethylene glycol dimethyl 

ether 
1,2-dimethoxyethane 

Abbreviations TEGDME DME 

Structure   

Formula C10H22O5 C4H10O2 

MW 222.28 90.12 

ρ (g/mL) 1.01 0.868 

MP (℃) -30 -58 

BP (℃) 276 84 

FP (℃) 140 -2 

AIT (℃) 265.56 202 

VP (Pa) <1.33 6400 

∆Hc (kJ/g) 27.86 26.59 

(d) Common solvents: Methanol Ethanol Acetone 

Structure   
 

Formula CH3OH C2H5OH CH3COCH3 

MW 32.04 46.069 58.08 

ρ (g/mL) 0.791 0.7893 0.791 

MP (℃) -98 −114.14 -94 

BP (℃) 64.7 78.28 56.05 

FP (℃) 12 14 -18 

AIT (℃) 470 363 561 

VP (Pa) 13020 5950 30600 

∆Hc (kJ/g) 19.94 26.64 31.36 

 

Most compositions of LIB electrolytes are based on two or more solvents for a balance 

performance. The combinations of electrolyte solvents should follow the electrochemical 
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performance and interaction of anode, cathode and separator materials, which were intensively 

explained by Jow and Xu [1,21,22]. Simultaneously, safety-related properties should be 

concerned form many perspectives. For a wider operation temperature range, a lower melting 

point (MP) and a higher boiling point (BP) of electrolyte solvents are required, like PC and 

TEGDME. A lower vapor pressure (VP) can reduce the risk of battery bursting. Flash point (FP) 

and auto ignition temperature are intuitive indicators to rank the ignitability of solvents. By 

comparing with the common solvents, we can have a basic understanding of the electrolyte 

solvents related to the safety concern. However, with the complexity of fire phenomena, 

scientific and quantitative flammability evaluations are expected to be improved. 

1.2.2. Flame retardant (FR) additives 

In the current stage, using FR additives to inhibit the electrolyte flammability is an 

effective strategy without changing the structure of the LIB cell [41,42]. The FR additives 

generally have a physical or chemical effect to reduce the flammability of electrolytes. The 

physical FR effects basically can be classified as cooling and isolation effects which are limited 

by using FR additives alone. Thus, the chemical flame inhibition is the main approach to reduce 

the flammability of electrolyte by capturing the free radical during combustion. At present, the 

FR additives in LIB industry can be divided into four categories [12]: organophosphorus 

compounds (OPC) additives, Halogen additives (e.g. fluoride), ionic liquid additives and 

composite retardant additives. 

Among the FR additives, the organophosphorus compounds (OPCs) are promising 

candidates with low environmental impact [13,18,30,43] and excellent flame-retardant 

effectiveness [44,45] in comparison with halogenated flame retardants. Their suitable physical 
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characteristics, good compatibility, and low cost attracted a widespread attention [46]. The 

chemical flame inhibition effects of OPCs are widely studied to clarify the reaction mechanisms 

in the flames [45,47–55]. The intermediate products (radicals like PO, PO2, HPO, and HPO2) 

from the phosphorus source involved in the catalytic reactions with OH and H radicals generate 

in the electrolyte solvents combustion. The radical formation reactions of electrolyte 

combustion (R1) and radical capturing mechanisms (R2) can be summarized as below 

[52,56,57]: 

 

 Electrolyte combustion reactions: (R1) 

RH → R∙ +H∙  

R∙ +O2 → ROO∙  

RH + ROO∙ → ROOH +R∙  

ROOH → RO∙ + OH∙  

 Flame retardant reactions: (R2) 

PO∙ + H∙ → HPO  

PO∙ + OH∙ → HPO2  

HPO + H∙ → H2 + PO∙  

OH∙ + H2 +PO∙ → H2O +HPO  

HPO2∙ +H∙ → H2O + PO∙  

HPO2∙ + H∙ → H2 + PO2  

HPO2∙ + OH∙ → H2O +PO2  

 

The OPC additives reduce the flammability of LIB effectively, but most of them degrade 

the battery performance in terms of electrochemical cycling stability, capacitance and/or 

lifetime [14,58]. Therefore, improvements are being sought which requires higher flame 
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retardancy with less OPC addition. To meet such balance, the flammability of electrolyte 

mixtures should be quantified, and the flame-retardant effectiveness of OPC additives should 

be evaluated as well. Table 1.2 shows some properties of typical OPCs mentioned in this thesis. 

 

Table 1.2. Properties of OPCs used in this research from MSDS and [39,40]. 

OPCs: 
Trimethyl 

Phosphate 

Triethyl 

Phosphate 

Dimethyl Methyl 

Phosphonate 

Trimethyl 

Phosphite 

Abbreviations TMP TEP DMMP TMP(i) 

Structure 
    

Formula C3H9O4P C6H15O4P C3H9O3P C3H9O3P 

MW 140.08 182.15 124.08 124.08 

ρ (g/mL) 1.217 1.07 1.16 1.054 

MP (℃) -70 -56 -50 -78 

BP (℃) 180-195 216 181 110 

FP (℃) 107 111 69 28 

AIT (℃) 391 454 unavailable 250 

VP (Pa) 113 52 128 3200 

∆Hc (kJ/g) 15.71 21.13 unavailable unavailable 

 

1.2.3. Lithium salts 

The instability of lithium salts plays an important role in LIB fire safety, especially in the 

thermal runaway reactions. On the other hand, thermal stabilities of lithium salts and their based 

electrolytes have been widely investigated at elevated temperature (usually up to 350℃) 

[26,59–62]. The onset of thermal decomposition and endo-/exothermic processes of salts are 

always of interest to these studies. 
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Lithium hexafluorophosphate (LiPF6), even as the most popular salt in the commercial 

LIBs, has unsatisfying thermal stability and easily hydrolyzes [63–65]. Lu and co-workers [66] 

have found that LiPF6 showed the worst thermal stability among six kinds of lithium salts. The 

onset of LiPF6 decomposition was found at 255 ℃ in DEC and 235-240℃ in DMC [23]. 

Replacements of LiPF6 with a better thermal and moisture stabilities are expected [63,64,66–

72]. The hydrolyzation (R3) and thermal decomposition reactions (R4) of LiPF6 have been 

reported by Kawamura and co-workers [23,73], as shown below: 

 

 Hydrolyzation reactions: (R3) 

LiPF6 ↔ Li+ + PF6
−  

LiPF6 ↔ LiF + PF5↑  

PF5 +H2O → POF3↑ +2HF↑  

POF3 +H2O → POF2(OH) + HF↑  

 Thermal decomposition reactions in DEC solvent: (R4) 

LiPF6↔ LiF↓ + PF5  

PF5 +H2O → POF3↑ +2HF↑  

C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4 + HF + CH2=CH2  

C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4 + C2H5F  

C2H5OCOOPF4 → PF3O+ CO2 + C2H4 + HF  

C2H5OCOOPF4 → PF3O+ CO2 + C2H5F  

C2H5OCOOPF4 + HF → PF4OH + CO2 + C2H5F  

C2H5OH + CH2=CH2 → C2H5OC2H5  

 

From the reactions above, besides the heat release from the reactions, the toxic gases (HF, 

POF3) and other byproducts are also threatening the LIB cell and environmental safety. 

However, LiPF6 has good advantages in ion conductivity, solubility, and low cost. Moreover, 
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the decomposition of LiPF6 can form AlF3 to provide a protective passivation film on the 

aluminum current collector. These facts make people love and hate LiPF6.  

In this thesis, two other lithium salts, lithium tetrafluoroborate (LiBF4) and lithium 

bis(trifluoromethanesulfonyl)imide [LiTFSI, LiN(CF3SO2)2] were utilized to comparing with 

the LiPF6. Even LiBF4 is a kind of traditional lithium salts used in past decades, its improved 

cell cycling performance at low/high temperature brought it back into recent research favor 

[1,22]. LiTFSI is a new promising lithium salt researched in recent years. All of these salts 

showed better thermal stabilities attempting to replace the LiPF6 in the battery cell [22,66,70]. 

Some basic information of three lithium salts used in this research were shown in Table 1.3. 

 

Table 1.3. Properties of lithium salts used in this research from MSDS and [39,40]. 

Lithium 

salts: 

Lithium 

hexafluorophosphate 

Lithium 

tetrafluoroborate 

Lithium 

bis(trifluoromethanesulfonyl)imide 

Structure 

   

Formula LiPF6 LiBF4 LiTFSI / LiN(CF3SO2)2 

MW 151.905 93.746 287.075 

ρ (g/mL) 1.5 0.852 1.33 

MP (℃) 200 310 234 

 

The thermal stability focuses more on the prevention of electrolytes ignition and thermal 

runaway; however, it might be inadequate to reflect the role of lithium salts on burning cases 

of electrolytes. Suitable flammability studies should be conducted to make a better 

understanding of the role of lithium salts on electrolytes combustion.  
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1.3. Flammability evaluation methods for electrolytes 

Take a glance at literature, that various methods have been used for the flammability 

evaluation of electrolytes at a component level. For the preliminary screening of single 

component used for electrolyte solvent, several flammability characteristics are referred 

including upper or lower flammable limits (UFL/LFL), flash points (FP), the auto-ignition 

temperature (AIT), the heat of combustion (∆Hc) and so on [22,42,74], as shown in Fig. 1.6. 

These methods could provide exact information of a single component from the perspectives 

of fuel and heat in fire triangle. However, the electrolyte formulation in LIB always comprises 

several chemical components (solvents, additives, and lithium salts) with a specific ratio, which 

make it difficult to characterize the mixed electrolytes by above properties only. Simpler 

method for evaluate the flammability of the full electrolyte formulation are expected. 

 

 

(a) UFL/LFL measurement [74] 

 

(b) FP measurement (closed cup) [42] 

 

(c) AIT apparatus [75] 

 

(d) Bomb calorimeter [76] 

Fig. 1.6. Experimental apparatuses of common flammability tests [42,74–76]. 
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Therefore, a convenient indicator in terms of burning behavior, self-extinguishing time 

(SET), is frequently used for electrolyte mixtures. SET describes the duration or the rate of 

burning for an ignited electrolyte sample, but the test method varies in different publications, 

as shown in Fig. 1.7. Most of the SET tests use open flame method to ignite the solvent directly 

[42] or through a porous media soaking with electrolyte [1,22,29,77–80]. in which the results 

are strongly affected by the ignition source and the liquid volatilization, especially the 

evaporation rate of highly volatile solvent. 

 

 

 

 

 
 

Fig. 1.7. Examples of SET methods [29,42,78–80]. 

 

Besides the SET tests, two common methods were also reported, the linear flame 

propagation tests [78,80] modified from ASTM D5306 [81] and the test of flame extinction 

probability [31,82,83]. However, due to the considerable errors caused by the uncertain 
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experimental conditions, SET and the other two methods often give qualitative classifications 

of flammability (“flammable”, “flame-retarded” and “non-flammable”).  

The methods above can hardly quantify of the improvement in flame retardancy following 

the modification of the electrolyte formulations, especially by changing the type or quantity of 

co-solvents and fire-retardant additives. Along with the breakthroughs of safer electrolytes in 

LIB research [12], the improvements of flammability evaluation method for electrolytes is also 

expected, which requires quantitative indicators and scientific understandings of electrolyte 

combustion. 

For the quantitative material screening, the limiting concentrations of oxidizers for ignition 

or flame extinction are widely used for evaluating the flammability of gaseous fuels, volatile 

solvents and solid materials [84]. Comparing with the flash point, the flammable limits in terms 

of oxidizer are more related to the chemical properties in the combustion reaction of fuels. If 

the oxygen can be controlled below such limits, the burning of the fuels can be prevented. The 

limiting oxygen concentration (LOC) of the premixed combustion is a typical indicator to 

evaluate the flammability of gases and vapors like LFL and UFL, as shown in Fig. 1.8(a). 

Utilizing a spherical premixed chamber, Zabetakis has measured the premixed-LOC of many 

volatile liquid fuels [85]. Osterberg also tested nine organic solvents in the pharmaceutical 

industry to prevent explosion hazard [86]. However, the electrolytes in commercial LIB always 

use low vapor pressure components like propylene carbonate or ethylene carbonate mixing with 

other solvents, additives, and lithium salts. It is difficult to vaporize such mixed electrolytes for 

the premixed combustion tests. Thus, some researchers [74,87] preferred to use premixed 

combustion test for the flammability evaluation of vent gases from the LIB cell during thermal 
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runaway rather than original mixed electrolytes in LIB. 

 

(a) (b) 

(c) (d) 

Fig. 1.8. Examples of oxygen-related methods, (a) premixed-LOC, (b) counterflow-LOC, 

(c) LOI for a cup burner, (d) LOI using [74,78,86,88,89],  

 

Therefore, a simpler diffusion flame configuration might be more suitable for electrolyte 

combustion involving evaporation and decomposition of multi-component fuel. The LOCs for 

counterflow diffusion flames of liquid fuels have been reported by Simmons [90], which can 

quantify the flammability of gas and liquid mixtures effectively, as shown in Fig. 1.8(b). 

However, igniting the liquids with high boiling points made the LOC determination more 

difficult and less accurate. The applications of counterflow-LOC for liquid electrolytes may 

have more difficulties when dealing with viscous solvents and additives.  
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Besides counterflow-LOC, the limiting oxygen index (LOI) in a candle-like diffusion 

flame has been widely accepted as an index of the fire-retardant characteristics of solid 

materials in ISO 4589-2 [91]. LOI is the oxygen concentration at extinction in a defined axial 

flow velocity under specific test conditions. The terms of limiting oxygen index (LOI) or 

limiting oxygen concentration (LOC) of a wire, rod, and wick flame have been widely reported 

in the combustion and fire researches [92–100]. Some modifications for electrolyte solutions 

are reported using a small cup burner [78,101,102], as shown in Fig. 1.8 (c-d). When the 

electrolyte burned in such small cup (typically a pool fire configuration), the concentration of 

high boiling point component can be increased by distillation effect, which may overrate the 

flame-retardant effectiveness.  

The flammability evaluation methods reviewed above can provide two types of properties 

of materials: ignition-related and propagation-/extinction-related properties. The ignition-

related properties like FP and AIT are important to prevent a fire or a flaming incident. Besides, 

the flame propagation-/extinction-related properties are equally important to the material 

flammability, especially for fire suppression and damage control; however, sometimes they are 

not consistent with each other [89]. When we want to evaluate the effects of lithium salts on an 

electrolyte fire, each stage of fire should be considered including heating, ignition, growth and 

fire extinction. The ideal thermal stability of lithium salts is required to be comparable to that 

of other electrolyte components without exceeding the operative temperature of LIBs [33]; 

while in a fire case of much higher temperature, the salts can play a distinct role which may 

affect the fire suppression and toxicity [8,103]. To understand how the addition of salts affecting 

the fire growth and extinction fundamentally, the combustion analyses are expected. The pool 
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fire of electrolytes with 1M LiPF6 addition has been investigated using a cone calorimeter by 

Fu and co-workers [104], while heat release rate and flame geometry results can hardly reflect 

the effect of salts explicitly. Eshetu and co-workers have used Tewarson calorimeter to study 

the lithium salts effect on fire behaviors under an oxygen-rich environment. Their results 

showed that the heat release rate profiles and toxic gas products differed in electrolytes of LiPF6 

and LiFSI [105]. Variations of limiting oxygen index (LOI) tests were also applied in screening 

safer electrolyte formulations [16,78,88,101,102], however, the insights into salts effect on 

electrolytes combustion are still in development. 

In this thesis, a unique wick combustion system will be introduced to measure the limiting 

oxygen concentration of the wick flame (called wick-LOC) for electrolyte mixtures and try to 

solve the drawback of above existing test methods. The combustion experiments using the 

wick-LOC method have covered different fuel cases including single solvents, mixed solvents, 

OPC-added solvents, and salt-added electrolytes. During the experimental studies, some 

limitations of the wick-LOC method would be found in OPC- and salt- added mixtures. Then, 

the specific procedures for LOC determinations will be defined to minimize the potential 

disturbances, more in-depth findings for OPC- and salt- added cases will be discussed as well. 
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1.4. Structure of this thesis 

In this thesis, a unique wick combustion system was developed in conjunction with 

limiting oxygen concentration (LOC) of candle-like flame, named wick-LOC method. Using 

the wick-LOC method, the flammability study of electrolyte components in LIB were 

conducted. The structure of this thesis is shown in Fig. 1.9. 

 

 

Fig. 1.9. Structure of this thesis. 

 

After introducing the scientific background and the experimental approaches, this thesis 

first validated the reproducibility and reliability of the wick-LOC method. Then the wick-LOCs 
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of single solvents, binary solvents, and solvents with OPC additives were quantified and 

discussed. Due to the special flame behaviors found in the OPC- and Li-salts-added cases, the 

limitations of the wick-LOC method were considered, and the specific experimental procedures 

for the OPC- and Li-salts-added cases were redefined. To make an in-depth understanding of 

the effect of OPC additives in terms of wick flame extinction, the flame stability limits (the full 

and wake flames) were then studied. The blow-off regime and quenching regime were found in 

the flammability maps when OPC added. Finally, the influences of three typical lithium salts 

(LiPF6, LiBF4, and LiTFSI) on electrolyte combustion and wick flame extinction were 

investigated. The gas-phase flame inhibition of LiPF6 addition can be found by the wick-LOC 

method. Furthermore, the solid-phase reactions due to the salt decomposition provided some 

inspirations in suppressing the electrolyte fire. In the final section, the significance of the 

research was explained, conclusions were summarized, and the future work was recommended 

for deeper and wider development. 
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Chapter 2. Experimental approaches 

This chapter describes the experimental setup of the wick-LOC method. A series of 

flammability tests for different electrolyte solutions were designed and the basic experimental 

procedures to determine the wick-LOCs were elaborated. 

 

2.1. Experimental Setup 

A series of combustion experiments on electrolytes were carried out by the means of the 

wick-LOC method which was modified from the LOI method. The limiting oxygen 

concentration (LOC) to sustain the flame can be determined by precise adjustment of oxygen. 

The schematic of the experimental setup used to determine the wick-LOC value is shown in 

Fig. 2.1. The wick combustion system comprises three main parts: the fuel supply system (left) 

to provide a continuous supply of electrolytes; the gas control system (right) to supply the well-

mixed gas of N2/O2; and the combustion chamber (middle) to generate a wick-stabilized flame 

under a constant external flow velocity.  

Along the centerline of the combustion chamber, the wick complying with the quality 

standards specified in ASTM D1322 [106] was supported by a stainless alloy tube (inner 

diameter: 6mm, outer diameter: 7mm) in the glass chamber. The wick height was set at 7 mm 

above the top end of the stainless tube. The capillarity effect helped to feed a liquid fuel (a 

mixed solvent) from the wick bottom to the wick tip. 

The fuel supply system is shown on the right side of the schematic. It can keep a constant 

liquid level ensuring a stable and sufficient fuel supply rate during combustion. To avoid the 
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wick self-trimming (baking wick fabric) due to the weak capillary effect, the liquid level of fuel 

was stabilized at 10 mm lower than the top end of the stainless tube in each test of this research. 

 

 

Fig. 2.1. Schematic of the wick combustion system. 

 

The gas supply system is illustrated on the left side of the schematic. The supplied gas was 

comprised of nitrogen and oxygen. The nitrogen and oxygen were well mixed before feeding 

to the combustion chamber. The oxygen concentration of external gas was set in the range of 0 

to 25 vol% with a small increment of 0.1 vol%. The mixed gas was uniformly supplied by a 

honeycomb flow straightener to the wick combustion region. The axial flow velocity, an 

average value of total flow flux divided by the cross-sectional area of the chamber, could be 

varied from 4 cm/s to 18 cm/s. The real images were shown as Fig. 2.2. 
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(a) Overview 

 

(b) Wick combustion chamber 

Fig. 2.2. Real images of the wick combustion system. 

 

Under a specific experimental condition, the liquid fuel vapor burned at the tip of the wick 

and the diffusion flame was recorded by a digital video camera (Panasonic HDC-TM70). When 

a stable flame formed, an R-type thermocouple of 0.3 mm in diameter was placed on an X-Y 

motion stage to measure the flame temperature of each position. The thermocouple wire was 

shaped to minimize the thermal conduction from touching the flame, as shown in Fig. 2.3. 

 

 

Fig. 2.3. Schematic of the temperature measurement by R-type thermocouple. 

 

The fiber-optic spectrometer was utilized to measure the light emission intensities of the 
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flames given by the electrolytes. The detailed setting as shown in Fig. 2.4 to minimize the 

disturbance of inserted probe on the flow field. The measurable wavelength range of the 

spectrometer is 200~800 nm, which has been commonly applied in combustion research 

[107,108]. For each trial of flame spectrum measurement, the dark mode was recalibrated to 

avoid the effect from external light. 

 

 
(a) Schematic. 

 
(b) Actual image. 

Fig. 2.4. Optical fiber probe setting for flame spectrum measurement. 

 

The combustion residues from burned wick were characterized utilizing scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) from Material Analysis and Structure Analysis 

Open Unit (MASAOU) in Hokkaido University. The specifications of the combustion chamber, 

DV camera, spectrometer, and thermocouple can be found in the appendix. 
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2.2. Experimental Designing 

2.2.1. Wick-LOC tests for single and mixed solvents 

For the validation and application of the wick-LOC method, seven kinds of typical solvents 

used in LIB electrolyte, three referred solvents and four kinds of OPC additives were used and 

tested by wick-LOC method. To clarify wick-LOC of single, binary and OPC added solvent, 

the specimen was prepared, and experiments were designed, as shown in Table 2.1. The wick-

LOC of mixed solvents were evaluated depending on the mixing ratio of carbonate or ether 

solvents and the addition of OPCs, respectively. The experimental results and related 

discussions will be presented in Chapter 3. 

 

Table 2.1. Specimens and experimental designing of wick-LOC test for single and mixed 

solvents. 

(a) Single solvents tests (4 types solvents) 

 Linear carbonates: DMC EMC DEC 

 Cyclic carbonates: EC PC  

 Ether-based solvents: DME TEGDME  

 Referred common solvents: Methanol Ethanol Acetone 

(c) Binary solvents tests (varying mixing ratios) 

 EC / EMC: 0 / 1 1 / 4 1 / 2 1 / 1 2 / 1   

 PC / EMC: 0 / 1 1 / 4 1 / 2 1 / 1 2 / 1 4 / 1 1 / 0 

 PC / TEGDME: 0 / 1 1 / 4 1 / 2 1 / 1 2 / 1 4 / 1 1 / 0 

 PC / DME: 0 / 1 1 / 4 1 / 2 1 / 1 2 / 1 4 / 1 1 / 0 

 DMC / DME: 0 / 1 1 / 4 1 / 2 1 / 1 2 / 1 4 / 1 1 / 0 
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(c) Solvents with OPCs [varying OPC additions (wt%)] 

 DMC + TMP: 0 1 2 5 10 

 DMC + TEP: 0 1 2 5 10 

 EMC + TMP: 0 -- -- 5 10 

 EMC + TEP: 0 -- -- 5 10 

 EMC + DMMP: 0 -- -- 5 10 

 EMC +TMP(i): 0 -- -- 5 10 

 

2.2.2. Experimental design of flame stability study with OPC additions 

In the study of wick flame stability limits with OPC additions, three linear alkyl carbonates, 

namely, DMC, EMC, and DEC, were tested; and three types of typical OPC addition, namely, 

TMP, TEP and DMMP, were examined. The experiments were designed as Table 2.2. The 

selected solvents have a similar structure with different numbers of ethyl group. The OPC 

additives have different molar numbers of phosphorus per unit mass.  

 

Table 2.2. Carbonates and OPCs mixtures for the determination of flame stability limits. 

Solvents with OPCs [varying OPC additions (wt%)] 

 DMC + TMP: 0 1 2 5 10 

 DMC + TEP: 0 1 2 5 10 

 DMC + DMMP: 0 1 2 5 10 

 EMC + TMP: 0 1 2 5 10 

 DEC + TMP: 0 1 2 5 10 
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2.2.3. Experimental design of lithium salts involved combustion tests 

In the combustion experiments involving lithium salts, DMC was selected as the only 

solvent to unify the solvent effect. As the simplest linear carbonate commonly used in LIB 

electrolytes, DMC can simplify the electrolyte formulation in this comparative study and 

highlight the role of lithium salts. Three kinds of typical lithium salts, (LiPF6, LiBF4, and 

LiTFSI) were selected as 1 mole/L (1M) addition in DMC. As the control groups, pure DMC, 

DMC with 1 and 10 wt% TMP additions were compared as well, to show closer flame 

extinction limits (LOC) to the salt-added cases. The DMC solvent (purity > 99.5%) and salts 

(purity > 99.5%) were obtained from Kanto Chemical Co., Inc.; the TMP (purity > 98%) was 

obtained from TCI Co., Ltd. Six DMC-based solutions/solvent were prepared as shown in Table 

2.3. 

 

Table 2.3. DMC-based solutions with/without salts for experiments. 

Designation Solvent Flame retardant addition Lithium salts addition 

(a) DMC -- -- 

(b) DMC 1 wt% TMP -- 

(c) DMC 10 wt% TMP -- 

(d) DMC -- 1M LiPF6 

(e) DMC -- 1M LiBF4 

(f) DMC -- 1M LiTFSI 
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2.3. Basic Experimental Procedures 

Based on the traditional LOI tests [109], the experimental procedure of wick-LOC method 

was specified. At the beginning of the experiment for a new solvent, the wick tip was ignited to 

generate a stabilized flame at a higher oxygen concentration (above 20 vol%). The oxygen was 

then reduced step by step under the constant flow velocity until flame extinction, where the 

approximate value of LOC can be found in this preliminary test. Subsequently, repeated tests 

(at least four times) were conducted for a precise and reliable wick-LOC by averaging the 

repeated results. The minimum decrement of oxygen concentration was 0.1 vol%. According 

to the replacement time (less than 20s) of the new gas mixture in the gas supply system, the test 

duration at a given condition was at least one minute. If the flame kept burning more than 1 

min, it was judged as “sustained combustion” state which required further oxygen decrease. 

Otherwise, it was judged as “extinction” state when the flame was extinguished within one 

minute. The wick-LOC value was determined between the closest two states above. In the 

experiment, each wick was only used in the same solvent or solution. The wick was refreshed 

by cutting the used head in each test to avoid the aging effect of the wick. 
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Chapter 3. Validations and applications of wick-

LOC method 

This chapter presents the experimental results using the wick-LOC method. Firstly, to 

specify a proper experimental condition, the sensitivity of the LOC results to different 

experimental conditions were investigated. Then, the reliability of the wick-LOC results was 

validated and discussed by correlating with other flammability properties. Applications of the 

wick-LOC method followed to quantify the flammability of binary solvents with different 

mixing ratios. Finally, the wick-LOCs of solvents with OPC additions were measured to 

distinguish the FR efficiency of OPCs in different additive amounts and types. 

3.1. Wick-LOC with experimental condition variations 

To analyze the effects of experimental conditions on the wick-LOC results, three aspects 

were considered: the axial flow velocity, the exposed wick length and the elapsed time after 

ignition. The experimental conditions specified in the previous section were validated and 

applied to the flammability comparison of single-component solvent and mixtures.  

3.1.1. Axial flow velocity effect 

The flow velocity is one of the environmental variables that may affect the material 

flammability and fire dynamics in an opposed flow diffusion flame configuration [93,110]. 

According to the blow-off mechanism of a wire or candle-like flame [111,112], the increased 

axial flow velocity can shorten the fluidic residence time and lead to an earlier extinction 

(corresponding to a higher LOC). The axial flow velocity of the wick-LOC method should also 

be specified properly for the flammability comparison of solvents. The wick-LOC results of 
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pure DMC and pure EMC in different axial flow velocities were measured experimentally, 

shown in Fig. 3.1. The plot indicates the relation between wick-LOC values and axial flow 

velocities from 4 cm/s to 18 cm/s. The flame images show the stabilized flames near flame 

extinction (LOC+0.2 vol%). Overall, the LOC of each solvent climbed gradually with the 

increase of axial flow velocity, and the DMC was less flammable than EMC with around 1 vol% 

difference of LOC. The velocity dependence of LOC could be explained as the change of 

residence time in Damköhler under the blow-off mechanism as mentioned above. While in a 

low external flow from 4 cm/s and 18 cm/s, the wick-LOC seemed to be not sensitive to the 

axial flow velocity. Referring to some researches [113,114], the 10 cm/s was selected as a 

standard value of the axial flow velocity in the following tests. 

 

 

Fig. 3.1. The wick-LOC of pure DMC and EMC solvents under different axial flow 

velocities. 
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3.1.2. Exposed wick length effect 

The wick length exposed out of the stainless tube should be proper to supply sufficient 

fuel to the wick tip and provide reproducible LOC results. As the geometry of exposed wick 

may affect the capillary action of the liquid fuel [115] and the wick flame shapes [98], a fixed 

exposed wick length should be specified for reliable flammability comparison in this work. 

Thus, the wick-LOC change of pure DMC flame under the 10cm/s axial flow velocity were 

measured experimentally by varying exposed wick length from 2mm to 15mm, as shown in Fig. 

3.2.  

 

 

Fig. 3.2. The wick-LOC of DMC with the change of exposed wick length at a 

constant axial flow. 
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15mm exposed wick length showed lower (flame is more stable) than that of 2 mm. However, 

it shows that the exposed length of wick in the range of 4 to 10 mm had limited effects on the 

wick-LOC results. In this paper, the exposed wick length of 7mm was chosen as a standard 

value because of ease of wick handling. 

3.1.3. The effect of elapsed time after ignition 

To quantify the flame-retardant effectiveness of OPC-added solution, one of the concerns 

is the effect of distillation (solution composition might change during combustion due to the 

boiling point difference). For example, the boiling points of DMC, TMP, and TEP are 90 ℃, 

197 ℃, and 216 ℃, respectively, as shown in Table 2.1. If in a pool fire configuration of DMC 

with addition OPC, the OPC concentration may increase during continuous burning, which 

would overrate the flame-retardant efficiency of OPC addition. To clarify such potential effect 

on wick-LOC results, the elapsed time after the ignition was varied from 0 to 30 mins, and the 

wick-LOCs of DMC with 10 wt% addition of TMP and TEP were measured, as shown in Fig. 

3.3.  

The elapsed time in the experiments was the burning time at the axial flow velocity (ua) of 

10 cm/s and the oxygen concentration of 20%. The wick-LOC results had a small fluctuation 

range (within 0.4%) which was close to error range of a single experiment. It indicated that the 

wick-LOC was almost independent of the elapsed time after ignition. Due to the continuous 

fresh fuel supplement from the tank to the wick, the OPC organic solvents can be supplied to 

the flame zone simultaneously with negligible distillation effect. 
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Fig. 3.3. Wick-LOC dependence of elapsed time after ignition. 
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3.2. Correlations to other flammability properties 

As modified from the LOI method, the wick-LOC reflects the extinction limit of a candle-

like diffusion flame, where the lower wick-LOC obtained means more flammable the solvent 

is. To validate the wick-LOC method for the flammability evaluation of LIB electrolyte solvents, 

the correlation study of wick-LOC with other flammability properties was conducted, as shown 

in Fig. 3.4. The wick-LOCs of typical electrolyte solvents and reference solvents in Table 1.1 

were tested and compared with their flash points, auto-ignition temperatures, the heats of 

combustion and other types of LOC available. The flash point of EC:EMC/1:1 is referred from 

Hess [42]; the heat of combustion values were referred from databases [39,40]; and the wick-

LOC of pure EC was estimated in Fig. 3.5 in next section.  
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(b) Auto-ignition temperature 

 

 

(c) Heat of combustion 
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(d) Premixed- and counterflow-LOC 

Fig. 3.4. Correlations of wick-LOC with other flammability properties. 
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activation energy and pre-exponential factor can affect the LOC result simultaneously. The 

scientific expression of the LOC is expected to use several intrinsic properties of the material 

for discovering the essential meaning.  

In comparison with other recognized LOC methods in Fig. 3.4 (d), the wick-LOC of 

reference solvents showed a good consistency with LOCs for premixed flame [85] and 

counterflow diffusion flame [90], respectively. Being different from premixed-LOC and 

counterflow-LOC focusing on the gaseous fuel or volatile liquid, wick-LOC method involves 

processes of liquid-phase transport in the wick, phase change and gas-phased combustion, 

which is applicable for both high- and low-volatile solvents. Based on the above comparisons, 

the wick-LOC method is competent to quantify the flammability of liquid solvents for LIB 

electrolyte.  
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3.3. Applications in binary solvent mixtures 

Most electrolytes are combined with different types of solvents such as cyclic carbonates, 

linear carbonates or ethers to balance the pros and cons of each solvent in practical applications 

[22]. Cyclic carbonates like EC and PC have both high dielectric constant and viscosity. 

However, the poor cycling efficiency of PC and the high melting point of EC make them 

difficult to be used alone. Linear alkyl carbonates and some ethers have low melting points and 

viscosities; they can provide higher ionic conductivity and better low-temperature performance 

when mixing with cyclic carbonates. For a balanced electrolyte formulation in both 

performance and safety aspects, not only electrochemical performances but also flammability 

of such mixed solvents should also be quantified. 

As shown in Fig. 3.5, the wick-LOCs of the mixed solvents of linear and cyclic carbonates 

with different ratios were plotted. The LOC values were determined at an axial flow velocity 

(ua) of 10 cm/s. The horizontal axis shows the mass fraction of EC or PC in the mixtures. The 

wick-LOC of pure EMC was measured around 14.85 vol%. The LOC increased linearly with 

the additions of both EC and PC, but the growth gradient of LOC is higher with EC addition. 

The mass fraction of EC was varied from 0 to 66 wt% due to the EC solubility limit in EMC 

[116]. The pure EC is a crystalline solid in the room temperature, so its LOC was estimated as 

17.3 vol% by extrapolating the linear fitting (solid circle point in Fig. 3.5). Comparatively, the 

pure PC (liquid in the room temperature) with a measured LOC of 16.3% was more flammable.  
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Fig. 3.5. Wick-LOC of mixture of linear and cyclic carbonates in different mixing ratios. 
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Fig. 3.6. Wick-LOC of mixtures of carbonates and ether-based solvents in different 

mixing ratios. 
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3.4. Flame-retardant effectiveness of OPC additives 

As mentioned in Section 1.2.2, OPCs are effective flame-retardant additives used in 

electrolytes of Li-ion batteries. To quantify the flame-retardant effectiveness of OPC additives 

in electrolyte solvents, the wick-LOCs of different OPC-added solvents were measured in this 

section.  

The effect of different OPC additions on the flammability of DMC-based solvent was 

shown in Fig. 3.7. In this figure, the vertical axis is the wick-LOC (in vol%) and the horizontal 

axis is the amount of OPC (TMP or TEP) added (in wt%). The flame images in the figure are 

stabilized flames of DMC with different TMP addition near extinction conditions (0.2 vol% 

above LOC). Small amounts of added OPC had a significant impact on the LOC of DMC 

solvent, and the LOC growth rate was quite large within 2 wt% OPC addition. However, the 

gradient of LOC increase became smaller as the amount of OPC continuously added. In the 

comparison of two OPCs, TMP showed better flame-retardant effectiveness than TEP with the 

same addition into DMC, but both had diminished effectiveness in a higher OPC addition. Such 

marginal effect on flammability was also found in cup-burner tests by Bouvet and Babushok 

using DMMP as a fire suppressant [11,41]. It was explained as the fuel effect of OPC and the 

loss of active phosphorus compound. As shown in Fig. 3.7, the size and luminance of the near-

limit flames increased with the addition of TMP, the fact of increased particle formation 

(condensation of active phosphorus compound) was consistent with such explanations.  
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Fig. 3.7. Wick-LOC change with addition of OPC in DMC-based solvents. 
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retardant effectiveness of the four OPCs (in Fig. 3.8) can be explained as the different amount 

phosphorus atoms in the same weight of OPCs.  

 

 

Fig. 3.8. Wick-LOC change with different OPC additions in EMC-based solvents. 
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values under at least 3 times measurements, and the shaded areas represented the ranges of error. 

The R-type thermocouple with 0.3mm thickness was shaped and utilized for the temperature 

measurement. Even without the compensation of radiation effect on the temperature, the 

potential temperature discrepancy can be controlled up to 40K under 1400K. 

 

 

Fig. 3.9. Measured temperature distribution along the centerline of flames given by pure 

EMC and EMC+TMP 10 wt%. 
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temperature distribution in the downstream than the case of pure EMC. The difference in flame 

luminosity and temperature accounts for different heat feedback from the flame to the wick. 

Such additional heat feedback could accelerate the evaporation of the fuel, which led to a larger 

flame size near extinction, as shown in Fig. 3.7. It could be a potential explanation for the 

marginal effect of high OPC additions on the LOC increase.  
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3.5. Concluding remarks 

The flammability limits of electrolyte solvents in lithium-ion batteries were studied 

experimentally using the wick-LOC method, a wick combustion system in conjunction with the 

limiting oxygen concentration method under a candle-like burning configuration. The results 

were summarized as follows: 

(1) The wick-LOC of electrolyte solvents were determined under well specified the 

experimental conditions. The effect of various experimental conditions like the axial flow 

velocity, the exposed wick length and the elapsed time after ignition on wick-LOC were 

investigated to provide reproducible results. 

(2) The correlations of wick-LOC to other flammability properties (flash points, auto-

ignition temperatures, the heat of combustion and other types of LOC) were analyzed among 

several solvents. According to the correlations, the quantification of solvents flammability can 

be provided by the wick-LOC method with reliable results.  

(3) With the application for binary solvent mixtures, the effects of different mixing ratios 

on wick-LOC were studied. The linear change of LOC in binary carbonates solvents and non-

linear change of LOC in carbonate-ether mixed solvents were found experimentally. 

(4) The flame-retardant effectiveness of different types and amounts of OPC additions in 

carbonates solvents were quantified. The wick-LOC results showed that small amounts of OPCs 

had significant flame-retardant effects, but the efficiency decreased with the higher OPC 

additions. The effectiveness of four OPCs were rated as DMMP > TMP(i) ≈ TMP > TEP. 

Besides the flame inhibition, the potential promotion effect of OPC addition was discussed 

using flame temperature measurements. 
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By using the wick-LOC method, not only the flammability of single solvents, but also the 

role of mixing and OPC additions on solvents combustion can be quantified. However, with the 

addition of OPCs or lithium salts, the special flame behaviors can be observed (in following 

chapters), which implied the limitations of the basic experimental procedure of the wick-LOC 

method. Thus, in the following chapters, the specific procedure to determine LOC will be 

introduced, the in-depth studies on the roles of OPC and Li-salt additions in electrolyte 

combustion will be investigated as well. 
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Chapter 4. OPC effects on the wick flame stability 

In the previous chapter, the LOC results were determined standardly under the same mode 

of stabilized flame before extinction, that is, the flame stabilized in the wake region of the wick 

(wake flame). However, in addition to the wake flame, another mode in which a side-stabilized 

flame enveloped the entire wick (full flame) was observed during experiments. With increasing 

OPC addition (up to 10 wt.%) into the electrolyte solvents, the flame could be extinguished 

directly from the full flame, and the corresponding LOC was lower than the LOC for extinction 

from the wake flame, which showed that full flame is more stable in the high OPC addition 

case. Thus, the original experimental procedure to determine the wick-LOC might be improved 

considering the different flame modes to find the minimum LOC. In this chapter, the full and 

wake flame stability limits on a candle wick configuration were determined with different OPC 

addition in the carbonate solvents. The extinction mechanisms of the wick-stabilized flame 

were discussed considering the OPC effects. 

4.1. Two flame modes on a candle-like configuration 

4.1.1. Introduction of full and wake flame stability 

The wake flame and the full flame modes were already discovered in the flame downward 

spread and extinction of solid material based on the LOI test method [112,118,119], and they 

have always been called wake-stabilized flame and side-stabilized flame for a candle-like solid 

slab/rod sample, respectively. By reducing the oxygen concentration of the external flow in the 

traditional LOI test, the flame extinction process has always been reported as follows. The base 

of the side-stabilized flame is pushed by external flow toward the downstream until the wake 
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region with a shortening flame height; then, the flame proceeds to extinction. Extensive 

researches focusing on the change in extinction limits at different flow velocities, sample 

widths/thicknesses, and gravity [109,112,120,121] conditions have been conducted, and in 

these researches, the wake flame was always more stable as a consequence of the side-stabilized 

flame (or full flame). This phenomenon is commonly ascribed to the higher residence time of 

the wake flame compared to the side-stabilized flame according to the Damköhler number, 

which is widely used to explain the blow-off mechanism of the side-stabilized flame [122–125].  

The flame in the wick-LOC method shows a configuration similar to that of downward 

flame propagation on a candle-like solid material during extinction. However, with increasing 

OPC addition, the flames are separated into two extinction processes given by the full and the 

wake flames near extinction. Moreover, the different extinction processes behave in a manner 

opposite to the common understanding mentioned in previous paragraph, according to which 

the full flame becomes more stable with increasing OPC addition, and its LOC decreases to be 

lower than that of the wake flame. To clarify the influence of OPC addition to electrolyte solvent 

on the wick flame extinction in the wick-LOC method, the flame stability limits of two modes 

of stabilized flame (full flame and wake flame) were determined depending on OPC addition 

in the present work. Then, the extinction mechanism of each flame mode considering electrolyte 

solvent added OPC was discussed. 

4.1.2. Determination of stability limits of the full and wake flames 

During the wick-LOC determination, two types of candle-wick flame can be found, namely, 

full flame and wake flame, which have different stability limits in terms of low oxygen. Similar 

to the basic procedure, both the full and the wake flame stability limits were obtained during 



52 

 

oxygen decrease in steps of 0.2% when approaching the limits. When adjusting the oxygen, the 

time for new gas flow to replace the entire flow path was conservatively estimated as 10 sec. 

To avoid the hysteresis of flow and confirm the stable flow, the waiting time after each step 

change of oxygen was set to more than 1 min. Each flame stability limit was determined as the 

average value of at least four repeated tests under an external flow of 10 cm/s, and deviations 

from the average value were recorded in the form of error bars. 

After several preliminary tests, the flame stability limits could be estimated approximately. 

The wick was ignited at a higher O2 concentration to generate a full flame; then, O2 was reduced 

in steps until an unstable flame base led to direct extinction or transition to wake flame; finally, 

the minimum O2 concentration to sustain a stable full flame was considered as the full flame 

stability limit. The approach to determining the wake flame stability limit depends on whether 

the full flame can transition to wake flame under decreasing O2. With a successful transition, 

the wake flame limit can be obtained by further decreasing O2 until flame extinction. Otherwise, 

the full flame is extinguished directly. In this case, a stable wake flame should be re-established 

through ignition above the tip of the wick with a proper oxygen fraction. By reducing the 

oxygen carefully, the wake flame stability limit can be found at the minimum O2 concentration 

at which the wake flame oscillates and shrinks to extinction. 
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4.2. Flame extinction processes 

During the flame stability limits measurement of each pure electrolyte solvent and its 

mixtures with different proportions of OPCs, the extinction processes of each stabilized flame 

were observed by reducing oxygen in the external flow. Typical examples of pure DMC and 

DMC with TMP addition are shown in Fig. 4.1. During the extinction process of pure DMC 

flame in Fig. 4.1 (a), the full flame is stable at a higher oxygen concentration; then, with 

decreasing oxygen concentration, the full flame becomes unstable and it turns into the wake 

flame, followed by extinction with further decrease in oxygen concentration. During the 

transition from full to wake flame, flame oscillation can be observed, which is a common 

behavior in candle flames [96,126]. The flames of the other pure electrolyte solvents (EMC and 

DEC) showed similar behaviors as that of the pure DMC flame in the extinction test. 

However, when more OPC was added to the electrolyte, two distinct branches of the 

extinction process were observed. In the case of DMC with 10%TMP addition, once the 

stabilized full flame was obtained, it extinguished directly (blow-off) without transition to the 

wake flame, as shown in Fig. 4.1 (b). When a stable wake flame was obtained by ignition at the 

tip face of the wick, the flame proceeds to extinction through oscillating motion, without 

transitioning to the full flame when the oxygen decreased, as shown in Fig. 4.1 (c). These two 

branches of the extinction process can be found in the other high-OPC-addition cases as well. 
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Fig. 4.1. Photographs of flame extinction process under continuous O2 decrease. (a) pure 

DMC, extinction with transition from full to wake flame; (b) DMC+10%TMP, full flame 

direct extinction (blow-off); (c) DMC+10%TMP, wake flame extinction 

 

The flame height was measured as the length from the visible flame base to the flame tip, 

as marked in Fig. 4.1. To clearly illustrate the different extinction phenomena of the wick flame 

in the case of pure DMC and DMC+10%TMP mixture, the changes in averaged luminous flame 

height during O2 concentration decrease were recorded and plotted, as in Fig. 4.2. The solid 

lines with left-pointing arrows represent the change in flame height under decreasing oxygen 
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concentration; the dashed lines with right-pointing arrows reflect flame growth from wake to 

full flame under increasing oxygen concentration. The barriers show the range of existence of 

each flame mode. The changes in the pure DMC wick flame indicate a common mutual 

transformation between the full and the wake flames. These findings are consistent with the 

numerical results obtained for a thick solid slab by using LOI method [112], where the 

hysteresis phenomenon was observed in the transition region. By contrast, the flame of 

DMC+10%TMP showed only unidirectional change from wake flame to full flame with 

increasing oxygen concentration; the stability limit of the full flame was lower than that of the 

wake flame. 

 

 

Fig. 4.2. Averaged flame height changes for full flame and wake flame in the cases of pure 

DMC and DMC+10wt.% TMP with oxygen change rate of 10cm/s in external flow 
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4.2. Flame stability limits of electrolyte solvents with OPC 

addition 

The definition of flame stability limit in this paper is the lowest oxygen concentration 

required to stabilize each flame mode (wake or full flame). This means there are two stability 

limits for a specific fuel corresponding to the two flame modes. 

 

 

Fig. 4.3. Flammability map given by flame stability limits of DMC-based electrolyte as a 

function of TMP addition 

 

The flame stability limits of DMC with added TMP (as a typical case) were first plotted, 
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effectiveness of fire-retardation ability. The rise in wake flame limits of DMC with TMP 

addition showed strong sensitivity to TMP addition, which is consistent with the LOC results 

reported in Section 3.4 [127]. However, the ascent of the full flame limits with the addition of 

TMP was less sensitive to the amount of TMP added. This comparison between the wake flame 

and the full flame showed that the wake flame was always more stable with no or low TMP 

addition, until the amount of added TMP exceeded the critical amount of around 2wt.%. After 

the addition of this critical amount of TMP, the full flame becomes more stable, as evidenced 

by the lower limiting oxygen concentration than that of wake flame, and with the increased 

TMP addition, the discrepancy between the limits of the full and the wake flames increases. As 

a result, the point of intersection of the full and the wake flame limit curves divides the figure 

into two regimes, Regimes Ⅰ and Ⅱ.  

Combined with the stabilized flame modes at various oxygen levels, a flammability map 

with TMP addition can be formed in five parts, as in Fig. 4.3. The flammable zone is composed 

of parts A–D, while the bottom part is the non-flammable zone. The full flame exists solely in 

a higher oxygen levels in part A; and the zone of coexistence of the full and the wake flame is 

marked as B; only wake flames at lower oxygen levels occupy part C; part D indicates that only 

full flame can exist in this lower-oxygen region. The wake flame has a very limited range of 

existence according to areas of parts B and C. The fact that there is only one zone each in which 

the wake and the full flames exist under the lower oxygen condition is attributed to the dominant 

mechanisms in Regimes Ⅰ and Ⅱ, respectively. 

To compare the influence of the type of added OPCs on the flame stability limits, TEP and 

DMMP were added separately to DMC for additional investigation. The flame stability limits 
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of the DMC-based electrolyte with TEP and DMMP are plotted as a function of OPC addition 

in Fig. 4.4 (a) and (b), respectively. The increase in flame stability limits due to the addition of 

TEP and DMMP in DMC show trends similar to those in the case of TMP addition, albeit their 

respective effectiveness levels differ. Compared with the effect of TMP addition on the 

flammability of DMC, TEP not only shows a weaker fire-retardant effect on DMC but also has 

a later switch point between the two regimes (around 2.6% TEP addition compared to 2% TMP 

addition), and the discrepancy between the full and the wake flame limits under the addition of 

large amounts of TEP is smaller than that in the case of TMP addition. By contrast, DMMP is 

more effective than TMP in terms of flame retardation, and the switch to the second regime 

occurs with a lower amount added DMMP addition (1.2wt.%) than that in the case of TMP 

addition. 
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(b) 

Fig. 4.4. Flame stability limits of DMC-based electrolytes as a function of OPC addition: 

(a) DMC+TEP; (b) DMC+DMMP. 
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that on the other electrolytes owing to the insensitivity of DEC to the TMP addition. 

 

(a) 

(b) 

Fig. 4.5. Flame stability limits with the addition of TMP to other linear alkyl carbonates: 

(a) EMC and (b) DEC. 
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4.3. Flame extinction mechanisms 

In the previous section, two extinction limit branches corresponding to different flame 

modes (full flame and wake flame) were presented as a function of OPC addition. With addition 

of OPC, not only does the fire-retardant effect decrease, but also the most stable flame switches 

from the wake flame to the full flame. This is contrary to the case (and ordinary experience) 

without any retardant in a candle-like flame configuration. High OPC addition was found to be 

marginally effective in terms of the retardation of gas-phase flames based on the condensation 

of phosphorus-containing intermediates and the fuel effect of OPC, which was found in 

extinguishment tests on a cup burner flame by using OPC-containing extinguish agents 

[45,49,128]. However, the aforementioned works did not consider reversal of the flame stability 

limits of the full and the wake flames. In the following section, the mechanisms of the reversal 

of the order of extinction limits in the two different regimes is discussed. 

It is known that there exist two branches of the extinction limit for a candle-like flame 

(under LOI method configuration) [125,129]. The first branch is blow-off and the second branch 

is quenching extinction.  

At the base of the near limit wick-stabilized flame, it has an edge flame structure under an 

opposed flow condition (see Fig. 4.6). From the viewpoint of fluid dynamics, the flame leading 

edge (base of the wick flame) was stabilized under the balance of the flame downward 

propagation and opposed upward local flow [111,130] If the flame propagation speed is 

comparable to the local flow velocity required, the flame base position can be maintained; 

otherwise, blow-off extinction occurs. 

 



62 

 

 

Fig. 4.6. Schematic description of stabilization of wake (left) and full flame (right) over 

wick configuration 

 

Generally, the local flow velocity of the wake flame at the flame base is less than that for 

the full flame because of small flame size and the resulting weak buoyancy-induced flow. 

Furthermore, if the flame is stabilized behind the top end of the wick, local flow velocity should 

be much less in the wake of the wick. Therefore, if we explain the extinction limit based solely 

on this blow-off mechanism, the extinction limit with the wake flame should be always lower 

(in other words, more stable) than that of the full flame because the local flow velocity near the 

flame base is lower with the wake flame, as explained above. The order of the stability limits 

in the low-OPC-addition range is consistent with this understanding (in Regime I), and this is 

also true in the case of the solid material flammability limit obtained using the LOI method 
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based on ISO4589-2 [109,112,118,119,131]. By contrast, it cannot be explained by the order of 

flame stability is switched in the high-OPC-addition case, also called Regime Ⅱ, according to 

the above understanding. In this case, the quenching mechanism could potentially be the key to 

understanding the switching mechanism. 

 

 

Fig. 4.7. Images of stabilized flames of DMC/TMP mixture near stability limits (LOC + 

0.2%) 

 

An example of the stabilized flames of DMC with various amounts of TMP addition near 

the extinction limits (LOC + 0.2%) is shown in Fig. 4.7. A blue translucent flame is generated 

from pure DMC, whereas a more luminous and yellow flame is generated with increasing TMP 

addition in the case of the full flame and the wake flame. The presence of the luminous flame 
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is mainly attributed to the increased formation of phosphorus-containing particles from the 

added OPC [45,128]. In addition, we previously reported that the flame temperature increases 

with OPC addition at the same O2 concentration in Section 3.4 [127], which could be explained 

by enhanced transitions from radical species (such as OH and H radicals) to stable species 

(typically H2O) with aid of phosphorus compounds in gas-phase combustion. Similar facts have 

been reported by Korobeinichev [53,54] as the promotion effect on flame temperature of OPC, 

in addition to its chemical inhibition effect. Owing to such increases in temperature, OPC 

addition should lead to an increase in total heat loss from the flame to the surroundings, with 

an increased temperature gradient.  

Generally, it is understood that in combustion phenomena, the heat generated by a flame 

is a function of the flame volume, whereas the heat conduction from the reacting zone to the 

environment is proportional to the flame surface area. In the typical stabilized diffusion flame, 

the larger flame volume or size corresponds to the larger fuel consumption to the reaction zone. 

The total heat release of the flame is generally proportional to the fuel consumption rate and 

reflected by the flame volume. While, the quenching mechanism of flame extinction always 

caused by the excessive heat conduction from the flame reacting zone to the outside leading to 

the temperature drop, especially for a small-scale flame[112,120]. Thus, the ratio of heat loss 

to heat generation is dominated by the surface volume ratio (S/V) of the flame.  

The unique feature of the wake flame can be ascribed to its smaller size than that of the 

full flame, which results in a large S/V ratio. Therefore, the impact of OPC addition on the wake 

flame in terms of the temperature drop from the adiabatic flame temperature is quite significant 

in comparison to that in the full flame case. As a result, OPC addition degrades the stability of 



65 

 

the wake flame to a greater extent than that of the full flame owing to the larger temperature 

drop in the former case. In this scenario, the flame extinction limit in the case of the wake flame 

should be higher (more unstable) than that in the case of the full flame.  

As discussed above, flames are divided into two regimes based on the critical amount of 

OPC addition, as follows: Regime Ⅰ represents the scenario in which the local flow velocity 

dominates the extinction limit of the two types of stabilized flame, and it is called the "blow-

off regime." By contrast, regime Ⅱ represents the scenario in which the smaller flame is at a 

disadvantage owing to excessive heat loss, and it is called the "quenching regime." 

As already discussed, the wake flame has a higher ratio of heat loss to heat generation than 

that of the full flame owing to its smaller size. Assuming there exists a critical heat loss ratio at 

which the flame is maintained, flame volume should increase with increasing flame temperature. 

As the flame temperature increases with increasing OPC addition [53,54,127], we can expect 

the flame volume to increase with increasing OPC addition to sustain combustion, even near 

the extinction limit. Fig. 4.8 shows the change in normalized flame volume near the extinction 

limit as a function of OPC addition for the wake flame and the full flame. As can be seen in the 

figure (straight-line-fitting of TMP case), the rate of increase in flame volume is considerably 

larger in the case of wake flame, implying that quenching is the dominant mechanism governing 

extinction of the wake flame. 
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Fig. 4.8. Normalized flame volume of near-limit stabilized flames as a function of OPC 

addition in DMC 

 

Because quenching dominates extinction of the wake flame in regime Ⅱ, the extinction 

limit in terms of oxygen concentration is higher than that of the full flame because with 

increasing flame temperature, the smaller flame size is not favorable from the viewpoint of the 

flame stability. 
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4.4. Concluding remarks 

In this study, the low oxygen limits of typical electrolytes mixed with different types and 

amounts of OPC retardants were investigated using the wick-LOC method. Two modes of the 

wick-stabilized flame were found near extinction, namely, wake flame and full flame (side-

stabilized enveloping flame). It was discovered that the wake flame can be less flammable than 

the full flame when the OPC addition exceeds a critical value, which is contrary to the case 

without OPC. The major findings are as follows: 

(1) Flame extinction processes were observed under decreasing oxygen concentration. In 

case of the blue flame of pure DMC, the full flame successfully transitioned to the wake flame 

and, finally, extinguished with decreasing oxygen concentration. By contrast, in the 10% TMP 

addition case, no transition was found; instead, the extinction limit of the full flame was lower 

than that of the wake flame. 

(2) Flame stability limits were determined to compare the two stabilized flames with OPC 

addition. The reversal points of the two flame stability limits were found at 2wt.% TMP addition 

in DMC solvent, which divided the flammability map into two regimes with different regions 

of existence of the two stabilized flames near extinction.  

(3) Comparison experiments were conducted to show the effects of the type of OPCs and 

electrolyte solvents on flame stability limits. TEP showed weaker fire retardation and a higher 

regime switching point (2.6wt.%) than TMP, while the effect of DMMP addition in DMC was 

the strongest, with the regime switching point occurring at 1.2wt.%. Lower sensitivities of the 

wake flame to TMP addition to EMC and DEC were found, as manifested in the higher regime 

switching points (3.2wt.% to EMC and 6.6wt.% in DEC). 
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(4) The flame extinction mechanisms were discussed to clarify the reversal of the flame 

stability limits of the full and the wake flames. In addition to blow-off mechanism, heat loss in 

the flame was emphasized based on the flame volume near the extinction limit. The 

flammability map is divided by the critical amount of OPC addition into two regimes: “blow-

off regime” and “quenching regime,” which can explain the influence of OPC addition on the 

flame stability in each flame modes. 

For the flammability test in the wick-LOC method, the addition of OPC flame retardant 

can change the contribution ratio of chemical reaction, kinetics, and thermal balance in terms 

of the flame extinction mechanism. Thus, the flammability map combing the full and wake 

flame limits is suitable for assessing the fire hazard. If we want to neglect the thermal promotion 

effect of OPC for a fair comparison, the wake flame limits could be better indicator. To some 

degree, the added heat feedback from wake flame to the wick may compensate the heat loss of 

wake flame body. 

 

  



69 

 

Chapter 5. Lithium salts effects on electrolytes 

combustion characteristics 

In this Chapter, the wick-LOC method was utilized to investigate the combustion 

characteristics and flammability of salt-added electrolytes. Three typical lithium salts, LiPF6, 

LiBF4 and LiTFSI, were dissolved in DMC as 1M addition to compare the influence of salts on 

combustion characteristics of DMC-based electrolytes. Because of the special flame behaviors 

given by salt-added electrolytes, the experimental procedure of the wick-LOC was improved to 

eliminate the disturbance of solid phase reaction. Thus, the extinction limits were determined, 

and the combustion residues were investigated. The potential hazards were discussed referring 

to the pure DMC combustion and TMP-added cases as well. 

5.1. Flame behaviors at constant oxygen level 

To compare the flame behaviors, the preliminary experiments for different DMC-based 

mixtures were conducted at 21 vol% oxygen concentration with the external flow velocity of 

10 cm/s. The flame behaviors of different solvents or electrolytes were shown in Fig. 5.1. The 

stable flames of pure DMC, DMC with 1 wt% and 10 wt% addition of TMP were shown in Fig. 

5.1 (a), (b) and (c), respectively. In contrast, the flames of electrolytes with lithium salts addition 

(LiPF6, LiBF4 and LiTFSI) can hardly sustain the steady state and finally went to self-

extinguishing, as indicated in Fig. 5.1 (d), (e) and (f) correspondingly. The solid residue of each 

salt-added case was recorded as the last image of each row. 

Comparing with the blue flame of pure DMC, luminous yellow/orange flames of DMC 

with 1 wt% and 10 wt% TMP addition can be found. The luminous flame reflected the formation 
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of phosphorus-containing particles in the flame due to the addition of organophosphorus 

compound as flame retardant [45]. With more addition of TMP, the luminosity and height of 

the flame slightly increased. The cotton wicks in all salt-free solvents flames showed no 

trimming or charring during the combustion. 

 

 

Fig. 5.1. Flame colors and burning behaviors of different DMC-based mixtures: (a) pure 

DMC, (b) DMC+1wt% TMP, (c) DMC+10wt% TMP, (d) DMC+1M LiPF6, (e) DMC+1M 

LiBF4, (f) DMC+1M LiTFSI. 

 

Similarly, the electrolyte of DMC+1M LiPF6 initially gave a yellow/orange flame, but the 

flame height and luminosity are lower than that of TMP-added cases. As some white solid 
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products formed and accumulated on the surface of the wick, the flame shrunk gradually due 

to insufficient fuel vapor release. Finally, the wick was charred, and the flame went to extinction. 

The main solid product was inferred to be lithium fluoride (LiF) as a thermal decomposition 

product from LiPF6 [70]. Further residue analyses were conducted to confirm it. 

The flame of DMC+1M LiBF4 showed a unique color change during combustion. A red 

flame was obtained right after igniting, then it gradually changed to a green flame within 1 min, 

the flame height slightly increased as well. After the transition of flame color, a similar flame 

self-extinguishing process was observed due to the accumulation of solid products. 

For the flame behavior of DMC+1M LiTFSI, the red flame can be seen throughout the 

burning process. Then, some bright yellow parts of the flame were generated and expanded, 

accompanied by the erosion and charring of the wick. Different from LiPF6 and LiBF4, no 

accumulation of white solid products can be observed with the presence of LiTFSI, while the 

black viscous (char- and tar-like) residue took place because of cotton wick pyrolysis. Finally, 

the flame went to self-extinguishing by serious charring and insufficient fuel vapor release. 
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5.2. Comparison of flame extinction limits 

According to the preliminary experiments in the previous section, the solid products from 

lithium salts decomposition would damage the surface of the wick in a continuous burning. As 

the fuel vapor release can be blocked by the surface accumulation of the solid products, the 

wick-LOC values would be overestimated when the burning time was long. Therefore, a 

specific procedure to determine the extinction limit with shorter burning time was required until 

the surface effect can be neglected. First-step was finding the approximate range of LOC by 

adjusting the O2% for ignition to check whether the flame can be ignited. In the second-step, 

the wick soaked with electrolytes was ignited from the near-LOC conditions to generate a small 

flame stabilized on the top of the wick; followed by a quickly O2 decrease with small decrement 

until flame extinction. Before each new ignition, the exposed wick should be cut and refreshed. 

 

 

Fig. 5.2. Wick-LOC of DMC-based solvents and electrolytes. 
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As a result, the wick-LOC of DMC-based solvents or electrolytes were summarized in Fig. 

5.2, and the images of stabilized flame near extinction limit (at LOC+0.2 vol%) were recorded 

correspondingly. The wick-LOC results were determined as the average value of at least four 

repeated tests. 

With the addition of TMP as a flame-retardant additive, the wick-LOC of DMC-based 

solvents increased obviously. In comparison, a higher extinction limit of DMC+1M LiPF6 

showed a similar flame-retardant effect possibly due to the presence of phosphorus-containing 

compound in the flame. However, the wick-LOC results of DMC+1M LiBF4 indicated the 

negligible effect of LiBF4 on electrolyte flammability, even fluorine existed in the salt. The 

addition of 1M LiTFSI to DMC also gave a limited effect on the flame extinction, with about 1 

vol% LOC increase. 
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5.3. Flame spectrum analyses 

According to the different burning behaviors and flame extinction limits of electrolytes 

with three lithium salts additions, the flame spectrum analysis was conducted to clarify the salts 

effects on combustion, especially in flame. The light emission intensities of flames given by 

DMC-based solvents and different salt-added electrolytes were indicated from Fig. 5.3 to Fig. 

5.5. Some radicals can be identified depending on the spectral bands at some specific 

wavelengths. The light emission intensity of each radical is not only related to its concentration 

but also to the flame temperature.  

 

 

Fig. 5.3. Measured flame spectrum from different fuels: pure DMC, DMC+10 wt% TMP 

and DMC+1M LiPF6. 
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In Fig. 5.3, the flame spectrum of pure DMC as a baseline only had two small peaks at 

309nm and 430nm corresponding to the OH and CH radicals, respectively [132–134]. The 

flame spectrum profiles of DMC+10 wt% TMP and DMC+1M LiPF6 were quite similar, both 

showed weakened emission intensities of OH and strong continuous emission of visible light. 

With the presence of phosphorus compounds like HPO2, PO, PO2 and HPO in the flame, the 

radicals OH and H can be captured to suppress the gas-phase combustion [47,52,57]. The small 

PO emission around 327 nm [135,136] and PO2 involved in visible continua [137] suggested 

the a similar role of LiPF6 and TMP in gas-phase combustion. Such behaviors were also 

consistent to the flame inhibition and particle formation in cup burner flame when the 

phosphorus containing compounds added into the oxidizers [45].  

As the radical recombination were catalyzed by phosphorus oxides and acids in the flame, 

the effective amount of phosphorus atoms from the phosphorus element sources (LiPF6 and 

TMP) dominate the effectiveness of flame inhibition. Generally, the molar fraction of 

phosphorus atoms is higher in DMC+1M LiPF6 than that in DMC+10 wt% TMP, which is 1 

mol/L and 0.846 mol/L, respectively. However, the flame spectrum intensities and extinction 

limts gave reserved results. The potential reason is that the major part of the P atoms was lost 

as a noneffective compound (gaseous PF5) during the thermal decomposition of LiPF6. 

Although LiPF6 contains lithium, there was no light emission from Li radicals in the flame at 

670.4 nm [108]. Most of the lithium was considered to form the most stable solid product, 

lithium fluoride (LiF), on the wick surface with no transport into the flame region. Therefore, 

the LiPF6 addition gave two effects one the electrolyte combustion: one is the extinction limit 

of DMC flame due to the phosphorus from the anion; the other is the solid products formation 
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from the lithium. The solid residues will be clarified under following analyses. 

 

 

Fig. 5.4. Measured flame spectrum of DMC+1M LiBF4 in different stages of combustion: 

red flame, transition and green flame. 
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affected the self-extinguishing of the wick flame. As shown in enlarged spectrum of OH, small 

difference of OH intensity can be found for pure DMC and LiBF4 added electrolyte. Therefore, 

the LiBF4 addition, especially boron atoms, had a negligible effect on the flammability of 

electrolyte in the gas-phased combustion.  

 

 

Fig. 5.5. Measured flame spectrum of DMC+1M LiTFSI in different stages of combustion: 

initial state and 30s after ignition. 
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and Potassium (K) radicals, respectively [108], which were attributed to the pyrolysis (charring) 

of cotton wick [139]. The intensities of OH radical implied that the local flame temperature 

increases with LiTFSI addition, but the reaction rate decreased slightly when wick charring. As 

it has been reported that the decomposition of LiTFSI was exothermic [66,70], such heat release 

might cause charring of the wick. Concerning the layered structure of a LIB cell, the separator 

made by nonwoven fibers or polymer films could be affected by such exothermic reaction in 

combustion. A potential hazard is that the other solid combustibles in cell could involve into 

the overall combustion and make larger damage. On the other hand, the charring could be 

regarded as a flame-retardant effect in solid phase to prevent the heat and oxidizers. Yet the 

mechanism has not been fully understood, further investigations are expected.  
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5.4. Combustion residues analyses 

The self-extinguishing of the wick flame has been found in the three salt-added cases at 

21 % oxygen. Due to the solid phase behaviors on the wick surface: solid products accumulation 

in LiPF6 and LiBF4 cases, and charring in LiTFSI case, the flammable vapor was blocked from 

reacting with the oxidizer. To characterize the combustion residues, the SEM images were taken 

in comparison with the original cotton wick, as shown in Fig. 5.6.  

 

 

Fig. 5.6. Direct and SEM images of combustion residues on the cotton wick (a) original 

cotton wick, (b) LiPF6, (c) LiTFSI. 

 

The SEM image of the original cotton wick [Fig. 5.6 (a)] showed a clear fibrous structure, 

the pores can provide the outlets to the fuel and vapor. During the combustion of LiPF6- and 

LiBF4-added electrolytes, the grayish-white solid products were formed on the surface of the 

wick. The SEM image (b) showed the solid product accumulating through the wick fibers and 

gradually covering the pores on the surface. In the cases of LiPF6 and LiBF4 addition, the wick 

as a porous media seemed not to react with the solid products, but it was just baked before flame 



80 

 

self-extinguishing. The wick for LiTFSI-added electrolyte combustion, by contrast, was charred 

seriously with some tar-like products formed, as can be seen in Fig. 5.6 (c). In the SEM image, 

the tar-like residues melt and finally covered the pores on the wick surface as well. Combining 

with the existed results, LiTFSI gave more complicated behaviors during the electrolyte 

combustion: reactive with solid combustible (cotton wick) leading to a larger damage and heat 

release; charring effect to suppress the flame in the later period. Due to the complexity of the 

combustion residues of LiTFSI-added electrolyte, more investigation on the intermediate 

products from LiTFSI in flame are expected in the future. 

 

 

Fig. 5.7. XRD patterns of combustion residues of electrolytes adding LiBF4 (green line) 

and LiPF6 (orange line). 

 

To identify the combustion residues of LiPF6- and LiBF4-added electrolytes, the 

accumulated solid residues were collected for the further XRD analysis, as shown in Fig. 5.7. 

Referring to the XRD pattern of lithium fluoride (LiF) [140], the crystalline material of 
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combustion residues in both cases are mainly composed of LiF. The XRD results confirmed the 

decomposition products of LiPF6- and LiBF4-added electrolytes even in combustion scenarios. 

According to the overall thermal decomposition reactions reported by Kawamura [73] and 

Hong [70] below, the forward reactions are promoted during combustion. 

LiPF6 ↔ LiF↓ + PF5↑ (1) 

LiBF4 ↔ LiF↓ + BF3↑ (2) 

Along with the crystalline LiF accumulated on the surface, the gas products PF5 or BF3 

released to the flame region, and some complex intermediate reactions with O2, H2O and DMC 

followed. Inferring from the flame spectrum results, the intermediate compounds like 

phosphorus oxides and acids can further affect the combustion chain reactions of DMC. The 

possible path of LiPF6 can be suggested as Fig. 5.8. 

 

 

Fig. 5.8. Possible path of LiPF6 involving in the DMC wick flame. 
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5.5. Concluding remarks 

The combustion characteristics of DMC with lithium salts addition (LiPF6, LiBF4 and 

LiTFSI) were investigated using the wick-LOC method, the main results are summarized below. 

(1) The flame behaviors of DMC-based solvents/electrolytes at 21% oxygen were 

observed. Differing from the stable flame of pure DMC and TMP added solvent, the flames 

with salts addition always showed unsteady nature leading to self-extinguishing. The unique 

behaviors including different flame shapes, colors and the changes of wick surface were found 

as well. 

(2) The flammability of electrolytes with lithium salts were successfully quantified by the 

wick-LOC method. It showed that the electrolyte with LiPF6 addition has a considerable flame-

retardant effect; while both LiBF4 and LiTFSI addition has limited effect on flame extinction.  

(3) With flame spectrum analysis, the unique flame behaviors of three electrolytes can be 

explained by the light emission of radicals. Combined with the LOC results, the anions of three 

lithium salts played different roles on the electrolyte combustion. The PF6
 anion in the solution 

had a quite similar role to the TMP additive in terms of the flame inhibition, but lower efficiency. 

(4) The combustion residues were analyzed by SEM and XRD to clarify the solid 

behaviors in combustion. The solid products of LiF from LiPF6- and LiBF4-added electrolytes 

combustion confirmed the decomposition reaction proceeded in combustion scenarios. 

However, in the case of LiTFSI addition, the combustion complexity like serious charring 

brought more concern about the potential hazard of LiTFSI. 
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Chapter 6. Summary and future work 

6.1. Significance of this work 

The flammability studies on electrolyte components in LIB have been conducted utilizing 

a wick combustion method. The wick-LOC method was developed for the quantitative 

flammability evaluation of single and binary-mixed electrolyte solvents, as well as the OPC-

added and salt-added electrolyte solutions. The significance of this work can be divided into 

three points below: 

(1) Development of the flammability test method for safer electrolyte formulations. 

As mention in the introduction, the traditional flammability tests for screening safety 

materials in the LIB industry are expected to be improved for scientific, quantitative, and 

comprehensive evaluations. The proposal of the wick-LOC method was to quantify the 

flammability of electrolyte components from the perspective of combustion science. The results 

provided the wick-LOC, an extinction-related fire property in low oxygen, to fill the inadequate 

understanding of the electrolyte flammability. The well-specified experimental conditions 

ensured the reliability and reproducibility of LOC results. In addition, the limitations of the 

wick-LOC method on OPC- and salt-added cases were discussed to make a further development 

of the methodology. 

(2) Better understanding of the candle-like flame extinction mechanisms. 

The study on flame stability limits of the full and wake flames revealed the unique impact 

of OPC additives on the candle-like flame extinctions. The two regimes found with OPC 

addition variations showed that adding OPC flame-retardant can change the flame extinction 
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from a blow-off control mechanism to a quenching control mechanism. These findings can be 

useful information for developing LOI-related methods when testing FR materials. It can be 

evidence of physical promotion effects of OPC in the condensed fuel combustion. Such effects 

would be concerned in the flame-retardant industry and fire suppression. For example, in the 

higher OPC addition cases, cooling and blowing can suppress the flame more effectively. 

(3) New findings on the role of lithium salts in electrolyte combustion. 

By using the simple electrolyte formulation with DMC and lithium salts, the wick flame 

showed unique behaviors depending on the salt additions. LiPF6, the most commonly used salt, 

shown FR effect reflected by the LOC increase, which can be a new point for the salt selection 

from the perspective of fire suppression. The flame spectrum and combustions residue analyses 

result suggested the path of LiPF6 contributing to the electrolyte combustion. LIB fire 

suppression and protection research can pay more attention on the role of lithium salts. 

6.2. Summary of conclusions  

The wick-LOC method has been utilized to quantify the flammability limits of organic 

electrolyte solvents used in lithium-ion batteries. By controlling the oxygen-nitrogen ratio of 

external flow of the wick diffusion flame, the flammability limits (LOC) of electrolyte solvents 

have been determined experimentally.  

In Chapter 3, validations and applications of the wick-LOC method have been conducted. 

The effects of axial flow velocity, exposed wick length and elapsed time after ignition on the 

wick-LOCs have been studied. The 10 cm/s of axis flow and 7 mm of wick length have been 

specified for reproducible experimental comparison. Then, the correlation analyses have shown 

the reliability of wick-LOC on flammability evaluation. The wick-LOC method was then 



85 

 

applied to quantify the flammability of binary solvent mixtures. The linear changes of wick-

LOC with mixing ratios were found in the mixture of linear and cyclic carbonates, while the 

non-linear trends were found in carbonate-ether mixed solvents. By the flame retardancy 

evaluations of OPC additives, small amounts of OPCs showed significant FR effects, but the 

efficiency decreased with the higher OPC additions. The effectiveness of four OPCs was 

distinguished as DMMP > TMP(i) ~ TMP > TEP. 

In Chapter 4, In-depth studies on the candle-wick flame extinction affected by OPC 

additions have been conducted considering the wake and full flame modes. Due to the presence 

of two flame modes, the determination approach of flame stability limits was improved based 

on the basic experimental procedure. In the case of OPC addition, the full and wake flame 

stability limits have been measured. The wake flame was shown to be consistently more stable 

at low levels of OPC addition. However, once the OPC addition exceeded a critical amount, the 

full flame shows higher stability with a lower LOC than the wake flame. In the most stable 

flame mode, the regime switched from the wake flame to the full flame with increasing OPC 

addition, and they were defined correspondingly as “blow-off regime” and “quenching regime”.  

In Chapter 5, the DMC-based electrolytes with 1M addition of different lithium salts 

(LiPF6, LiBF4, and LiTFSI) have been studied comparing with pure DMC and TMP-added 

solvents. The three lithium salts gave unique and distinct flame behaviors including flame 

shapes, colors and the changes of wick surface until self-extinguishing. Thus, the experimental 

procedure was improved to obtain reliable wick-LOCs for salt-added flames. The wick-LOC 

results indicated a FR effect of LiPF6 addition, while other salts have minor effects on the flame 

extinction. The flame spectrum and combustion residue analyses revealed the roles of salts 
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during combustion. The PF6 anion played a similar role with the TMP additive in the gas phase 

flame inhibition. In the cases of LiPF6 and LiBF4, the solid products (LiF) accumulation blocked 

the fuel supply from the wick to the flame region. The combustion complexity of LiTFSI on 

the cotton wick charring and heat release were considered as a potential hazard on solid 

combustible in the real fire cases. 

6.3. Recommendations for future work  

According to the results of the present work, the following are recommendations to pursue 

the studies on electrolyte flammability and candle-wick combustion method: 

(1) The wick-LOC method has been used to quantify several typical electrolyte solvents 

used in commercial LIBs. However, more candidates of electrolyte solvent are being concerned, 

like triglyme, ethylene sulfite, ethyl acetate, vinylene carbonate and so on. Wider tests with 

clear classifications of these solvents would be useful to establish the database for the LIB 

electrolyte design. and the law of flammability change with different types of solvents could be 

summarized. 

(2) The wick-LOC method was based on the candle-like diffusion flame in opposed flow 

configuration. Typically, such candle-like flame is extinguished due to the small Damköhler 

number. With this understanding, near-limit stabilized flame is under the balance of downward 

flame propagation speed and upward local flow velocity. As the flame base has a triple-flame 

structure, its propagation speed is proportional to the laminar burning velocity. Therefore, the 

LOC can make a correlation with the limiting laminar burning velocity under a specified local 

flow, which implies the strong relationship between the experimental LOC and combustion 

reaction rate coefficient. More fundamental studies are expected using theoretical and 
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numerical methods to clarify such relations for a further practical application. 

(3) The OPC effects on the stability limits of the full and wake flame on the candle-wick 

configuration have been investigated experimentally. During the experimental work, more 

interesting phenomena were found, like near-limit flame oscillation and different size and 

luminosity of near-limit stabilized flame. More fundamental studies are expected to clarify the 

mechanism of such flame behaviors with OPC addition effect. 

(4) For the well-formulated solution of an electrolyte, the flammability can be hardly 

quantified by traditional methods. Besides the wick-LOC method in present work, the ignition-

related properties of electrolyte could be developed as well. With consideration of heating of 

LIB, oxygen generation from the cathode, and venting gases from the LIB, the ignition-related 

the properties are expected to give a more comprehensive evaluation of flammability. 

(5) The lithium salts showed a unique impact on the combustion of electrolytes using the 

wick LOC method. The on-line gas chromatography could be used to draw a clearer image of 

a gas phased effect of lithium salts. The solid phased effects (LiF accumulation and cotton 

charring) can be considered as a double-edged sword for the flammability. The self-

extinguishing of flame on the porous wick pointed an inspiration for the future LIB fire 

protection method. 
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Appendix 

Table A. 1 Specification of combustion chamber 

Chamber inner diameter: 80 mm 

Chamber outer diameter: 88 mm 

Chamber height: 220 mm 

Chamber material: Pyrex glass, acrylic 

Honeycomb outer diameter: 80 mm 

Honeycomb central hole diameter: 8 mm 

Honeycomb number: 2 

Honeycomb thickness: 10 mm 

Wick height: 7 mm ± 0.5mm 

Wick diameter: 4 mm 

Stainless tube outer diameter: 8 mm 

Stainless tube inner diameter: 6 mm 

Axial flow velocity: 4 cm/s ~ 18 cm/s 

Oxygen range: Depends on flow velocity, 0~45% in 10cm/s 

 

Table A. 2 Specification of temperature measurement devices 

Camera: Panasonic, HDC-TM70 

Focus mode: Manual focus (FM) on flame 

White balance: Same flame color as observation 

Frame rate: 60 fps 

 

Table A. 3 Specification of flame spectrometer 

Spectrometer: Hamamatsu mini Spectrometer C10082CA 

Spectral response range: 200 ~ 800 nm 

Spectral resolution: 4 nm 

A/D resolution: 16 bits 

Built-in sensor: Back-thinned CCD image sensor 

Number of total pixels: 2048 pixels 
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Table A. 4 Specification of temperature measurement devices 

Thermocouple: R-type 

Wire diameter: 0.3 mm 

Junction (molten ball) diameter: 0.7 mm 

Temperature measurement error: ± 40 K 

Measurable directions: Axial and radial directions 

Measurement interval: 3mm for axial; 1 mm for radial. 

Data logger: GRAPHTEC, midi LOGGER GL900 

Measurement period: 15 s for once 

Movable range: Axial: 50 mm; radial: 25 mm 
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