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ABSTRACT

Since their invention in the 1980s, alkali-ion batteries, especially the lithium-ion battery,

have become the dominant choice in electrified technologies ranging from small portable

electronics to e-mobility devices to large stationary storage systems. As performance has

been optimized and prices have decreased, the demand for these devices has skyrocketed,

especially in dense urban areas where personal e-mobility devices have become an efficient

mode of travel. An unfortunate consequence of the adoption of these devices is the increas-

ing amount of reported failure events resulting in fires and explosions, affecting lives and

damaging property. Understanding the underlying mechanism of battery failure is critical

to future design and use of these systems. In this dissertation, calorimetry and lab-scale cost

aware experimental design were used to test different abuse scenarios to provide a better

framework to determine critical safety parameters. These methods were conducted on high

and low energy dense lithium systems and beyond-lithium systems. Future experiments for

these experimental methods and the outlook of holistic battery safety is discussed.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Energy is the cornerstone of modern society, enabling the technology we depend upon and

allowing us to utilize more advanced technology in pursuit of human advancement or, in

my case, writing this thesis on a computer. Historically, society has been dependent on

the burning of fossil fuels (oil, gas, and coal) to meet the energy demand as we continue to

electrify. These fossil fuels function as a single source point of energy generation, requiring

the tech, such as an internal combustion car, to be designed around the fuel source. This

limitation pigeon-holes design and limits where we can get our electrons from, making the

economy severely dependent on a nonrenewable and sensitive fuel source. The release of

greenhouse gases from the burning of fossil fuels has also led to a climate crisis that will

continue to endanger humanity and the earth as a whole unless it is immediately addressed.

Energy storage technologies are critical to decoupling energy generation from energy

use in both time and space. Among these, lithium-ion batteries (LIBs) have emerged as

the dominant portable storage platform, enabling highly localized, energy-agnostic power

delivery. By storing electrical energy in a dense and rechargeable form, lithium-ion batteries

allow point-of-use devices|ranging from mobile electronics to electric vehicles and o�-
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grid infrastructure|to function independently of their energy source, whether it be grid-

connected, solar-powered, or otherwise. This decoupling of generation and consumption

enables unprecedented 
exibility in how and where energy is consumed, empowering end

users and accelerating electri�cation across sectors.[1]

The portability and scalability of lithium-ion batteries have transformed how energy

is stored and distributed. Their compact form factor, high energy density, and long cycle

life make them particularly well suited for applications that demand mobile, modular, or

resilient power systems.[2] Moreover, the mode of storage is agnostic to how the electricity

is produced|it can store energy derived from fossil fuels, nuclear, or renewables with equal

e�ectiveness, enabling users to shift between energy sources as infrastructure evolves, pro-

viding easy pathways to shift to renewable, yet intermittent energy sources. This 
exibility,

combined with ongoing cost declines, has made lithium-ion the cornerstone of not just con-

sumer electronics and electric mobility, but also increasingly grid-scale and decentralized

storage applications.[3] As a result, LIBs now underpin the modern energy economy, o�ering

a versatile pathway for electri�cation, resilience, and technology innovation.

The versatility and performance of the LIB has allowed it to dominate the electronics

markets from portable electronics to electric vehicles. Figure 1.4 shows that the demand

for LIBs is expected to increase yearly by 27% yielding a total demand of 4700 GWh by

2030.[4] Due this increased demand, major e�orts have been made to optimize beyond-

lithium chemistries that can deliver performances on par with the status-quo as well as

meet the energy demand required by the growing electronic dependent markets. Sodium-ion

batteries (SIBs) have drawn a lot of attention as a potential alternative to LIBs, especially

in low power applications like low range electric vehicles and grid storage. SIBs have been

promising due to their similar energy storage mechanism to LIBs allowing researchers to
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draw upon the vast amount of optimization done as well as more robust supply chains of

precursor materials keeping the price low.

Figure 1.1: Lithium-ion battery demand up to 2030. Retrieved from [4].

As the uptake of LIBs and SIBs has continued to persist and have achieved higher and

higher energy densities, the threat and occurrence of catastrophic failure leading to �re and

explosions have also increased. This is especially prevalent in densely populated urban areas

where personal e-mobility devices have become a popular mode of transport. These safety

concerns are only exacerbated by the frantic race to make batteries more energy dense to

decrease cost and increase performance. As the use of these energy storage devices are

essential to the continued modernization of society and the move away from dependence on

fossil fuels, it is critical that we understand the limits of the devices we use so they are safe

and available for all consumers.

1.1 Introduction to Energy Storage

The electrochemical cells used in this work are secondary (rechargeable) electrochemical

storage devices that store energy on an atomic basis. Figure 2 shows a representation of what

a secondary battery looks like, shown speci�cally is a LIB. Other forms of electrochemical
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energy storage devices exist such as fuel cells and primary (nonrechargeable) storage devices

but lack the power density and cycle life needed to be economically viable for mass adoption

across a variety of storage markets. By utilizing energy storage on the atomic level these

devices can deliver stable energy at high rates in a rechargeable fashion.

All electrochemical storage devices operate by generating a 
ow of electrons through a

pair of chemical redox reactions at the electrodes. When current or a load is applied the

chemical reactions are as follows:

R1 ! O1 + ne� (1.1)

O2 + ne� ! R2 (1.2)

Where R and O represent reductive and oxidative species respectively. The subscript 1

and 2 represent the di�erent half-cell reactions which, in storage systems like a LIB, repre-

sent di�erent species altogether. ne� represents the number of valence electrons generating

or consumed during redox (for alkali systems n=1). In the �eld of electrochemistry the

cathode is de�ned as the electrode where reduction occurs and the anode is where oxida-

tion occurs. Which would mean that during charge the cathode is one electrode but on

discharge it would switch to the other. In the battery �eld and in practice, the cathode and

anode maintain their positions independent of cycling with the cathode being de�ned as

the positive (reducing) electrode on discharge and the oxidizing electrode on charge. While

this may not be technically correct, it simpli�es the nomenclature making electrode labeling

easier to understand, especially at the consumer level. This will be how the electrodes are

de�ned throughout this work.
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Figure 1.2: Schematic of a lithium-ion battery during cycling. Retrieved from [5].

For redox chemistry to happen the electrodes must be electrically connected via an elec-

trolyte. The electrolyte must be ionically conductive and electronically insulating, allowing

the ions to 
ow between the electrodes to maintain electroneutrality while forcing the elec-

trons to 
ow through the external circuit connecting the two electrodes. On the other

hand, the electrodes must be ionically insulating and electronically conductive to allow for

the redox to happen at the electrode surface. In practice battery systems, the electrodes

should be as close as possible to each other to increase e�ciency so, a separator material is

placed in between the electrodes that allows for ion 
ow but is electronically insulating.

The voltage of the cell corresponds to the energy available from the redox reactions at

both of the half cell reactions. The electrochemical cell potential at steady state is given

by:

Ecell = Ecathode � Eanode (1.3)

During actual cell operation the cell potential can be a�ected by mass transport or ohmic

resistances that arise from charge transfer or bulk e�ects. These e�ects, known as overpo-

tential, are prevalent when a current is applied to the cell.
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1.1.1 General battery terminology

In this work many batteries were built and tested electrochemically. In the following section

some of the technical phrases used throughout the work are detailed with a brief description

of the process or electrochemical techniques.

Electrochemical Cycling

All of the cells that were fabricated in this work were attached to a potentiostat and

cycled in some way. To charge a battery, a constant current, constant voltage (CCCV)

operation was applied to the cell. To determine the magnitude of the current applied a

C-rate is calculated based on nominal capacity of the cathode material normalized by the

amount of time it takes to pass that capacity (see Table 1.1 for a capacity example). To

avoid mass transport limitations of the ions a slow rate C/5 and below are commonly used

in this work. As the name suggests when �rst charging the battery, the constant current

is applied at the predetermined C-rate until the voltage reaches a preprogrammed limit.

After the voltage limit is reached, the CV step holds that constant voltage between the

two electrodes. The purpose of this CV step is to allow time for the labile ions to migrate

into the anode material that it is intercalating into. As the ions intercalate the current

draw subsides and the CV step will �nish when it hits a predetermined current cuto�. On

discharge, only a CC step is applied until a lower voltage cuto� is reached. A CV step is

unnecessary on discharge because discharge is analogous to energy use and it is not practical

to hold CV when the battery is completely discharged.

When a battery is cycling, it alternates between being fully discharged and fully charged.

To quantify this, we use the term State of Charge (SOC), which corresponds to the per-
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centage of charge that a battery is holding, from 0% to 100%. When the SOC is at 100%,

the battery is at Top of Charge (TOC). This is the state where the battery is most ready to

spontaneously release energy (i.e., discharge), and it also corresponds to the condition under

which the battery is most likely to fail|an important distinction for this work. Conversely,

when the battery is at 0% SOC, it is at Bottom of Charge (BOC).

When �rst cycling a fresh battery, at least two slow cycles are performed (C-rate below

C/20) to form a stable solid electrolyte interphase (SEI). The SEI will be discussed in more

detail later in this work, especially as it pertains to the safety of a cell but, it is important

to note here for those not familiar with alkali-ion battery chemistries that the reason that

these batteries work so well is because of a well engineered SEI. The SEI is the product of

electrolyte redox instability at the surface of the anode at low voltages. This layer deposits

on the anode surface, allowing for active ions (i.e. Li or Na) to di�use through to the anode

on charge or out of the anode on discharge, while blocking electrons from the electrolyte,

stymying any more electrolyte degradation. In fact, most high performance electrolytes in

use today are high performing because it is engineered to create a robust SEI.[6]

1.1.2 Lithium-ion batteries

Since their invention in the 1980s by Sony LIBs have undergone a lot of changes and the array

of material choice is diverse and application speci�c. For example, a luxury EV will have a

NMC811 cathode with a graphite/silicon hybrid anode with a localized high concentration

electrolyte �nely tuned for the rate capabilities and limits of that speci�c vehicle while a

battery for grid storage applications may utilize a LFP cathode and a graphite anode with a

conventional LiPF6-containing electrolyte to reduce cost but maintain decent performance.

For simplicity's sake and to remain within the scope of this work, Table 1.1 lists all the
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materials used to make batteries in this work.

The cathodes used in this work are lithium cobalt oxide (LCO), lithium iron phosphate

(LFP), and high nickel content lithium nickel manganese cobalt oxide (NMC811). Each

of these electrodes consist of a transition metal to allow for redox reactions and an oxide

(phosphate for LFP). All of these electrodes are also intercalation electrodes, allowing for

facile lithium insertion and extraction from the cathode layer sca�olding; an example of

this sca�olding or layering is shown in Figure 1.2. Lithium is shuttled in and out of the

cathode via the following reaction mechanism:

Li[TMO] 
 xLi + + xe� + Li 1� x [TMO] (1.4)

Where X moles of lithium are deintercalated from the transition metal oxide (TMO) in this

general case. As the lithium leaves the cathode the charge is compensated by the oxidation

of the transition metal center. Let's take a look at a more speci�c example of LFP where

the intercalation process is as follows:

LiFePO4 
 x Li + + x e� + Li 1� xFe2+
1� xFe3+

x PO4 (1.5)

At TOC all of the lithium is deintercalated from the LFP cathode transitioning the

entirety of the positive charge onto the iron sites in the structure. Unlike LFP, the structure

of other conventional cathodes like LCO and NMC will degrade if too much lithium is

deintercalated from the material, causing oxygen to release from the cathode, creating a

potentially hazardous situation. Because of these structural instabilities LCO and NMC

cathodes can only utilize around half of their stored lithium in the structure. Also because

of these instabilities at TOC and high energy density, both NMC and LCO are more prone

to thermal runaway than LFP. LFP is a more stable compound but at the price of a lower
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energy density leading to the assumption that LFP is less prone to catastrophic failure

under the same conditions as the LCO and the NMC cathodes.

On the negative side of the battery, or the anode, generally exists arti�cial or natural

graphite coated onto a copper current collector. Graphite, like its cathode equivalents, is

an intercalation compound and lithium inserts reversibly into the material as follows:

C6 + Li + + e� 
 LiC 6 (1.6)

Graphite is an ideal candidate for the anode because as the lithium intercalates into the

material, the voltage drops near to metallic lithium. This increase of cell voltage in turn

leads to an increase in the energy density of the cell, allowing us to pack more energy into

a smaller mass or volume. At these low voltages, the electrolyte becomes electrochemically

unstable against the graphite leading to the formation of the SEI. The formation of the

SEI parasitically decreases the original lithium inventory of the cell but, if the electrolyte is

designed correctly, will passivate the anode surface, stopping the continued decomposition

of the bulk electrolyte on the surface. The composition of the SEI is dictated primarily by

electrolyte composition and will be discussed in further detail further on in this section.

Pure lithium metal is the other anode that is used in this work. Considered the \holy

grail" of LIB battery anodes due to its 10x capacity increase to graphite, lithium metal has

been extensively researched as a drop in replacement.[7, 8] Instead of intercalating into the

anode, lithium ions are plated and stripped from the surface of the anode. While promising,

lithium metal anodes are prone to high surface area plating, leading to extensive electrolyte

decomposition e�ectively drying out the cell.[9] This high surface area plating morphologies

can also lead to dendrite growth and eventual internal short circuiting of the battery, a

potential safety concern expanded upon extensively in Chapter 2 of this work. It should be



10

CHAPTER 1. INTRODUCTION

Table 1.1: Lithium-ion battery materials

Component Material (Name) Formula Voltage Range (V) Capacity (mAh/g)

Cathode

Lithium Iron Phosphate (LFP) LiFePO 4 2.5{3.65 170

Lithium Cobalt Oxide (LCO) LiCoO 2 3.0{4.2 274

NMC811 (Layered Oxide) LiNi0:8Mn0:1Co0:1O2 2.8{4.3 278

Aluminum Current Collector Al { {

Anode

Arti�cial Graphite C 6 0.01{0.25 372

Lithium Metal Li 0{0.2 3860

Copper Current Collector Cu { {

Separator

Polyole�n (e.g., PE or PP) (CH 2CH2)n { {

Electrolyte

Lithium Hexa
uorophosphate (Salt) LiPF 6 { {

Lithium Bis(
uorosulfonyl)imide (Salt) LiFSI { {

Carbonate Solvents EC, DEC, DMC { {

noted that lithium metal plating can also occur on graphite anodes when the voltage of the

anode vs lithium metal is less than zero (see Electrical Abuse).[10]

In these systems, a polyole�n separator is used to ensure no internal short circuiting

between the electrodes occurs. The polymer separators used in this work are 25� m thick

single layer polypropylene separators. These battery separators are designed to melt at

relatively low temperatures (100 °C - 130 °C) with the intention of cutting o� the electrical

connection between the two electrodes.[11] In practice, the melting of the separator will also

shrink it causing a phenomenon known as a pinch short, the opposite of what the separator

is designed to do. New state-of-the-art separator technologies have ceramic coatings on the

polyole�n layers in an attempt to minimize separator shrinkage at high temperatures.

When assembling LIBs, the separator is wetted with an electrolyte designed for high

ionic conductivity and bene�cial decomposition products for the SEI. By and far the most

popular electrolyte in conventional LIBs is lithium hexa
uorophosphate (LiPF 6) dissolved
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in carbonate co-solvents such as ethylene carbonate (EC), diethylcarbonate (DEC), and

dimethylcarbonate (DMC). Original LIBs used propylene carbonate (PC) as a cosolvent

but to no avail due to the cointercalation of the solvent into the graphite, exfoliating it and

delaying the commercialization of the �rst LIBs.[12] The carbonate solvents in use today are

electrochemically unstable at the anode surface at high SOCs degrading into organic and

inorganic components like lithium carbonate (Li2CO3), lithium 
uoride (LiF), and other

elastic polymers with the 
uorine coming from the decomposition of the electrolyte salt.[13]

LiPF 6 is known to be moisture sensitive, hydrolyzing to form hydro
uoric acid (HF) even

with ppm amounts of water in the electrolyte.[14] HF is detrimental to battery performance

as it can degrade both the SEI and the cathode leading to irreversible lithium inventory

loss and potential runaway reactions at the anode, inducing thermal runaway. The amount

of 
uorine in the salt also limits the ability to recycle spent LIBs because the 
uorine will

form stable compounds that are hard to separate from the host materials in order to reuse

them.[15]

In an e�ort to decrease the amount of 
uorine in the system and improve resilience

to moisture other electrolytes have been explored. Lithium bis(sulfonyl)imide (LiFSI) has

emerged as a potential new electrolyte salt for use in LIBs due to its high ionic conductivity

and resistance to hydrolysis.[16] LiFSI systems have also been observed to form more stable,

denser SEIs potentially limiting parasitic inventory loss and increasing cycle life. Also, the

stabler SEI has the potential to increase the overall battery safety due to increased anode

stability at elevated temperatures.
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1.1.3 Sodium-ion batteries

Sitting just below lithium on the periodic table, sodium systems also undergo a single

electron redox mechanism. Due to the similarity in the redox mechanism a lot of previous

work that has been done on lithium systems has been readily applied to sodium systems.

This has led to the rapid advancement of these systems to the point that Chinese car

manufacturer BYD has EVs loaded with SIBs available for purchase (though, not in the

United States).[17] SIBs generally have a lower energy density than LIBs due to the lower

redox potential of sodium to lithium (-2.71 V to -3.04 V) as well as sodium being a heavier

ion. SIBs have primarily been of interest as an alternative to LIBs due to their diversi�ed

supply chains due to the higher geographic diversity of sodium precursors and their cheaper

bill of materials.[18, 19]

Common SIB cathodes bear similarities to LIB cathodes as they are both transition

metal oxides or phosphates that undergo one electron redox reactions to reversibly insert

and extract the Na ions from the materials. The cathode used mainly in this work is sodium

nickel iron manganese oxide (NaNFM) which has a nominal voltage and capacity similar to

LFP allowing for interesting comparison (see Chapter 4). Notably, state-of-the-art sodium

cathodes do not rely on the addition of cobalt to the electrode, an important element to

avoid economically due to its high cost and geographical limitations.[20]

On the anode side, SIBs utilize hard carbon anodes coated on aluminum current collec-

tors rather than graphite on copper. The interlayer spacing of graphite does not allow for

the intercalation of the sodium rather, the sodium will plate on the surface of the anode

forming dendrites and dead metal causing inventory loss and potential safety hazards.[21]

SIBs also are able to use aluminum as the current collector on both the anode and the cath-
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ode because the sodium ions will not alloy with the aluminum at the low anode voltages

unlike lithium. This decreases the cost of SIBs further. Sodium ions will sodiate the hard

carbon electrode to a stoichiometry of approximately NaC15� 22, yielding a smaller practical

capacity than arti�cial graphite and lithium.[22, 23]

Table 1.2: Sodium-ion battery materials

Component Material (Name) Formula Voltage Range (V) Capacity (mAh/g)

Cathode

Sodium Iron Phosphate Fluoride (NFPP) Na2FePO4F 2{3.25 120

NaNFM (Layered Oxide) NaNi 1=3Fe1=3Mn1=3O2 2.5{4.0 160

Aluminum Current Collector Al { {

Anode

Hard Carbon Cx 0.01{1.5 300

Sodium Metal Na 0{0.2 1166

Aluminum Current Collector Al { {

Separator

Polyole�n (e.g., PE or PP) (CH 2CH2)n { {

Electrolyte

Sodium Hexa
uorophosphate (Salt) NaPF6 { {

Sodium Bis(
uorosulfonyl)imide (Salt) NaFSI { {

Carbonate Solvents EC, DEC, DMC { {

Sodium analogs of lithium electrolytes have also been widely employed in SIBs namely

NaPF6 and NaFSI in carbonate cosolvents. Both of these electrolytes will form SEIs on the

surface of the anodes akin to the SEIs observed in lithium systems.[24] These electrolytes

are also more thermally stable than their lithium counterparts suggesting that SIBs may be

more thermally stable and therefore less prone to thermal runaway reactions or catastrophic

failure.[25] Due to the relative youth of the modern SIB �eld, very little work has been done

to quantify the safety of these materials and will be further discussed in Chapter 4.
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1.2 Introduction to Battery Safety and Safety Testing

In previous sections I have alluded to potential modes of failure for these energy storage

systems and a potential framework to begin thinking about battery safety holistically. To

fully grasp the content of this dissertation it is important to have an understanding of

what potential failure mechanisms these devices have and what the current state-of-the-art

techniques are deployed to understand said mechanisms.

Batteries that perform well fail slowly due to the ongoing SEI formation slowing eat-

ing away at electrolyte inventory. This can be observed by your phone or other portable

electronics slowly losing their battery life over time. Figure 1.3 shows an example of when

a battery fails quickly and explodes. When a cell's state becomes unstable from an arbi-

trary abuse, cascading exothermic reactions starting at the anode with SEI degradation

and ending with oxygen release at the cathode, combusting the electrolyte. Based on this

understanding, electrolyte engineering to increase the stability of the SEI and increase the


ashpoint as well as cathode thermal stability have been identi�ed as low hanging fruit op-

portunities to increase battery safety without having to reinvent the wheel. This framework

has given rise to LFP, the vastly more stable cathode compared to LCO and NMC, and

work into new electrolyte solvents and salts like the FSI class.

Battery safety abuse and, therefore, abuse safety testing is generally organized into three

subgroups: electrical, thermal, and mechanical. These subgroups are de�ned as a result of

the nature of the abuse that the battery undergoes to push it to a state where it will

catastrophically fail. The purpose of these tests is to determine whether certain abuses will

cause the battery to fail during mimicked real world failure. This has driven the battery

safety �eld into a binary way of testing, asking the question: "did the cell I am testing
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Figure 1.3: Representative mechanism of battery failure leading to thermal run-

away.. Retrieved from [26].

explode or not?" In this work, I go in depth about how di�erent modes of abuse may lead

to the same outcome, but by di�erent pathways. The way batteries explode is important

to building a design framework which allows for safer battery design and use.

1.2.1 Electrical Abuse

When a battery is subjected to electrical abuse it is put in abnormal electrical conditions.

These can either drive high amounts of current through the cell or drive degradation re-

actions which can tip the battery into thermal runaway. In this section I will introduce

common modes of electrical abuse.
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Overcharge

When a battery is overcharged the Vcell > Vupper limit. When the voltage is driven

past the de�ned upper cuto� the cathode voltage continues to rise and the anode voltage

decreases, destabilizing both electrodes, driving the cell into thermal runaway. This type

of electrical abuse is especially prevalent in battery packs where the battery management

system (BMS) is faulty or the cells are not properly leveled. This can also be exacerbated

by using charging infrastructure not properly rated for the device in question, driving up

overpotentials or not having a current interrupt at voltage cuto�s.

The e�ect of overcharge is sensitive to material choice, especially on the cathode side. In

cathodes like LCO or NMC, not all of the lithium is utilized. At deep states of delithiation

of the cathode, the 2D planar structure of the cathode will collapse on itself, forming a rock

salt and releasing oxygen in the process.[27] This rock salt phase acts as a resistive barrier

to lithium di�usion which increases the cell's resistance. When these types of cathodes

are overcharged, the phase change occurs releasing oxygen into the electrolyte and joule

heating the cell due to increasing cell resistances. In the case of LFP, at high states of

charge there is no lithium left to extract from the cathode, this drives up the voltage very

quickly and releases oxygen from the cathode but more slowly. At these high cathode

voltages, the electrolyte, generally engineered to be stable at normal operating cathode

voltages, becomes oxidatively unstable at the surface forming gases including 
ammable

gases like H2.[28, 29]

On the anode side, the voltage drops below 0 V, making it thermodynamically favor-

able to plate metal onto the anode. These metal deposits can form dendrites that can

grow across the cell, short-circuiting the cell in what is widely believed to be a common

way batteries catastrophically fail. The e�ect of these dendrites is expanded on in Chapter 2.
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Overdischarge

Overdischarge destabilizes the copper current collector on the anode. Like overcharging

a cell, this type of abuse is common in poorly balanced battery packs or faulty devices

that will continue to draw current after the cell voltage drops too far. When a battery

is overdischarged the voltage of the anode gets high enough to oxidize the metal copper

current collector to a soluble Cu2+ ( 3.3 V vs Li/Li + ).[30] This copper can be plated on the

anode in subsequent cycling, forming copper dendrites that can short circuit the battery

causing failure.

Internal and External Short Circuiting

Short circuiting exists in almost every form of battery abuse and can manifest as either

internal short circuiting (ISCs) or external short circuiting (ESCs). As the name suggests,

ISCs exist within the con�nes of the cell. ISCs can be born from electrical abuse (lithium

and copper dendrites), thermal abuse (separator melting), or mechanical abuse (metal pen-

etration or crushing). In each of these instances a conductive bridge is introduced between

the anode and the cathode discharging the battery and generating heat via joule heating

and other parasitic reactions. The degree of harm an ISC poses is extremely dependent on

external variables such as type of ISC, material of short circuit bridge, and chemical com-

position of all of the battery materials.[31{34] In Chapter 2, the e�ects and consequences

of lithium metal short circuiting is discussed in detail in high voltage LIB systems.

ESCs consist of connecting the positive and negative terminals of the battery either to

each other or an unprotected load discharging the battery as fast as possible.[35, 36] This

is limited by the mass transportation limits of the lithium deintercalating from the anode
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but, due to the extremely high rates of discharge, the internal cell temperature can reach a

point where the SEI becomes unstable tipping the cell into thermal runaway.

1.2.2 Thermal Abuse

Thermal abuse of cells consists of taking cells to extreme high or extreme low temperatures

to trigger thermal runaway reactions. At elevated temperatures, the SEI as well as other

materials like the electrolyte readily decompose exposing fresh surfaces for further runaway

reactions. Also at high temperatures the separator will melt or shrink inducing internal

short circuiting. These types of abuse can be simulated using calorimetry which is used

extensively in this work.

Cold temperatures can promote sluggish transport in cells which can have consequences

during charge sequences. At low temperatures, lithium ions will concentrate at the surface

of the anode due to slower than normal insertion into the anode. This can drive the voltage

below zero at the surface making it thermodynamically favorable for lithium to plate on the

surface. This lithium metal can plate into dendrites or become electrically disconnected to

form dead lithium. Lithium in its metal state is extremely reducing and as temperatures

increase it can readily react with the electrolyte causing gassing and cell failure.[10]

1.2.3 Mechanical Abuse

Mechanical abuse is the most general abuse type and the most common type of testing

to determine the safety hazard a cell poses. These tests consist of vibrating, crushing,

smashing, or penetrating, among others, the battery to compromise the cell. If the cell goes

into thermal runaway from this kind of abuse it is likely that the abuse induces an ISC that

increases the cell temperature to the point where runaway reactions occur.
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The most common type of mechanical abuse testing is nail penetration. As the name

suggests, the test cell is either shot or poked through with a nail to mimic a real world

scenario where shrapnel compromises a battery. The metal nail will induce a short circuit

pushing the cell into thermal runaway. This test is widely used to determine the ther-

mal hazard of cells but it has not been standardized even though recent work suggests

that parameters such as nail diameter and penetration speed a�ect the outcome of the

experiment.[37]

1.3 Introduction to Calorimetry Techniques for Battery Test-

ing

Calorimetry is a powerful technique for quantifying thermal phenomena in electrochemical

energy storage systems. As batteries undergo charge, discharge, or rest, they often release

or absorb heat due to a combination of resistive, entropic, and parasitic processes. Calori-

metric analysis provides direct insight into these thermal signatures, enabling a deeper

understanding of the energy e�ciency, safety, and degradation mechanisms of battery com-

ponents. By measuring the heat evolved or absorbed, we can quantify irreversible losses,

detect the onset of thermal runaway, or monitor the evolution of the SEI during cycling or

abuse.

Two main calorimetric approaches are widely employed in battery research: isothermal

and scanning methods. Isothermal microcalorimetry (ITMC) allows for continuous moni-

toring of heat 
ow under constant temperature conditions, ideal for detecting slow or low-

enthalpy reactions such as SEI formation or electrolyte decomposition during rest. In con-

trast, di�erential scanning calorimetry (DSC) involves programmed temperature ramps to

induce and detect thermally activated events|such as melting, decomposition, or exother-
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mic reactions between electrode and electrolyte components. These measurements are criti-

cal for determining thermal stability thresholds and designing safer battery chemistries. As

battery technology advances, calorimetry remains a vital tool for linking thermal behavior

to chemical and electrochemical phenomena in real-world systems.

1.3.1 Isothermal Microcalorimetry

Isothermal microcalorimetry (ITMC) is a high-sensitivity calorimetric method that quan-

ti�es the net heat 
ow, _q(t), from a sample held under strictly isothermal conditions. It

operates by detecting power compensation required to maintain thermal equilibrium be-

tween a thermally insulated sample and a reference. The power signal, typically on the

order of nanowatts to microwatts, re
ects exothermic or endothermic processes in real-time

and is a direct function of enthalpic changes due to physical or chemical reactions within

the test well. The system uses Peltier-e�ect thermopiles and PID-controlled feedback loops

to balance the power input against sample heat output, ensuring accurate long-duration

calorimetric integration:

Q =
Z t f

t0

_q(t) dt (1.7)

In this work we utilize operando electrochemical ITMC to measure the enthalpic changes

of battery systems during electrochemical testing. Figure ITMC shows a schematic repre-

sentation of the plunger of the operando set-up where a battery is placed in the test well

of the plunger and is electrically connected via wires threaded through the thermal shunts

to an external potentiostat. A dummy cell with all of the inert materials is placed into an

identical plunger as a reference as it has a similar thermal mass to the cell on test.

In operando electrochemical systems, the total heat 
ow _qtotal comprises reversible

(entropic), irreversible (Joule and overpotential), parasitic, and dissipation contributions
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Figure 1.4: Schematic representation of an operando electrochemical ITMC

plunger. Retrieved from [38].

where:

_qtotal (t) = _qJoule + _qover + _qSEI + _qrev � _qdissipation (1.8)

In Eq 1.8, _qJoule = I 2R is ohmic heating, _qover = I � � is overpotential-related, _qSEI

is associated with all exothermic parasitic reactions (e.g., SEI formation, electrolyte re-

duction/oxidation), _qrev corresponds to entropic change over cycling, and _qdissipation is any

power lost due to device ine�ciencies.

Krause et. al. spearheaded this type of technique and were able to quantify SEI growth

of di�erent anodes over many cycles.[39] By integrating the heat 
ow over each cycle they

were able to decouple the parasitic growth from the entropic and dissipation terms. Then,

very elegantly, the heat 
ow due to internal resistances was calculated using their electro-

chemical data allowing them to quantify parasitic heat 
ows.
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1.3.2 Di�erential Scanning Calorimetry

Di�erential scanning calorimetry (DSC) measures the di�erence in heat 
ow between a

sample and an inert reference as a function of controlled temperature ramp, yielding a

direct quanti�cation of thermodynamic events such as phase transitions, reaction onsets,

and decomposition energetics.

During a linear ramp at rate � = dT
dt , the net heat 
ow signal _q(T) can be described as:

_q(T) = Csample
p (T) � � + � _qrxn (T) (1.9)

where Csample
p is the speci�c heat capacity, and � _qrxn is the latent or reaction heat term

(e.g., from melting, decomposition).

In this work, DSC techniques are used to quantify the thermal stabilities of di�erent

materials to determine the upper temperature bounds of normal operation and to quantify

the e�ect of di�erent materials on the total energy release during thermal runaway. The

onset temperatureTonset, peak temperatureTmax , and heat released �H are extracted from

the DSC trace to determine thermal hazard as follows:

� H =
Z T2

T1

_q(T)
dt
dT

dT =
1
�

Z T2

T1

_q(T) dT (1.10)

By being able to quantify these reactions, we can obtain a more holistic understanding of

the thermal hazard when screening for new materials beyond electrochemical performance.

1.4 Dissertation Overview

Now that you are hopefully better oriented to the content of this work, dear reader, we

will now continue on. This dissertation is an e�ort to better understand and challenge

the assumptions widely believed in the community about thermal hazards and thermal



23

CHAPTER 1. INTRODUCTION

runaway mechanisms. In Chapter 2 I utilized ITMC to study the e�ect of lithium metal

short-circuiting to determine whether the widely held belief that these types of ISCs will

cause thermal runaway is true or not. In Chapters 3 and 4, DSC is used to look into the

e�ects of thermal stability when the conventional PF6 electrolyte salt is switched to a new,

promising FSI electrolyte salt in lithium and sodium systems. At the end of Chapter 4,

these systems are compared and there is discussion on the cell safety of next-generation cells

compared to current state-of-the-art. Chapter 5 contains my other e�orts to engineer cost-

e�cient lab-scale techniques to mechanically abuse batteries and some preliminary data

obtained from the devices. Future work and outlooks from this research are discussed in

Chapter 6. Chapter 2 is currently in the peer review process and Chapters 3 and 4 are

currently being prepared for publication. Chapter 5 section 5.1.2 contains work from Ells

et. al. where I contributed to experimental design.[40]
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Chapter 2

The consequences of lithium metal

short circuiting

The large-scale application of lithium-ion batteries is limited by infrequent but catastrophic

safety failures such as �res and explosions. Thermal runaway is often attributed to internal

short-circuiting from lithium �lament growth that occurs during battery operation with no

quantitative basis for this assignment. The lack of quantitative data of the heat release

during lithium metal short circuiting is a direct result of the challenges associated with

isolating the shorting event from other physical and chemical processes that occur during

electrochemical cycling of lithium-ion batteries, especially during failure. In this work, we

overcome these barriers by constructing a system that can simultaneously probe heat release

and voltage response during lithium metal-driven internal short circuits with operando

isothermal microcalorimetry (ITMC). We perform these measurements at various states of

charge, focusing on high voltage states, where oxygen evolves in the cell, providing fuel for

thermal runaway. Quantitative analysis of operando ITMC and resistance modeling strongly

indicates that lithium internal short circuits produce very small amounts of heat ( � W/cm 2)

consistent with highly resistive, passivated lithium metal that do not have the structural
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or chemical integrity to push cells into thermal runaway (temperature increase of< 2 ºC).

We conclude that it is not the short circuit event itself, but rather other phenomena that

occur during cell aging that facilitate thermal runaway (e.g., excessive gassing that occurs

during passivation). The inherently low heat associated with Li ISCs indicates that existing

electrochemical protocols to uniformly dissolve Li �laments can be utilized to drastically

improve the safety pro�le of LIBs for a wide range of applications.

2.1 Introduction

Lithium-ion batteries (LIBs) are the ubiquitous solution for energy-dense storage in indus-

tries from transportation to grid infrastructure, but current state-of-the-art cells contain

intrinsically 
ammable materials (e.g., organic electrolytes and pyrophoric solids). Imple-

menting, improving, and enforcing safety standards is crucial in urban areas[41]; this re-

quires a comprehensive evaluation of the mechanisms leading to catastrophic failure. Only

then can the �eld develop risk-mitigation strategies for wide-scale energy-dense battery

implementation.

In many safety incidents involving LIBs, an inciting event raises the cell's temperature

to a series of exothermic reactions that cause thermal runaway.[26, 42{45] It is generally

accepted that the �rst step in thermal runaway is solid electrolyte interphase (SEI) decom-

position on the anode at approximately 80 - 100°C.[36, 42, 46{49] Breakdown of the SEI

exposes fresh surface where exothermic reactions between the anode and the electrolyte

occur, including those that generate gaseous byproducts, until the separator melts at ap-

proximately 130 - 200 °C.[50, 51] Although melting is an endothermic process, damage to

the separator may result in a massive internal short circuit (ISC) from non-reactive elec-

trical conductors, leading to a rapid and sustained increase in cell temperature.[43] The
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combination of these events generates and accumulates enough heat to trigger exothermic

and autocatalytic cathode reduction and electrolyte combustion in the presence of high gas

volumes that may lead to cell venting and explosion.[26, 52, 53]

Acute processes that trigger thermal runaway in LIBs have been repeatedly veri�ed.

These include speci�c instances of thermal abuse (e.g., local overheating due to contact resis-

tance at the leads[54{56]), mechanical abuse (e.g., crushing,[57{63] nail penetration[37, 64{

66]), and electrical abuse (e.g., overcharge,[35, 67], over-discharge[68, 69]) leading to thermal

instability in LIBs. However, chronic damage accumulation to the cell is more di�cult to

emulate in laboratory environments, and failure modes due to hysteresis, resultant events

such as Li plating, have not been directly linked to cell runaway in the literature. Despite

this uncertainty, an ISC caused by Li �lament propagation is often cited as a mechanism of

thermal runaway, in which Li metal �rst nucleates on the anode, crosses the separator, then

bridges the anode and the cathode to form an ISC.[66] It is speculated that su�cient cur-

rent passes through the �lament to rapidly discharge the battery and generate the requisite

heat for thermal runaway. However, there have been no direct, quantitative measurements

of the temperature change associated with Li metal ISCs and, therefore, no evaluation of

their safety risk.[32, 70{72]

In this work, we design a cell to measure the heat released during a Li �lament short-

circuit with operando isothermal microcalorimetry (ITMC). We conduct these measure-

ments by growing isolated Li �laments that contact a LiCoO 2 (LCO) cathode delithiated to

4.2 V. Cell conditions were engineered to maximize heat generation; we promoted the ISC

at the state-of-charge (SOC) of LCO with the lowest interfacial stability and highest like-

lihood of gas evolution for normal operating conditions.[73] The supply of oxygen from the

cathode, heat via the Joule heating through the �lament ISC, and fuel from the carbonate-
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containing electrolyte provide each reactant for combustion. Our results indicate that even

in this extreme test case, the energy released during the ISC event is approximately tens of

millijoules and results in minimal change in battery temperature. Therefore, Li metal ISCs

alone cannot be responsible for catastrophic failure events in LIBs. At the end, we propose

strategies to safely approach Li �lament growth during routine LIB operation.

2.2 Results

2.2.1 Cell design to test the heat release of �lament-driven shorting

The coin cells used in this work were speci�cally designed to reproducibly grow Li �laments

that short-circuit the cell by connecting a lithium metal anode to a Li 0:5CoO2 (LCO)

cathode via a lithium �lament grown through a 500 � m-thick Te
on mask (hereon referred

to as `s-cells' for short-circuit cells). The mask was machined with a 2 mm central hole to

control the site of Li propagation (Figure 2.1). Prior to cell assembly, LCO cathodes were

delithiated to 4.2 V vs Li + /Li to bring the cell to top of charge[27] where the cathode active

material is at or above the stable voltage window (charging pro�les from the pre-charging

procedure are shown in Figure 2.2). Pre-charging was required because the amount of

lithium required to short-circuit the cell (tens-hundreds of nAh, see Methods), even with a

thick mask, is much lower than the capacity needed to delithiate the cathode to the desired

voltage (tens of � Ah).
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Figure 2.1: Coin cell format used to reproducibly produce lithium metal internal

short circuits (abbreviated `s-cells' for short-circuit cells). (a) Top-down schematic

of the `s-cell' and (b) pro�le view that highlights Li �lament propagation through the 500

� m PTFE mask and approaching the delithiated Li 0:5CoO2 cathode prior to the short-

circuiting event. (c) Optical image of a Li chip removed after a �lament-derived ISC event

showing the black area where Li electrodeposition and electrolyte decomposition occurs,

demonstrating that electrochemical activity is limited to the con�nes of the punched-out

hole in the mask.

Figure 2.2: Three pre-charging pro�les for Li/LCO half cells. The cells were charged

using a CCCV protocol starting with a C/5 charging rate and ending with a C/20 rate.

Each cell is rested for at least two hours to ensure a stable OCV at top of charge.

After assembly, we discharged the s-cells at a current density of 1 mA cm� 2, where the

low current allowed for temporal resolution between the initial exothermic SEI formation
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process and the ISC event. Figure 2.3 shows the voltage pro�les for three s-cells, all of which

demonstrate a consistent voltage response to the ISC event. After a brief rest period to

monitor the initial open circuit voltage (OCV, between 4.0 and 4.1 V), we applied a 1 mA

cm� 2 constant current to the cell. First, we observed a nucleation peak from lithium plating

(i, green). Then, each cell continued to charge (ii, yellow) until the �lament-driven ISC

occurred and the voltage dropped (iii, red). We implemented voltage gradient thresholds to

halt current 
ow at the moment of the ISC. Therefore, all observed heat 
ow originated from

the ISC rather than other electrochemically induced exothermic events (e.g. SEI formation).

Immediately following the ISC, the cell voltage drops sharply (but we see no corresponding

increase in current), followed by a few hours of voltage instability. The potential then slowly

decays over a 10-hour open-circuit period. In the following section, we discuss this drop in

potential and the subsequent voltage relaxation in the heat signature measured with ITMC.
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Figure 2.3: Three in-situ shorting experiments. Each voltage pro�le has an expected

Li metal nucleation peak (green), constant current charging with �lament propagation (or-

ange), and a �lament-driven ISC (red, inset), where time = 0 is approximately 2.5 minutes

before short-circuit to provide clarity about the duration and voltage trace of the initial

ISC. The inset of each pro�le shows the electrochemical signature of a Li �lament-driven

ISC, and the red dashed lines in each inset show where the current is halted.

2.2.2 Measuring the heat released from lithium metal internal short cir-

cuits

With the ability to reliably short-circuit cells, we then performed operando isothermal

microcalorimetry measurements to examine the heat 
ow that occurred during lithium

metal internal short-circuiting events (Figure 2.5). At the start of the experiment, the

system is at rest to allow for sensor equilibration. Then, we turn on the current and

observe an increase in the heat 
ow (green region) due to ohmic heat generation from the

bulk resistance of the cell and exothermic parasitic side reactions between the fresh lithium

metal surface and other electrolyte breakdown reactions at the positive electrode (e.g. the

cathode is susceptible to oxygen evolution at s-cell voltage> 4.35 V; overpotential from the
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Te
on mask was determined to be 150 mV as shown in Figure 2.4).

Figure 2.4: Current interrupt test to monitor overpotential. During the charging

process of the s-cell, we interrupt the current for 15 minutes to determine the overpotential

of the cell. As the current is interrupted, we determine that the voltage drop was 150 mV.
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Figure 2.5: A representative operando ITMC shorting experiment using the s-

cell. (a) We split the energy release that we measure from the shorted s-cell into the heat


ow before the short (green), the heat 
ow during the time of the short (blue), and the

heat 
ow after the short and during the voltage relaxation (yellow). (b) Cell voltage as a

function of time recorded during the ITMC experiment. Inset shows the soft short-circuit.

The applied current during the experiment was 1 mA/cm2. (c) The average energy of each

section, averaged over four separate experiments. The red dashed line denotes when the

short circuit occurred in panels (a) and (b).

Figure 2.6: Heat 
ow measurements for all four cells averaged

For the s-cell shown in the operando ITMC experiment Figure 2.5, an ISC occurred

after approximately 5 hours, denoted by the vertical red dashed line, which is consistent

with the timescale expected based on the data shown in Figure 2.3 (ISCs occur between
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3-7 h in this cell format as well as subsequent replicates, Figure 2.6). Immediately after

the ISC event, the heat 
ow peaks sharply, reaching its highest value seen during the

measurement of 26.2� W (coinciding with the voltage drop caused by the ISC) and then

decreases monotonically. Upon integrating the area under the heat 
ow curves shown in

Figure 2.5a, we �nd that the total heat evolved during pre-ISC, ISC, and post-ISC is 195

mJ (green), 22 mJ (blue), and 138 mJ (yellow), respectively. In Figure 2.5b, the energies of

each section are averaged over four separate experiments (Figure 2.6), where we �nd that

pre-ISC is 212± 117 mJ, ISC is 22± 1 mJ, and post-ISC is 138± 95 mJ. These numbers

illustrate that Li dendrite growth is stochastic, but that the energy released during the

short-circuiting event is conserved within a well-de�ned system. In the pre-ISC region, we

see low, continuous energy release due to IR heating and side reactions that vary based on

the time it takes for the cell to reach the short circuit event, likely due to the non-uniformity

of Li metal electrodeposition. At the time of the ISC, we observe a spike in the heat 
ow

that corresponds to approximately 24 mJ (on average) and ranges from approximately 20-35

� W heat 
ow across four trials (Figure 2.5). In the post-ISC portion of the experiment,

voltage relaxation correlates with slow, extended energy release, likely due to electrolyte

decomposition at the lithium �lament and/or reactions at the electrode lost as heat. This

post-short heat release suggests that contact between the two electrodes persists even after

the current is shut o�, but the magnitude of the heat 
ow indicates that the nature of the

lithium metal ISC evolves over time. If the initial lithium ISC is preserved, then the energy

released during the post-ISC time period is equal to:

Q = P � t (2.1)

Where P is power (e.g., heat 
ow of the ISC) and t is the time that the ISC persists. In



34

CHAPTER 2. THE CONSEQUENCES OF LITHIUM METAL SHORT CIRCUITING

each case, the Q value (in mJ) obtained from integrating the heat 
ow curve is signi�cantly

lower than that found via Eq. 2.1, which uses the heat release from the initial short cir-

cuit. The fact that heat release decays over time suggests that the lithium metal �lament

passivates over time, passing signi�cantly less current than the initial short.

Regardless of time-to-short and subsequent events, the energy release during the ISC

was consistently ~22 mJ with little variability across each sample (± 1 mJ), indicating that

lithium metal ISCs behave similarly in all cells and that constraining Li �lament growth

within the mask provides a controlled platform from which we can model thermal events for

Li ISCs. In the following section, we introduce a thermal model that describes how lithium

metal ISCs release such little energy during a short and the risk this poses in real battery

systems.

2.2.2.1 Thermal modeling of lithium metal ISC events: Can lithium metal

induce thermal runaway?

When our potentiostat detects a short-circuit, the cell is held at an open-circuit condition.

Since Joule heating is now zero and we assume pseudo-adiabatic (the worst scenario with

respect to safety) conditions at a time greater than the time of ISC (t > = tsc). From

here, we calculate the change in temperature using the formula for speci�c heat as follows

(Eq. 2.14, detailed justi�cation is discussed in Methods).

� T =
Q

mCcell
(2.2)

Where Q is the energy released (from ITMC), m is the mass of the system (m = 3.98

g), and C is the heat capacity of the cell (2.75 J/g K, see Methods and Figure 2.7).
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Figure 2.7: Heat capacity experiment of an s-cell. Using the ITMC the temperature

was swept from 25°C to 80 °C. The resulting heat 
ow was integrated via time to obtain a

speci�c heat capacity.

Using this approach, we �rst model the temperature change that occurs for a lithium

metal ISC that releases 22 mJ when the heat is allowed to dissipate across the entire 20

mm diameter and 3.2 mm height volume of the coin cell. In this case, we �nd a minor

temperature change in the battery of 2 °mC, leading to an overall cell temperature of

25.002 °C (Figure 2.9b, c), indicating that there is little to no risk of thermal runaway

under these conditions. Next, we estimate the local heating as a result of contact with the

Li �lament, assuming that the heat released is con�ned to the 2 mm mask diameter and 500

� m mask height volume. Note that upon disassembly of the cell, we observe darkening of

the entire region that is not protected by the mask and multiple lithium �laments growing

in the mask opening (Figure 2.1c, Figure 2.9a). Using Eq. 2.3,

� Tsmall = � Tlarge �
�

Vlarge

Vsmall

�
(2.3)
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Figure 2.8: Experiment with no gradient voltage current switch. Instead of imple-

menting the voltage gradients, the current remains on after the initial ISC to simulate a

more realistic situation of a cell in a battery pack. The �rst three dashed vertical lines

denote individual ISCs with their corresponding peaks measured in the ITMC. After the

current is turned o� after 15 hours the heat 
ow drops back to zero.

We can solve for the temperature change when the heat release is con�ned to a small

volume (� Tsmall , Vsmall ) based on the values we observe when dissipated over the entire

cell (� Tlarge , Vlarge ). In this case, when we con�ne the heat release to the mask hole, the

temperature increase remains small at only 1.3°C (overall temperature 26.3°C), consistent

with the immediate drop in heat in ITMC and the lack of thermal events, even when the

current remains on after shorting (Figure 2.8). In any case, temperature rise in the cell
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remains well below the temperature required to initiate the �rst step in thermal runaway

(SEI decomposition at 80 °C), indicating that a lithium metal ISC alone does not pose a

risk.

Figure 2.9: SEMs and visualization of thermal model (a) SEM of the lithium metal

chip inside the mask area after a shorting experiment shows �lament propagation and hot

spot growth with a dashed red circle with a 20� m diameter. (b) The whole cell is depicted

with a lithium �lament growing through the mask during charge. Panel (c) shows both

volumes that constrain the system with their associated modeled temperature gains. The

shaded blue area in the cell represents heat 
ow of the system constrained to the volume of

the mask (2 mm), while red corresponds to the whole cell volume (20 mm).

2.2.3 Measuring the resistance of the lithium metal ISC and the corre-

sponding heat 
ow

Based on the heat and energy released during the operando ITMC experiments, we estab-

lished that the temperature change that occurs during a lithium metal ISC is very low.

However, we still have a non-zero heat 
ow and self-discharge after the initial ISC event,

which suggests current continues to 
ow through the Li �lament that connects the two

electrodes for several hours post-short. Zhao et al. demonstrated that current 
ow through

a Li �lament compromises safety if the ISC resistance is roughly equivalent to the ohmic

resistance of the cell (Rshort = Rcell ).[64] This situation is exacerbated whenRshort <<
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Rcell because almost all current 
ows through the �lament and power is dissipated as heat,

leading to thermal runaway. In contrast, when a highly resistive short forms (Rshort >>

Rcell ), very little current 
ows through the short, resulting in very little heat generation.

With this in mind, we calculate the resistance of the lithium metal ISC observed in our

experiments using the electric power law shown in Eq. 2.4:

R =
V 2

P
(2.4)

Where R is resistance, V is the voltage directly observed during electrochemical cycling,

and P is the power derived from the heat 
ow in ITMC. The resulting resistance values as a

function of time are shown in Figure 2.10b, along with the corresponding voltage and heat


ow pro�les (Figure 2.10a).

At the onset of ISC (marked with a red dotted line in Figure 2.10a-b), we see a dip in the

resistance, as expected due to the sudden decrease in voltage due to contact between the Li

�lament and the cathode that coincides with a rise in heat 
ow. We �nd that the minimum

resistance from the short circuit event is 692 k
, which overlaps with the maximum heat 
ow

(green in Figure 2.10b). After this point, we observe a period of slow self-discharge where

the resistance of the short rises (due to either �lament thinning, breakage, or oxidation),

eventually surpassing 1 M
 (Figure 2.10b). Whether we compare this to the average ohmic

resistance of a standard coin cell (10 
)[74] or the s-cells used here (225 
 , see EIS in

Figure 2.11), we see thatRshort is signi�cantly greater than Rcell . Even at its lowest point

during the initial contact, Li �laments are far too resistive to induce thermal runaway in

the cell.
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Figure 2.10: Visualization of the resistance model. (a) The measured voltage and

heat 
ow of the ISC, where t = 0, is 6 minutes before the ISC occurs; the red dashed lines

are when the applied current is switched o�. (b) The modeled short-circuit resistance using

Eq. 2.4 up to 0.5 hours after the initial ISC. Cartoons in (b) show the proposed mechanism

of a low resistance initial short (green) followed quickly by passivation (yellow, red). The

current calculated using Ohm's law and associated C-rate constrained with the 2 (or 15)

mm mask hole were 6.19� A - C/10 (green), 4.2 � A - C/13 (yellow), and < 3 � A, C/18

(red) for low resistance and passivated shorts, respectively.
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Figure 2.11: in-situ EIS before, during, and after a Li-metal short-circuit. The

resistance of the cell right after the ISC is shown to be slightly less than after one hour of

plating suggesting that there is a high resistance short circuit due to the reactive nature and

breakdown of the lithium metal �lament into SEI-like products. This continues to passivate

creating a higher resistance short-circuit shown in the EIS spectra after ten hours of OCV

monitoring.

These experimental observations are di�cult to reconcile with the properties of pure

lithium metal unless we consider passivation, where thin lithium �laments become elec-

tronically insulating and hinder current 
ow. If lithium metal behaves like a pure metal

wire connecting the anode and cathode, once the �lament short-circuits the s-cell, we can
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estimate the resistance using Eq. 2.5 as follows:

R =
�L
A

(2.5)

Where � is the conductivity of lithium metal (1.1 Ö 107 S/cm), L is the length of

the �lament (500 � m, height of the mask), and A is the area of the �lament (assuming a

cylindrical �lament with a diameter of 20 � m, as shown in SEM, Figure 2.9). If we create

a pure lithium metal �lament, we see that R = 0.145 
, which is signi�cantly smaller than

what is calculated experimentally. In addition, this value is about an order of magnitude

smaller than Rcell , possibly explaining why lithium metal ISCs are thought to lead to

serious safety concerns. However, if this were the true resistance of our short circuit, we

would expect to see much higher heat generated during our operando ITMC experiment

according to Eq. 2.4, where a theoretical R = 0.145 
 would be produce a heat 
ow of

approximately 111 W, six orders of magnitude greater than that observed experimentally,

strongly suggesting that lithium metal does not behave like a pure conductor.

In the pre- and post-ISC regions of the operando ITMC experiment, we have evidence

that heat is evolved due to lithium metal passivation during �lament growth and after it has

made contact with the cathode, respectively. The buildup of electrolyte decomposition prod-

ucts to form the solid electrolyte interphase (SEI) on lithium metal is well-established, but

its persistence and evolution post-short|and how it contributes to �lament resistance|are

not well understood.

To characterize the surface chemistry of the lithium metal ISC, we performed7Li solid-

state NMR (SSNMR) spectroscopy on Li �laments harvested from the s-cells after the

short-circuit event to gain insight into the increase in resistance (Figure 2.12). The resulting

7Li SSNMR spectrum displayed a resonance at 260 ppm corresponding to metallic lithium
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in the �lament, and a broad peak near 0 ppm from Li species in the SEI (Figure 2.12a).

Further �tting of the SEI peak revealed four distinct magnetic environments with chem-

ical shifts in good agreement with literature values for common Li-containing electrolyte

decomposition products, including LiF (� 1:0 ppm), Li 2CO3 (0 ppm), Li 2O (2:8 ppm), and

Li embedded in organic components (Figure 2.12c)[13, 75, 76]. The presence of LiF was

further con�rmed using 19F SSNMR (Figure 2.12b). These decomposition products are

known to be electronically insulating and therefore may signi�cantly alter the conductivity

of the �lament.

Rearranging Eq. 2.5 to solve for the conductivity of the lithium metal �lament that

produces a resistance of 692 k
, we �nd that � = 2.3 Ö 10� 3 S/cm, likely due to porous,

composite SEI on the surface of the �lament. These data indicate that lithium metal leads

to a \soft" short circuit in the battery where the cell can recover after contact between

the two electrodes. Further inspection of the EIS data before and after the short circuit

show that, indeed, there is little change in the overall cell resistance pre- and post-short,

providing additional support that the lithium-driven ISC passes very little current and is

likely \soft" (Figure 2.11).

Taken together, these data emphasize the relatively benign nature of lithium metal ISCs,

especially in comparison to other types of abuse. When using nail penetration of working

single layer cells, Liu et al. also found that when shorting from the anode to the cathode

side of the battery, the heat release is much lower than that compared to the opposite

direction (cathode to the anode).[77] However, with the use of a thick (0.76 mm), stainless

steel nail, the authors �nd that the heat release from the anode to cathode short circuit is

still several orders of magnitude higher than what we �nd for a lithium metal-driven ISC

( 2.5 Ö 10{1 W versus 2.5Ö 10{5 W, respectively). Note that the most dangerous scenario
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occurs when the short circuit is driven from the cathode to the anode. In this case, the heat

release increases by ten-fold (20 W) and the temperature increases beyond 400ºC, signaling

thermal runaway. The large discrepancy in heat release between the nail penetration tests

and our operando ITMC tests is directly related to the di�erences in short circuit thickness

and the fact that stainless steel does not passivate in the same way as lithium in non-aqueous

electrolytes.

Figure 2.12: 7Li and 19F solid-state NMR of a sample retrieved from six short-

circuited s-cells. Full 7Li NMR (a) and 19F NMR (b) spectra with a representative sample

that was recovered (inset (a)). The Li SEI peak is �t (c) with four parts due to the reduction

of the lithium metal forming compounds similar to that of normal electrolyte decomposition

products in the SEI of lithium metal anodes. A cartoon (d) of the proposed mechanism

of IR heating of the �lament during short leads to electrolyte reduction and an increase in

short-circuit resistance and a decrease in short-circuit current.
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2.3 Discussion

Operando ITMC measurements quantitatively show that singular lithium metal internal

short circuits do not release enough heat to push cells to thermal runaway. During lithium

�lament growth (prior to contact with the opposing electrode), passivation of the lithium

metal surface decreases its conductivity relative to the pure metallic state and leads to

a highly resistive short circuit that poses little risk to the cell. This is in stark contrast

to test conditions, like nail penetration, connecting the anode and cathode together via

a bulk, persistent, non-SEI forming metallic structure to short circuit the cell and drive

catastrophic thermal runaway. When strictly evaluating lithium metal ISCs, we �nd no

evidence that the short circuit event itself can release the heat required to drive the cell to

thermal runaway, which is con�rmed by ITMC, voltage readout, and thermal modeling.

Given that lithium metal ISCs are strongly believed to be responsible for adverse safety

outcomes, next, we rigorously evaluate our proposition that these structures are relatively

benign. First, we examine the validity of our s-cell experimental setup, which allowed

us to reproducibly control Li short circuiting, but may not represent the con�gurations

encountered in practical batteries. Our s-cells separate the anode and cathode by a distance

of 500� m to clearly distinguish the heat signatures that arise from ohmic heating, parasitic

side reactions, and short circuiting. This inter-electrode distance is further than what

is encountered in a real cell and, as a result, may alter the magnitude of the heat 
ow

that arises during Li ISC. As shown in Eq. 2.5, when the lithium �lament crosses a thin

separator, we expect to produce lower resistance short circuits. Additional operando ITMC

experiments using a 25� m thick polyimide mask with a 500 � m hole (instead of a 500� m

PTFE mask with a 2 mm hole) indicate that the heat 
ows are, indeed, higher (Figure 2.13,
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102.6 � W versus 26.2 � W). The four-fold increase in heat 
ow is lower than we would

expect based on Eq. 2.5 when we decrease the distance between the electrodes (heat 
ow

should increase by 20-fold), and we believe that this may be due to di�erences in SEI

or �lament thickness that change upon altering the mask material or simply due to the

stochastic nature of Li dendrite growth. Regardless of the mechanism responsible, both of

the ITMC experiments using thick and thin masks support that lithium �laments exhibit

high resistance that prohibits thermal runaway during short-circuiting.

Figure 2.13: Electrochemical induced lithium metal short-circuit with a 25 µm

thick polyimide mask with a 500 µm diameter hole cut out to allow for metal

propagation during charge The results show similar magnitude and shape to that of the

thicker masks suggesting that the electronic conductivity of the lithium metal is not the

limiting factor in the heat 
ow measurements, even at higher current density, and modeling

done with the thicker masks with larger diameter holes for metal propagation.

In addition to modifying Li dendrite size, we next consider how lithium metal ISCs
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impact the safety pro�le of di�erent battery form factors (e.g., pouch, cylindrical, prismatic).

The coin cells used in this study have lower active material mass loadings than commercial

cells that o�er higher energy density, and therefore, the growth of lithium metal ISCs in

these systems may present greater risks. For this estimate, we assume that the approximate

size of the lithium metal �lament produced in a larger format cell leads to similar energy

release and thus, exhibits similar resistance as observed in operando ITMC. To bound this

estimate with a \worst-case scenario" that accounts for the tight winding of electrodes in

commercial cells that brings them as close together as possible, we also provide an upper

bound where the size of the �lament is reduced to 25� m long and results in the expected

20-fold increase in heat 
ow. Based on operando ITMC and scaling of the lithium metal

�lament size, we expect a heat 
ow of approximately 500 � W upon short-circuiting of the

battery. If the system short circuits at the top of charge (approximately 4.3 V as observed in

our operando ITMC experiments and when we expect to evolve O2 from the cathode), the

resistance of the resulting short in the worst-case scenario is 37 k
 (according to Eq. 2.4).

Commercially-available 18650 cylindrical cells or large format have both been shown to have

internal resistances of approximately 0.05 
,[74, 78] indicating that the resistance of this

Li �lament is too high to pass a substantial amount of current in this system and will not

lead to thermal runaway (Rshort << R cell ).

Although one lithium metal ISC may not generate enough heat to lead to thermal

runaway, several simultaneous short circuits and the buildup of lithium metal may result

in safety events when working in concert. To evaluate this risk of multiple lithium metal

ISCs, we also determined the number of lithium metal ISCs in parallel required for the

resistance of the ISC to reach the internal resistance of the cell (Rshort = Rcell ) using the

law of combined resistances (Eq. 2.16, see Methods).
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N �lament =
R�lament

Rcell
(2.6)

As noted in the previous section, when the resistance of the ISC equals that of the

internal cell resistance, the short may generate enough heat to induce thermal runaway.[64]

For Rcell = 37 k
 and the resistance values for each cell format of interest (225 


for s-cells (Figure 2.11), 10 
 for coin cells, and 0.05 
[74, 78] for 18650-type cylindrical

cells), we �nd that N f ilament required to satisfy Rshort = Rcell is 185, 3700, and 74000,

respectively. (Note that 74000 lithium dendrites simultaneously reaching the cathode is

a much closer approximation to the hard shorts seen in other abuse tests). The large

number of �laments that would be required to simultaneously reach the cathode suggests

that lithium dendrites are not hazardous unless other contributing factors are at play. For

example, the buildup of large amounts of dead lithium over time will increase the internal

resistance of the cell, making decreasing the number of �laments required to hard short

the system and making it more susceptible to other modes of abuse (e.g., electrical abuse,

mechanical abuse). Mechanical undulations in the cell from excess Li metal (or external

crushing) may cause the simultaneous contact of multiple �laments if enough lithium builds

up in the cell. In addition, high surface area Li metal is correlated with gassing due to the

highly reducing nature of the lithium metal surface[10, 79{81] that causes cell expansion and

leads to explosions. Overall, these data are consistent with other reports that suggest cells

can undergo long-term cycling after Li metal ISCs, and our conclusion that ISCs themselves

do not lead to large temperature increases.[26, 82{86]
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2.4 Experimental Methods

2.4.1 Cell assembly for lithium short-circuiting

Before calorimetry experiments, the LCO cathode was delithiated to 4:2 V in a lithium

half-cell: A 2032-type coin cell was assembled with an LCO cathode (NEI Corporation), a

lithium metal anode (MTI Corporation), and a Celgard 2325 trilayer separator. The half

cell was then charged to 4:2 V using a CCCV protocol with a start rate of C/5 (based on a

theoretical LCO capacity of 140 mAh/g) and an end rate of C/20 to eliminate overpotential

e�ects: After the initial charging process, the cell was disassembled, and the delithiated cath-

ode was removed for use in the short-circuiting experiment: A new s-cell with the delithiated

LCO cathode, a fresh lithium metal anode, fresh electrolyte (LiPF6 in EC:DEC), and a 500

� m thick polytetra
uoroethylene (PTFE) mask with a hole punched out in the middle was

assembled (Figure 2.3).

The 500 � m thick PTFE (McMaster-Carr) disks were cut with a Dremel Digilab laser

cutter into 19 mm circles, and then a 2 mm hole was punched in the center using a hole

punch. The hole size was set to 2 mm to ensure accurate electrochemical and calorimetric

data acquisition while allowing �lament propagation through the cell. The 2 mm hole size

was also used to constrain the shorting site to a de�ned location on the cathode surface

while ionically insulating the rest of the cathode.

2.4.2 operando isothermal microcalorimetry with electrochemistry

Isothermal microcalorimetry (ITMC) was performed using a twin-type TAMIV 20 mL Mi-

crocalorimeter (Waters, n�ee TA Instruments). The cell was placed in a stainless steel

measurement cylinder and attached to a plunger equipped with bored holes so cables could
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be threaded through and connected to the coin cell holder: All of the inert parts of the cell

(can, spacers, and spring) were inserted into the twin reference holder.

Due to the equilibration times needed for high-resolution heat 
ow data acquisition in

the ITMC, an 8-hour rest step is introduced. All ISC experiments were conducted at 25� C

+/- 1 °� C. The cell was charged with constant current at 1mA/cm2 based on the 2 mm hole

size of the mask on a BioLogic SP-150 using Modulo Batt.

2.4.3 Solid-State NMR

Samples were prepared by retrieving material from six short-circuited S-cells: Any visible

lithium metal pieces were carefully removed, and the remaining material was diluted with

alumina (Al 2O3) in a 1:30 weight ratio (sample: Al2O3) to facilitate stable and fast magic-

angle spinning (MAS) at 40 kHz. The resulting mixture was �nely ground and packed into

1:9 mm zirconia rotors.

Solid-state NMR experiments were performed on a Bruker Avance NEO 14.1 T spec-

trometer equipped with a 1:9 mm HFXY MAS probe operating in 19F / 7Li double resonance

mode. The resonance frequencies were 599.246 MHz for 1H, 563.85 MHz for19F , and 232.9

MHz for 7Li . All measurements were conducted under MAS at 40 kHz. For7Li , one-

dimensional (1D) spectra were acquired using a single-pulse experiment with an 80 kHz 90°

pulse, a recycle delay of 100 s, and 128 scans. For19F , 1D spectra were collected using a

Hahn echo sequence with 90° and 180° pulses of 83 kHz, a 2 rotor cycle echo delay, a 200 s

recycle delay, and 256 scans. Both19F and 7Li Chemical shifts were externally referenced

to lithium 
uoride (LiF).
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2.4.4 Calculating the amount of lithium to short the cell

Here, we bound the amount of lithium (in capacity) needed to short the s-cell under three

di�erent scenarios: (i) plating a 1 � m diameter Li dendrite (smallest �lament) across a

500� m distance, (ii) plating a 20 � m diameter Li dendrite (similar to those observed in our

SEM images) across a 500� m distance, and (iii) Li metal electrodeposits �lling the entirety

of the hole and crossing the 500� m mask according to Equation 2.7:

Capacity of Li (Ah) =
F � �r 2

dendrite hmask� Li

3600� MM Li
(2.7)

where F is Faraday's constant (26700 mAh/mol), rdendrite is the radius of the dendrite,

hmask is the height of the mask (500� m), � Li is the density of lithium metal (0 :59 g/cm3) [8],

and MM Li is the molar mass of lithium (6:941 g/mol).

In each of the above scenarios, we pass: (i) 0:81 nAh, (ii) 324 nAh, and (iii) 3 :24 � Ah,

when we �ll each of the proposed volumes with lithium metal. During our experiment, we

set up our potentiostat such that the current turns o� once it registers a short circuit event.

Therefore, scenarios (i) and (ii) are most likely to occur and immediately stop cell cycling.

In our experimental setup, we aimed to simulate a cell at the top of charge, where

the cathode stoichiometry is Li0:5CoO2. Pre-delithiation is necessary when we consider

how little lithium results in a short circuit from the calculation above (take scenario (ii),

324 nAh). Even if we assume that the 2 mm area of fully lithiated LCO participates in

the electrochemical reaction, due to the blocking nature of the mask, signi�cantly higher

capacities are required to reach half delithiation. The manufacturer (NEI Corp) quotes that

the areal capacity of LCO electrodes is 2 mAh/cm2, and using Equation 2.8:
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Capacity to form Li 0:5CoO2 (mAh) = �r 2 � areal capacity (2.8)

we �nd that the capacity required to generate Li 0:5CoO2 upon charge in the s-cell

con�guration is approximately 63 � Ah, which is far greater than the capacity needed for

dendrite formation and the short circuit event.

2.4.5 Derivation of the Thermal Model and Estimation of Variables

The ITMC experiment measures the total heat generated in the system,Q(t), at any given

time. Q(t) is the sum of joule heating (QIR ), parasitic and side reactions such as interphase

growth on the electrodes (Qp), all normal lithium battery heating from reversible interca-

lation reactions (Qrev), heating from the short circuit ( Qsc), and heat dissipation during

the experiment (Qd), as shown in Equation 2.9. To determine the heat 
ow and temper-

ature rise attributed only to the short circuit ( Qsc), we designed the ITMC experiment to

systematically control for or eliminate other sources of heat.

Q(t) = QIR + Qp + Qrev + Qsc � Qd (2.9)

At time t, where t < t sc (with tsc being the time of the short circuit), QIR can be

calculated using Ohm's law (Equation 2.10). Here,I is the current passed andR is the

bulk resistance of the cell. Because our methodology halts current at the time of the short

(tsc), for times t � tsc, the cell is at open-circuit voltage (OCV) and QIR = 0.

QIR = I 2R (2.10)

The heat due to parasitic and side reactions,Qp, can be written as the sum of the free

energy of the reactions between the lithium metal anode with the electrolyte (� GLi =elyte )
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and between LCO with the electrolyte (� GLCO =elyte ), as shown in Equation 2.11.

Qp = � GLi =elyte + � GLCO =elyte (2.11)

As described by Ren et al.,Qrev is a function of the current passed and the entropic heat

coe�cient of the cell (Equation 2.12). Ren et al. also show that as the state of charge of the

cell approaches 1, the entropic term@UOCV =@Tin Equation 2.12 goes to zero. Therefore,

we assume that the reversible heat generation is negligible compared to the ohmic and

short-circuit processes.

Qrev = � IT
@UOCV

@T
(2.12)

The short circuit heat generation, Qsc, can be expressed as the sum of the joule heating

of the ISC current through the �lament and the free energy of the reaction between the

�lament and the LCO surface (� GLi =LCO ), as shown in Equation 2.13.

Qsc = I 2
scR�l + � GLi =LCO (2.13)

Due to the current shut-o� and the assumption of adiabatic conditions, for t � tsc, Qsc

accounts for most of the heat generation measured in the ITMC experiments. The heat

measured is converted into a temperature change using the speci�c heat formula (Equa-

tion 2.14).

Q = mC� T ) � T =
Q

mCcell
(2.14)

In Equation 2.14, Q is directly assessed in the ITMC experiment, whereas the values for

m and C must be estimated. The mass used was 3:98 g, which was obtained by averaging
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the masses of all the s-cells used in this work. To obtain the heat capacity of the s-cell, the

ITMC was operated in di�erential scanning calorimetry (DSC) mode (see Figure 2.7). By

sweeping the temperature and measuring the corresponding heat 
ow, Equation 2.14 was

used to determine the heat capacity of an s-cell as 2:75 J/g � K.

2.4.6 Calculating the Number of Parallel Filaments Required for Thermal

Runaway in Di�erent Cell Formats

For the short circuit to approach dangerous conditions, the resistance of the ISC needs to

be equal to or less than the internal cell resistance.[26] When the resistances are equal to

each other, the cell may begin to discharge, releasing energy. To model this scenario, the

law of combination of resistances is used, where the inverse of the internal cell resistance

(Rcell) is set equal to the sum of the inverses of the ISC resistances (R�lament ), with N �lament

being the number of lithium �lament ISCs required for equality, as shown in Equation 2.15:

1
Rcell

=
N �lament

R�lament
(2.15)

Rearranging Equation 2.15 gives the number of parallel �laments:

N �lament =
R�lament

Rcell
(2.16)

One can obtain the resistance of the ISC using operando ITMC measurements and/or

Equation 4 in the main text. The resistance of the cell of interest is either known from

literature (e.g., coin cells are known to be around 10 
[42], whereas cylindrical cells are ap-

proximately 0:05 
[74, 77]) or can be measured via electrochemical impedance spectroscopy

(EIS). Then, using Equation 2.16, we can calculate the total number of simultaneous shorts

required such that Rshort = Rcell in di�erent systems.
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Note that this model assumes that all shorts exhibit the same resistance, which is

supported by our resistance modeling. Operando ITMC measurements of lithium metal

ISCs show resistance values of similar magnitude across four di�erent trials (Figure 2.5).

2.5 Conclusion

This work demonstrates that ISCs caused by lithium metal �laments do not generate enough

heat, even at delithiated cathode surfaces, to push LIBs into thermal runaway. The heat

rise from cell processes that occur during charging is similar to the ISC event. When the

entire cell is considered, the temperature change is only on the order of millicelsius. As a

result, the mechanisms that lead to thermal runaway during lithium metal plating likely

do not correspond to the shorting event, also accounting for cases where lithium metal

accumulates but never pierces the separator. Despite these results, we note that there is

a correlation between safety events and cells that contain plated lithium metal. While the

short circuit even itself may not be causative, another feature of lithium metal buildup may

contribute to safety hazards, such as a building up of gaseous side products (C2H4; H2) that

form during the passivation event that make the lithium short so resistive in the �rst place.
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Chapter 3

The E�ect of the bis(sulfonyl)imide

Anion on Lithium-ion Cell Safety:

Lithium Iron Phosphate (LFP)

Batteries

The industry-standard LiPF 6-based electrolytes o�er high performance, but they are chem-

ically unstable at elevated temperatures or in moist environments, eventually forming hy-

dro
uoric acid (HF) and degrading the solid electrolyte interphase (SEI). In contrast, LiFSI-

based electrolytes o�er greater thermal and hydrolytic stability, leading to improved cycle

life and potentially enhanced safety. However, the relationship between electrolyte compo-

sition and actual thermal behavior in full-cell systems remains underexplored. In this study,

we perform a comprehensive di�erential scanning calorimetry (DSC) analysis across multiple

scales|from pure salts and electrolytes to cycled electrodes and full coin cells|comparing

LiPF 6, LiFSI, and a hybrid formulation. Our �ndings reveal that while LiFSI-containing

systems exhibit more thermally stable SEIs and higher performance at the anode, they also
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undergo signi�cantly more energetic decomposition at both the electrode and full-cell levels,

with earlier onset temperatures than LiPF6-based cells. The hybrid electrolyte exhibits non-

linear behavior, suggesting complex interactions between salts. These results demonstrate

that thermophysical stability and electrochemical performance do not always correlate with

improved safety and highlight the necessity of full-system thermal characterization when

evaluating next-generation electrolyte chemistries.

3.1 Introduction

An unfortunate consequence of the continued adoption of lithium-ion battery technology is

the increase of catastrophic safety events such as thermal runaway leading to �re and explo-

sion. The main fault attributed to the beginning of thermal runaway is widely agreed in the

literature to be rooted in the instabilities and decomposition of the electrolyte.[26] To enable

safer next generation lithium-ion (LIB) batteries new electrolyte formulations need to be de-

veloped. In lithium-ion systems primary components of current state-of-the-art electrolytes

are lithium hexa
uorophosphate (LiPF 6) salt dissolved in carbonate solvents such as ethy-

lene carbonate (EC) and diethyl carbonate (DEC). LiPF6 is the standard electrolyte salt

because of its high solubility, high ionic conductivities, and wide electrochemical stability

window.[87, 88] Unfortunately, LiPF 6-containing electrolytes have been shown unstable at

elevated temperatures or in trace amounts of water[88{92], decomposing into hydro
uoric

acid (HF) which, aside from extreme toxicity[93], can degrade the solid electrolyte inter-

phase (SEI) on the anode, the �rst step in thermal runaway reactions.[26, 36, 44, 94] These

instabilities coupled with the 
ammable carbonate solvents used in the current state-of-the-

art have contributed to the widespread occurrence of thermal runaway events.

The bis(
uorosulfonyl)imide (FSI) anion has gained traction as an alternative anion
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because of its increased thermal and hydrolytic stability while maintaining a high ionic

conductivity and large electrochemical stability window.[16, 95, 96] Electrolytes containing

these salts have been shown to have longer cycle life at elevated temperatures suggesting

increased performance due to the stabilization of the solid electrolyte interphase.[97, 98] Fur-

thermore, this stabilization has been observed to also make the SEI more thermally stable,

potentially increasing the onset of thermal runaway.[99{101] FSI electrolytes have gained

more traction as a safer option than PF6 electrolytes due to this observed performance

increase.

In this work we utilize di�erential scanning calorimetry (DSC) to determine whether the

stabler physical properties and performance enhancement of switching FSI anion compared

to the state-of-the-art PF 6-containing electrolytes translates into a more favorable safety

pro�le. We also compare these systems to a hybrid salt system of equal amounts of each

electrolyte by volume. We take a piece-wise approach starting with the pristine salts, to

solvated salts, electrode combinations, and �nally a full cell to probe the e�ects of the salts

physical properties on di�erent scales of the cell. We show that using the salts physical

properties and electrochemical performance leaves out key components that determine the

overall safety pro�le of a cell. Furthermore, we show that the introduction of the FSI anion in

either pure LiFSI electrolyte or in a hybrid format will cause more energetic decomposition

at similar or even earlier onset temperatures than the conventional LiPF6 electrolyte.
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3.2 Results

3.2.1 DSC of Salts and Electrolytes

We begin by performing DSC measurements on LiPF6, LiFSI, and a 50/50 (w/w) mixture

of LiPF 6/LiFSI salts to determine how the anion impacts the safety pro�le of the dry solid

(Figure 3.1a-c). In Figure 3.1a, we see that the LiFSI powder shows an endothermic peak

upon melting at 135 °C, consistent with previous reports.[99] As we continue to increase

temperature, we see the onset of thermal decomposition at 240°C. After this point, we see

a sharp increase in heat 
ow that peaks at 4 W/g at approximately 340 °C, indicating that

the thermal decomposition of LiFSI is an intense exothermic reaction.

In contrast, we see no exothermic heat 
ow during the thermal decomposition of LiPF6

powder and the onset of melting is 195°C (Figure 3.1b). When we combine the two powders

in a 1:1 mixture, we see that the DSC curve displays a distinct exothermic peak for the

melting endotherm of LiFSI at 135 °C, followed by those that correspond to melting of

LiPF 6 at approximately 195 °C (Figure 3.1c). Similar to the LiFSI sample alone, we see

that an exothermic event starts around 240°C. However, when in the presence of LiPF6,

the energy released is drastically decreased indicating that the anion may alter the safety

pro�le of the dry salt.

Next, we conducted DSC on non-aqueous electrolytes, i.e., salts from the previous exper-

iments solvated in a 1:1 mixture of ethylene carbonate (EC) and diethyl carbonate (DEC)

(Figure 3.1d-f). In 1 M LiFSI in EC/DEC, �rst we see a small exothermic peak at 124 °C

that corresponds to the crystallization of the LiFSI salt due to structural reorganization

of the solvation structure of the electrolyte at elevated temperatures.[102] Next, we see

an exotherm starting at 235 °C that reaches a maximum at 270°C, corresponding to salt
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Figure 3.1: DSC traces of solid (a) LiFSI, (b) LiPF 6, and (c) 50/50 (w/w)

LiFSI/LiPF 6 powders and (d) 1 M LiFSI, (e) 1 M LiPF 6, and (f ) 0.5 M LiFSI

+ 0.5 M LiPF 6 in EC/DEC.

decomposition and reaction with the linear carbonates as discussed in Zhao et al.[103]The

further high temperature exotherms at 290 °C are salt-catalyzed reactions with the linear

DEC solvent.

In 1 M LiPF 6 in EC/DEC, DEC �rst evaporates displaying an endotherm at 125 °C,

followed by an exotherm with a maximum peak at 240°C. This high temperature peak is

well documented in the literature as LiPF6 thermal reduction catalyzed the decomposition

of the carbonate solvents.[99, 101] There is a small endotherm at 74°C corresponding to
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