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Lithium-ion batteries are employed in applications as varied as consumer electronics,

electric vehicles, satellites, and airplanes. As lithium-ion battery systems are

increasingly scaled to large systems, safety and reliability are paramount.

Catastrophic failure of a lithium-ion battery can cause damage to the host system and

pose a risk to human life. While many lithium-ion batteries degrade in a benign

fashion, others can enter into thermal runaway, generate gas within the battery, and

catch fire and/or spontaneously disassemble. Determining precursors to catastrophic

failure will allow for early failure mitigation strategies that can reduce the effects of a

thermal runaway or prevent it from occurring in the first place. This research will

identify several critical factors affecting performance and safety in lithium-ion

batteries that are exposed to overdischarge or overcharge abuse. Lithium-ion batteries



that are operated outside of their intended voltage range can experience both
performance and safety degradation. Operation at voltages below the battery
manufacturer’s recommended lower voltage limit results in overdischarge.
Overdischarge of lithium-ion batteries can lead to copper dissolution, and the use of
X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine structure (XAFS)
analysis combines surface- and bulk-level analysis to characterize the risk of short
circuit due to copper dissolution and re-precipitation. Operation at voltages above the
battery manufacturer’s recommended upper voltage limit results in overcharge.
Overcharge initiates exothermic reactions within the battery that can lead to thermal
runaway. Furthermore, gas is generated during these side reactions, causing pressure
buildup within lithium-ion cells as they undergo abuse. Pressure evolution is
measured and a model developed to explain the relationship between state of charge,

temperature, and internal cell pressure.
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Chapter 1: Introduction

1.1 — Motivation

Lithium-ion batteries are rechargeable (secondary) energy storage devices
used in a variety of applications since becoming commercially available in the early
1990’s [1]. Compared to non-rechargeable (primary) batteries, Lithium-ion batteries
can be repeatedly charged and discharged, whereby external electrical energy is
converted to chemical energy and chemical energy is converted into electrical energy,
respectively. Compared to a primary battery that needs to be replaced after its useable
chemical energy has been converted into electrical energy, secondary batteries offer
many benefits. In applications where replacing a battery is either too costly or
inconvenient, secondary battery technologies are advantageous.

Other secondary battery technologies include lead acid (Pb-Acid), Nickel
Metal Hydride (NiMH), and Nickel Cadmium (NiCd). Each of these technologies has
their own distinct advantages and disadvantages, and different use scenarios may
dictate the desired technology. Table 1 outlines a number of features for each of the
battery chemistries. The columns in the table provide the nominal voltage of an
electrochemical cell, the gravimetric energy density, the volumetric energy density,
and the cycle life. The nominal voltage of the cell is governed by the electrochemical
potential between the battery electrodes and is measured in Volts. The gravimetric
energy density is the number of Watt-hours per kilogram (Wh/kg) that the given
technology can deliver in electrical energy. The volumetric energy density is the

number of Watt-hours per liter (Wh/L) that the given technology can deliver. The



cycle life is a measure of the number of charge and discharge cycles the battery

defined as the number of full cycles before the battery’s capacity or resistance

decreases or increases as a percentage of its original capacity or resistance.

Table 1: Comparison of secondary battery technologies [1].

Battery Nominal Gravimetric | Volumetric | Cycle Life Until 20%

Technology | Cell Energy Energy Loss of Capacity at
Voltage Density Density 100% Depth of
V) (Wh/kg) (Wh/L) Discharge

Lead Acid 2.0 35 70 200-300

Nickel 1.2 40 135 500-1000

Cadmium

Nickel 1.2 100 235 500-1000

Metal

Hydride

Lithium-ion | 3.8/3.2* | 200 570 1000+

* Most lithium-ion batteries have a nominal voltage of 3.8 V; however Lithium Iron
Phosphate (LiFePQOa4)-based batteries exhibit a lower nominal voltage of 3.2V.

Lithium-ion batteries have a higher cell voltage, higher energy density, and
longer cycle life than other secondary battery technologies. Furthermore, lithium-ion
batteries tend to have higher power capability, low self-discharge rate, and no
memory effect when undergoing partial charge/discharge cycles [1-4] compared to
the other secondary battery technologies. While historically more mature technologies
such as Pb-Acid have been utilized where gravimetric energy density (Wh/kg) is not a
concern, Lithium-ion batteries are rapidly expanding to fill these roles due to their
many advantages. As a result, lithium-ion batteries have been used in consumer
electronics, electric vehicles, unmanned autonomous vehicles, airplanes, satellites,
grid storage, back-up power supplies, and many other applications.

Failure in lithium-ion batteries can be classified as either performance-based

failure or catastrophic failure. Performance-based failure describes the degradation of



the battery, resulting in insufficient power or a decrease in the deliverable energy. As
with many electrochemical storage technologies, degradation is an inevitable side
effect of operation that eventually results in a battery that can no longer meet its
intended requirements. Performance degradation often results in benign failure and is
not the subject of this work.

Alternately, catastrophic failures of batteries can result in rapid disassembly of
the battery, fire, and destruction of the host-device. This type of failure is often
referred to as thermal runaway, due to the series of exothermic reactions that continue
fueling a progressively dangerous event. If heat is generated inside a battery or in
close proximity to the battery, and the heat generation rate outweighs the heat
dissipation rate, the battery is at risk of entering thermal runaway. The source of heat
generation could be elevated ambient temperatures, overcharge of the battery, or a
short circuit. Once thermal runaway is initiated, it is nearly impossible to stop. The
battery may undergo any number of failure modes; however, the worst case scenario
results in the cell splitting open, releasing flaming electrolyte and battery components
into the environment in addition to hazardous gases. Advanced warning of conditions
leading up to thermal runaway could allow for mitigation strategies to improve the
safety of battery powered systems.

Avoiding thermal runaway requires knowledge of lithium-ion battery failure
modes, mechanisms, and effects to design mitigation strategies [5]. Cell
manufacturers, battery pack designers, and battery algorithm developers have all
implemented a variety of strategies to try to avoid, or at least lessen the impact of

thermal runaway. On the cell level, manufacturers take advantage of internal disks



called current interrupt devices (CID) that prevent further current flow when
excessive gas is generated, vents to release the internal pressure within the cell, and
inclusion of additives to the electrolyte, modifications to the separator (shutdown
mechanism or ceramic coating), or selection of electrode active materials. On the
pack level, fuses and diodes can prevent excessive charge from being delivered or
removed from the battery. Furthermore, active and passive thermal management
strategies try to counteract excessive heat generation to extend the life and improve
the safety of the battery pack. A battery management system (BMS) is used to set
voltage, current, and temperature operational limits on the battery. The BMS also
contains algorithms for estimating the internal state of the battery such as its state of
health (SOH) and state of charge (SOC). The BMS tries to ensure that the battery is
maintained within safe operating limits in addition to alerting the user or host device
of anomalous behavior.

However, despite the number of preventative measures taken, lithium-ion
batteries continue to experience catastrophic failures. In the mid 2000’s, millions of
lithium-ion batteries manufactured by Sony were recalled due to concerns about
battery fires in laptops [6]. Additionally, as lithium-ion batteries are used in
applications with harsher environmental stresses such as electric vehicles and
aerospace, catastrophic failures have captured the media’s attention. The lithium-ion
battery fires that grounded the Boeing Dreamliner 787 in the first half of 2013 may
have been avoided if proper consideration of the operating conditions (i.e. altitude
and low temperatures) was factored into the risk analysis [7]. Several incidents

involving Tesla Model S electric cars resulted from mechanical damage leading to a



short circuit in the battery pack. Better protection of the battery pack is needed and
was later added by Tesla in the form of a titanium barrier and in-depth analysis of the
danger that road debris presented [8]. Fires in hoverboards, popular Lithium-ion
battery-powered consumer devices, caused the devices to be banned from passenger
flights [9], and E-cigarette failures have led to bodily harm and death in users [10].
Samsung had to recall its popular Samsung Galaxy Note 7 due to several reports of
spontaneous disassembly of the cell phones accompanied with fire [11]. Clearly,
despite their many advantages, lithium-ion batteries continue to pose safety issues. A
greater understanding of failure mechanisms leading up to catastrophic failure is

needed to develop improved mitigation strategies.

1.2 — Problem Statement

Lithium-ion batteries and their failure mechanisms are the source of
significant research. Researchers have investigated ways to prevent and mitigate
failure at the cell-, battery-, and module-level through physical, electrical, and
software safety devices. Despite commercialization for nearly three decades, lithium-
ion batteries continue to fail for a myriad of reasons. Externally measurable signals of
impeding failure such as voltage and temperature, are often observed too late to
prevent failure outright. Therefore, it is necessary to study the progression of failure
by observing precursors to the failure event. These precursors include gas generation,
initiation of exothermic reactions, dissolution of metal species, and formation of
internal short circuits. This research will investigate prominent and likely failure

mechanisms in lithium-ion batteries when they are operated outside of their intended



voltage limits, as is the case with overdischarge and overcharge. The chemistry of
dissolved copper due to overdischarge conditions is measured using both surface- and
bulk-sensitive spectroscopy techniques. The impact of copper dissolution on
performance and safety is evaluated in commercial lithium-ion cells and related to
cell design parameters. Overcharge abuse is studied through continuous internal
pressure measurement in modified cells to establish a relationship between externally
measurable quantities (voltage, current, external temperature) and the internal state of
the electrochemical cell (pressure). The progression of pressure rise in the cell can be
used to predict the likelihood of a cell bursting and the impact on adjacent cells in a

pack configuration.



Chapter 2: Background

2.1 — Lithium-ion battery construction and manufacturing

Lithium-ion batteries are complex electrochemical systems with a number of
permutations based on electrode chemistry. At the most fundamental level, lithium-
ion batteries are a class of electrochemical energy storage technology whereby the
charge carrier is a lithium ion. Depending on the electrode selection, the lithium ions
will undergo different oxidation and reduction reactions at the electrodes when the
battery is charged and discharged. For the majority of commercial lithium-ion
batteries, the negative and positive electrodes undergo an insertion reaction in which
the lithium ions are accommodated in the lattice structure.

Lithium-ion battery electrodes are heterogeneous, porous composite
structures. The electrodes are produced by applying a slurry composed of a solvent,
the active material, binder, and electronically conducting particles to a metal foil
current collector. The most common negative electrode in commercial batteries is
carbon-based, such as graphite; however, alternative chemistries are being researched
including silicon, tin, and lithium titanate [12]. The carbon slurry is usually applied to
a copper foil that acts as a current collector for electron transport. The positive
electrode includes a variety of compounds, such as lithium cobalt oxide (LiC00Oz),
lithium manganese dioxide (LiMn20a4), lithium iron phosphate (LiFePOas), or various
oxides consisting of mixtures of cobalt, aluminum, manganese, and/or nickel [13].
The positive electrode slurry is usually applied to an aluminum foil current collector.

Between the negative and positive electrodes, a separator is employed that is

ionically conductive, but electronically insulating. The separator prevents short



circuiting and direct transfer of electrons between the two electrodes, but allows
lithium ions to migrate freely. The separator is typically a polymeric sheet composed
of polyethylene (PE) or polypropylene (PP). Some separators employ ceramic
coatings to inhibit lithium dendrite growth or feature a multi-layer design whereby the
inner layer can melt and fill the pores of the remainder of the separator [14].
Advances in solid state batteries utilize a solid electrolyte; however, the technology is
still under development and not widely commercialized.

A simplified schematic of a unit cell stack is shown in Figure 1. The current
collector is typically coated on both sides and this unit cell is repeated to increase the
energy storage capabilities of the battery. The entire cell structure can be stacked,
rolled, or wound together to form a “jelly-roll” which is then placed in the cell case or
housing. Once the electrode assembly is placed in its cell housing, the cell is filled
with an electrolyte that facilitates ion transport. The electrolyte fills the pores in the
electrode structure to enable lithium ions to penetrate into the full electrode. For use
in lithium-ion batteries, the electrolyte must be ionically conductive, electrically
insulating, and have a wide stable voltage and temperature window. The majority of
lithium-ion batteries utilize an organic electrolyte consisting of a lithium salt
dissolved in a mixture of organic carbonate solvents. Early lithium-ion batteries used
propylene carbonate (PC); however, research has demonstrated that the propylene
carbonate forms a solvation sheath around the lithium ions and cause exfoliation of
the graphite during intercalation [15, 16]. The primary solvent typically used is
ethylene carbonate (EC) combined with linear carbonate solvents such as dimethyl

carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) [17—



20]. Sometimes a small percentage of vinylene carbonate (\VC) is included to promote
a healthy solid electrolyte interphase layer on the carbon-based negative electrode
[21]. A lithium salt is incorporated into the electrolyte mixture, most often lithium
hexafluorophosphate (LiPFg) for commercial lithium-ion batteries. Further additives
are also included in the electrolyte mixture to act as flame retardants, reduce gas
generation, stabilize the solid electrolyte interphase layer, protect the positive

electrode, enhance solvation, inhibit corrosion, and improve wettability [22].
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Figure 1: Lithium-ion cell structure

When the lithium-ion cell is assembled, the housing is sealed, for example, by
crimping, welding, or heat-sealing. The cell then undergoes formation cycling in
which a charge/discharge routine is implemented with the aim of forming a
passivation layer on the negative electrode. The formation of a passivation layer, also
known as the solid electrolyte interphase (SEI) layer, is essential to the long-term

stability of a lithium-ion cell. Without a passivation layer, the electrolyte would



continue to react with the negative electrode, resulting in a loss of active lithium and
charge storage capabilities [23—-26]. Formation cycling is often performed at a slow
rate to enable the formation of the SEI; however, the protocol differs from
manufacturer to manufacturer and is often a proprietary trade secret.

After formation cycling, the cell can be opened back up to release gases
formed during the formation of the SEI layer and then resealed. This is more typical
of pouch cells due to the ease of re-sealing the packaging after purging the formation
gases. In hard-case cells, such as cylindrical or prismatic cells, the gas remains in the
cell for the duration of the cell’s life. Cells are typically monitored and screened to
make sure internal short circuits due to latent manufacturing defects are identified.
Cells can then be stored, shipped to the end user, or shipped to a battery pack

assembler.

2.2 — Lithium-ion battery working principle

Commercial Lithium-ion batteries operate based on an insertion principle
called intercalation, in which lithium ions are accommodated in the lattice structures
of both electrodes. The lithium ions are inserted into the electrode undergoing a
reduction reaction and extracted from the electrode undergoing the oxidation reaction.
The electrode undergoing reduction/oxidation depends on if the battery is being
charged from an external power source or discharged through a load. When a lithium-
ion battery is charged, an external power supply drives electrons to the battery’s
negative electrode. In lithium-ion battery literature, the electrode with the lower

potential is typically referred to as the anode, regardless of whether it is undergoing
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oxidation (during discharge) or reduction (during charge). For clarity, the term
negative electrode will be used in place of anode. Similarly, positive electrode will be
used instead of cathode. The negative electrode’s active material is typically
composed of graphite or other carbon-based materials. For carbon based electrodes,
lithium ions intercalate into the electrode’s active material according to the
relationship:
XLi* + e + Cs 2 LixCs

A graphite electrode that is completely intercalated with lithium contains one
lithium atom for every six carbon atoms, whereas a partially lithiated graphite
negative electrode, has lithium in alternating layers of the structure and undergoes a
number of stages [27] including LiCz12 (also written as LiosCs), LiCis (Li0.33Cs), LiCso
(Lio2Cs), and LiCeo (Li0.1Cs). The potential of a fully intercalated graphite electrode is
very close to the potential of metallic lithium. This can lead to plating of metallic
lithium as the preferred reaction instead of intercalation [28-37]. Plating occurs when
diffusion is inhibited, such as charging at low temperatures or fast charging, or when
the active material balance is skewed towards the positive electrode. Plating of
metallic lithium can cause growth of dendritic structures and short circuiting in the
cell, leading to safety concerns. To avoid this, manufacturers often create cells with
excess negative electrode to minimize the chance of plating and define operating
conditions to avoid charging at extreme temperatures or rates.

When the battery is being charged, lithium-ions are concurrently removed
from the positive electrode. In lithium-ion battery literature, the positive electrode is

the electrode with a higher potential. Lithium ions deintercalate from the electrode by

11



diffusing out of the electrode active material’s structure into the electrolyte. In some
positive electrodes, only partial removal of lithium is possible without destabilizing
the crystal structure. Therefore, there is a difference between theoretical and
achievable energy densities on the material level.

Lithium ions travel between electrodes through an ionically conductive

electrolyte and a porous separator as seen in
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Figure 2. The separator typically has “micropores” that allow ions to pass
through but prevent contact of the electrodes and its thickness is often optimized for
performance. A thin separator is desirable to reduce the internal resistance of the cell
and improve energy density; however, too thin of a separator can more easily be
damaged or compromised if the cell undergoes compression. Separators are often on

the order of 25 microns thick for many applications.
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Figure 2: lon and electron transport in lithium-ion cells. The battery consists of
both a solid phase where lithium ions diffuse into the electrode particles and an
electrolyte phase where the ions travel to the opposing electrode

The voltage of a lithium-ion cell is determined by the potential difference
between the electrodes, ohmic polarization, and charge polarization. As lithium is
intercalated or de-intercalated, the potential of the electrode (as measured compared
to a standard reference such as Lithium metal) decreases or increases, respectively.
This can be considered the half-cell potential of a given electrode. When combined
with another counter electrode, the full cell has an open circuit voltage that is simply
the difference between each of the half-cell potentials. When a battery is either
charged or discharged, lithium ions will begin to diffuse out of the oxidizing
electrode, diffuse through the electrolyte, and diffuse into the reducing electrode. The
internal ohmic resistance of the battery itself arises as a combination of the current
collectors, porous electrodes, electrolyte, and separator stack, and causes a voltage
drop when current is applied to the battery. Furthermore, lithium ion concentration

gradients can develop because diffusion of the ions into the porous electrode is the
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rate limiting step. This concentration gradient also has an effect on the voltage of the

cell.
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Chapter 3: Failure modes, mechanisms, and effects analysis of
lithium-ion batteries

Portions of this chapter are extracted from the article, A failure modes,
mechanisms, and effects analysis (FMMEA) of lithium-ion batteries, published in
2015 in the Journal of Power Sources [5].

Lithium-ion batteries are rechargeable, meaning that they can be charged and
discharged repeatedly throughout their life. However, lithium-ion battery
performance eventually degrades until the battery no longer meets the requirements
of the intended use. This is seen by the user as a reduced runtime due to a diminished
battery capacity or due to increased internal resistance. Loss of capacity is associated
with loss of cyclable lithium in the cell and active material dislocation and isolation.
The loss in capacity is often referred to as capacity fade. Degradation initially
manifests in an approximately linear decrease in deliverable capacity. After the
battery reaches approximately 20% loss in capacity, the degradation rate often
increases resulting in rapid capacity fade. Many manufacturers consider this 20% loss
in capacity as end-of-life because the battery becomes increasingly unreliable at this
point. Alternatively, increased internal resistance results in lower power performance
and achievable discharge capacity at various operating currents. Thickening of the
solid electrolyte interphase (SEI) layer on the negative electrode and the cathode
electrolyte interphase (CEI) on the positive electrode increases internal battery
resistance, leading to a larger ohmic drop when discharging the battery and increased
ohmic heating. Performance degradation depends on numerous environmental and
usage factors such as charge/discharge rate, operating temperature, upper voltage

cutoff, lower voltage cutoff, and ambient pressure. Manufacturers often specify limits
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for the battery’s voltage, current, temperature, and pressure. As long as the battery is
operated within these limits, it can be considered to undergo typical use scenarios. If a
lithium-ion battery is operated outside of these limits, or if the battery is poorly
constructed, it can undergo catastrophic failure.

Due to the many ways in which a battery can fail, a failure modes,
mechanisms, and effects analysis (FMMEA) is a useful step to determine likelihood
and severity of failure under various operating conditions, both typical and abusive.
FMMEA is “a systematic methodology to identify potential failure mechanisms and
models for all potential failure modes, and to prioritize failure mechanisms” [38] and
it expands upon the traditional FMEA approach as it considers failure mechanisms
and their role in failure. Failure mechanisms are identified as the “processes by which
physical, electrical, chemical, and mechanical stresses induce failures” [39], and
represent a fundamental first-principles initiator of failure. In contrast, failure modes
are the visible indicator of failure, and it may not be easily observed without detailed
failure analysis. The way in which the failure mechanism impacts device reliability is
the failure effect. Inclusion of failure mechanisms is critical in a physics-of-failure
approach to understanding the role that the environment plays in accelerating failure.
As a result, models can be developed to predict the onset and evolution of a failure
mechanism to be used in diagnostics, prognostics, and health management [40, 41].

A FMMEA was performed for lithium-ion batteries in [5] and is summarized
in Figure 3. The table contains a detailed list of the various components within a

battery, their failure modes, mechanisms, effects, and causes. Furthermore, the type
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of mechanism (overstress vs. wearout), the likelihood, severity, and ease of detection

of the failure mechanism are detailed.
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) - . Observed Effect Potential Failure Causes 5
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3.1 — Negative Electrode Active Material

The vast majority of commercial lithium-ion batteries utilize a carbon-based
negative electrode. Capacity loss can be partially attributed to the reactivity between
the negative electrode and the organic solvents used in lithium-ion battery
electrolytes. Carbon-based negative electrodes react with ethylene carbonate (EC) or
dimethyl carbonate (DMC) [15], two common solvents in lithium-ion battery
electrolytes. As a battery is cycled, new reaction sites become available due to
electrode expansion and contraction as a result of lithium-ion intercalation and de-
intercalation from the negative electrode. Capacity fade is a wearout failure
mechanism that manifests as a chemical reduction reaction at the electrode. The
failure mode is the thickening of the SEI layer, which is hard to detect without
disassembling a cell. Research into the composition and morphology of the SEI layer
has provided insights into the capacity and power fade of lithium-ion batteries. Due to
the fragile nature of the SEI layer, researchers have attempted to perform studies with
minimal cell disassembly. Nuclear magnetic resonance (NMR) imaging of lithium-
ion batteries has been performed on lithium-ion batteries with graphite negative
electrodes to elucidate the SEI growth mechanism [42—-44]. If cell disassembly is
performed, the procedure needs to take place in a glove box purged with an inert gas
(often argon) with a low water vapor and oxygen environment (<5 ppm of each).
Once the cell is disassembled, researchers have utilized analytical techniques
including time-of-flight secondary ion mass spectometry (TOF-SIMS) [45], scanning
electron microscopy (SEM) [21, 45], transmission electron microscopy (TEM) [46],

X-ray photoelectron spectroscopy (XPS) [45, 47-51], X-ray absorption spectroscopy
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(XAS) [49], atomic force microscopy (AFM) [50], Fourier transform infrared (FTIR)
spectroscopy [48, 51], and Raman spectroscopy [52] to study the thickness,
morphology, and composition of the SEI layer. Despite the numerous measurement
techniques, additional research into the SEI layer is necessary, especially if a realistic
SEI growth model is desired. The difficulty in SEI layer characterization is due to the
fact that the SEI layer is fragile, readily reacts with the environment if it is not
properly protected, and consists of a wide variety of organic and inorganic species.

SEI layer growth is typically modeled as a parasitic side reaction [54-56]
where a TTF or time-to-capacity reduction is obtained as a function of reaction
kinetics, mass transport, and cell geometry. An assumption is often made that the SEI
layer is wholly responsible for the capacity and power fade, often neglecting
concurrent failure mechanisms. While the SEI layer does not directly lead to
catastrophic failure, it can decompose at elevated temperatures [23], and could
contribute to a thermal runaway event by releasing gas. In this FMMEA, the
formation and growth of the SEI layer is seen as a wearout failure that leads to a
reduction in battery capacity and increased resistance.

If the battery is charged rapidly or at low temperatures, lithium metal can
deposit on the surface of the negative electrode [65-30]. Over time, these deposits
can develop into dendritic structures that may puncture the separator and initiate
internal short circuits. This situation can lead directly to catastrophic failure and is
often difficult to detect until a short circuit actually occurs. Several studies [30—36]
have identified models for predicting lithium plating as a relationship between

dendrite tip velocity and the applied current density and diffusion characteristics of
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the lithium. Experimental validation of lithium growth in full electrochemical cells is
difficult to observe, and the models are limited to predicting the growth of individual
dendrites. Specialized cells with quartz glass windows have been developed to
observe dendrite growth in-situ [35], but observation of lithium dendritic structures in
commercial cells is not possible. NMR has been performed to detect metallic
dendrites in lithium-ion cells [36]. Cell disassembly can also be performed, but the
reactivity of the lithium dendrites complicates the process. Zier et al. suggested
dyeing the electrode structure to elucidate the location of dendritic structures [37] by
creating a greater contrast in electron microscopy images. If dendrite formation
occurs, but causes an internal short circuit prior to disassembly, detection may be
even more difficult. The lithium dendrites can vaporize due to surge currents,
eliminating traces of their presence. Localized melting of the separator can indicate
possible dendrite formation, but it could also be a result of local heating or metallic
contamination. There are many opportunities to further develop models that predict
not only the onset of lithium plating, but the time-to-failure under a number of
operating conditions.

Electrode particle fracture can also occur if the battery is charged too quickly
or if the electrode particle size distribution is not well designed. Typically, sub-
micron-sized electrode particles have reduced internal intercalation-induced stresses,
allowing the battery’s life to be prolonged [57, 58]. Particle fracture can be observed
as microcracks on the electrode particle surface as a result of crack initiation and
propagation during repeated lithium intercalation and deintercalation. The exposed

particle surface will then form a fresh SEI layer, which can be investigated with a
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variety of analytical techniques described above. After the cell is disassembled, the
electrode can be observed using SEM to locate fractured particles. Much work has
been performed in optimizing the design of battery electrodes through an
understanding of the stress generation during lithium-ion intercalation. Christensen
and Newman [59, 60] developed the initial framework for the modeling of
intercalation stresses, and other researchers have continued to expand their work for
other materials and electrode geometries [57, 58, 61-63]. While modeling of particle
stresses has helped in the design of battery electrodes to minimize mechanical
stresses, the effect of particle fracture on the TTF of a lithium-ion battery has not
been discussed in the literature. The role of particle fracture in capacity loss and
power fade needs to be further elucidated to implement accurate lifetime prediction
models based on a particle fracture failure mechanism.

Volumetric changes to the electrode structure can also lead to electronic
disconnect in the battery, whereby parts of the electrode become unusable. The
lithium intercalation reaction occurs when an electron and lithium ion combine in the
graphite particles. Because the electrolyte is electronically insulated, a conductive
network of particles is required to facilitate electron transport through the electrode
structure. Volumetric changes associated with repeated intercalation can cause
isolation of electrode particles, resulting in a reduction in usable capacity. This
change in electrode structure can be observed by measuring the porosity and
tortuosity of the electrode structure. This process is typically performed by milling

away the electrode surface using focused ion beam (FIB) and measuring a cross-
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section of the electrode using SEM [68] or employing high resolution X-Ray

tomography [69].

Graphite experiences an approximate 10% volume change as lithium ions are
inserted between its layered sheets as identified through X-Ray Diffraction [70, 71].
Initially the graphene sheets are in an alternating A-B pattern where adjacent layers
are offset as seen in Figure 4. As an electric potential is applied, lithium ions begin
inserting into the layers, and the graphene sheets rearrange into an A-A pattern. At
various states of charge, lithium ions undergo a staging phenomenon, where they
occupy every three layers, then every other layer, and finally, every layer. This is
demonstrated in Figure 5. The inter-layer distance has been shown to increase from
3.355 A t0 3.700 A as the concentration of lithium ions increases from 0% to 100%.
Ohzuko et al. [26] measured the thickness change of a graphite pellet as lithium was
intercalated into the layered structure and observed that on the first charge cycle, the
expansion of the pellet was greater than 10%. While graphite is commonly used in
most commercial applications, alternate negative electrode chemistries exhibiting a
higher capacity include silicon and tin. One of the challenges associated with
alternate chemistries such as silicon and tin are the large volume changes as a result
of lithium intercalation. Silicon expands by approximately 400% when fully lithiated,
which can cause fracture of the electrode particles and a quick decrease of the

negative electrode’s ability to store energy [72—74].
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Figure 5: Lithium staging in graphite negative electrode. Modified from [70].

3.2 — Positive Electrode Active Material

The positive electrode usually consists of a mixed metal oxide, such as lithium
cobalt oxide (LiCoOz2) or lithium manganese dioxide (LiMn20a) [13]. Lithium iron
phosphate (LiFePOs) is another positive electrode material that is popular for high-

rate applications [13, 75]. The positive electrode also operates on an insertion
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principle, and mechanical stress and degradation can contribute to the fracture of
particles and reduction in battery capacity as described for the negative electrode.
Lithium cobalt oxide (LiC0Oz) expands as lithium ions are removed from its structure
due to the repulsion of CoO:z2 layers [76, 77]. The inter-layer distance increases from
96.7 A to 98.5 A when half of the lithium is removed from the electrode. As a result,
lithium-ion batteries with both a graphitic negative electrode and a lithium cobalt
oxide positive electrode experience a large volumetric expansion due to the
concurrent expansion of graphite as lithium ions are inserted and the expansion of
lithium cobalt oxide as lithium ions are removed. Variations of doped LiCoO: also
exhibit this behavior [78]. Alternately, positive electrodes composed of lithium iron
phosphate (LiFePOa) contract by approximately 6.5% as lithium is removed,
offsetting the concurrent expansion of the graphite as the battery is charged [75].
The positive electrode is affected by the growth of a CEl layer, but to a lesser extent
than the graphite due to the high voltage (i.e., greater than 4.5 V) required to grow a
stable film [83, 84]. The positive electrode is also susceptible to thermally driven
decomposition, particularly if the cell is overcharged. Under overcharge conditions,
the electrolyte becomes unstable [85], which leads to reactions between the
electrolyte and positive electrode that can raise the cell’s temperature and release
oxygen gas [86]. Furthermore, mixed metal oxide positive electrodes have been
shown to release oxygen when excess lithium is removed from their crystal structure
[79-82]. If this process escalates, catastrophic failure is possible. Overcharging of the
positive electrode structure can be observed by either measuring the gas species

evolved via gas chromatography and mass spectrometry [86] or through diffraction-
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based studies of the electrode structure [87]. However, no models have been
developed that can predict gas evolution within the cell as a result of overcharge

reactions.

3.3 — Current Collectors

The negative electrode active material is coated onto a copper current
collector that is largely unaffected by the operation of the battery. However, the
copper can dissolve if the battery is overdischarged [88, 89]. Copper dissolution can
lead to the formation of different copper species and deposition on the electrode
surfaces. If enough copper dissolves, the possibility of an internal short circuit
becomes greater. While overdischarge can be largely avoided through proper battery
management, it is still possible in the event of BMS failure, misuse of the battery, or
self-discharge during long periods of storage. Copper dissolution will be described in
much greater detail in Chapter 4; however, the relationship between the quantity of
copper and the likelihood of short circuit has not been suitably quantified.
Alternately, the positive electrode active material is coated onto an aluminum current
collector. If the cell is overcharged, the aluminum can corrode [90, 91]. This can lead
to a reduction of power or increased resistance. While aluminum pitting corrosion is
not a catastrophic failure, overcharge also causes electrode decomposition. The effect

of metallic dissolution has not been modeled and related to a TTF.

3.4 — Separator
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The separator in a lithium-ion battery is a porous polymer sheet that allows
ion transport while preventing internal electrical short circuits between the electrodes.
If the integrity of the separator is compromised, the electrodes can make contact,
resulting in an internal short circuit that can cause heat generation and potentially lead
to full thermal runaway [92]. Typically, electrode contact is due to thermal or
mechanical damage to the separator. If metallic particles are present in the battery and
puncture the separator, internal short-circuiting can occur. These particles can come
from external contamination during assembly, lithium dendrite growth, and/or copper
dissolution. Internal short-circuit failure mechanisms are observed as an negative
electrode/positive electrode bridge by the particle accompanied by tearing of the
separator. Thermal and mechanical damage to the separator can be observed through
an SEM. Additionally, melted separator can be seen optically during a cell
disassembly procedure and provide some insight into the initiation point of the
failure. Researchers have begun investigating the stresses generated in the separator
as a result of battery operation and abuse [93-95]. Excessive heating of the polymer
past its melting point can result in an inoperable battery or in a catastrophic thermal
runaway. As a safety mechanism, the pores of the separator are designed to close to
prevent short-circuiting [92, 94]. However, if the battery continues to heat up, the
separator could further melt and allow an internal short circuit [92, 94]. Finally, the
separator is usually wider than the electrodes to prevent short-circuiting at the edges.
However, separator shrinkage when exposed to electrolyte or high temperatures could
cause the electrode edges to touch, possibly initiating a thermal runaway [92]. Proper

design and selection of the separator can aid in preventing thermal runaway, but
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proper manufacturing and screening procedures are required to prevent contaminated

cells from entering the supply chain.

3.5 — Electrolyte

An organic solvent and a lithium salt make up the electrolyte of the battery.
The electrolyte helps facilitate lithium-ion transport while inhibiting electron
transport between the negative electrode and the positive electrode. The most
commonly used solvents are organic-based carbonates, such as EC and DMC. The
electrolyte can contribute to side reactions with the electrodes that reduce the
available capacity of the battery and lead to wearout failure. While the electrolyte
most commonly used in lithium-ion batteries has beneficial properties for ion
transport, it is highly flammable and unstable outside of a narrow voltage and
temperature window. If operated under extreme temperature or voltage conditions,
the electrolyte can decompose, cause gas generation, and lead to thermal runaway
[85]. Typically, electrolyte decomposition occurs at temperatures above 200 °C, at
which point thermal runaway becomes likely. The electrolyte can be analyzed and
compared to virgin electrolyte to identify the degradation and decomposition
mechanisms occurring within the cell or the electrodes can be studied as previously
described to observe decomposition products. Previous studies have utilized NMR
[16], FTIR [17], thermogravimetric analysis (TGA) [18], differential scanning
calorimetry (DSC) [19], and accelerated rate calorimetry (ARC) [20] to measure
electrolyte properties and identify degradation and decomposition pathways for the

popular lithium-ion battery solvents. Alternately, researchers have focused on heat
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generation and heat dissipation rates [96-98] when modeling thermal abuse that
would lead to electrolyte decomposition. Thermal abuse models evaluate the
contributions of different sources of heat generation, including short circuits and
chemical reactions, to identify a timeline for the initiation of thermal runaway. These
models have applications in developing thermal management systems and anomaly
detection; however, large-format batteries do not always have a uniform temperature
distribution on the surface of the cell. By the time the rise in temperature is detected,
it may be difficult to prevent thermal runaway. In addition to developing new
methods to detect the internal temperature of the cell, it is important to focus on the
root causes of temperature generation and develop models to predict the onset of an

internal short circuit or dendrite growth.

3.6 — Cell Terminals and Casing

The cell terminals are responsible for conducting current from the current
collectors to the external electric circuit. The terminals are typically connected to the
current collectors by spot welding a tab onto the current collector. Poor-quality spot
welds or an insufficient number of spot welds could lead to increased resistance to
electrical current. Quality control issues with spot welding can be identified visually
through optical microscopy, or mechanically through a pull or shear test.
Additionally, thermo-mechanical fatigue can cause the connection between the cell
terminals and the current collector to degrade and fail. Loss of connectivity or
intermittent connectivity could cause the host device to malfunction or fail altogether.

Moisture surrounding the terminals on the exterior of the battery can cause short-
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circuiting of the cell through corrosion reactions or through formed conductive
pathways. In the investigation surrounding the Chevy Volt fire in June 2011, the
battery fire was traced back to coolant leakage following a side-impact crash test [99].
The coolant was electrically conductive at high voltages, causing an external short
circuit between the battery’s terminals. The short circuit generated enough heat for
the batteries to undergo thermal runaway. Alternately, moisture can cause corrosion
between the battery’s terminals, resulting in a slow discharge of the battery or
excessive heat generation, and can be modeled using a variety of well-developed
models for electronics corrosion [100-103]. The battery can be left inoperable, or
excessive heat generation could lead to thermal runaway. Therefore, it is important to
not only protect the battery from moisture, but also to predict the risk of corrosion
formation under a variety of operating conditions.

Another way that thermal runaway could be induced is through denting or
crushing of the cell casing, which causes stress to be transferred to the electrodes and
possibly results in a short circuit. Finite element modeling has been performed by
[104, 105] to help develop better designed battery packs and predict the onset of
catastrophic failure due to mechanical abuse. Simplified analytical models are needed
for real-time assessment of mechanical damage to the cell. In the case of an EV
accident, first responders need to know the risk of thermal runaway. A full-scale
finite element model will not be appropriate for this type of control scenario,
therefore, additional investigation into new ways to detect and model battery damage

under mechanical loads is required.
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3.7 — Summary

Performing an FMMEA is essential to understanding the many ways in which
batteries can fail. Further analysis takes into account likelihood and severity of given
failure mechanisms occurring to prioritize the most important mechanisms to focus
on for a given application and use scenario. In this work, operation at high voltages
(overcharge) and low voltages (overdischarge) is emphasized due to the variety of
failure mechanisms that can be initiated, the likelihood in which the failure
mechanisms can be exacerbated in battery pack applications, and the severity of

failure.
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Chapter 4: Overdischarge of lithium-ion batteries

4.1 — Literature Review

Overdischarge of lithium-ion batteries can fall into two categories:
Overdischarge to voltages as low as 0 V, or overdischarge to voltages less than 0 V,
also referred to as reversal because the positive electrode’s potential falls below the
negative electrode’s potential. Both types of overdischarge can negatively affect
battery performance; however, their likelihood of occurrence differs. Overdischarge
to 0 V is more likely to occur for batteries in storage at open circuit, whereas
overdischarge into reversal requires an external load and is more likely to be handled
by a battery management system. Overdischarge to 0 V can occur due to self-
discharge of individual cells as well as parasitic BMS loads in battery packs.

M. Zhao et al. [106-109] conducted multiple studies to understand copper
dissolution of both uncoated and coated copper foils in lithium-ion battery
electrolytes. To assess the stability of bare copper foil in battery electrolytes, the
researchers assembled a three-electrode cell with a working electrode consisting of a
copper foil connected to a nickel wire, a reference electrode consisting of lithium
metal connected to a nickel wire, and an auxiliary electrode of platinum wire for
cyclic voltammetry and controlled-potential electrolysis experiments. When cyclic
voltammetry scans were conducted at a variety of sweep rates, a sharp increase in
current above 3.4 V vs. Li/Li* was attributed to oxidation of copper, and a reduction
peak around 3.4 V vs. Li/Li* was seen on the reverse scan. When controlled-potential
electrolysis was performed, the mass loss of the copper foil electrode was measured

for a number of electrolysis potentials. At 3.5-3.6 V vs. Li/Li", the electrode lost
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approximately 4 — 8% of mass in 1.5 hours. A voltage of 3.4-3.6 V vs. Li/Li" for
copper is relevant to a full lithium-ion battery because it represents an overall cell
voltage of approximately 0.3 — 0.5 V when paired with typical mixed metal oxide
positive electrodes. In [106], the stability of copper foil in the electrolyte was studied
by placing copper foils in sealed vials of electrolyte. The effect of impurities (H20
and HF) in the electrolyte were studied and flame atomic absorption spectroscopy
was utilized to quantify the amount of copper dissolved into solution. In fresh
electrolyte, the concentration of copper plateaued at approximately 50ppm after 14
weeks. Using cyclic voltammetry, it was determined that the copper was in a Cu?*
state in the electrolyte solution. Furthermore, the total amount of copper that was
dissolved was independent of the volume of the electrolyte solutions. Electrolyte
impurities can enhance copper dissolution initially due to oxidation of the copper by
impurities. When the copper foil was coated with graphite, some suppression of the
copper dissolution was observed in [108-109]. In [108], a three-electrode beaker cell
was used with a graphite coated copper working electrode, lithium-metal reference
electrode, and a platinum auxiliary electrode to conduct cyclic voltammetry and bulk
electrolysis experiments, similarly to the bare copper foil in [106]. An oxidation peak
did not appear until a voltage of approximately 3.65 V vs. Li/Li* was reached, which
corresponds to an approximate 50 mV positive shift compared to the bare copper foil.
In the bulk electrolysis experiments, initially a lower current indicated that copper
dissolution was inhibited; however, sudden increases in the oxidation current
corresponded with delamination of the electrode from the copper current collector.

Once the electrode exposed the copper foil, significant amounts of copper dissolution
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were observed. In [109], graphite-coated copper foils were stored in an electrolyte for
over 14 weeks and copper concentration was measured using flame atomic absorption
spectroscopy. The presence of the graphite coating significantly reduced the amount
of copper dissolved, with copper measurements approximately 1ppm after 14 weeks
compared to 50ppm for bare copper.

In [110], failure of repeatedly overdischarged cells into full reversal was
observed. The cells were either repeatedly discharged by an additional 10% or 20%,
which corresponded to a cell voltage below 0 V. Micro shorts were observed in the
cells which were unable to be charged after 1 cycle (-20% SOC) and 10 cycles (-10%
SOC). The cells were disassembled in a glovebox and studied using SEM/EDX. Even
for a cell cycled between 0% and 100% SOC, aluminum was detected on the
electrodes, suggesting that the separator was coated with alumina for safety purposes.
Further study of the separators via X-ray diffraction (XRD) confirmed that aluminum
was embedded in the separator from the start, and that overdischarge led to the
formation of metallic aluminum and short circuit. This suggests that additional failure
mechanisms besides copper dissolution could emerge as new additives are included in
separators to improve the safety performance. It is also unclear whether dissolved
copper contributed to this failure mechanism.

The interaction between the positive electrode and negative electrode during
overdischarge and overcharge was elucidated by Kasnatscheew et al.[111] when a
cell was overdischarged into reversal (cell voltage less than 0 V). A 3-electrode cell
was constructed using nickel manganese cobalt dioxide (Nio.33Mno.33C00.3302 or

NMC111) for the positive electrode, graphite for the negative electrode, and lithium
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metal as the reference electrode. When overdischarging at a constant current,
oxidation was observed on the negative electrode, suggesting copper dissolution.
After about an hour of copper dissolution, a change in slope of the positive electrode
was observed that was attributed to reduction of copper ions on the surface of the
positive electrode to form metallic copper. The presence of copper on the positive
electrode was confirmed with SEM/EDX.

Fear et al. [112] used commercial 18650 cells to study overdischarge into
reversal (-100% SOC). Cells were overdischarged at a constant current until the cell
was at -100% SOC and disassembled. Furthermore, half-cells were constructed with
harvested electrodes, lithium nickel cobalt aluminum dioxide (NCA) positive
electrode and graphite negative electrode. SEM and EDX analysis were employed to
confirm the presence of copper on both electrodes and results from the half-cell
studies were used to propose mechanisms for the copper dissolution and plating. The
overdischarge procedure was split into 4 stages, during which SEI decomposition,
oxidation of the copper current collector, reduction of the copper ions on the positive
electrode, and continuous dissolution of copper from the current collector occur,
respectively. When cells were disassembled, copper dissolution was evident due to
poor adhesion of the negative electrode to the current collector. The presence of
copper on the positive electrode was observed via SEM/EDX, and plating of copper
was supported by adhesion of the separator to the positive electrode surface. The
authors determined that a short circuit was present, and that overdischarge in and of
itself will not necessarily cause thermal runway; however, safety concerns could arise

when an overdischarged cell is recharged.
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The authors in [113] performed overdischarge testing on commercial 18650
lithium iron phosphate (LiFePOa4)/graphite cells. The cells were opened and a
reference electrode was inserted into the electrode winding before immersing the
entire assembly in electrolyte in a beaker. Cells were then overdischarged to various
levels (-5%, -10%, -15%, and -20% SOC) and the potential of each electrode with
respect to the lithium metal was measured. Furthermore, cyclic voltammetry
measurements of pure copper electrodes in a matching electrolyte solution were
performed to identify the oxidation and reduction potentials required for copper
dissolution. The oxidation currents were 3.92 V vs Li/Li* to oxidize the bare copper
from Cu to Cu*and 4.17 V vs Li/Li* to further oxidize to Cu?*. Reduction occurred at
3.28 V and 3.19 V vs. Li/Li* for reduction of Cu?* to Cu* and Cu, respectively. These
values are different than reported elsewhere [106, 108]; however, differences in
electrolyte and ambient conditions could play a role in these limits. Furthermore, the
experiments used to characterize these limits were different and oxidation could occur
closer to the 3.1-3.6 V vs. Li/Li* limit previously reported by others. The authors used
SEM/EDX to confirm the presence of copper on the electrodes and separator. Failure
in the full cells was attributed to internal short circuiting due to copper dendrites.

In Guo et al. [114], overdischarge into full reversal is conducted, whereby the
cell is discharged below 0 volts. This scenario can arise when multiple cells are
connected together in series and discharge of the whole string results in one or more
cells being overdischarged. In this study, the researchers overdischarged a cell to -
100% SOC and noted three distinct phases in the voltage response. In phase 1, the

cell is discharged to -11% SOC, which occurred around -2.19 V for their cell. From -
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11% to -20% SOC, the cell is in phase 2, during which, the cell voltage slightly
increases to -1 V. Stage 3 consists of the remaining overdischarge to -100% SOC.
The authors noted a slight plateau of the voltage curve in stage 1 near 1 V, which is
attributed to SEI layer breakdown. When testing was terminated during this stage,
they demonstrated recoverable capacity and no discernable changes in performance.
In stage 2, results were more variable because of the formation of a mild internal
short circuit, whereas in stage 3, the cells could not be recovered due to sever internal
short circuiting. SEM and XRD were conducted to examine the electrode morphology
and the structural characteristics of the internal short circuit. As the cell was
overdischarged from 0% to -13% to -20%, peaks associated with Cu became more
pronounced with increasing levels of overdischarge. The growth of XRD peaks
associated with Cu as the cell was overdischarged from 0% SOC to -20% SOC grew
in intensity suggesting that copper dissolution and deposition is a continuous process
during overdischarge into voltage reversal.

H. Maleki and J. Howard [115] demonstrated copper dissolution in lithium-
ion cells by discharging the cells to either 2.0, 1.5, 1.0, 0.5 or 0 V and holding for 72
hours. The cells were then recharged and cycled 5 times before repeating the
overdischarge and 72 hour voltage hold procedure again. The authors found that 2.0
and 1.5 V overdischarge had minimal effect on cycle-life, 0.5 and 1.0 V
overdischarge had significant capacity loss, and 0 V overdischarge was extremely
erratic. Some 0 V cells cycled but quickly lost capacity, while others immediately
experienced an internal short circuit. EDX analysis performed on both sides of the

separator of one of the 0 V cells showed clear migration of copper ions through the
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separator, with a higher concentration on the negative electrode side than the positive
electrode side; however, 2 of the other 0 V cells did not exhibit copper dissolution.
Crompton and Landi [116] investigated copper dissolution thresholds in 3-
electrode pouch cells and explored pre-lithiation strategies for 0 V storage of lithium-
ion batteries. Storing a battery at 0 V without copper dissolution would be
advantageous for a number of situations including shipping and long term storage;
however, changes to cell chemistry or manufacturing and processing are required.
The 3-electrode pouch cell used in this study consisted of a mesocarbon microbead
(MSMB) graphite negative electrode, a lithium cobalt dioxide (LiCoOz) positive
electrode, and a lithium metal reference electrode. The reference electrode enabled
the measurement of negative electrode and positive electrode potential independently
with respect to Li/Li*. A fixed resistance of 2.5 kOhm was applied to the cell once it
was at 0% SOC (full cell voltage of 3 V) and held for 3 days. The negative
electrode’s potential with respect to lithium metal increased rapidly to above 3.1 V
vs. Li/Li* after 10 hours. Direct measurement of the dissolved copper was not
conducted in the study, but a linear sweep voltammogram was conducted to identify
the negative electrode potential with respect to lithium metal that resulted in an
oxidative current. The authors found that an negative electrode potential of 3.1 V vs.
Li/Li* resulted in a small oxidative current, with higher voltages leading to increased
currents. While this value is lower than the 3.4-3.6 V vs. Li/Li" reported elsewhere
[106, 108], the authors attributed this to ambient conditions, electrolyte composition,
and non-faradaic processes. A more conservative threshold of 3.1 VV may be ideal for

applications requiring high levels of safety.
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Fuentevilla et al. [117, 118] presented X-ray photoelectron spectroscopy
results from large-format (>30 Ah) cylindrical cells experiencing overdischarge.
Some of the cells had naturally overdischarged to voltages less than 1 V, whereas
some of the cells remained at a healthy voltage above 3 V. The cells were
disassembled in a glovebox with <1 ppm O2 and samples were collected from
multiple locations of the negative electrode and positive electrode. The samples were
mounted onto a platen and transferred to a Physical Electronics 5400 X-ray
photoelectron spectrometer in an air-tight transfer vessel. The samples were never
exposed to air during the process. Survey and multiplex scans were conducted, and
copper was detected on both electrodes from cells that were stored at less than 0.5 V,
whereas no copper was observed on cells 0.5 V and above. This is consistent with
literature, although the exact dissolution threshold is dependent on a number of
factors including the positive electrode to negative electrode active material ratio.

Li atal. [119] overdischarged LiCoOz2 cells to voltages between 0 and 3 V and
studied copper deposition on the positive electrode using inductively coupled plasma
(ICP) analysis. Furthermore, the thickness of the cells and the gas composition was
studied. Overdischarge to 0 V led to the generation of gases, most notably CO2, and
the performance was significantly affected. ICP analysis showed that more than 4
times the amount of copper was found in 0 V cells compared to cells discharged to
0.4 and 1 V. For this particular cell, a 3-electrode test using a lithium metal reference
electrode showed that a full cell voltage of approximately 0.2 — 0.3 VV would result in

copper dissolution.
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In K. Kumai et al. [120], gas generation as a result of repeated overdischarge
was observed. The overdischarge was performed by cycling the batteries with a lower
voltage limit shifted by 10% of the nominal cell capacity. A significant amount of gas
was generated, primarily composed of CO2 and CHa. The authors hypothesized that
the copper current collector had dissolved and plated the positive electrode.
Accelerated electrolyte decomposition took place due to inhibited intercalation, and
as a result produced hydrocarbons, CO2, and CO. Direct measurement of the copper
dissolution was not conducted and the actual lower voltage of the cell was not
provided.

Love and Gaskins [121] overdischarged pouch cells with a LiCoO2 positive
electrode and graphite negative electrode. Their report primarily focuses on swelling
due to gas generation and reduction in charge/discharge cycles. When a cell was
repeatedly overdischarged to 1.2 V, the thickness increased by over 3.5 mm after 200
cycles. Furthermore the cells reached 20% capacity loss within 57 cycles, which is at
least 4 times less than the same cells operated in their normal cycling range. Copper
analysis was not performed, and may not have occurred based on the voltage ranges
tested. Instead, SEI layer decomposition, reformation, and gas generation may have

consumed lithium, resulting in a reduced cell capacity.

4.2 — Research Gaps

Much of the research into copper dissolution can be separated by the type of
overdischarge scenario employed, notably, overdischarge into reversal and

overdischarge to voltages greater than 0 V. Overdischarge into reversal is primarily a

39



concern with large battery packs containing many cells in parallel and series
configurations. If cells become imbalanced in a series string, one or more cells could
experience reversal while the overall string voltage still appears to be healthy.
Alternatively, overdischarge to voltages greater than 0 V represents storage scenarios
in which the cell or battery self-discharges to a voltage below the manufacturer’s
recommended voltage cutoff, but does not enter into reversal. The former has been
shown to lead to copper plating on the positive electrode as the cell is forced and held
in reversal. Eventually a copper dendrite grows and initiates a hard short circuit and
the cell can no longer be used. For cells overdischarged without reversal, the failure
mechanism needs to be further elucidated. The dissolution of copper can occur at low
cell voltages (~0.5 Volts and below); however, the cell can usually be recovered and
subsequently cycled. The ability to recover a cell overdischarged to extremely low
voltages is advantageous, especially for large, expensive battery packs. However, the
safety and performance implications are not well known. The experiments described
in this section provide additional information on the nature of copper dissolution

under overdischarge scenarios that do not result in voltage reversal.

4.3 — Experimental

The cells used in this study are large-format cylindrical lithium-ion cells with
a nominal capacity of 52 Ampere-hours (Ah) at a C/5 rate (10.4 A). The cells are 208
mm long and 54 mm diameter and weigh 1 kg. The cells have a carbon-based
negative electrode and a nickel cobalt aluminum (NCA) oxide positive electrode and
are operated between 2.5 V and 4.1 V. A picture of the cell can be seen in Figure 6.

The cells were obtained from battery packs containing 9 cells connected in series with
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the majority of the cells (>75%) exhibiting voltages within the cell’s operating limits.
The remainder of the cells experienced some level of overdischarge and exhibited
voltages from 0 to 2.5 V. The packs had been in storage, suggesting that the battery
management system and internal cell impedance caused the cells to discharge to
varying levels. Cells with voltages above 2.5 V were cycled using a Maccor
programmable battery tester at a C/5 rate (10.4 Amps) and exhibited capacities
matching the nominal capacity of 52 Ah. These cells are considered healthy and are
used as a baseline comparison. Thirty (30) of the healthy cells were selected for an
overdischarge study, and the remaining healthy cells were used for cell disassemblies,

overcharge testing, and high temperature exposure testing.

Figure 6: Large format cylindrical cell with positive and negative terminals on
top.

4.3.1 — Overdischarge procedure

Cells selected for the overdischarge study were separated into 3 groups of 10

cells each. The first group was overdischarged to 0 V, the next group was
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overdischarged to 0.25 V, and the final group was overdischarged to 0.5 V. Control
samples were chosen from the cells exhibiting voltages within the range of 2.5 V to

4.1 V. The study is summarized in the diagram shown in Figure 7.
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Figure 7: Overview of overdischarge study

To perform the overdischarge, each of the cells’ voltage was first reduced to
0.5V at a current of 5.2 A (C-Rate of C/10) using a Maccor programmable battery
tester. The cells were then connected to a separate circuit used to individually
maintain their voltage to within approximately 10 mV. For 0 V cells, the cells were
simply shorted through a resistive load of 1 Ohm. All cells were tested in a room with
ambient temperature of approximately 25°C and held in the various overdischarged
states for 9 months. Following storage, the cells were either disassembled in the
overdischarged state, recharged and then disassembled, or repeatedly cycled prior to

disassembly.
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To recharge the cells, the cells were charged at a C/10 rate (5.2 A) until the
cell’s voltage reached 2.5 V. The charging current was then increased to a C/5 rate
(10.4 A) until the cell reached 4.1 V. The cell was charged at a constant voltage of 4.1
V until the current reduced to 250 mA. The cell was discharged to 2.5 V at a C/5 rate
(10.4 A) until the cell reached 2.5 V.

To cycle the cells following overdischarge, the recharge procedure is
conducted as described above, except the upper voltage limit is set to 3.6 V,
representing approximately 50% SOC. An impedance scan is taken using a 200 mA
AC perturbation current with a measurement frequency range of 10 mHz to 10 kHz.
As long as the impedance has not significantly changed, cycling is conducted at a C/2
rate (26 A) between 2.5V and 4.1 V. Every 10 cycles, the cell is stopped and
monitored for self-discharge, recharged to 3.6 V, and another impedance scan is
taken. This is to ensure that any potential safety concerns are detected in advance.
Cycling is continued to demonstrate the effect of overdischarge on capacity fade and

cell impedance.

4.3.2 — Cell disassembly procedure

Destructive physical analyses (DPA) along with Computed Tomography (CT)
scans provided information about the internal structure of the cells. A CT scan of the
cell can be seen in Figure 8 showing the wound jelly-roll with current collector
extending from the bottom of the jelly-roll to make contact with the cell casing and
another current collector from the top of the jelly-roll that was attached to a bus bar
that connected to one of the terminals at the top of the cell. The cell was case-

positive, indicating that the current collector attached directly to the case was the
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positive electrode’s aluminum foil, and the current collector attached to the terminal

at the top of the cell was the negative electrode’s copper foil.

Cylinder 1 alignment system
0.77 mm

Bottom

Figure 8: CT scan of cell showing top current collector and connection to
terminal via busbar and bottom current collector connected directly to casing

Preliminary cell disassembly procedures were conducted on cells that had
naturally overdischarged to 0 V. This allowed for the confirmation of safe-to-cut
zones and provided practice to determine the amount of pressure to apply with the
cutting tool. The cutting tool was a Dremel rotary tool with a non-conductive circular
blade. The cells are marked ¥4” from both the top and bottom to ensure that the rotary
tool does not cut into the jelly-roll structure and inadvertently short circuit adjacent
layers. A thermocouple mounted to the side of the battery monitors the external cell

temperature and cell disassembly is stopped if the temperature begins rising
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unexpectedly. Cells are transferred into a glovebox filled with Argon gas prior to
disassembly. The glovebox is maintained at < 1ppm Oz to preserve sample integrity.
The cell undergoing disassembly is held above a large bell jar filled with Drierite with
one hand while using the rotary tool to first cut into the bottom of the cell below the
marked line. The cell is rotated to cut around the entire circumference of the cell and
the bottom end cap is pulled off to expose the aluminum current collector. The cutting
process is repeated at the top of the cell and the top end cap is pulled off to expose the
copper current collector. The cell is placed in the bell jar and vacuum is pulled for 24
hours to remove excess electrolyte from the jelly-roll. After the 24 hour stand-down,
the bell jar is opened in the glovebox and the rotary tool is used to carefully score a
line down the length of the cell. During this stage of the disassembly, extra care is
taken to avoid cutting directly through the cell casing and into the jelly-roll. Once the
score mark is made, the rotary tool is used to slowly cut deeper into the cell casing.
Periodically, a non-conductive tool will be used to try to break the cell casing along
the cut line starting from the top of the cell and working towards the bottom of the
cell. The cell casing can then be peeled away and the jelly-roll extracted.

The jelly-roll is then prepared for sample collection by removing the tape used
to keep the jelly-roll wound and mounting the jelly-roll onto a glass rod suspended
with angle brackets as seen in Figure 9. The separator is peeled away until the
beginning of the electrode winding is reached. The two electrodes are separated and
taped to cylinders on either side of the jelly-roll. The two electrode rollers are
connected together and rotated simultaneously to wind the individual electrodes

separately on their own roller as seen in Figure 10.
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Figure 9: Jelly-roll with glass rod through center mandrel and elevated over
cutting board end view (left) and top view (right)

Figure 10: Negative electrode and positive electrode separated and wound onto
separate rollers. The negative electrode is on the left and the positive electrode
on the right.

The jelly-roll is unwound until a sample is collected for further analysis. In
this instance, samples were collected from the outermost portion of the jelly-roll
(exterior), the innermost portion of the jelly-roll (interior) and halfway between the
two (middle). Samples were collected for scanning electron microscopy (SEM), X-

ray photoelectron spectroscopy (XPS), and X-ray absorption fine structure (XAFS)
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analysis. For SEM and XPS, two roughly /%" diameter circles were punched from the
electrode sheet away from the edges. For XAFS, a large, approximately 2”x2” square
of electrode was cut nearby to the punched samples. The electrode sheets with the
punched samples can be seen in Figure 11. After removing the samples from the
electrode sheets, the jelly-roll is unwound further until the center mandrel is reached.
All samples are placed into clamshell cases and remained in the glovebox until it was

time to conduct additional measurements.

P

Figure 11: Sples removed from electrode sheets

4.3.3 — Scanning Electron Microscopy

Scanning electron microscopy (SEM) analysis was performed on a Hitachi
SU6600 located at the Naval Surface Warfare Center Carderock Division
(NSWCCD). The equipment utilizes a ZrO/W schottky emission electron gun with a
resolution of 1.2 nm at 30 kV with a working distance of 5 mm or a resolution of 3.0
nm at 1kV with a working distance of 4 mm. Samples were mounted onto the SEM

stage with conductive tape and introduced into the SEM through a vacuum port. The
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focus was adjusted and SEM micrographs were taken at multiple magnification states

to observe the morphology of the electrodes.

4.3.4 — X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was conducted on a Physical Electronics
VersaProbell Scanning X-ray Photoelectron Spectroscopy Microprobe located at the
Naval Surface Warfare Center Carderock Division (NSWCCD). The VersaProbe is
equipped with a monochromatic Al-K« X-ray source that can provide a narrow,
focused beam for sample analysis with spatial resolution near 10 microns. The
monochromatic Al-Kq radiation is achieved through the use of a diffracting quartz
monochromator to focus the X-rays and eliminate the broad range of Bremsstrahlung
X-rays (1-12 keV) that can hit the sample when a non-monochromatic source is used.
The use of a monochromatic X-ray source allows for improved interpretation of XPS
peaks due to a better resolution and lower background counts associated with
unfiltered X-rays. XPS is a surface sensitive technique and the depth of interaction is
typically around 5 nm.

Samples are transferred into the XPS ultrahigh vacuum chamber through an
intro chamber that is pumped down to 4x10* Pa. The intro chamber allows for the
introduction of air-sensitive samples through an additional transfer vessel. For all of
the electrodes studied, this transfer vessel method was employed. The sample platen
is prepared by placing double-sided tape on the top of the platen. A portion of the 4”
diameter sample is cut (~1/4 of the sample) and adhered to the tape on the platen

surface. Approximately 3-4 samples are placed on the platen in this manner to
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increase the throughput of samples. The platen is loaded into the transfer vessel inside
of a glovebox and the transfer vessel is closed to prevent contamination with air. The
transfer vessel can then be removed from the glovebox and placed on the XPS intro
chamber and pumped while the sample is still sealed within. Once the vacuum level
reaches 4x10 Pa, the transfer vessel is opened to continue pumping down the sample
without ever exposing it to air. The sample platen is loaded onto a magnetic fork and
the valve between the intro chamber and the analysis chamber is opened to move the
sample platen onto the analysis stage. The magnetic fork is retracted and the valve
closes again and the analysis chamber is able to achieve its ultrahigh vacuum of
~2x1078 Pa again.

A picture of the sample platen is captured to identify analysis regions and
associate the analysis locations with X and Y coordinates. A z-alignment procedure
maximizes the signal intensity by varying the sample height. XPS data collection can
commence when the ultrahigh vacuum analysis chamber reaches ~2x10~ Pa and all
of the analysis locations are selected z-aligned. Survey and multiplex scans were
performed on all of the samples to identify regions of interest and provide well
resolved XPS spectra of regions of interest. Survey scans were taken across the full
range of X-ray energies (0 eV to 1486.7 eV) with a pass energy of 117.4 eV,
providing a resolution of 1.76 eV. A series of 5 cycles were performed and averaged
together to maximize the signal to noise ratio and resolve the XPS peaks. Two
different types of multiplex scans were conducted for each of the samples. A quick
multiplex scan focused exclusively on C1s, O1s, and F1s orbitals and was conducted

prior to and following a longer multiplex scan. The two quick multiplex scans will
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show whether the long multiplex scan introduces any X-ray damage to the samples.
The long multiplex scans of the negative electrodes focus on Lils, C1s, O1s, F1s,
P2p, and Cu2p3 orbitals, and the positive electrode scans additionally include Co2p
and Ni2p orbitals. Scans are taken over a 200 pm x 1000 um area with an electron
take-off angle of 45°. The X-ray source operated at 15 kV and a power of 50 W
producing a 200-micron beam, which is electronically rastered to minimize X-ray
damage of the samples. The analyzer pass energy was set 23.5 eV for multiplex
spectra, which enabled a finer resolution of 0.35 eV.

A low energy Argon ion beam and an electron beam are concurrently used to
strike the analysis area during XPS analysis to reduce surface charging that can
complicate interpretation of the collected spectra. This is particularly useful for
lithium-ion batteries with composite electrodes consisting of both metallic and
insulating materials that can differentially charge. Final calibration of the spectra was
made by assigning the binding energy of the hydrocarbon signal to 284.8 eV. XPS
spectra are obtained by striking the sample with incident X-rays and measuring the
kinetic energy of the ejected electrons. The binding energy, BE, can then be

calculated based upon the following equation:

BE =hv-%mv?—¢
Where h is Planck’s constant, v is the X-ray frequency, m is the mass of the ejected
electron, v is the velocity, and ¢ is the work function associated with the
spectrometer. The work function is a known quantity through calibration of standards
on a given piece of XPS equipment. The energy associated with the incident X-rays is

known, and the Kkinetic energy is measured with a hemispherical analyzer. Thus, it is
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possible to plot the binding energy vs. the intensity of the ejected photoelectrons
(given as counts/second). Peaks in the spectra are associated with different element
orbitals and provides information about the nature of the chemical bonds present in
the sample. Additional analysis can be performed by fitting Gaussian or non-Gaussian
curves to the peaks to identify the location and the full-width at half maximum
(FWHM) of the peak for identifying compounds in an unknown sample through
comparison with known standards.

Battery electrode samples were studied for three collected locations (exterior,
middle, and interior) for cells overdischarged to 0 V, 0.25 V, and 0.5 V. Samples
collected from a healthy cell discharged to 2.5 V were also measured as a control
sample. In addition to analyzing the battery electrodes, reference samples were
studied using the XPS to aid in the analysis of the negative electrode and positive
electrode samples. Powders for CuFz, Cu20, CuO, Cu(OH)z2, carbon black,
polyvinylidene fluoride, NCA, and graphite were mounted on platens with double-
sided tape. Most samples did not require special preparation, however, Cu(OH)z2 is
extremely sensitive to moisture. Cu(OH)2 powder was ground in a mortar and pestle
inside of a glovebox and transferred to the XPS analysis chamber with the aid of the

air-tight transfer vessel.

4.3.5 — X-ray Absorption Fine Structure

X-ray absorption fine structure (XAFS) measurements were conducted at
Argonne National Laboratory’s Advanced Photon Source (APS). The APS is a
synchrotron radiation facility that consists of a linear accelerator, a booster

synchrotron, and a storage ring. The linear accelerator accelerates electrons to
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relativistic speeds at an energy of 450 MeV. The booster synchrotron further
increases the energy of the electrons to 7 GeV in less than a second, at which point
they are injected into an 1100 m circumference storage ring where they can be used
for experiments in either insertion device or bending magnet beamlines. Beamline 5-
BM-D uses bending magnets to direct X-rays at the samples located within the
beam’s path. Beamline 5-BM-D was operated under a general user proposal
submitted for studying copper dissolution in lithium-ion batteries. XAFS is a bulk
sensitive technique and complements the XPS analysis nicely to provide an overall
picture of the surface and bulk chemistry. A plan view of the APS is given in Figure

12 and a schematic of the measurement setup is shown in Figure 13.

Figure 12: Plan view of the APS facilities showing the linear accelerator
(LINAC), the booster/injector synchrotron, and the main storage ring [122]
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Figure 13: Schematic of 5-BM-D XAFS setup. The incident X-ray beam passes
through a detector measuring the initial intensity of the X-rays. The X-rays
strike the sample and a fraction pass through to be measured at the transmission
detector. The remaining X-rays pass through a reference foil before their
intensity is measured again. A fluorescence detector placed perpendicular to the
transmission detectors can measure fluoresced X-rays.

X-ray absorption spectra can be measured in three different ways:
transmission, fluorescence, and electron yield. The transmission mode was used to
collect the absorption at the Ni and Co K-edges of the positive electrode active
material (NCA) by taking the natural logarithm of the ratio of incident X-rays, lo, and
transmitted X-rays, It. The incident and transmitted intensities were measured using
ionization chambers filled with appropriate mixture of Ar and N2 gases. The
fluorescence mode was used to calculate the absorption of dissolved copper present in
the negative electrode by taking the ratio of the fluoresced X-rays, Ir, and the incident
X-rays, lo. The fluorescence signal was measured using a Passivated implanted planar
silicon (PIPS) detector manufactured by Canberra. The electron yield mode, which
calculates the absorption by taking the ratio of measured total electron current ejected
from the sample surface and the incident X-ray intensity, lo was not used in this
investigation. The use of a reference foil and a third X-ray detector (ionization
chamber) enables energy calibration of the spectra from multiple samples for

comparison purposes. To investigate the chemistry of dissolved copper in the
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negative electrode, a Cu foil was utilized for the monochromator energy calibration.
To study the effect of overdischarge on the positive electrode active material
(LiNiCoAIOQOz2), two separate measurements at the Ni and Co K-edges were taken with
Ni and Co foils used for monochromator calibration, respectively. The X-ray cross
section was approximately Imm x 7mm, and samples were cut in excess of this cross
section. For samples overdischarged to 0 or 0.25 V, flakes of graphite easily separated
from the underlying current collector as seen in the disassembly picture in Figure 14.
This delamination was attributed to reduced adhesion between the electrode and the
current collector and allows for XAFS measurements of copper without contributions
from the copper current collector itself. For other samples, a piece of Scotch tape was
used to peel the electrode off of the current collector. This is illustrated in .Samples
were mounted onto a plastic tray and placed in the line with the detectors either at a
90° or 45° angle for transmission and fluorescence measurements, respectively.
Figure 16 shows multiple graphite flakes mounted onto a tray that is controlled by
motors. The sample is centered with respect to the X-ray beam by scanning the
sample to locate the maximum (fluorescence) or minimum (transmission) signal. The
analysis locations are saved in a queue for multiple samples, which allowed

unattended XAFS data collection under computer control.
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Figure 14: Delamination of negative electrode from copper current collector.

Graphite flake
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(full electrode removed)

Figure 15: Image of graphite flake and graphite samples captured on tape
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Figure 16: X-ray sample holder mounted on motorized stage. Flakes of graphite
from the negative electrode are taped to the holder and positioned in the X-ray
path for XAFS measurements.

XAFS measurements rely on the interaction of the incident X-rays with the
sample. This is achieved by varying the energy of the incoming X-ray to locate the K-
edge of the element under study. In the case of Cu, the K-edge is located at
approximately 8979 eV, and it represents the point where the incoming X-rays have
sufficient energy to eject inner s-shell electrons from copper atoms. Below the K-
edge, no excitation occurs and the plot of absorption vs. X-ray energy is flat. Once the
X-ray energy reaches the K-edge and above, a sharp jump in absorption is observed,
known as the K-edge step. The probability of X-rays ejecting s-shell electrons has
increased and manifests as increased absorption. As the incoming X-ray energy is
increased further above the K-edge energy, oscillations in the absorption can be seen
in Figure 17. This is due to constructive and destructive interference between

scattering of the emitted photoelectrons by nearby atoms in the sample. The range of
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energies in close proximity to the K-edge jump are termed the X-ray Absorption Near
Edge Structure (XANES) and the energies above the K-edge are the Extended X-ray

Absorption Fine Structure (EXAFS).

X-Ray Absorption Near Extended X-ray Absorption
Edge Structure (XANES)  Fine Structure (EXAFS)
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Figure 17: K-edge step for reference Cu foil.

Scans for the Cu K-edge were performed between 8779 eV and 10079 keV
with 5 eV steps in the pre-edge region (-200 to -30 eV relative to edge energy), 0.5
eV steps in the XANES region (-30 to 60 eV relative to edge energy) , and 0.05 A in
the EXAFS region (above 60 eV relative to edge energy). Scans were performed with
the same pre-edge, XANES, and EXAFS step settings for the Ni K-edge between
8133 eV and 9433 eV, and scans for the Co K-edge were performed between 7509 eV
and 8809 eV using the same criteria used to define the regions for Cu.
Electrode samples (negative electrode and positive electrode) were scanned from
three locations (exterior, middle, interior) of 0 V, 0.25 V, 0.5 V, and 2.5 V (healthy)

cells. Transmission data were collected for every experiment; however, fluorescence
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signal was only measured for negative electrode samples but not the positive
electrode samples due to the fact that copper in the positive electrode could not be
resolved due to the overwhelming Ni and Co fluorescence signal from the active
material.

Additionally, reference samples were prepared in advance by using a mortar
and pestle to manually grind the powder. Powders were ultrasonically sifted to isolate
particles less than 20 um in diameter. The reference powder was mixed with boron
nitride using a magnetic stir rod in ratios that would produce a K-edge step of about
1. Approximately 80mg of this mixture was compressed inside of a 12 mm x 5 mm
pellet press using a force of 1.5 metric tons. After pressing the sample, a rectangular
pellet was removed and sandwiched between Scotch tape to prevent contamination.
The Scotch tape was investigated prior to use to ensure that it did not contain trace
impurities of the metals of interest. Pellets of Cu(OH)z, Cu20, CuO, CuF2, and NCA
(LiNio.sCoo.15Al0.0s02) were brought to the beamline. The choice of reference samples
included possible copper compounds that could be created in addition to positive

electrode active materials matching the cell under study.

4.3.6 — Three-electrode cell

To observe the individual electrode voltages with respect to Lithium when a
cell is overdischarged, three-electrode pouch cells are constructed according to Figure
18. The pouch cell is assembled inside of an Argon-filled glovebox and removed once
electrolyte has been injected into the cell and the cell is sealed. The electrodes are
harvested from a disassembled large-format lithium-ion cell that was stored at a

voltage above 2.5 V. This is the same type of cell used for the rest of the study.
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Roughly 25 mm x 38 mm rectangular pieces are cut from both the positive and

negative electrodes and rinsed with dimethyl carbonate (DMC). Nickel tabs are

ultrasonically welded to the exposed current collector and a piece of 25 um thick

PP/PE/PP tri-layer Celgard separator is taped to each of the electrodes with Kapton

tape. The electrodes are then taped together as seen in Figure 19. The reference

electrode is constructed by welding nickel mesh to a nickel tab, and a piece of lithium

metal is mechanically pressed into the nickel mesh as seen in Figure 20. The pouch is

folded on one edge, welded with the positive and negative electrode tabs at the top,

and welded with the lithium reference electrode on the side. The bottom of the pouch

is left open and a syringe filled with 2mL electrolyte (1 M LiPFs in EC:EMC (3:7 by

volume)) was injected into the pouch. The bottom is sealed and the pouch cell is

removed from the glovebox for cycling.

[ j———— Negative Electrode
< Positive Electrode
4— Electrode stack

BN

Li reference

« Pouch casing

Figure 18: Three-electrode assembly
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Figure 20: Lithium reference electrode

Cycling is conducted using a Gamry Interface 1010E Potentionstat/Galvanostat/ZRA
to charge and discharge the positive and negative electrodes. An Agilent 34970A data
acquisition unit is used to monitor the full cell voltage between the positive and
negative electrodes, the half-cell voltage between the positive and Li reference
electrodes, and the half-cell voltage between the negative and Li reference electrodes.

The cell is charged at a rate of 2 mA until the full cell voltage reaches 4.1 V. The cell
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is allowed to rest for 1 hour at open circuit to observe any anomalous behavior, and

then it is discharged at 2 mA until the full cell voltage reaches 0 V.

4.3.7 — Coin cell

Electrodes were harvested from one of the control samples that did not
undergo overdischarge and assembled into full coin cells with an NCA positive
electrode and a graphite negative electrode. Disks 15 mm in diameter were punched
from the electrode sheets towards the edge of the electrode with exposed current
collector. The current collector was folded behind the electrode as shown in Figure 21
to make contact with the coin cell casing. The coin cell consisted of a positive
CR2032 case, a negative CR2032 case with gasket, 2 500 pum spacers, a spring, the
positive electrode, the negative electrode, and a Celgard separator, and 225 yuL of 1 M
LiPF6 in 3:7 EC:EMC electrolyte. Assembly was conducted inside of a glovebox
with oxygen content < 1 ppm according to the schematic outlined in Figure 22. One
of the spacers was placed in the positive section of the coin cell case, followed by the
positive electrode. 75 pL of electrolyte was used to wet the electrode surface, and the
separator was placed on top after being soaked in electrolyte for 5 minutes. 150 pL of
electrolyte was dispensed into the cell and the negative electrode was placed face
down on the separator. Another spacer and the spring were placed on top of the
negative electrode, followed by the negative section of the coin cell case. The coin

cell was crimped and removed from the glovebox for testing.
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Figure 21: Negative electrode with current collector folded over.
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Figure 22: Coin cell schematic

Cycling was conducted on an Arbin LBT21084 commercial battery cycler in a
temperature chamber at a constant 25°C. Two coin cells were charged to 4.1 V at a

rate of 0.35 mA (approximately C/10 C-Rate), allowed to rest for 1 hour, and
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discharged at a rate of 0.35 mA to 0 V. The cell was held at 0 V for 48 hours, and
then recharged to 2.5 V at a rate of 0.35 mA. The cells were then cycled between 2.5
V and 4.1V at a rate of 1.75 mA (approximately C/2 C-Rate) 10 times and then
disassembled in the charged state and examined via XPS analysis in the same manner

as previously discussed in 4.3.4.

4.4 — Results and Discussion

4.41-SEM
SEM images for a healthy cell that was discharged to 2.5 V can be seen for

the negative electrode in Figure 23 and Figure 24. The negative electrode looks like a
typical graphite electrode from a lithium-ion battery with a graphite flakes and carbon

black conductive additives.

% N

15.0k\i 8:5mm x1.00KSE - 12/19/2048 42909

Figure 23: SEM micrograph of negative electrode from a healthy cell.
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Figure 24: SEM micrograph of negative electrode from a healthy cell at 10,000x
magnification.

Similarly, the positive electrode seen in Figure 25 and Figure 26 shows an

agglomeration of sub-micron active material particles without any abnormalities.
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Figure 25: SEM micrograph of positive electrode from a healthy cell.

64



t]

15.0kV. 9.9mm x10.0

Figure 26: SEM micrograph of positive electrode from a healthy cell at 10,000x
magnification.
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In contrast, deposits on the surface of the negative electrode are seen for both the 0 V
and 0.25 V cells shown in Figure 27 and Figure 28. Well dispersed deposits on the
surface of the graphite particles in the overdischarged cells are observed, and the

deposits do not fully coat the surface of the particle.

Deposits

Figure 27: SEM micrograph of graphite particle in a cell overdischarged to 0 V.
Deposits on the surface of the particle can be clearly observed at 15,000x
magnification.
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Figure 28: SEM micrograph of graphite particle in a cell overdischarged to 0.25
V. Deposits on the surface of the particle can be clearly observed at 10,000x
magnification.

The positive electrodes from the 0 V and 0.25 V overdischarged cells did not
exhibit damage or the presence of deposits on the electrode surface. Figure 29 and

Figure 30 show the surface of the cathode for the 0 V and 0.25 V cells, respectively.
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Scans taken with an EDS show that a low concentration of copper is found on the

surface of the 0 V overdischarged cell as seen in Figure 32, but the same peak is not
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detected in the healthy cell shown in Figure 31. The presence of copper in
overdischarged cells indicate that dissolution of the negative electrode’s copper
current collector is possible when a cell is overdischarged at low as 0 V. The SEM
and EDS results, however, cannot provide any information about the risk of short
circuit from the copper. To determine the risk of short circuit in cells overdischarged
to voltages as low as 0 V, it is necessary to understand whether the copper exists in a
conductive or non-conductive state. The use of XPS and XAFS to determine the

chemical state of the copper is presented in sections 4.4.4 and 4.4.5.

Counts

OF P
1 2 3 4
Energy (keV)

Figure 31: EDS spectra for a negative electrode from a healthy cell
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Figure 32: EDS spectra for a negative electrode from a cell overdischarged to 0
V.

4.4.2 — Three-electrode measurements

Electrochemical testing of electrodes harvested from a healthy cell is conducted in a
three-electrode configuration with a reference lithium metal electrode. The full cell voltage
(NCA and Graphite) as well as the positive electrode half cell (NCA and Li) and the negative
electrode half cell (Graphite and Li) are all plotted in Figure 33. The potential of each
individual electrode with respect to Li/Li* are given in Table 2 for the relevant full cell
voltages tested in the overdischarge study. It is clear that full cell voltages of 0 V and 0.25 V
result in a negative electrode potential reaching the copper dissolution limits reported in

literature of approximately 3.1 — 3.6 V vs. Li/Li".
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Figure 33: Overdischarge of three-electrode pouch cell to 0 V.

Table 2: Full cell voltage and the voltage of each electrode with respect to Li/Li*

Full Cell Voltage Positive Electrode vs Li/Li* Negative Electrode vs Li/Li*
2.5 3.58 1.08
0.5 3.55 3.05
0.25 3.55 3.3
0 3.54 3.54

4.4.3 — Cycling comparison

Cells are cycled following overdischarge to observe the effects of

overdischarge on cell performance. After the single overdischarge event, the cells are

cycled within their operational voltage limits of 2.5V and 4.1 V. The cells are then

compared to “healthy” cells that never experienced overdischarge. The mean capacity

fade of overdischarged cells is given in Figure 34 and compared to a healthy cell. The

mean for each of the overdischarge voltages was taken over 3 different cells, and the

error bars represent the standard deviation.
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Figure 34: Cycling following a single overdischarge event

Overdischarged cells below 0.5 V display a more rapid capacity fade than

cells maintained at a voltage within the battery’s operating range. Over the course of

40 cycles, the capacity of the overdischarged cell decreases by as much as 10%,

whereas the healthy cell does not decrease at all. Capacity fade for 0.5 V, 0.25 V, and

0 V cells are shown separately in Figure 35, Figure 36, Figure 37, respectively. The

capacity fade observed in cells overdischarged exhibits variability; however, the

variability is greatest for the three cells overdischarged to 0.5 V. Over 40 cycles, one

cell exhibited approximately 7% degradation in capacity and another cell experienced

less than 1% degradation.
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Figure 35: Capacity fade for 3 cells overdischarged to 0 V and then cycled within

102

100

o
=]

=l
=

92

90

% Discharge Capacity Remaining

88

nominal voltage range of 25V to 4.1 V.

H0.25V celll A0.25V cell2

®(0.25vcell3 e+ Control Sample

ce., . . ...oo.....
L ]
"ll::::-lflil;:"' e
‘A‘ e
B AAy [ | EEiNpen mpEEEEpgg
4414, LY YYY N e

i A"“oco...
OQQQ......
AA

N AAAAAAAA

0 5 10 15 20 25 30 35 40

Cycles After Overdischarge

Figure 36: Capacity fade for 3 cells overdischarged to 0.25 V and then cycled

within nominal voltage range of 2.5V to 4.1 V.
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Figure 37: Capacity fade for 3 cells overdischarged to 0.5 V and then cycled
within nominal voltage range of 25V to 4.1 V.

Similarly, impedance plots taken at the beginning of cycling and at the end of
cycling are shown in Figure 38 and Figure 39, respectively. The impedance of the
cells overdischarged to voltages less than 0.5 V are at least twice as large as the
healthy cell and one of the 0.5 V cells. After 40 cycles, all cells except for the 0 V

cells have impedances matching the healthy cell.
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Figure 38: Impedance prior to cycling
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Figure 39: Impedance after 40 cycles
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Impedance trends for each of the overdischarged cells illustrate that a decrease

of impedance is observed after the first 10 cycles and continues to decrease for 0.25 V

and 0.5 V cells. The 0.25 V cell impedance reduction over 40 cycles can be seen in

Figure 40, Figure 41, and Figure 42, and the 0.5 V cell impedance reduction can be

seen in Figure 43, Figure 44, and Figure 45.
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Figure 40: 0.25 V cell 1 impedance
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Figure 41: 0.25 V cell 2 impedance
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Figure 42: 0.25 V cell 3 impedance
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Figure 43: 0.5 V cell 1 impedance
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Figure 44: 0.5 V cell 2 impedance
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Figure 45: 0.5 V cell 3 impedance

Alternatively, the 0 V cells show an initial decrease in impedance following

by an increase, as illustrated in Figure 46, Figure 47, and Figure 48. These cells also

exhibited the worst capacity fade behavior. Clearly the degree of overdischarge plays

a significant role on the subsequent stability of the cell if recovered. A more severe

overdischarge will lead to greater copper dissolution and greater performance

degradation as a result.
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Figure 46: 0 V cell 1 impedance
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Figure 47: 0 V cell 2 impedance
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Figure 48: 0 V cell 3 impedance
4.4.4 — XPS

XPS data analysis is conducted using Physical Electronics’ MultiPak
software, version 9.8. Analysis of the reference sample spectra provides a basis for
identifying chemical state of unknown compounds in the composite electrode
samples. XPS is used to look at the top ~5 nm of the sample surface, making it ideally
suited for studying surface contamination

The Cu2ps/2 spectra for the potential copper compounds are plotted in Figure
49. The spectra are aligned using the C1s hydrocarbon peak at 284.8 eV, and are
decomposed with a Gaussian-Lorentzian function and Iterative Shirley background
correction. A summary of the binding energy and FWHM for the reference samples is

included in Table 3.
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Figure 49: Copper reference samples, Cu2pzs region

Table 3: Summary of copper reference sample fit parameters

Sample eV FWHM
Cu 932.4 0.96
933.0 245
Cu(OH): 934.9 2.23
Cuz0 932.6 1.35
933.4 2.26
935.0 3.03
Cu0 941.4 2.65
943.9 178

A summary of the average atomic percentages of each element measured in
the negative electrode and positive electrode samples are listed in Table 4 and Table
5, respectively. Atomic percentages were calculated using the multiplex scans in
which greater resolution is obtained. The survey scan taken prior to multiplex scans
confirmed that the predominant elements represented in each sample are Li, C, O, F,

P, and Cu.
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No copper is detected in the 2.5 V control sample on either the negative
electrode or positive electrode, which is within expectations. During typical operation
of a lithium-ion battery, the potential of the negative electrode vs. Li/Li* should not
reach the dissolution limit. The 0.5 V overdischarge case exhibits a small amount of
copper on the negative electrode side; however, only one of the samples showed the
presence of copper as seen in Figure 50. It is unlikely that significant copper

dissolution occurs at 0.5 V; however, it may be near the dissolution threshold.

Table 4: Average elemental atomic percentage in negative electrode samples

Atm%
Sample | Voltage | Recharge?
Lils | Cls | Ols | Fl1ls | P2p | Cu2p3
1 0 N 89 (405|294 | 146 | 3.6 3.1
2 0 Y 193 | 346 | 216 | 208 | 3.1 0.6
3 0.25 N 13.8 | 40.2 | 234 | 18.0 | 3.7 0.9
4 0.25 N 153 | 374|236 | 19.1 | 34 1.1
5 0.25 Y 164 | 36.6 | 215 | 21.8 | 2.6 1.1
6 0.5 N 16.1 | 399191 | 21.0 | 3.8 | 0.04
7 2.5 N 18.0 | 39.6 | 24.0 | 15.7 | 2.7 0.0

Table 5: Average elemental atomic percentage in positive electrode samples

Atm%
Sample | Voltage | Recharge?
Lils | Cls | Ols | F1ls | P2p | Co2p | Ni2p | Cu2p3
1 0 N 110433128280 16 | 00 | 2.8 0.5
2 0 Y 16.4 | 372125288 | 1.8 | 0.0 | 3.0 0.3
3 0.25 N 1391399128284 | 17| 00 | 3.0 0.3
4 0.25 N 10.2 | 428 125|296 | 1.3 | 0.0 | 3.1 0.6
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5 0.25 Y 105 1438|129 |27.7| 1.6 0.0 2.9 0.5
6 0.5 N 16.4 | 38.4|10.2|31.8| 1.3 0.1 1.8 0.0
7 2.5 N 128 1409131285 | 14 0.0 34 0.0
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Figure 50: Cu2ps. region of 0.5 Volt cell negative electrode. Slight copper peak

with binding energy around 933 eV is observed.

Negative electrode samples can contain amorphous and graphitic carbon with slightly

lower binding energy relative to the C1s hydrocarbon signal. Negative and positive
electrode spectra are aligned using the C1s hydrocarbon peak at 284.8 eV. C1s (top)

and Cu2ps2 (bottom) plots for samples 1, 2, 3, and 5 can be seen in Figure 51. All of

the Cu2pss2 spectra from the samples illustrate the presence of both Cu20 and

Cu(OH)2 occurring around approximately 933 eV and 935 eV. Differences in the

relative concentration of Cu20 to Cu(OH): in each of the samples can be seen both in

the intensity of the primary peaks, as well as the presence of the satellite structure

between 939 eV and 946 eV. Both of the 0 V cells seem to contain a greater relative
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concentration of Cu(OH)2 compared to the 0.25 V cells as illustrated with the more
prominent satellite structure and the stronger peak occurring around 935 eV. Similar
trends can be seen for the positive electrode in Figure 52, albeit shifted to a slightly
higher binding energy. This discrepancy can be attributed to the lower concentration
of copper on the positive electrode, leading to a noisy signal. Calibration and
alignment of the peaks will have more error in this instance; however, it is clear that

the Cu2ps2 peaks correspond to Cu20 and Cu(OH)a.

—
(=]
1

—0Vcell (‘-0. C-H f Cc-C

0.25 V cell /'}’Q
0 V cell, recharged / i
— =0.25 V cell, recharged

—

s
%

0-C=0

Normalized Intensity
=
=

0.4
0.2 \
NS
0 1 L 1 ] L e G
293 291 289 287 285 283 281
Binding Energy (eV)
1.2

0V cell Cu(OH), I (111:,0

—

0.25V cell

—0 V cell, recharged
— =0.25 V cell, recharged

Normalized Intensity
=] =] (=]

o N R & =
T

o
A A
AR A s S Lk L il S

947 945 943 941 939 937 935 933 931 929
Binding Energy (eV)

Figure 51: C1s (top) and Cu2paz2 (bottom) spectra for negative electrodes from
samples 1, 2, 3, and 5.
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Figure 52: C1s (top) and Cu2pssz (bottom) spectra for positive electrodes from

samples 1, 2, 3, and 5.

XPS analysis was performed on the negative electrode from a 0.25 V cell
repeatedly cycled for 40 cycles. The initial scan revealed very little copper, with a
0.04 atm % relative concentration. Sputtering with a 3 kV Argon ion gun allowed for
the removal of surface layers of the sample at a rate equivalent to the removal of 8 nm
of SiO2/minute. Because of the heterogeneous nature of the SEI layer and the
electrode of a lithium-ion battery, it was not possible to specify a sputtering rate with
respect to the SEI layer components. Sputtering was conducted in 15 second intervals
followed by a scan of the C1s and Cu2ps/2 peaks to observe changes in the chemical
state of the newly revealed surface. Figure 53 and Figure 54 show the progression of
the C1s and Cu2ps2 signal, respectively. The spectra are offset for clarity, but

otherwise unaltered. The copper signal continues to grow in strength relative to the
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C1s signal, and the C1s spectra begins to show a peak around 282.5 eV, consistent

with intercalated graphite.
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Figure 53: C1s spectra during Argon ion sputtering. Each minute of sputtering
is equivalent to the removal of 8 nm of SiOa.

5 min sputtering ‘—/\
4 min sputtering A

3 min sputtering

2 min sputtering

F
l
Intensity (counts/second)

1 min sputtering

No sputtering

962 960 958 956 954 952 950 948 946 944 942 940 938 936 934 932 930 928
Binding Energy (eV)

Figure 54: Cu2pas, spectra during Argon ion sputtering. Each minute of
sputtering is equivalent to the removal of 8 nm of SiOa.
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A closer examination of the spectra of C1s and Cu2p3/2 is given in Figure 55
and Figure 56, respectively. The location and full width at half maximum of the
Cu2ps/2 peak is consistent with Cu20 seen in previous samples; however, a strong
Cu(OH)2 peak is not seen. This is consistent with the other 0.25 V cells examined.
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Figure 55: C1s spectra before and after sputtering.
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Figure 56: Cu2p3/2 spectra before and after sputtering.

88



XPS measurements were taken on negative electrodes collected from full coin
cells described in section 4.3.7. The purpose of this measurement was to identify
whether the copper changed chemical state as a result of recharge. The C1s and
Cu2ps/2 spectra are shown in Figure 57 and Figure 58, respectively. As seen in the
figures, a copper peak occurs around 932.2 eV with a full width at half maximum of
1.6 eV. While this occurs at a slightly lower binding energy than before, the lack of
satellite peaks rules out CuO or Cu(OH)2, and the full width at half maximum is more

consistent with Cuz0 than Cu.
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Figure 57: C1s spectra from a charged negative electrode
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Figure 58: Cu2p3/2 spectra from a charged negative electrode

4.4.5 - XAFS

Data analysis is performed on the XAFS data using the Athena and Artemis
programs within the Demeter software package [123]. The Athena program enables
importing the raw data from the XAFS experiment, pre-edge and post-edge
background subtractions, energy scale alignment, and calibration based on the
reference foil spectra. The Artemis program allows for simulations of electron
scattering within the sample to simulate the extended x-ray absorption fine structure.
Analysis focused on both the X-ray absorption near edge structure (XANES) and the
extended X-ray absorption fine structure (EXAFS).

The XANES spectra for potential copper compounds is given in Figure 59.
The XANES region consisted of the energies immediately adjacent to the K-Edge
jump. Clear differences in the XANES region are evident in the plot and can be used

to aid in species identification. Figure 60 contains the normalized XANES data for
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the overdischarged cells and illustrates slight differences in the features preceding the
edge jump. The differences between the samples are minimal, suggesting that the
samples contain the same copper compounds in different concentrations. For both of
the 0.25 V samples, the XANES data overlapped and future plots will only feature
one of the 0.25V cells for clarity. For each sample, 3 XAFS measurements were
conducted on the different locations within the cell (exterior, middle, interior). The
spectra were averaged together for all analyses; however, the measurements were
repeatable as illustrated in Figure 61. The separate spectra are nearly identical
suggesting that the sample is sufficiently homogenous when examining the bulk over
a large cross section. Even cells that were recharged exhibited nearly consistent

XANES spectra, although some variations are evident in Figure 62.
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Figure 59: XANES spectra for relevant copper compounds.
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Figure 60: X-ray absorption near edge structure for overdischarged cells
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Figure 61: XANES spectra for multiple locations within a cell overdischarged to
0.25V
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Figure 62: XANES spectra for multiple locations within a cell overdischarged to
0.25 V and recharged prior to disassembly.

The transmission data can also be used to ascertain the relative loading of
copper in the samples by comparing the magnitude of the edge step. Table 6
illustrates that the transmission edge step increases in magnitude as the voltage
decreases. A reference healthy cell (2.5 V) and the cells overdischarged to 0.5 V had
transmission edge steps several orders of magnitude less than the cells overdischarged
to either 0.25 or 0 V. This observation furthers the XPS observations that 0 V cells
exhibited increased relative concentrations of copper.

Table 6: Transmission edge steps of the cell samples

Cell # Voltage Recharged? Edge Step
1 0 N 0.0722
2 0 Y 0.0873
3 0.25 N 0.0165
4 0.25 N 0.0131
5 0.25 Y 0.0169
6 0.5 Y 0.0002
7 2.5 N/A 0.00002
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Comparing the spectra from Cell 1 (0 V overdischarge) to the reference
samples of Cu20 and Cu(OH): illustrate that the sample exhibits traits of both
species. In the left plot in

Figure 63, the pre-edge shoulder labeled “A” mirrors the same feature seen in
Cu20. Furthermore, the right plot is the 1t derivative of absorption, which more

clearly demonstrates contributions from Cu(OH)2 in the peaks labeled “B” and “C.”
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Figure 63: Comparison of sample from 0 V cell to the reference spectra of Cu,O
and Cu(OH),. Peaks labeled “A” through “C” on the left (XANES) and right (1%
Derivative of XANES) are associated with peaks in the reference compounds.

In addition to the XANES data, observations of the EXAFS data are
consistent with the presence of Cu20 and Cu(OH)2 as well. In
Figure 64, the 0 volt cell is compared to the reference compounds of Cu20 and
Cu(OH)2. The main peak located at approximately 1.5A corresponds with Cu(OH)2,
however, Cu20 overlaps quite a bit for the other peaks. Further analysis is required to

understand the degree to which Cu20 is present compared to Cu(OH)2.
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Figure 64: Fourier transform of EXAFS data. All samples exhibit similar traits,
with differences in the peak magnitudes. Comparing a sample (0 V) to the
reference EXAFS of Cu,0 and Cu(OH)..

To further support this hypothesis, model fitting was performed in the Artemis

software package [123]. The EXAFS model equation is given as:

fi(k
kR?

L

_2R; 2
x(k) = S;E;N; ( ) e Ak)g;2k’e sin(2kR; + 6;(k))

with Se? representing the many body amplitude reduction factor, N representing the
coordination number, R representing the distance to neighboring atoms, and ¢
representing disorder. Scattering paths for Cu20 and Cu(OH)2 were considered to be
the main contributors to the copper signal observed in the samples. The model
assumes that all samples contain the same two copper compounds in varying
concentrations. This assumption is consistent with results seen in both the XANES
and EXAFS spectra. Feff, a scattering path calculation tool within the Artemis

package, was employed by inputting crystal structure data for Cu(OH)2 and Cu20
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[125, 129]. A summary of the crystal structure data can be found in Table 7. The
contribution from Cu20 is limited to the first shell which consists of 2 oxygen atoms
at a distance of 1.83 A and the contribution from Cu(OH)2 was limited to 4 oxygen
atoms at 1.96 A and one oxygen atom at 2.36 A. The many body amplitude reduction
factor was constrained to the value derived from fitting the Cu reference data, and it
was assumed that the disorder and distance between atoms for the Cu20 and Cu(OH)2
phases are the same for all the electrode samples. The only parameters that were
allowed to vary from sample to sample were the fraction of copper attributed to Cu20
and the fraction attributed to Cu(OH)2 while constraining the total fraction to 1.0. The
model agreed quite well with the experimental data as seen in Figure 65, and supports
the assumption that Cu20 and Cu(OH): are sufficient to explain the overall negative
electrode sample response. The fitting parameters for all of the samples can be seen in
Table 8. The fraction of copper in Cu20 and Cu(OH)2 was converted to mole fraction
and is given in

Table 9.

Table 7: Crystallographic data for Cu20 and Cu(OH)2 used for simulations in
Artemis

Space a b c a (B |y X Y Y4

Group

Cu0 Pm-3 4217 | 4.217 | 4217 |90 |90 |90 | Cu | 0.25| 0.25 | 0.25

Cu(OH)2 |Cmc21 | 2947 | 10.59 | 5.256 | 90 | 90 | 90 | Cu | 0.5 | 0.682 | 0.25
O |0 0.558 | 0.253

O |0 0.799 | 0.197
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Figure 65: Model fit comparison to a 0 V cell. Close agreement between the
experimental and model data indicate that it is sufficient to model the spectra as
a linear combination of Cu.O and Cu(OH)>

Table 8: Local structure parameters calculated from simulated Fourier
transforms of EXAFS spectra for 0.25 V cell (uncertainties reported in

parentheses).
So? N R (A) o’ (A% Eo (eV)
Cu(OH)2 0.86 4 1.939 (0.004) 0.0031(0.0010) 0.5(0.4)
1 2.335 (0.004) 0.036(0.018)
Cu0 2 1.805 (0.004) 0.0028(0.0014)

Table 9: Mole fraction of Cu.O and Cu(OH): for varying storage conditions
Storage Condition | Mole Fraction (Cu(OH).) | Mole Fraction (Cu.O) | R-Factor
ov 0.869(0.08) 0.131(0.08) 0.0018
0.25V 0.93(0.11) 0.07(0.11) 0.014
0V, recharged 0.778(0.07) 0.222(0.07) 0.0020
0.25 V, recharged | 0.843(0.09) 0.157(0.09) 0.032

Differences in the mole fraction of Cu(OH)2 and Cu20 can be readily

observed in the model fitting results. All fits have a low R-factor, which is an
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indicator of goodness of fit. Without further samples, it is difficult to definitively say
that differences in the mole fraction are a function of the overdischarge level as well
as whether or not the cell was recharged. The uncertainties in the mole fractions do
overlap; however, the mole fraction of Cu(OH)2 was consistently higher in 0.25V
cells, both between different cells as well as between different locations within a
given cell.

It was not possible to resolve the fluorescence data in the positive electrode
samples due to the overwhelming florescence signal from Ni and Co in the positive
electrode. As a result, copper state was not identified via XAFS in the positive
electrodes. However, observations of the Ni and Co K-edges allows for the
assessment of positive electrode structure changes as a result of overdischarge.
Therefore, it is possible to determine whether overdischarge has an effect on the
structure and oxidation state of the positive electrode. Figure 66 and Figure 67 show
the Co and Ni K-edges, respectively. No changes to the K-edge were observed for
overdischarged cells. Significant shifts in the XAFS spectra would indicate a change
in oxidation state of the positive electrode active material. Although copper could not
be measured on the positive electrode using XAFS, XPS data clearly shows the
presence of copper. Rather than affecting the oxidation state of the positive electrode,
overdischarge primarily leads to deposition of copper species on the positive

electrode.
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Figure 66: Cobalt K-edge XANES data for a 0 V cell, 2.5V cell, and the
reference NCA powder.
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Figure 67: Nickel K-edge XANES data for a0 V cell, 2.5V cell, and the
reference NCA powder.

4.4.6 — Discussion

The use of multiple analytical techniques to detect and characterize copper

dissolution in cells held at low voltages for an extended period of time has allowed
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for the identification of copper species and provides greater insight into the likelihood
and risk of safety challenges associated with overdischarge of lithium-ion batteries.

For extended periods of storage at low voltages, copper dissolution can occur,
and the amount of copper dissolved is a function of the voltage. Cells held at lower
voltages tended to exhibit greater concentrations of copper species as determined by
XPS and XAS analysis. This is not altogether surprising, as cyclic voltammetry
experiments have shown that as the potential of the negative electrode increases, the
oxidation current associated with copper dissolution increases as well, leading to
higher rates of copper dissolution [106—109]. As a result, any performance or safety
implications arising from copper dissolution will be exacerbated at higher negative
electrode potentials, and thus at low full cell voltages.

The presence of copper as determined by EDS, XPS, and XAFS on the
positive electrode and negative electrode will at best reduce the usable capacity of the
cell at a faster rate. This is consistent with literature in which repeated overdischarge
leads to a more rapid capacity fade. The most striking observation is that even a
single overdischarge event followed by cycling results in accelerated capacity fade.
This limits the performance of the cell and can lead to greater self-heating due to the
increased impedance.

The copper dissolution can affect the usable capacity in a number of ways.
Firstly, the presence of copper can cause accelerated electrolyte decomposition due to
inhibited lithium diffusion into the electrodes. Reducing the overall area of the
electrode that can participate in intercalation reactions will lead to an apparent loss of

capacity. Furthermore, loss of connectivity between the negative electrode and the

100



copper current collector can reduce the available capacity of the battery and increase
cell impedance. Full delamination of the electrode is unlikely due to the electrode
stack pressure, however, cyclic stresses caused by repeated intercalation and de-
intercalaction can lead to isolation between parts of the negative electrode and the
current collector. If electronic conductivity is not maintained between sections of the
negative electrode and the current collector, a reduced capacity will be observed due
to the inability to perform charge transfer reactions. It is difficult to determine the
contribution of each of these failure mechanisms and is likely a combination of the
two that contribute to the overall capacity reduction. From the XPS sputtering
analysis, it is clear that the electrode surface is coated, likely due to SEI formation
and electrolyte decomposition. At lower voltages, in which the quantity of copper
dissolved is greater, overall capacity fade is greater. The amount of copper dissolved
leads to varying degrees of capacity fade. Furthermore, it was qualitatively observed
that low voltage cells exhibited reduced adhesion between the electrode and the
copper current collector. Delamination of the electrodes from the current collector
was apparent during cell disassembly for overdischarged cells. The degree to which
this impacts capacity fade cannot be determined at present and warrants further study.
The safety implications of overdischarge, copper dissolution, and copper
species deposition relate to increased cell heating and potential for a copper induced
short circuit. With a higher cell impedance, ohmic heating during charge and
discharge will be exacerbated, potentially placing the cell in greater danger for
initiation of thermal runaway. For cells overdischarged to 0 V, higher levels of copper

dissolution led to higher rates of capacity fade and increased impedance. Especially
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for actions requiring high rate pulse charge and discharge loads, the increased
impedance could potentially lead to the cell heating to the point where SEI layer
decomposition reactions are initiated (~90°C). If SEI layer decomposition reactions
are initiated, it is possible for the cell to enter into thermal runaway when the heat
generation cannot be dissipated sufficiently.

While overdischarge into reversal has been shown to cause metallic copper
plating on the positive electrode, the cell is at a significantly low state of charge to
prevent initiation of thermal runaway, and researchers have shown that cells will
cease to function and temperatures may rise; however, thermal runaway has not been
reported. Short-circuiting at a low state of charge will likely not result in enough heat
to cause an escalation in the heat generation. A potential scenario that could result in
significant heat generation and thermal runaway involves the formation of conductive
copper species while the cell is at a high state of charge. This would occur if the
dissolved copper were reduced upon recharge to form metallic copper. While this
possibility cannot be completely eliminated by the research conducted in this study, it
does not appear to be a high probability failure mechanism; however, the severity of a
copper short circuit warrants caution with recovery of overdischarged cells. XPS and
XAS analysis of all samples never revealed metallic copper under the tested
conditions. While XAS did involve air exposure, XPS was conducted under inert gas
protection at all stages of disassembly, transport, and sample transfer. The glovebox
environment was consistently at less than 1 ppm Oz during disassembly and sample
preparation. While the copper likely exists as nano-sized particles, oxidation in the

glovebox environment would not preclude the detection of metallic copper, especially
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for a bulk analysis technique such as XAS. The surface of copper nanophase particles
will readily oxidize; however, analytical techniques such as XAFS and XRD will still
detect metallic copper. In [126] the in-situ XAFS measurements are performed on a
sealed optical electrochemical cell that utilizes copper fluoride as a conversion
material cathode. In this electrochemical system, copper fluoride undergoes a
conversion reaction to form nanophase metallic copper. While this measurement
takes place for a sealed cell, the seal is not perfectly airtight and leakage of electrolyte
is observed during the experiment. The environment inside of the cells cannot be
more pure than a glovebox environment, and metallic copper is still detected via
XAFS. In [127], nanophase copper particles were recovered from copper-containing
waste etchants and studied using a variety of analytical techniques including XAFS,
XPS, and XRD. The existence of both Cu(0) and Cu(l) was shown. In [128], a
technique for removing the oxide coating of copper nanoparticles is proposed.
Powder x-ray diffraction (PXRD) analysis detected both copper metal and cupric
oxide before any surface modification was performed. If metallic copper is present in
the overdischarged cell samples, it should have been detected by XAS analysis;
however, the presence of Cu?* and Cu* ions in the electrolyte of overdischarged
lithium-ion batteries still presents the possibility for the formation of metallic copper
and safety concerns cannot be dismissed without further investigation and assessment

of risk acceptance levels.
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Chapter 5: Overcharge of lithium-ion batteries

5.1 — Literature Review

Overcharge of lithium-ion batteries leads to a number of failure mechanisms
detailed in Chapter 3. For mixed metal oxide and spinel positive electrodes (i.e. LCO,
NCA, NMC), overcharge leads to destabilization of the crystal lattice and release of
oxygen gas. Olvine positive electrodes (i.e. LFP) do not release oxygen when
overcharged, but experience the same effects that other chemistries exhibit, including
decomposition of the electrolyte, heat generation, SEI layer decomposition, and
reactions between the electrodes and the electrolyte. When sufficient gas is generated,
the internal pressure of the cell will rise and eventually either a vent will burst or the
cell casing will be breached. The introduction of aerosolized electrolyte and
combustible gases into the environment can then result in a catastrophic failure. The
literature on the overcharge mechanism primarily focuses on the gas species released
after a cell’s casing has been breached. The progression of gas generation and
pressure build-up as a cell is overcharged has not been reported.

Kong et al. [86] assembled cells with LiCoOz2, LiMn20a, and LiFePOa4 positive
electrodes and examined differences in gas generation under normal and abusive
operating conditions. The negative electrodes were all graphite-based, and the cells
were encased in a flexible pouch. The cells were then put into a rigid casing with a
hole drilled in the top for extraction of the gas species. The cells underwent an initial
formation charge cycle and then were cycled 3 more times in the standard operating
range. Afterwards, some cells were overcharged, while the remainder rested at their

maximum voltage level. The gases formed during battery operation were collected
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using a syringe, and the composition of the gases was determined using gas
chromatography and mass spectroscopy. Under normal operating conditions, the
composition of gases was the same regardless of the positive electrode chemistry.
However, under overcharge conditions, the different positive electrodes produced a
larger variety of gases. The study did not look at quantifying the amount of gas
generation, but identified that LiCoOz is the most unstable positive electrode and
LiFePOs is the most stable.

Kumai et al. [120] measured the volume of gas generated when a LiCo0O2
positive electrode and graphite negative electrode cell was cycled within its standard
operating voltage range, when the battery was overcharged, and when the battery was
overdischarged. After the cycling tests, the battery was placed in an apparatus where
the top of the cell was penetrated with a needle and the volume and composition of
the gas could be measured. Cells cycled in the nominal range for a total of 2000-3000
cycles exhibited a reduction in capacity of 50%. For these cells, the total gas volume
varied between 1.7-2.8 mL. Mostly methane gas was detected, but other hydrocarbon
based gases were also present in smaller quantities. This indicated that electrolyte
decomposition does occur even under normal operating conditions. The overcharged
cell produced 10.57 mL of gas, with a larger quantity of oxygen and carbon dioxide
was present as a result of the positive electrode decomposition. The overdischarged
cell produced 40.21 mL of gas, and was attributed to the electrolyte decomposition at
low cell potentials. The overcharge and overdischarge tests were only performed on 1

cell each; therefore, variation in gas volume and gas species is unknown.
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Ohsaki et al. [133] overcharged lithium-ion cells and extracted gas at 5
different stages of overcharge. The amount of gas generated initially was small (< 1
mL). As the state of charge and the temperature increased, gas volume increased (~
20 mL). Gas generation and composition was measured at discrete times on different
cells due to the cell sampling methodology.

Leising et al. [134] performed abuse testing of lithium-ion batteries, and
measured the thickness change of the batteries after significant swelling occurred.
They overcharged a 1.5Ah LiCoO:2 positive electrode and graphite negative electrode
cell at 1.5 Amps and observed cell rupturing after the battery rapidly increased from
5.5 Volts to 12 Volts. At charge rates less than 0.3 Amps, the cells swelled
significantly, but did not rupture. Thickness measurements were taken at the most
swollen region of the cell, and a thickness increase of 1.04 cm (an 80% increase) was
observed. This thickness increase was related to an internal pressure of over 300 psi
through additional hydrostatic pressure tests on empty cell casings.

Roth et al. [135] performed overcharge, short circuit, and elevated
temperature tests and found that reactions between the solvent, lithium salt, and
electrodes were the main contributors to gas generation. They estimated a total
release of 12—30 mL of gas through measurements of gas pressure either after the cell
vented or by puncturing cells that did not vent. No continuous pressure measurement
was conducted.

Fernandes et al. [136] overcharged 26650 form factor LFP cells inside of a
custom enclosure that allowed for gas sampling following venting or bursting of the

cell. The study focused primarily on gas analysis using either FTIR or gas
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chromatography with a thermal conductivity detector (TCD). The overcharge tests
showed repeatable behavior of the cell’s voltage indicating an initial increase in the
cell voltage to 5.5 V, followed by a decrease to approximately 4.75 V. The voltage
then increases to match the overcharge power supply when failure occurs. The
researchers found that the overall volume of gas released during the tests was on
average 645.8 mL, which is significantly larger than other researchers. The authors
attribute this difference to the nature of their test setup (air was continuously
replenished in the vessel) and the outcome of the test (complete thermal runaway and
combustion).

Belov [137], overcharged lithium-ion cells at several rates, however, the
voltage and temperature profiles were the only observations made during testing.
Overcharge rate did not significantly affect the state of charge at which the cell failed,
with failure occurring at approximately 205% SOC for 1C C-Rate, 203% SOC for 2C
C-Rate, and 201% SOC for 3C C-Rate. During the overcharge abuse, the voltage first
increases before reaching a local maxima. The voltage slightly decreases and plateaus
before rapidly increasing as the battery enters into failure. No measurement of gas
species or gas pressure was reported.

A large number of studies focus on thermal abuse of lithium-ion batteries;
however, the failure mechanisms will be different than overcharge abuse. In thermal
abuse, the oxygen generating reactions as a result of crystal lattice instability will not
occur, and the first heat generation side reactions will be the breakdown of the SEI
layer. Similarly, any pressure or gas species measurements occur after the cell has

already vented [138-141]. Coman et al. [143, 144] only reference a single instance of
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continuous pressure measurements during a thermal abuse test performed by Ottaway
[145], but there are no experimental details contained in the presentation slide

detailing the data.

5.2 — Research Gaps

Previous research into the overcharge mechanism of lithium-ion batteries has
proposed mechanisms for oxygen release from the destabilized positive electrode,
reactions between the electrolyte and the cell components, and decomposition of the
electrolyte due to operation outside of its voltage stability window. The collection and
measurement of gases is a point-measurement and provides limited information about
the rate of gas generation in a cell as it is overcharged. Thus it is impossible to
understand the full progression of gas generation and pressure buildup within a cell
without a continuous measurement process. By puncturing commercial cells and
monitoring internal pressure directly, a continuous pressure profile can be measured
and used for modeling purposes or correlated with non-invasive measurements of
strain for diagnostics and prognostics purposes. The research in this chapter develops
a methodology for an airtight puncture of a cylindrical cell, pressure measurement,
and gas sampling capabilities. Stages of pressure increase are identified and
correlated with the voltage and temperature profiles of the overcharged cell. The
pressure increase is then related back to the failure mechanisms responsible for gas

generation in the cell.
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5.3 — Experimental

5.3.1 — Cell Puncturing

As described in 4.3.2, CT-scans and destructive physical analyses (DPAS)
were conducted and highlighted a region of the cell that was safe to breach without
risk of causing a short circuit. This is illustrated schematically in Figure 68. The cell
is constructed in such a way that the bottom ~2” consists of only the positive current
collector, which is connected directly to the casing, making the cell case positive. As
a result, it is possible to puncture the cell in this region without short circuiting
adjacent electrode layers.

A line is marked approximately 74" from the bottom of the cell and an
aluminum collar is placed on the bottom of the cell as illustrated in Figure 69 and
Figure 70. The aluminum collar has an inner diameter matching the cell’s outer
diameter, a chamfered side, and it has a 1/8” threaded hole on the chamfered side.
Two bolts pass through the collar and are used to clamp the collar onto the cell. A
Viton O-ring is placed inside of the threaded hole, and a commercial plumbing saddle
valve is wrapped with PTFE tape, threaded into the hole, and tightened until the O-
ring compresses against the cell’s body. This creates an air-tight seal between the
fitting and the cell body. The puncturing mechanism is modular and can be attached
to any type of fitting with Swagelok-type connectors. Figure 69 illustrates a setup
where gas sampling is possible through a remotely activated solenoid valve. This
enables the collection of gases at various points during overcharge, albeit at the
expense of potentially influencing subsequent gas pressure and species

measurements. Alternatively, Figure 70 is used to measure the internal gas pressure
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more precisely with a lower added free volume. In both illustrations, an Omega

general purpose PX302 pressure transducer is shown.

/Copper current collector

\ Cell casing

™ Electrode winding

Aluminum current
collector

~ Safe penetration zone

Figure 68: Schematic of cell cross section showing a **safe penetration zone™ at
the bottom of the cell. The cell is case positive and the only current collector
present at the bottom of the cell is also the positive electrode.

Pressure Inlet

/ transducer Solenoid
Valve

Penetration valve

sampling
Penetration manifold
collar

Clamping bolt
Figure 69: Cell puncturing assembly with option of gas sampling
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Figure 70: Cell puncturing assembly with limited added free volume

Prior to the beginning of testing, the cell is punctured with the needle by
turning the handle on the penetration valve. Puncturing and testing is performed
inside of a steel abusive test box located at Naval Surface Warfare Center Carderock
Division, measuring 8’x8’x16” with gas-tight doors and ventilation to the exterior of
the building. The cell’s voltage, pressure, and temperature are monitored at a 10 Hz
rate to capture sudden changes in any of the quantities. The needle is forced through
the cell casing by rotating the handle clockwise and retracted by rotating

counterclockwise. The abusive test box is then sealed for testing.

5.3.2 — Overcharge Test

Overcharge testing was conducted on a cell charged to 4.1 V, which
corresponds to 100% SOC per the manufacturer. The cell was taped to a cinder block

in a horizontal position with glass-fiber tape at the top and bottom of the cell.
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Thermocouples were taped to the side of the battery and at the bottom end cap, and an
ambient temperature thermocouple was located away from the cell. The cell’s current,
voltage, internal pressure, and thermocouples were monitored remotely through an
Agilent 34970A data acquisition unit at a 1 Hz sampling rate. The cell’s charging
current was controlled with a power supply capable of charging at up to 30 Amps.
The overcharge current was measured through a 20 A/50 mV shunt located between
the negative cell terminal and the negative side of the power supply. A 24 V relay
was placed between the positive side of the power supply and the positive cell
terminal to prevent inadvertent charging during setup. The pressure transducer is a
200 psi/100 mV transducer that is powered with a 10 V power supply.

Overcharge was conducted at a variety of constant current rates to induce a
continuous loss of oxygen from the destabilized positive electrode. The power supply
was set to a high upper voltage (12 V) and the current was set to either 26 A (C/2 C-
rate) or 10.4 A (C/5 C-rate). The overcharge profile is pictured in Figure 71. The
voltage of the cell does not monotonically increase during the overcharge procedure
due to the initiation of side reactions. Once the cell’s temperature is sufficiently high,
cell failure is marked by a sudden increase in the measured voltage, corresponding to
loss of cell voltage and the Agilent measuring the power supply voltage directly.
Once the cell fails, the power supplies are turned off and an overnight stand-down is

implemented to allow gases to evacuate.
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5.3.3 — Gas Sampling

In experiments where gas sampling was conducted, a gas capture manifold
was connected to the penetration valve assembly through a 4 stainless steel tube.
The tube was wrapped in resistively heated tape and held at a temperature of 60°C to
prevent condensation of the gases. A picture of the gas collection manifold is given in
Figure 72. Each of the sample volumes has an independent solenoid valve and manual
valve. All of the sample volumes branch off of the same central junction with one
side connected to the cell and the other side connected to a vacuum pump through a
solenoid valve. Prior to testing, the main junction is evacuated by opening the
solenoid to the pump. This removes air from the system up to the cell’s solenoid
valve. The cell’s solenoid valve is opened to remove any background gases. This can
be done either before the cell is punctured or after. Next, the individual sample
volume solenoids are opened one-by-one to evacuate the rest of the sampling

manifold.
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Once testing begins, gas builds up within the cell up to the first solenoid
valve. When a gas sample is required, the sampling volume solenoid is first opened
and vacuum is confirmed. Then the cell’s solenoid is opened to draw the gas to the
sampling volume. The cell solenoid is then closed, followed by the sampling volume
solenoid. Finally, the manifold is evacuated with the pump to create a vacuum for the
next sample, if desired. Once the test and overnight standdown is complete, the

manual valves are closed and the sampling volumes removed from the assembly for

analysis.

Figure 72: Cell with puncturing mechanism, pressure transducer, and solenoid
valve (left) and gas sampling manifold (right)

5.3.4 — Gas Analysis

Gas analysis was conducted at Naval Surface Warfare Center Indian Head
Explosive Ordnance Disposal (EOD) Technology Division using their Agilent gas
chromatography/mass spectrometry (Agilent 7890A GC and 5975C MS). Gas
chromatography (GC) utilized an HP-PLOT Q column, which is a bonded
polystyrene-divinylbenzene (DVB) column that specializes in separation of

hydrocarbons, COz, air, and solvents. This tube is particularly well-suited for
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studying lithium-ion batteries because of the diversity of gases reported in the
literature that fit into these categories. The gas samples were manually injected into
the GC and the carrier gas was Helium. The GC column is housed within a
programmable oven. The oven is set to start at 40°C, increase at 10°C/minute until a
temperature of 200°C is reached, held at 200°C for 1 minute, and then increased at
15°C/minute until a temperature of 250°C is reached, and held at 250°C for 8
minutes. Once the carrier gas and the gas sample travel through the column, the gases
interact with the stationary phase, causing the different gases to elute at different
times. The combination of the column coating and a programmed heating profile
allows for sufficient separation of gas species to resolve the separate gas peaks in a
chromatogram. At the end of the column, the gases are sent into a mass spectrometer
(MS). The samples are ionized and sorted by mass to charge ratio. The combination
of GC/MS allows for the identification of unknown compounds and their relative
abundance in mixed gas samples.

To preserve the integrity of the samples and avoid contamination with air, the
sample containers were attached to the apparatus seen in Figure 73. The upper part of
the apparatus contains an argon purge line with a ball valve, a vacuum line with a ball
valve, and a septum sample port for transferring samples to the GC/MS equipment.
At the bottom, each sample container is connected to this apparatus. Once the sample
is connected to the apparatus, argon gas is fed into the upper portion of the apparatus.
The argon valve is closed, and the vacuum valve is opened so that the upper portion
of the apparatus is evacuated. This process is repeated 3 times to ensure that no air is

present in the system. Prior to opening the sample valve, the upper portion of the

115



apparatus is evacuated, and both the argon and vacuum valves are closed. The sample
valve is then opened, drawing the gas from the sample cylinder into the apparatus. An
airtight syringe is inserted into the sample port, used to collect a 10 pL sample, and

injected directly into the GC/MS equipment. Multiple samples are collected from

each sample container to ensure repeatability of the analysis.

Sample Port
. " & 9 —
“5-10psi)
— ' S “ Vs T

S

‘IEigur 73: Gas sample extraction usingj an air-tigﬁtC/MS syringe
5.4 — Results

5.4.1 — Overcharge with multiple gas samples

A total of three (3) cells underwent overcharge testing with multiple gas
samples pulled during the course of the overcharge test. Cell failure occurred at
various times between 48 and 72 minutes. Variability between the different cells

seems to be partially due to the number of gas samples taken.
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Figure 74: Pressure and voltage plot for cell 1.

The voltage and pressure plots for cell 1 are shown in Figure 74. The cell’s
internal pressure began to rise before the plateau in voltage, and a gas sample (sample
# 2) was captured at 4.7 V before the decrease in voltage. After gas sample #2 was
taken, the pressure began to rise again, and an additional sample was taken at 32 psi
(absolute). This test only included 3 gas sampling canisters, and as the pressure
continued to rise, the final sample was discarded by re-evacuating the sampling
canister. Sample #3 was taken when the pressure reached 71 psi (absolute). The cell
continued overcharging until it reached failure and rapidly disassembled. The failure

occurred at the terminal end of the cylinder again as seen in Figure 75.
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Figure 75: Failed cell with ejected terminal end and electrode jelly roll.
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Figure 76: Temperature on side of cell 1 during overcharge.

The temperature plot in Figure 76 demonstrates that the temperature increase
can be described by 4 phases. The first phase is a fairly linear increase (~0.2°C/min)
in temperature during the first 30 minutes as the voltage increases to 4.7 V. The next
phase is a steeper increase in temperature (~6°C/min ) during the time the voltage is
decreasing and starting to plateau. The third phase is an intermediate increase in

temperature (~2.6°C/min) up until failure. The final phase is a rapid increase in
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temperature above 200°C as the cell is failing. The bulk of the pressure growth occurs
during the 2.6°C/min temperature increase as the cell voltage remains largely flat
(phase 3). This supports the case that gas generating side reactions are occurring,
likely from the destabilization of the mixed metal oxide positive electrode and
oxidation of the electrolyte.

Sampling gas from cell 1 helped shed light on opportune times to sample
gases during overcharge. Additional sample containers were added to the gas
sampling manifold so that 5 gas samples could be collected for cell 2. Figure 77
shows the voltage and pressure data from cell 2. Similarly to previous tests, pressure
begins to rise as the voltage peaks and decreases slightly. Gas sample # 2 was taken
immediately following the peak in voltage at a pressure of 33 psi (absolute). Gas
sample # 3-5 were taken at pressures of 45, 75, and 105 psi (absolute). Approximately
4 minutes after the final gas sample was taken, the cell underwent thermal runaway
with spontaneous disassembly. The pressure at the time of failure was 95 psi
(absolute). The cell’s terminal end was ejected; however, the electrode jelly roll
remained inside the cell for the most part as seen in Figure 78. Some small ribbons of
copper current collector did get thrown from the cell, but it is minimal compared to
previous tests. The precise reason of why the jelly roll failed to eject from the cell is
unclear, but it could be due to the location of gas bubbles being closer to the terminal
end cap rather than the opposite end of the cell. Pressure buildup at the smooth end of
the cell would provide the thrust required to eject the jelly roll from the cell body.
Furthermore, differences in the bond between the aluminum current collector and the

cell casing could determine whether or not the jelly roll ejects from the cell body.
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Figure 77: Pressure and voltage plot for cell 2.
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Figure 78: Cell 2 following the overcharge test. The majority of the electrode
jelly roll remained inside of the cell despite an internal pressure of 95 psi
(absolute) immediately prior to failure.

120



581 1180
56
54

52t

Voltage (Volts)
Cell Body Temperature (°C)

* . . ! — 20
0 02 04 06 08 1 12
Time (hours)
Figure 79: Temperature on side of cell 3 during overcharge.

The temperature on the side of cell 3 demonstrates similar behavior as cell 2
and can also be separated into 4 phases of temperature increase. The shape of the
curve, as well as the magnitude of the linearized slopes of the temperature increase
per minute, is very similar to cell 2. For cell 3, the phase 1 temperature increase is
approximately 0.1 °C/min compared to 0.2°C/min for cell 2. The phase 2 temperature
increase is 6.9 °C/min compared to 6°C/min for cell 2. Finally, the phase 3
temperature increase is approximately 2.7 °C/min compared to 2.6 °C/min for cell 2.
The final phase is a rapid increase in cell temperature > 200 °C, corresponding with
cell failure and spontaneous disassembly with fire.

The gas sampling for cell 3 was very similar to cell 2, with the final sample
collected only 1 minute prior to failure. The absolute pressure is initially below
atmosphere due to the first gas sample pulling the transducer to vacuum. By the time
the cell’s voltage peaks and decreases, the gas pressure increased above atmosphere,
and gas samples 2-5 were captured at 34, 45, 75, and 86 psi (absolute), respectively.

Cell 3 failed in the same manner as cell 2, in which the terminal end of the cell was
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ejected, but the electrode jelly roll mostly remained within the cell body save for

some ribbons of copper current collector as seen in Figure 82.
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Figure 80: Pressure and voltage plot for cell 3.

Figure 81: Cell 3 following overcharge. The electrode jelly roll mostly remained
in the cell except for some ribbons of copper current collector.

The temperature on the side of the cell displayed the same behavior as cells 1
and 2. Phases 1-3 demonstrated linearized slopes of the temperature curve of 0.25

°C/min, 4.5 °C/min, and 2.1 °C/min, respectively.

122



6 200
581 1180
56 1160
O
5.4 l1a0 =
v oo
_ =
8 =
= - v}
o 120 O
Q
= -
o =
o 100 ©
8 -
- >
O

> 180 3
)
160 &

120

0 02 04 06 08 1
Time (hours)
Figure 82: Temperature on side of cell 3 during overcharge.

Analysis of gas species was performed using GC/MS for the three cells. The
gas species identified are consistent with literature, particularly the presence of CO,
COg2, Oz, hydrocarbons, and electrolyte vapor. As a sample is overcharged, changes in
the chromatogram can be seen in the growth of peaks. The peaks in the
chromatogram can then be identified with the MS measurements. Figure 83 shows the
chromatogram for cell 2 before overcharge is initiated and during overcharge. As
overcharge progresses, generation of gas leads to peak intensity increases and
providing insight into the predominant gas species. Variability in the amount and
composition of the gas samples can be seen in Table 10. Using integrated peak area as
a rough measure of the percentage composition of each gas species, it is possible to
identify the main contributors to the gas composition. Some of the cells exhibited a
much greater diversity of gas species in the samples; however, the species accounting

for the majority of the gas were consistent.
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Figure 83: Chromatogram before and during overcharge with the curves offset
for clarity.

Table 10: Gas species measured during overcharge at approximately 148%
SOC.

Gas Species Cell 2 Cell 3

02 66.4 28.7
CO2 27.0 53.6
Methyl Fluoride 0.07
Ethylene 0.018
Ethane 0.36 0.70
Fluoroethane 0.018
Propene 0.014
Propane 0.20 0.38
Cyclopropane 0.023
Dimethyl Ether 0.029
2 Fluoro Propane 0.027
Methyl Formate 0.05 0.16
Butane 0.081
Isobutane 0.04

Acetone 0.049
Methyl Acetate 0.033
Pentane 0.031
Dimethyl Carbonate 0.95 3.41
Methyl Propionate 0.019
Hexane 0.038
Column Bleed 0.065
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| Methyl Butanoate | 4.95 | 12.58

5.4.2 — Overcharge with single gas samples

Due to the role that gas samples play in the failure time of the batteries,
subsequent tests focused on taking a single sample immediately prior to failure. A
graph of two cells overcharged at 26 A until failure is shown in Figure 84. The cell
voltage follows a similar path as the cells tested with multiple gas samples. Lack of
changes in the voltage profile indicate that gas sampling did not remove significant
electrolyte to alter the overcharge voltage profile. Instead, this curve is characteristic
of NCA/graphite cells under overcharge conditions. Differences in initial pressure
measured is the result of differences in aging between the cells. When puncturing
cells, a distribution of cell internal pressures has been observed due to unit-to-unit
differences. Despite differences in starting pressure, the overall pressure trend is
consistent. Failure also occurs earlier for the cell with greater initial pressure;
however, both occur approximately near 150% SOC, which is within the range seen
for the samples with multiple gas samples.

The pressure rise due to overcharge does not occur until roughly 125%-130%
SOC. At this point, the temperature of the cell has not changed significantly, and it is
likely that the manufacturer built in a margin on the positive electrode to prevent
release of oxygen from the positive electrode structure unless the battery significantly
overcharged. The pressure begins to build at an increased rate over the next 5% SOC

after which time the gas generation occurs at a slower, nearly linear rate.
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Figure 84: Overcharge test results with single gas sample taken

5.4.3 — Overcharge without gas samples

Overcharge tests are conducted on cells without collecting gas samples to
minimize the free volume added with the full gas penetration and sampling apparatus.
Cells were overcharged at either C/2 (26 A) or C/5 (10.4 A) until failure. The
overcharge process can be separated into 4 different regimes based on the voltage,
temperature, and pressure behavior. One of the cells overcharged at a C/2 rate is
plotted in Figure 85 with the different stages labeled I-1V and the two cells
overcharged at a C/5 rate are plotted in Figure 86. Stage | is characterized by an
increase in the cell voltage above the electrolyte stability limit of approximately 4.5 V
for carbonate solvent based electrolytes. During this stage, the internal pressure of the
cell does not increase more than a few psi. At this point, either gas generation has not
occurred or gas bubbles formed within the porous electrode structure have not

diffused into the free volume of the cell headspace. Stage Il is associated with a
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nearly exponential increase in pressure while the voltage peaks followed by a
decrease in voltage, although still above 4.6 V. During this stage, oxygen is released
from the destabilized positive electrode and reactions between the electrolyte and the
oxidized positive electrode are simultaneously producing gas. Based on the externally
measured temperatures seen in Figure 86, the internal cell temperature is likely too
low to initiate SEI layer decomposition. Stage |11 sees the pressure increase at a
reduced rate as the voltage plateaus, indicating ongoing side reactions are occurring.
Cell failure occurs shortly after entering into stage IV and sees a rapid increase in
voltage and pressure before the cell casing bursts. At this point, lithium dendrites
have likely formed due to the overly lithiated state of the negative electrode. The
rapid pressure increase is indicative of a short circuit triggering a bursting of the cell

casing.
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Figure 85: Overcharge at 26A (C/2 rate) can be separated into four different
regimes. Failure occurs shortly after the cell enters into stage 1V, in which rapid
increases in voltage and pressure are observed.
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Figure 86: Overcharge of cells at 10.4 A (C/5) voltage (top), pressure (middle),
temperature (bottom).
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Chapter 6: Contributions, Future Work, and Conclusions

Lithium-ion batteries can undergo a variety of usage conditions throughout
their life cycle. Even with the presence of protection circuitry and battery
management systems, batteries can be operated outside of their manufacturers’
recommended voltage, current, and temperature limits. Due to unintended operation
or storage under non-ideal conditions, lithium-ion batteries can experience a variety
of failure mechanisms that impact performance and safety. Battery performance and
safety are critical for the host system to operate as intended without reducing
capability or causing damage to the host system and its surroundings. In this research,
failure mechanisms due to operation at voltage extremes (overdischarge and
overcharge) and excessive temperatures (high temperature exposure) are elucidated.
The research conducted significantly contributes to the state-of-the-art and provides
critical knowledge into prominent failure mechanisms in lithium-ion batteries. The
primary contributions of this work are:

e Developed a procedure for assembling three-electrode pouch cells and coin
cells from disassembled large-format cells. Disassembly of large format cells
is more complicated than commercial pouch and cylindrical (18650/26650)
cells due to the higher energy content and associated risks of short-circuiting
the electrodes during disassembled. The electrodes can then be placed in half-
cell coin cells. The assembly of a three-electrode pouch cell using recovered
electrodes allows for measurement of each individual electrode potential

while also capturing interactions between the two electrodes.
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e Developed a combined XPS/XAS approach to examine copper dissolution in
lithium-ion cells. Previously, only the presence of copper was identified on
lithium-ion battery components through the use of energy dispersive
spectroscopy or inductively coupled plasma spectroscopy. These techniques
do not provide chemical state information about the copper, and thus cannot
provide any information about the propensity for a short circuit. The
combination of XPS and XAS is necessary to observe both the surface (XPS)
and bulk (XAS) properties of the deposited copper species.

¢ Identified the chemical state of copper resulting from current collector
dissolution when a battery is overdischarged without entering into voltage
reversal and subsequently recharged and cycled within typical operating
ranges. The copper dissolves into the electrolyte and forms a mixture of Cuz20
and Cu(OH)2 on the surface of the electrodes. The state of the copper in
overdischarged batteries has been assumed to be metallic copper, due to the
failure mechanism experienced when cells are subjected to reversal; however,
the failure mechanism when cells are overdischarged a single time is now
demonstrated.

o Demonstrated that a single overdischarge event is not likely to result in a
safety event. No evidence of short circuiting or sudden capacity loss were
observed over at least 40 cycles. The rate of capacity fade did increase and
was attributed to accelerated electrolyte decomposition due to the loss of
intercalation sites and dislocation of active material from the conductive

network.

130



e Development of a reliable, safe method for continuous internal pressure
measurement in large-format lithium-ion cells. Pressures in excess of 225
psia were measured before the cell failed catastrophically without evidence of
leaking.

e Measurement of internal pressure in a large-format lithium-ion cell as it
undergoes abusive overcharge testing. Changes in pressure increase are well
correlated with features of the voltage and temperature profiles and are
attributable to gas generation mechanisms.

Future work can establish the effect of temperature and time of storage on the
dissolution of copper and the likelihood of cell recovery. Experiments with three-
electrode and optical cells can further elucidate the morphological changes associated
with copper species deposition and electrode delamination, especially if combined
with in-situ synchrotron radiation experiments to track the oxidation state of copper in
a sealed cell. Continued cycling of overdischarged cells of various voltages can be
performed to develop recovery guidelines for overdischarged cells.

The cell puncturing mechanism and gas pressure measurement apparatus can be
improved to reduce the free volume of the measurement system. Development of a
cell casing with a welded gas pressure fitting will also enable long-term measurement
of gas pressure without leakage. This methodology could then be extended to smaller
form-factor cells (18650, 26650) without needing to puncture the cell. Testing a
larger number of cells with a reliable and consistent pressure measurement system
can enable the development of a more generalizable model of gas generation as a

function of different operating conditions. Further improvements in the gas sampling
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and gas species measurement techniques can be used to develop chemical reactive
models capturing the primary gas generation mechanisms. These models can be
incorporated into a coupled thermal / mechanical / electrochemical / chemical model
for battery diagnostics and prognostics.

Copper dissolution due to overdischarge is primarily a performance issue,
although there are scenarios in which the increased cell impedance and gas pressure
can put the cell in an unstable state, making it more susceptible to catastrophic failure.
Understanding the threshold at which copper dissolution occurs for a given cell
design (negative electrode and positive electrode chemistry, negative electrode to
positive electrode active material ratio) is important for developing guidelines for cell
recovery. When cells and battery packs are extremely costly or difficult to replace, as
is the case for military and aerospace applications, it is critical to understand the
potential benefits, risks, and trade-offs of recharging a battery that has been
inadvertently overdischarged.

Overcharge and high temperature exposure are much more commonly
associated with thermal runaway and catastrophic failure. This is due to a
combination of the internal gas pressure and temperature rise that is seen as a result of
the exothermic decomposition reactions inherent in lithium-ion battery materials. The
differences in gas pressure rise observed for overcharge and high temperature
exposure enables diagnostic and prognostic decision making. The data collected in
this research can be used as inputs for modeling the mechanical interactions between
internal gas pressure and the cell casing. This is tremendously useful for cell design in

which alternate venting strategies may be employed to limit energy released during a
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failure event or for modeling the venting electrolyte and fire propagation after a cell
bursts. Knowledge of the gas pressure immediately preceding failure can be
tremendously useful for simulating the effect of a failing battery on adjacent batteries.
Furthermore, early failure detection through measurements of pressure or non-
invasive measurements of the cell casing mechanical deformations (e.g., linear
voltage displacement transducer, load cell, strain gauge) could be employed in
applications where safety is critical and advanced warning of pressure buildup is

advantageous.
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