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EXECUTIVE SUMMARY
The following report was prepared by the U.S. Naval Research Laboratory on behalf of the U.S.
Department of Transportation Pipeline and Hazardous Materials Safety Agency (DOT PHMSA). The
contents of this report include an overview of the hazardous associated with high-energy electrochemical
devices (i.e., batteries) presented in Section 2, a review of methods to deactivate batteries at the end of
useful life presented in Section 3, and an experimental evaluation of one method identified as a promising
low cost and general purpose — saltwater immersion — presented in Section 3.

Lithium-ion batteries and other high-energy electrochemical energy storage devices provide critical
power to a variety of applications, however high energy density is directly correlated with the possibility
of energetic failures. Deactivation of batteries and the end of life can prevent these energetic failures and
enable lower cost, lower hazard transportation of these devices, ideally resulting in an improved rate of
recycling. Among the broad categories of deactivation techniques identified (e.g. saltwater immersion,
electrical discharge, and mechanical shredding), saltwater immersion was concluded to be the most
readily applicable to a wide range of devices.

An experimental evaluation of saltwater immersion found that while saltwater duration did
successfully deactivate lithium-ion cells, the deactivation rate was still relatively slow. Small-scale
experiments using single, 2.5 Ah, ~ 4V lithium-ion cells immersed in saltwater required greater than 24
hours to achieve an inert state, and in some cases introduced additional hazards due to the release of the
battery electrolyte into the saltwater solution. Electrolysis experiments using idealized electrode materials
determined that electrolysis current, which is assumed to be the limiting factor for deactivate rate, could
be increased by increasing solution concentration and temperature. Generation of hydrogen and corrosion
of metal electrodes are major limitations of saltwater immersion as a deactivation approach. In the case of
solutioning containing NaCl as the dissolved salt, corrosion led to cell breaching and plausible release of
the electrolyte material into the saltwater solution.

More development of deactivation methods, including a careful assessment of the economic,
environmental, and safety impacts of these methods, is needed to provide effective options for emergency

responders and battery recyclers tasked with handling and transporting end of life batteries.
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1. INTRODUCTION

Electrochemical energy storage devices, commonly referred to as batteries, are a critical
enabling technology for a variety of electrical devices. Lithium-ion batteries (LIB) are the state-
of-the-art in rechargeable battery technologies, with energy densities typically ranging from 300-
700 Wh/L depending on the exact chemistry and construction. Maximizing battery energy
density is desirable for most applications as this translates to increased operational time for the
device. However, increasing energy density also increases the severity of battery failures in
which the stored energy of the device is rapidly dissipated (1). LIB have been indicated in many
high-profile battery failures and recalls, including the 787 Dreamliner, Samsung Galaxy Note 7,
and Chevrolet Volt (2) (3). In these incidents and many others, failures were attributed to
manufacturing defects internal to cells and the energy content within the battery itself was
sufficient to lead to a fire. In some examples of the Chevrolet Volt and other electric vehicles,
these fires propagated through the entire battery pack, destroying the vehicle, and damaging
nearby property.

Batteries free of manufacturing defects also present hazards when improperly disposed of. A
report from the Environmental Protection Agency published in 2021 studied the role of lithium-
ion batteries in fires reported at waste management and recycling facilities (4). This report
concluded that among 245 fires occurring at these facilities from 2013 through 2020, 89% were
“definitely caused by lithium-ion batteries” and the remainder were reported as “likely caused by
lithium-ion batteries”. Furthermore, the report concludes that the most common type of lithium-
ion battery leading to a facility fire was cell phone battery. In 2021, the top selling smartphone
was the iPhone 12 and similar variants from Apple, Samsung, and Xiaomi (5). The iPhone 12
has a single-cell lithium-ion battery with a nameplate energy content 10.78 Wh — roughly
equivalent to two 9V alkaline batteries used in smoke detectors (6) (7). This comparison
highlights the relatively modest amount of energy needed to lead to costly and dangerous fires
under the wrong conditions. Such conditions have occurred during transportation of end-of-life

batteries in some instances.

Manuscript approved September 12, 2023.



2 G.H. Waller

Two recent examples of transportation related battery incidents involved containers illegally
loaded with discarded lithium batteries which caught fire. In an example from 2021, a container
of discarded batteries enroute to the Port of Virginia caught fire on the highway, “resulting in
loss of the cargo, and significant damage to the shipping container” and “the fire burned hot
enough to create a hole through the metal container’s structure” (8). In a second example, a
shipping container held at the San Pedro Bay port complex waiting to be loaded onto a ship
caught fire, resulting in 40 firefighters being called to respond (9). In both examples, the lithium
batteries were undeclared or mis-declared.

Due to the possibility of energetic failures during both routine operation and disposal,
methods to deactivate end-of-life batteries are needed. Ideally, a deactivation method could be
applicable to any type of cell or battery, have acceptable cost, and not create any additional
hazards during or after the deactivation process. Some deactivation methods have been reported
in academic literature or applied in industrial settings, and these methods will be described in this
report. In general, existing deactivation methods are focused on enabling battery recycling for
recovery of critical materials. In a white paper from Underwriters Laboratory, the authors point
out that the typical recycling process of lead-acid batteries, which involves crushing batteries to
release electrolyte and electrodes from battery casing prior to sorting, is incompatible with
lithium-ion batteries due to the creation of internal short circuits (10). The UL report also states,
“Discharging or neutralizing any stored charge in batteries before opening or shredding them for
recycling can improve the safety of subsequent steps but presents its own set of challenges.
Discharging batteries individually, as well as the recovery of useful chemical components, can
add significant costs to the process.” A 2020 report from the U.S. Energy Storage Association
highlights issues facing recycling large format lithium-ion energy storage systems, stating, “The
recycling process begins with dismantling electrically discharged batteries. The current diversity
of Li-ion battery types, sizes, and chemistries makes this process difficult to automate, so it must
largely be done manually.” (11) In emergency situations, options are even more limited. A 2020
report from the National Transportation Safety Board concludes, “Existing methods of
deenergizing a battery (such as accessing the terminals manually or flooding the battery pack
with a conductive solution) are not within an emergency responder’s scope and typically take an

impractically long time.” (2) While emergency situations are not the explicit focus on this report,
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considerations of ease of use and time required for complete deactivation are generally

applicable to all scenarios in which battery deactivation is required.



4 G.H. Waller

2. OVERVIEW OF BATTERY HAZARDS

During failure, lithium-ion batteries present both thermal hazards as well as chemical hazards.
“Thermal runaway” results from a cascade of exothermic chemical reactions which are typically reported
to begin at temperatures on the order of 100 °C (12) (13). These reactions can be initiated by external
heating, for example due to heat released by an adjacent failed cell, or through mechanical abuse (e.g.
crush or penetration), electrical abuse (e.g. overcharge or exceeding current limits) or through internal
defects causing electrical short-circuits. Heat generated during thermal runaway leads to volatilization and
venting of the flammable organic solvent-based electrolyte used in LIB. The severity of thermal runaway
in terms of total heat release correlates strongly with state of charge (SOC). It is generally accepted that
lithium-ion batteries at 100% SOC are at their most unstable state, and therefore are at greatest risk for
thermal runaway and show the most severe response to abuse (14) (15). At sufficiently low SOC, thermal
runaway can be avoided in cells subjected to abuse. However, the threshold SOC below which benign
abuse response is observed depends on both the battery and the method of abuse. Lee et al. reported that
arrays of 12 small LIB cells at 50% or 100% SOC tested under nitrogen atmosphere underwent complete
propagation in response to the forced failure of a single cell by external heating (16). Joshi et al. evaluated
eight commercial LIB cell types and found that in every case, thermal runaway was not observed for cells
at 0% SOC subjected to external heating (17). However, the same report observed that thermal runaway
did occur in some cells at as low as 15% SOC, but with higher onset temperatures and lower maximum
temperatures. Joshi et al. and Barai et al. reported on the response of LIB subjected to external short
circuit as a function of SOC, with Barai reporting fires for cells tested as low as 15% SOC and Joshi only
observing energetic failure (thermal runaway and/or high temperatures) for higher states of charge (17)
(18). While SOC is a critical factor determining the possibility and severity of cell failure, it is important
to recognize that the chemical energy content of a lithium-ion battery exceeds that of the electrical energy
content, which is the quantity expressed by the SOC. Even at 0% SOC lithium-ion batteries still contain
significant chemical energy, which can contribute to the total heat release of fires. In a report prepared by
Exponent Inc. for the National Fire Protection Agency, the total heat energy released by burning small
cells was measured by Oxygen Consumption Calorimetry (19). The total heat released by cells at 0%
SOC was only 16% less than cells at 100% SOC. Meanwhile, cells at 100% SOC had more than ten times
the peak heat release rate, which reflects the intensity of the battery fires. Suppression of LIB fires is also
notably more difficult than fires due to packaging or liquid fuels due to the large thermal mass of LIB
undergoing thermal runaway (20). Furthermore, thermal runaway in LIB does not require oxygen to
initiate or proceed. Fire suppression approaches which remove oxygen from a combustion event (e.g.

carbon dioxide or halon fire suppressants) can be effective in responding to electrolyte fires, however heat
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generated by thermal runaway can lead to re-ignition of LIB fires after fire suppression is applied.
Effective fire suppression of LIB fires requires cooling the batteries, so water is generally recommended.

Chemical hazards of LIB are particularly prominent during battery fires, which have been reported to
release several dangerous compounds due to the combustion of the electrolyte. Larrson et al. subjected a
variety of LIB cell types to an open flame experiment and reported the release of hydrofluoric acid (HF)
and phosphorous oxyfluoride (POF3) due to the decomposition of the lithium hexafluorophosphate
(LiPF¢)electrolyte salt (21). HF concentrations ranged from 20-200 mg per watt-hour of nameplate battery
energy content and 15-22 mg per watt hour POFs. The authors also reported an increase in HF generation
for burning LIB exposed to a water mist fire mitigation due to a chemical reaction between the LiPFs and
water, however the total quantity of HF was reduced relative to unmitigated fires. Researchers at the
Federal Aviation Administration reported that both the volume and composition of gases emitted in
response to external heating were functions of SOC (22). For single 18650 cells, the gas volume increased
by a nearly a factor of 10 between 10% and 100% SOC. Notable increase in CO release were observed
above 60% SOC, as well as increases in hydrogen and short chain hydrocarbons such as ethylene and
acetylene which lead to a decrease in the lower flammability limit from 15 vol% at 10% SOC to ~8 vol%
at 40% SOC and above. Due to this decrease in lower flammability limit in released gases at higher SOC,
fewer cells are required to create an explosive mixture in a given volume. Large-scale tests conducted by
thermal abuse of over 500 18650 cells in an enclosure resulted in higher per Wh concentrations of
hydrocarbons, hydrogen, carbon monoxide and carbon dioxide relative to single cells, which the authors
attributed to higher maximum temperatures obtained in the large-scale tests.

Some of the hazards listed in this section may remain after a deactivation method has been applied.
Batteries which are physically intact still contain any hazardous chemicals included in the electrolyte. A
lithium-ion battery which has been discharged to 0V would be incapable of undergoing thermal runaway
and robust toward abuse but would still contain flammable electrolyte which if ignited would contribute
to a fire’s intensity. End of life batteries which have been electrically isolated by activation of protective
circuitry / fuses may present additional challenges, as the energy in these devices cannot be extracted
through the electrical terminals used to store the energy. From this perspective, identifying effective

evaluation criteria for deactivation methods is as important as developing the methods themselves.
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3. DEACTIVATION METHODS

As described in the previous section, lowering the state of charge (SOC) of a lithium-ion battery is
an effective route to avoid or limit energetic failures in response to abuse. Several reports on LIB
recycling processes begin with a complete electrical discharge of the cells or batteries prior to some
method of mechanical disassembly (23) (24). Harper et al. suggests that the recovered energy from
discharging large battery packs and modules may help to offset the energy costs of subsequent recycling
steps (25). Alternative methods to de-activate batteries prior to recycling include immersion in salt-water
baths or “thermal” pre-treatment, sometimes described as pyrolysis, which subjects batteries to
sufficiently high temperatures to both initiate thermal runaway and consume the flammable electrolyte.
Even after discharging, batteries are typically shredded under inert or cryogenic conditions to avoid
thermal runaway and fires. In some industrial settings, no deactivation step is utilized prior to shredding
as mitigation methods such as an inert gas or water spray are considered sufficient (25). A review of
available process information from the websites of prominent LIB recyclers Ascend Elements, Li-cycle,
and Redwood materials indicates that all of these companies utilize mechanical shredding of batteries at
the beginning of the recycling process (26) (27) (28). None of these companies mention discharging or
any other form of deactivation. A technology overview video on the Li-cycle website states that
“Lithium-ion batteries are safely processed in a water-based solution. This greatly improves safety, avoids
potential hazards, such as fires, and starts the separation process.” Instructions for shipping loose lithium-
ion cells to Redwood Materials for recycling state, “Loose lithium-ion batteries: ship following DOT
guidelines. Each battery should be placed in its own clear plastic bag (produce or sandwich bag) or tape
the terminals with packing, electrical or duct tape.”

Salt-water immersion is reported by several studies on battery recycling to be a preferred method for
battery deactivation due to its flexibility, low cost, and relative safety, however corrosion of cell
components and generation of secondary hazards including hydrogen gas and wastewater contaminated
with battery electrolyte are known limitations (24) (29). Corrosion effects and discharge rates of 18650
LIB cells were reported by Shaw-Stewart et al. by evaluating 26 different saltwater solutions at a
concentration of 5 wt% (30). The authors reported that while discharge rate was somewhat correlated with
solution conductivity, corrosion effects played a critical role in removing energy from cells. Corrosion
was found to be a function of solution pH and solute species, with mildly alkaline solutions of non-alkali
salts showing the least amount of corrosion on the Ni-plated steel cell cans. Meanwhile, cells immersed in
NaCl solutions while having a near neutral pH and high conductivity were heavily corroded within hours
of exposure to the solution preventing voltage readings after a few hours. Yao et al. measured the
composition of supernatants following LIB immersion in saltwater solutions using NaCl, FeSO, and

MnSO; and observed high concentrations of electrolyte and electrode species (phosphorous, lithium,
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cobalt) in the NaCl solutions (31). These corrosion effects have also been reported to impact the abuse
response of lithium-ion batteries. Tao et al. reported that for 2.6 Ah 18650 cells immersed in 3.5 wt%
NaCl solutions for varying times, cells underwent thermal runaway after 12 hours in solution when
starting at 100% SOC when subjected to an open flame, and experienced higher heat release rates when
immersed for 2-6 hours (32). The authors attributed the increase in heat release rate to corrosion of the
18650 header, which they speculate interfered with proper venting of the cell in response to external
heating. A follow-on study by the same group exposed small packs of 18650 to 3.5 wt% NaCl solutions
and reached similar conclusions, finding that thermal runaway was still observed for pack exposed to an
open flame after up to 12 hours in the saltwater solution (33).

One alternative deactivation method of note comes from startup company OnTo Technologies of
Bend, Oregon, which uses a pressurized reactor to force carbon dioxide into sealed LIB. The CO; serves
to both extract the flammable liquid electrolyte for collection and storage as well as chemically react with
Li and lithiated carbon to form less reactive lithium carbonate (34). Through funding from the
Department of Energy Lithium-ion Battery Recycling Prize and the Defense Logistics Agency, OnTo
Technologies has demonstrated that small cells subjected to the CO, deactivation method contain no
stranded Li and do not undergo thermal runaway in response to external heating or mechanical abuse.
Limited information is available on the efficacy of OnTo Technologies’ approach to larger batteries or
various cell constructions.

A comparison of deactivation methods identified in the literature (saltwater immersion, electrical

discharge, and shredding) are provided in Table 1.
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Table 1 Comparison of deactivation methods

Limitations

Method Flexibility | Deployability | Affordability Safety
Saltwater
Moderate
immersion
Electrical
Moderate Moderate
Discharge

Shredding Moderate

Corrosion, generation of

H>

Many require dynamic
load bank / manual
interaction with energized

terminals

Requires preceding
deactivation step or inert /

cryogenic conditions

Pyrolysis or thermal treatment of batteries shares virtually the same advantages and disadvantages as

shredding and is therefore not included in Table 1. Carbon dioxide electrolyte extraction was also

excluded due to being unique to OnTo Technology, which limited the available information for

comparison to other deactivation methods. Comparison factors are defined below:

1. Flexibility: Deactivation method should accommodate a wide variety of cell and battery designs,

chemistries, and form factors

2. Deployability: Deactivation method should be easily accomplished whenever needed without

specialized equipment or facilities.

3. Affordability: Deactivation method should have a reasonable cost such as not to prohibit

subsequent desirable processes including battery recycling.

4. Safety: Deactivation method should not introduce or exacerbate hazards to people or the

environment.

While the comparisons provided in Table 1 are intended to be qualitative, some explanation of each

category is as follows:

Saltwater immersion can proceed with any energized cell type. However, at very high voltages,

additional hazards may be generated. No special equipment is required beyond good ventilation and a

water-tight, non-reactive container. Many demonstrations have utilized NaCl, which is low cost and

commonly available. Less corrosive salts have been reported which may impact affordability. The main
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hazards associated with deactivation by saltwater immersion are the generation of hydrogen gas, which is
flammable at very low concentrations, and the possibility of generating wastewater contaminated with

battery electrolyte.

Electrical discharge is highly effective and generates no hazardous waste streams when properly
implemented. Critically, an electrical load must be sized appropriate to the device being deactivated,
which reduces the method’s flexibility and potentially increase cost substantially. Depending on the
sophistication of the discharge method, the deployability may be acceptable for many applications.
However, large dynamic load banks may not be easily transportable or have a high cost, making

centralized deactivation more economical.

Shredding of end-of-life batteries is common practice in the recycling industry. However, batteries must
be separated according to chemistry (e.g. a lead-acid shredding process cannot accept lithium-ion cells)
both for safety and process efficiency reasons. Some reports indicate that only certain LIB are cost
effective to recycle, notably those containing a larger component of Ni and Co; inclusion of other types
such as lithium iron phosphate (LFP) would reduce the profitability of the recycling process. Shredding of
energetic batteries requires specialized, expensive facilities intended to mitigate or contain battery fires,
which significantly reduces both the deployability and affordability of shredding as a deactivation
method. In an appropriately designed facility, the safety of battery shredding may be sufficiently safe.
However, like any industrial process involving heavy equipment and toxic chemicals, well trained

personnel would be required.

From the comparison of deactivation methods in Table 1, saltwater immersion was identified as a

promising candidate
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4. EXPERIMENTAL EVALUATION OF SALTWATER IMMERSION

An experimental evaluation of deactivation by saltwater immersion was conducted at the U.S. Naval
Research Laboratory. Three experimental thrust areas were pursued, 1) evaluation of electrolysis currents
in saltwater solutions using ideal, non-corrodible (platinum) electrodes, 2) evaluation of corrosion of
electrode metals commonly used in battery cells in saltwater solutions, and 3) evaluation of lithium-ion
cells immersed in saltwater as a deactivation method. Salt selection was narrowed to three materials —
ammonium dihydrogen phosphate ((NH4)H2PO4)), ammonium bicarbonate (NH4)HCOs3), and sodium
chloride (NaCl) as a control. All three salts are low cost, relatively non-toxic (ammonium bicarbonate is
considered an irritant), and readily soluble in water. Critically, Shaw-Stewart et al. reported that
(NH4)H2PO4 and (NH4)HCO; were two of the least corrosive solutes during saltwater immersion of 18650
form lithium-ion cells out of 26 salts surveyed (30). The conductivity and pH of saltwater solutions was
measured using a Horiba LAQUAact PC-110 portable meter. For all the salts selected, solution
conductivity is directly related to concentration. Solution pH is also influenced by the salt species used
but was not found to be sensitive to solution concentration within the range of concentrations evaluated.
A plot of solution conductivities and pH at various concentrations and molarities are shown in Figure 1
and Figure 2, respectively. Note that for a 20 wt% / 3.42 M NaCl solution, the maximum conductivity
range of the meter (200 mS/cm) was exceeded, therefore a value of 200 mS/cm was recorded for this
solution. From the conductivity plot in Figure 1, concentrations with identical conductivity were
identified. A concentration of 3.5 wt% NaCl, which is the nominal concentration of seawater, has a
conductivity of 54 mS/cm. A conductivity of 54 mS/cm was also identified for solutions of 11 wt%
(NH4)H>2PO4 and 5.8 wt% (NH4)HCOs. These iso-conductivity solutions concentrations were used in
several electrolysis and cell immersion experiments to isolate the effects of the salt species rather than the

solution concentration.
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Figure 1 Saltwater solution conductivity as a function of concentration (left) and molarity (right).
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Figure 2 Saltwater solution pH as a function of concentration (left) and molarity (right).

The impact of solution temperature on conductivity was also investigated for (NH4)H,PO4

solutions and found to have no effect as shown in Figure 3. Similar trends are expected for all salts

4.0

provided the concentration evaluated is suitably far from the solubility limit, which is also influenced by

solution temperature.

Figure 3 Solution conductivity vs. solution temperature for (NH4)H2PO4 solutions.
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4.1 ELECTROLYSIS OF SALTWATER SOLUTIONS

Three-electrode measurements were used to evaluate the electrolysis current produced in various
saltwater solutions as a function of solution concentration and temperature. The three-electrode test cell
utilized a 0.75 mm diameter, 3 mm long platinum wire as working electrode, platinum mesh as counter
electrode, and an Ag/AgCl reference electrode. Platinum was selected as the working and counter
electrode material to avoid consumption of the electrodes due to electrolytic corrosion, while the counter
electrode was sized to have significantly greater area than the working electrode. By using the platinum
working electrode, the only reactions available were the electrochemical decomposition of the salt or
solvent (e.g. H-O molecules). In this way, the electrolysis current for a given solution can be evaluated as
a function of voltage. For a given solution and applied potential, a higher electrolysis current should
translate to a faster rate of deactivation, therefore maximizing electrolysis current is desirable. Glassy
carbon was initially evaluated as a less catalytically active alternative to platinum, however vigorous gas
evolution during electrolysis was observed to exfoliate the glassy carbon electrode. The Ag/AgCl
reference electrode provides a fixed electrochemical potential and experiences no current flow during the
electrolysis experiments. A schematic and photograph of the three-electrode cell is shown in Figure 4. A
fine stream of bubbles is generated from the working electrode during electrolysis experiments, which can
block the surface of the electrode. These bubbles were removed using magnetic stirring during the

electrolysis experiments, which removes the bubbles as seen in Figure 4.

@ ’_| Pt mesh Ptwire

king electrod Ag/AgCl
counter electrode O 1B SleCtrode g/Ag
reference electrode

Pt mesh Pt wire Ag/AgCl
counter working reference
electrode electrode electrode

Figure 4 Schematic (left) and photograph (right) of three-electrode electrochemical cell.

Iso-conductivity solutions of NaCl, (NH4)H,PO4, and (NH4)HCO; were evaluated by cyclic

voltammogram (CV) at a scan rate of 10 mV/s using a potential range of +3V to -3V vs open circuit. A
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current vs. voltage (I vs. V) plot from the CV experiment is shown in Figure 5. As shown in Figure 5, all
three solutions show roughly equivalent behaviors as a function of voltage, with the onset of oxidizing
currents occurring at roughly +1.0 V to +1.5 V vs. Ag/AgCl, and onset of reducing currents occurring at
roughly -1.0 V to -1.5 V vs. Ag/Cl. Beyond the onset potentials and up to the maximum potentials of
approximately +3 V and -3 V vs. Ag/AgCl, vigorous bubbling at the working electrodes was observed in
all solutions, confirming the production of a gaseous product.

Water electrolysis is assumed to be the main source of the observed current, with anodic
(oxidizing, and in this case positive) potentials attributed to oxygen evolution and cathodic (reducing, and
in this case negative) potentials are attributed to hydrogen evolution. Under ideal conditions, slight shifts
in the onset potential of current flow can be attributed to solution pH, with low (acidic) pH shifting the
onset of both water oxidation and water reduction to higher (i.e. more positive) potentials. However, this
would predict the mildly acidic (NH4)H,POs solution (pH ~ 4.5) would have highest onset potentials,
followed by neutral NaCl (pH ~ 6.9), and mildly basic (NH4)HCOs (pH ~8.2). Instead, the onset of
oxidative current is seen first in the NaCl solution, with (NH4)H>PO4 and (NH4)HCO; showing oxidative
current at almost identical potentials. An additional feature (a small peak) is observed in the NaCl
solution centered at 1.4 V vs. Ag/AgCl which is plausibly attributed to the evolution of chlorine gas,
which may explain the unexpected ordering of anodic onset potentials. Similarly, trends in reducing
potentials are not cleanly predicted by pH alone. The lowest pH solution (NH4)H,PO4 does reduce first as
expected, however the highest pH (NH4)HCOj3 solution begins reducing before the neutral NaCl solution.
Again, an additional feature in the I vs. V plot may explain this behavior, as a small peak centered at -1 V
vs. Ag/AgCl is observed for the (NH4)HCOj3 solution, which is possibly the reduction of the bicarbonate
(HCOy3") anion.
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10 mV/s CV of various solutions with Pt Wire electrode
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Figure 5 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 3.5 wt% NaCl, 5.8 wt% (NH4)HCO3, and 11

wt% (NH4)H2POs4 saltwater solutions using three-electrode test cell.

Electrolysis experiments of (NH4)H,PO4 solutions with concentration ranging from 5-20 wt%,
corresponding to 29 mS/cm to 78 mS/cm solution conductivity, were evaluated using the 3-electrode
electrochemical cell. Current vs. Voltage plots for the (NH4)H2PO4 solutions is shown in Figure 6, which
shows no changes in onset potential. Interestingly, the cathodic current shows a stronger dependence on
solution conductivity than the anodic current. In an acidic solution, the cathodic electrolysis reaction is
assumed to be

2H* +2e™ > H,,
while the anodic electrolysis reaction is assumed to be
H,0 - 0,4+ 4H™ + 4e™.
Oxygen evolution is generally understood to have more sluggish electrochemical kinetics than hydrogen
evolution, which may provide some explanation as to why the positive anodic potentials do not show a

strong dependence on salt concentration (35).
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10 mV/s CV of NH4H2P04 Solutions with Pt Wire electrode
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Figure 6 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 5 wt%, 11 wt%, and 20 wt% (NH4)H2PO4

solutions using three-electrode test cell.

While three electrode measurements provide a reference potential to compare against the working
electrode, electrochemical devices only have two electrodes. Therefore, two electrode electrolysis
measurements were also evaluated. Platinum electrodes were used with an identical experimental setup to
that shown in Figure 4. A constant potential of +4 V was applied in the two-electrode electrolysis cell,
representing a typical open-circuit potential for a full charged lithium-ion cell. A relatively stable current
was observed for 300 seconds in response to a +4 V potential as shown in Figure 7, with the highest
current observed in a 40 wt% solution heated to 60 °C. Average currents for the +4 V two-electrode
electrolysis experiments at room temperature (~23 °C) and 40 °C are presented in Figure 8, which
generally show an increase in current with solution concentration. Solution temperature is seen to
influence electrolysis current more as solution concentration increase, likely due to the solubility limit of
(NH4)HPOs. As seen in Figure 7 and Figure 8, the electrolysis current at room temperature in 40 wt%
(NH4)H,PO4 was actually slightly below the value for 20 wt% (NH4)H2POs, which is not observed at 40
°C. The nominal solubility limit of (NH4)H>PO4is 40 wt% at room temperature, and the 40 wt% solution

was observed to have a cloudy appearance at room temperature.
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Figure 7 Current vs. time response for (NH4)H2POs solutions subjected to +4V in a two-electrode test cell.
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4.2 CORROSION OF COMMON CELL MATERIALS IN SALTWATER

Four metals were selected to evaluate corrosion behavior during electrolysis — aluminum, copper,
nickel, and a mild steel (1010 carbon steel). These metals are intended to represent common electrode /
terminal electrical contacts found in a variety of electrochemical cell types. A two-electrode configuration
was used analogous to the experimental setup using platinum electrodes in the previous section, however
while the previous section’s experimental setup utilized a platinum mesh counter electrode such that only
the working electrode area would limit the reaction rate, the corrosion measurements utilized an identical
electrode area for both working and counter electrode. Electrodes were sized to have identical area across
material types and separated by a constant 20 mm independent of the saltwater solution used.
Experiments conducted included a cyclic voltammogram analogous to the data presented in Figure 5 and
Figure 6, as well as constant-potential measurements analogous to the data presented in Figure 7. Because
the electrode materials were identical, only positive potentials relative to open circuit were considered,
however it should be noted that the relative potential of the counter electrode would have been negative
relative to a reference electrode like Ag/AgCl used in Figure 5 and Figure 6.

Cyclic voltammograms collected at a 10 mV/s scan rate for the four selected metals tested in the
three iso-conductivity solutions described in the previous section are shown in Figure 9, Figure 10, Figure
11, and Figure 12. Each metal and solution combination shows a unique behavior, indicating that both the
electrode material and salt species have a strong influence on electrolysis behavior. For the Current vs.
Voltage response for the aluminum wire electrodes shown in Figure 9 shows that measurable current was
only observed in the 3.5 wt% NaCl solution. This implies that one or both of the anodic or cathodic
reactions, presumed to be oxygen evolution and hydrogen evolution, respectively, were unable to proceed
when using an aluminum electrode. Further experimentation in which only the working electrode is
aluminum is needed to determine which reaction prevents electrolysis from occurring in the 5.8 wt%

(NH4)HCOs and 11 wt% (NH4)H2PO4 solutions.
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10 mV/s CV of various solutions with Al wire electrode
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Figure 9 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 5 wt%, 11 wt%, and 20 wt% (NH4)H2PO4

solutions using two-electrode cell with aluminum electrodes.

Current vs. voltage plots produced using copper wire electrodes shown in Figure 10 resulted in
some current flow for all solutions, however with notably different features in each solution. Only the 11
wt% (NH4)H,PO4 solution resulted in the linearly increasing current with voltage analogous to that
observed with a platinum electrodes in Figure 6, while the 3.5 wt% NaCl and 5.8 wt% (NH4)HCO;
solutions both show an initial increase in current followed by a decrease above some voltage. This
behavior likely implies that some electrolysis reaction involving the electrode material itself begins, but is
then suppressed either by passivation of one or both electrode, for example due to the formation of an

electronically insulating layer, or by rapid consumption of the electrode into solution.
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Figure 10 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 5 wt%, 11 wt%, and 20 wt% (NH4)H2PO4
solutions using two-electrode cell with copper electrodes.

Current vs. voltage plots collected with Ni electrodes shown in Figure 11 are the most
reminiscent of those collected using platinum electrodes Figure 5 in, however the onset potential observed
in 3.5 wt% NaCl solution is over 1.5 V lower than that observed in 5.8 wt% (NH4)HCOs and 11 wt%
(NH4)H2PO4. While a small variation in onset potential is explainable by solution pH or the availability of
competing electrolysis reactions occurring at lower potentials, the large potential difference observed is

more likely related to the overpotential of water electrolysis in 5.8 wt% (NH4s)HCOs and 11 wt%
(NH4)H,PO4 relative to 3.5 wt% NaCl.
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Figure 11 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 5 wt%, 11 wt%, and 20 wt% (NH4)H2PO4
solutions using two-electrode cell with nickel electrodes.

Current vs. voltage plots for mild steel electrodes are shown in Figure 12. The current response
for 3.5 wt% NaCl and 5.8 wt% NH4+HCO:; is observed to increase linearly after the onset potential, while
the current response in 11 wt% NH4H>PO; first increases and then sharply decrease before increasing
again. A similar current response was observed for Cu electrodes, and is again attributed formation of a

passivating phase which is overcome at sufficiently high voltages.
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Figure 12 Current vs. Voltage (I vs. V) plot produced by a cyclic voltammogram of 5 wt%, 11 wt%, and 20 wt% (NH4)H2PO4

solutions using two-electrode cell with steel electrodes.
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Current vs. time plots produced during +4V potentiostatic electrolysis experiments using
aluminum, copper, nickel, and 1010 steel electrodes are presented in Figure 13, Figure 14, Figure 15 for
each of the iso-conductivity saltwater solutions. Currents observed in an 11 wt% (NH4)HPO, solution
shown in Figure 13 show that while copper electrodes initially produce the highest current, the current
value drops to near zero after 2 hours of test time. A similar current declining behavior is observed for the
nickel electrode after 5 hours, while current for the 1010 steel electrodes is stable for the entire 10-hour
test duration. No current is observed using aluminum electrodes, which is consistent with the CV
response shown in Figure 9.

+4V electrolysis in 11 wt% (NH4)H2PO4 using various metal electrodes
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Figure 13 Current (A) vs. test time (hours) plot produced during potentiostatic electrolysis experiment in 11 wt%(NH4)H2PO4

solutions.

Current response produced in 5.8 wt% (NH4)HCOj solutions shown in Figure 14 are relatively
stable for the entire 10-hour test duration. Similarly to the 11 wt% (NH4)HPOj4 solution, no current is

measured using aluminum electrodes.
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+4V electrolysis in 5.8 wt% (NH4)HCO3 using various metal electrodes
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Figure 14 Current (A) vs. test time (hours) plot produced during potentiostatic electrolysis experiment in 5.8 wt% (NH4)HCO3
solutions.
Current responses for each electrode in 3.5 wt% NaCl shown in Figure 15 using aluminum,
nickel, and steel electrodes is higher than for the other solutions evaluated, however a rapid current drop

off is observed within one hour of test time. Only copper electrodes show a small, sustained current for

most of the test duration.
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Figure 15 Current (A) vs. test time (hours) plot produced during potentiostatic electrolysis experiment in 3.5 wt% NaCl solutions.

The rapid drop-off in current observed during potentiostatic measurements in 11 wt%

(NH4)H2PO4 and 3.5 wt% NacCl solutions is clearly correlated with a loss in positive electrode mass. Mass



Methods to deactivate end-of-life batteries 23

change of the positive electrode expressed as a % of the starting mass is presented for electrolysis
experiments conducted at +2V, +3V, and +4V in the three iso-conductivity saltwater solutions as shown
in Figure 16, Figure 17, and Figure 18. For electrodes which experienced a current decrease to near 0
amps during the +4V potentiostatic electrolysis experiments (e.g. Cu and Ni electrodes in 11 wt%
(NH4)H,PO4 and all metals in 3.5 wt% NaCl), the positive electrode mass change is near -100%,
indicating the positive electrode was completely consumed during the electrolysis experiment. While the
positive electrode is expected to undergo the anodic electrolysis reaction (oxygen evolution), other anodic
reactions include the oxidation of the metal electrode into metal cations, which can then be dissolved into
the saltwater solution. Positive electrode mass change also shows some correlation with potentiostatic

voltage, with higher voltages corresponding to both higher currents and a greater mass loss.
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Figure 16 Positive electrode mass loss during a 10-hour electrolysis experiment as a function of applied potential and electrode

material in 11 wt%(NH4)H2PO4 solutions.
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Figure 17 Positive electrode mass loss during a 10-hour electrolysis experiment as a function of applied potential and electrode

material in 5.8 wt% (NH4)HCO3 solutions.
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Figure 18 Positive electrode mass loss during a 10-hour electrolysis experiment as a function of applied potential and electrode

material in 3.5 wt% NaCl solutions.

Consumption of the electrodes used during the electrolysis experiment had a strong influence on
the total electrical energy, expressed as capacity in mAh, as shown in Figure 19, Figure 20, and Figure 21.
While for 11 wt%(NH4)H2PO4 and 5.8 wt% (NH4)HCOs3 solutions, the capacity dissipated during the 10-

hour electrolysis experiment increases with poteniostatic voltage, with the exception of the copper
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electrodes in 11 wt%(NH4)H>PO4 which were completely consumed at +3V and +4V as shown in Figure
16. Meanwhile, the total capacity dissipated in 3.5 wt% NaCl solutions appears to be invariant of the
electrode material used or the applied potential, despite the higher currents observed relative to the other
saltwater solutions seen in Figure 15. Consumption of the electrodes in 3.5 wt% NaCl limits the amount

of capacity dissipated by electrolysis, which is clearly reflected in the high positive electrode mass losses

in Figure 18.
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Figure 19 Energy dissipated during a 10-hour electrolysis experiment as a function of applied potential and electrode material in

11 wt% (NH4)H2POs4 solutions.
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Figure 20 Energy dissipated during a 10-hour electrolysis experiment as a function of applied potential and electrode material in

1000

900

800

700

Capacity (mAh)

300

200

100 |

600 [

500 [

400

5.8 wt% (NH3)HCOs,

mAl mCu

mNi = Fe

3v av
Applied Voltage

Figure 21 Energy dissipated during a 10-hour electrolysis experiment as a function of applied potential and electrode material in

3.5 wt% NaCl.
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43 IMMERSION OF COMMERCIAL LITHIUM-ION CELLS IN SALTWATER

Saltwater immersion as a deactivation method was evaluated using commercial lithium-ion cells
with an “18650” cylindrical form factor (18 mm diameter and 65 mm length). The cells utilized had a
nominal capacity of 2.5 Ah between a voltage range of 2.5 V to 4.2 V and an outer can consisting of a Ni-
plated mild steel. Within the hermetically sealed cell, a graphite anode is coated onto a copper current
collector and a lithium-transition metal-oxide cathode is coated onto an aluminum current collector. Cells
were charged to 100% state-of-charge and immersed in the three iso-conductivity saltwater solutions
described in the previous sections for up to 96 hours (4 days). Continuous measurements of cell voltage
were not possible during saltwater immersion experiments, as any conductor used to measure cell voltage
would become energized and potentially consumed by the electrolysis process. Instead, cells were
removed periodically from the immersion solution and the voltage was checked using a multimeter.
Voltages for three identical cells immersed in iso-conductive saltwater solutions is shown in Figure 22.
All the cells show a relatively steady decline in voltage for the first 24 hours, while after 72 hours the cell
immersed in 3.5 wt% NaCl experiences a rapid voltage loss. After 96 hours, all cells have reached a

voltage below the nominal 0% state of charge (2.5 V).
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Figure 22 Voltages of 18650 lithium-ion cells immersed in iso-conductive saltwater solutions.

Photographs of the immersion solution, positive terminal, and negative terminal of the 18650
taken after 24 hours and after 96 hours in Figure 23 and Figure 24. At 24 hours, the 11 wt% (NH4)H2PO4

solution is cloudy, while the positive terminal appears uncorroded and the negative terminal is covered in



28 G.H. Waller

brown deposits. These deposits can be mostly removed with gentle abrasing using laboratory tissue. After
96 hours, the 11 wt% (NH4)H>POys solution is cloudy and both the negative terminal and positive terminal
are coated in brown deposits. The 5.8 wt% (NH4)HCOs3 solutions remain clear after both 24 and 96 hours,
while some discoloration is observed on the positive terminal. Similar to the 11 wt% (NH4)H2PO4
solution, the negative terminals of cells immersed in 5.8 wt% (NH4)HCOj solutions are covered in brown
deposits which can be removed with gentle abrasion. The positive terminal of cells immersed in 3.5 wt%
NaCl have a markedly different appearance compared to the cells immersed in 11 wt% (NH4)H2PO4 and
5.8 wt% (NH4)HCOs solutions. Rather than observing discoloration, the positive terminal itself has been
dissolved into the NaCl solution to reveal the underlying “burst disc”. Likewise, NaCl solutions are
significantly darkened by a large amount of brown and green precipitates. Interestingly, the negative
terminals of cells immersed in 3.5 wt% NaCl solution seem unaffected. One explanation is that metal ions
stripped by the anodic potential of the positive terminal in 11 wt% (NH4)H,PO4 and 5.8 wt% (NH4)HCO;
solutions (e.g. Ni and Fe ions) remain in solution until they are reduced to form the deposits observed on
the negative terminal. The same ions produced in 3.5 wt% NaCl may instead precipitate, which prevents

deposition on the negative terminal but leads to the dark solution observed in Figure 23 and Figure 24.
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Positive Negative
Solution Terminal Terminal

| 11 wt% (NH,)H,PO,

5.8 wt% (NH,)HCO,

3.5 wt% NaCl

Figure 23 Photographs of saltwater solution, positive terminal, and negative terminal of 18650 lithium-ion cells after 24 hours of

immersion.
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Figure 24 Photographs of saltwater solution, positive terminal, and negative terminal of 18650 lithium-ion cells after 96 hours of

immersion.

Disassembly of the 18650 lithium-ion cells after saltwater immersion was conducted to determine
whether the hermetically sealed cells had been breached due to corrosion of the cell casing. Cells which
were electrically discharged to 0V were also disassembled for comparison. As shown in Figure 25, the
anode (A) and cathode (C) electrodes recovered from electrically discharged cells and cells immersed in
11 wt% (NH4)HPO4 and 5.8 wt% (NH4)HCOs appear similar and the active material coatings are mostly
intact, while the electrodes extracted from the cell immersed in 3.5 wt% NaCl solution are severely
degraded. This suggests that the positive terminal corrosion of cells immersed in 3.5 wt% NaCl breached
the hermetic seal of the 18650 lithium-ion cell, allowing direct contact of the electrodes with the saltwater
solution, as well as some electrolysis occurring from the electrodes themselves rather than the cell
terminals, which is consistent with the mass loss observed for electrolysis experiments in 3.5 wt% NaCl

solution (Figure 18). While this would lead to rapid loss in cell voltage, a breach of the cell also allows
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for the electrolyte material to escape. In the case of lithium-ion batteries, the LiPFs salt can decompose on

contact with water to form hydrofluoric acid (HF).

. Electrically Discharge

- 3.5 wt% NacCl

Figure 25 Photographs of 18650 lithium-ion cell anode (A) and cathode (C) after electrical discharge to 0V or 96 hours in

saltwater solutions.

In order to verify that saltwater immersion had removed sufficient energy from the 18650
lithium-ion cells avoid energetic failures, cells immersed for 24 hours and 72 hours were subjected to
external heating while inside of a pressure vessel. As shown in Figure 26, cells immersed for 24 hours in
all iso-conductivity solutions undergo cell venting and thermal runaway, which is evidenced by sharp
increases in temperature and pressure. A sharp drop in voltage attributed to activation of the current
interrupt device (CID) by a build-up of pressure inside the 18650 cell header assembly also confirms that

the cells are still hermetically sealed after 24 hours in saltwater solutions.
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Figure 26 Voltage, pressure, and temperature response of 18650 lithium-ion cells subjected to external heating inside of a

pressure vessel after 24 hours in saltwater solutions.
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After 72 hours the 18650 cells immersed in 3.5 wt% NaCl no longer have a readable voltage and
do not show any rapid increase in pressure or temperature in response to external heating (Figure 27).
This observation is consistent with the appearance of the electrodes extracted from cells immersed in 3.5
wet% NaCl , which clearly indicate the cell casing had been breached (Figure 25). Meanwhile, cells
immersed in 11 wt% (NH4)H,PO4 and 5.8 wt% (NH4)HCOj3 both show a clear voltage drop and pressure
rise due to heating, with supports the conclusion that these cells are still sealed after 72 hours in these
solutions. Only the cell immersed in 5.8 wt% (NH4)HCOs3 experiences a rapid temperature rise indicating
thermal runaway, which is consistent with the voltage plot presented in Figure 22, wherein only cells

immersed in 5.8 wt% (NH4)HCOs had a voltage above 0% state of charge (i.e. >2.5 V) after 72 hours.
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Figure 27 Voltage, pressure, and temperature response of 18650 lithium-ion cells subjected to external heating inside of a

pressure vessel after 72 hours in saltwater solutions.
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5. CONCLUSIONS AND RECOMMENDATIONS

Through a survey of available industrial and academic literature, saltwater immersion was identified
as the most utilitarian method to deactivate end of life batteries. However, currently operating recycling
facilities are believed to rely primarily on packing prior to transportation (e.g., taping off terminals and
placing batteries in plastic bags) rather than any formal deactivation method. Batteries are then
mechanically shredded in a controlled environment to dissipate residual energy and contain energetic
failures. This method is effective but not deployable, and therefore does nothing to alleviate battery
failures occurring during transportation.

An experimental evaluation confirmed that saltwater immersion of single lithium-ion cells can
remove energy from these devices and preventing energetic failure in response to abuse, however the
process is slow and generates additional hazards. Among the saltwater solutions identified, solutions of
11 wt% (NH4) H.PO4 were the most effective at de-energizing cells while avoiding significant corrosion
of the cell material, while solutions of 5.8 wt% (NH4)HCO; were most effective at avoiding corrosion
overall. Other salts are likely just as affective as the solutes studied in this report, as seen in section 4.2
corrosion behavior is dependent on both the salt species, the electrode material, and the applied potential.
Solution concentration and temperature were shown to affect electrolysis current using platinum
electrodes, and while increasing both would likely increase the rate of deactivation, this may also
influence corrosion rates.

New methods are needed to deactivate batteries which optimize the parameters identified in Table 1,
specifically that methods should be flexible, affordable, deployable, and safe. Cost is also a critical factor,
though is likely dependent on scale as much as the particular method itself. Combining the benefits of
saltwater immersion — low cost, chemistry and form-factor flexibility, and deployability with the high
safety of controlled electrical discharge is one plausible path forward. Identifying quantitative criterion
for evaluating deactivated batteries is also a critical need. Hypothetically, deactivated batteries may no
longer need to be classified as hazardous waste, which would greatly reduce the cost of transporting these

devices at the end of life.
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