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Abstract: Removing residual energy from end-of-life batteries prior to transportation re-
quires some method of deactivation. While many methods have been proposed, very few
have been implemented due to limitations of cost, safety, and efficacy. In this work, mul-
tiple cell and battery types (e.g., lithium-polymer pouch cells, 18,650 lithium-ion cell, al-
kaline batteries, and lithium-ion power-tool batteries) were deactivated using a low-cost
and easily applied gel consisting of borax cross-linked polyvinyl alcohol and carbon. The
PV A-carbon composite creates an external short-circuit pathway of moderate resistance
that enables the complete discharge of batteries. Abusive testing conducted after deacti-
vation demonstrates that hazards are largely eliminated, including a complete avoidance
of thermal runaway from lithium-ion cells and a reduction in flammable and toxic gases
by several orders of magnitude.
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1. Introduction

End-of-life batteries present a number of safety and logistics challenges due to the
possibility of uncontrolled release of residual energy. These challenges are most apparent
in high-energy-density lithium-ion batteries; however, any battery with sufficient energy
is capable of creating an unsafe scenario when improperly stored or handled. A recent
emphasis on battery recycling has also highlighted the need to safely transport end-of-life
batteries toward a recycling destination, with two recent studies evaluating the dangers
of lithium-ion batteries in municipal waste treatment facilities [1,2]. While the fires re-
ported in waste treatment facilities have to date been caused by small batteries (e.g., bat-
teries powering portable electronics devices or household electronics), the same concerns
are amplified for end-of-life electric vehicle batteries [3]. The U.S. Department of Trans-
portation has issued safety advisory notices for the “Transportation of Lithium Batteries
for Disposal or Recycling”, emphasizing the need to comply with the Hazardous Materi-
als Regulations of the U.S. Code of Federal Regulations, which govern the requirement
for shipping hazardous goods, including batteries [4]. Due to the safety concerns pre-
sented by the transportation of batteries, the U.S. Code of Federal Regulations
(49CFR§173.21 “Forbidden materials and packages”) states that the shipping of batteries
and battery-powered devices is forbidden unless packaged in a manner that precludes the
creation of sparks or the generation of dangerous amounts of heat. Damaged, defective,
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and recalled (DDR) batteries present even greater risks during transportation and are
therefore subject to additional restrictions outlined in 49CFR§173.185 “Lithium cells and
batteries”, which specifies that each cell or battery must be placed in individual, non-me-
tallic inner packaging that is then surrounded by non-combustible, non-conductive, and
absorbent cushioning material and then individually placed in appropriately marked
outer packaging. While these guidelines exist to minimize issues occurring during the
transportation of batteries, several recent examples of significant fires involving end-of-
life batteries, including at least two fires at warehouses that became EPA superfund sites
(April 2011 fire in Cartersville, GA, and June 2021 fire in Morris, IL, superfund site IDs
GARO000035162 and ILN000520733, respectively), highlight that risks remain in the han-
dling of end-of-life batteries. While current federal guidance focuses on packaging, label-
ing, and the education of potential shippers, a complimentary approach would be to re-
duce or completely prevent the possibility of energetic battery failure. One effective option
to achieve this is by lowering the state-of-charge (SOC) of cells or batteries prior to trans-
portation. Lithium-ion cells at a lower SOC are less likely to undergo thermal runaway in
response to abuse, which has been widely reported by authors studying a variety of cell
form factors and chemistries [5-11]. In many cases, cells reduced to 0% SOC are inert to
abuse and will not undergo thermal runaway. Therefore, reducing the SOC of end-of-life
cells prior to transportation, storage, or recycling would be an ideal approach to mitigat-
ing the effects of accidental abuse.

In a detailed review on battery pretreatment from Yu et al., deactivation methodolo-
gies were categorized into four broad methods: (1) discharge through an electrical resistor,
(2) discharge via electrolysis in a salt water solution, (3) disassembly under cryogenic con-
ditions, and (4) thermal deactivation (i.e., controlled thermal abuse) [12]. All of these
methods have limitations and tradeoffs, and generally none are appropriate for use at the
point of collection, implying that batteries must be stored or transported containing resid-
ual energy prior to deactivation. Mikita et al. presented a novel methodology for battery
deactivation by introducing a redox shuttle, which resolves issues presented by cells with
electrodes disconnected from their terminals; however, this method requires the deacti-
vation solution to be injected into the spent battery via a small hole [13]. Similar limitations
apply to deactivation methods involving the extraction of electrolytes via pressurized or
supercritical COz, in which cells must be breached or otherwise disassembled to enable
electrolyte extraction [14-16].

In this work, we demonstrate an electrical discharge methodology that is generically
applicable to cells and batteries of any form factor or chemistry and is sufficiently low cost
and provides a simple means to enable deactivation at the point of collection. Discharge
through some method frequently precedes other materials recovery methods; however,
electrical discharge (i.e., connection of battery terminals to a resistive load) is reported as
potentially hazardous due to the generation of heat [12,17]. Therefore, it is critical to ap-
propriately adjust the resistive load to the batteries being deactivated. Rather than rely on
a conventional electrical resistor, which would need to be soldered or welded to the bat-
tery, we instead employ a polymer—carbon composite gel using water-soluble polyvinyl
alcohol (PVA). By cross-linking PVA with sodium tetraborate (borax), a gel of adjustable
rheology can be formed. Our approach was informed by previous reports of PVA-carbon
composites for flexible electronics, which show the expected percolation behavior of elec-
trical conductivity when increasing the carbon content in the PV A-carbon composite [18-
21]. Borax cross-linked PVA has many interesting properties, notably its “self-healing”
ability, which in the present application aids in forming a continuous network of gel be-
tween battery terminals [22,23]. Both borax and PVA are also relatively non-toxic and low
cost, and for this reason have been used as an educational demonstration for many years,
making them ideal as a potentially scaled up deactivation methodology [24]. PVA—carbon
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gels were successfully used to completely deactivate several cell types, rendering them
inert to abuse and therefore much safer for storage and transportation.

2. Materials and Methods
2.1. Preparation of PVA—Carbon Gel

A 10 wt% solution of PVA in water was prepared by adding 10 g of 31-50 k MW PVA
powder (98-99% hydrolyzed, Millipore Sigma, Burlington, MA, USA) and 100 mg of Pol-
ysorbate 20 (Tween 20, Millipore Sigma) to 90 g of distilled water and stirring via a mag-
netic stir bar in a parafilm-covered beaker on a hot plate at 80-90 °C until all the PVA
powder was dissolved. A desired amount of carbon was added to the heated PV A solution
and mixed while covered until the carbon powder was superficially incorporated into the
solution (approximately 1 h). The quantity of carbon added strongly influences the rheol-
ogy of the cross-linked gel as well as the electrical conductivity of the dried composite. In
our experiments, we found that a mixture of graphite (7-11 um, Fisher Scientific, Wal-
tham, MA, USA) and acetylene black (surface area 75 m2/g, Fisher Scientific) provided the
best overall consistency and highest electrical conductivity while avoiding crack for-
mation in the dried composite. The total solids content of the solution (PVA + carbon)
ranged from 15 to 20 wt%. In a typical example, 6 g of graphite powder and 4 g of acety-
lene black powder would be used for a total solids content of 20 wt%. The PVA—carbon
solution was then removed from heating and mixed for an additional 12-18 h until a ho-
mogeneous solution was obtained. The magnetic stir bar was then removed, and an im-
mersion mixer with a PTFE-coated paddle (Carframo Universal Stirrer BDC3030, Car-
framo Lab Solutions, Ontario, CA) was used during the gelation process due to the signif-
icant increase in viscosity with the addition of the cross-linker. A saturated solution of
borax (sodium tetraborate powder, Millipore Sigma) in distilled water (saturated borax
concentration ~5 wt% at room temperature) was added drop wise to the PV A—carbon so-
lution while mixing. The amount of borax solution needed depended on the solids con-
tent; however, for a 15-20 wt% solids content, the ideal amount of borax was found to be
about 1.5x the PVA content (i.e., 15 g of saturated borax solution added to 100 g of the 10
wt% PVA solution). Once prepared, the PVA—carbon gel was stored in a sealed container.
No phase separation was observed in the prepared gel over several months of storage.

2.2. Application of PVA—-Carbon Gel to Cells and Batteries

The as-prepared PV A-carbon gel can be applied to any cell or battery geometry, pro-
vided the cell or battery terminals are accessible and electrically connected to the internal
electrodes. Application of the gel by extrusion through an adhesive dispenser or molding
analogous to a putty is effective; however, the simplest and most consistent method re-
ported in this study was to apply the gel to cellulose filter paper, which is then gently
pressed onto the terminals. In all application cases, the gel conductivity is directly related
to the water content and increases as the gel dries. Prior to application to battery terminals,
5 g of the prepared gel was applied to 70 mm diameter filter paper (Whatman qualitative
filer paper, Grade 3). The gel was lightly compressed to form a pad of 50 mm in diameter
and approximately 2 mm in thickness then allowed to partially dry for a period of 1 h in
a fume hood at room temperature. Following this step, the gel-loaded filter paper was
used for immediate application to battery terminals or stored indefinitely in a sealed con-
tainer.

The electrical resistivity of strips of the PVA-carbon gel allowed to dry for 24 hin a
fume hood was evaluated by measuring the current in response to a fixed potential of 1-
5V in increments of 1V for a duration of 30 s. A period of 120 s at open circuit was applied
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between constant voltage segments in order to minimize effects of segments of sample
heating. Bulk resistivity was calculated for each voltage according to Equation (1):

0=VA/IL (1)

where @ is the bulk resistivity in Q-m, V is the applied voltage in V, A is the cross-sectional
area of the test sample in m?, I is the measured current in A, and L is the distance between
the electrodes in m. For all bulk resistivity measurements, the distance between electrodes
L was fixed at 10 mm. The sample cross-sectional area varied slightly from sample to sam-
ple but was typically 6 mm?, corresponding to a thickness of 600 um and a width of ap-
proximately 10 mm.

The temperature and voltage of the cells and batteries during deactivation were
measured using a Data-Q data acquisition unit and Type-K thermocouples. For batteries
with recessed or concealed terminals, the gel can be extruded directly into a battery casing;
however, in this scenario, the rate of drying is greatly diminished, sometimes taking sev-
eral days before a suitable conductivity pathway is established. A simpler method in-
volved inserting short lengths of conductive wire (e.g., Ni tabbing material) into the re-
cessed terminals. A table of battery types used to demonstrate the PV A-carbon gel deac-
tivation efficacy is shown in Table 1. In all cases, the cells or batteries were deactivated
starting at a 100% state of charge (SOC).

Table 1. Cell types deactivated by PVA/carbon gel.

0-100% SOC

i A
Cell or Battery Type Ca(ialf)l ty Voltage Window M:tlliied
(VDCQ)
Lithium-polymer (LiPo) 12 2.5-4.2 Nail penetration
pouch cell
Lithium-ion 18,650 25 2.5-4.2 Heat to failure with FTIR
gas analysis

Alkaline lantern battery 18 3-6 External short circuit

e Nail penetration of re-
Lithium-ion power-tool bat-, , 7.5-12 covered cells with FTIR

t
ey gas analysis

2.3. Confirmation of Battery Deactivation by Abusive Testing

Cells and batteries were evaluated in the pristine, as-received state at a 100% SOC
and after deactivation by the PVA—carbon gel. Deactivation methods varied depending
on cell type and are shown in Table 1. Note that the capacity values for the 6V alkaline
batteries are not explicitly stated on the specification sheet, and instead capacity was esti-
mated based on discharge times at various loads. All abusive tests were conducted inside
an Accelerating Rate Calorimeter (ARC) with various accessories and modifications
(Thermal Hazard Technology EV Accelerating Rate Calorimeter, Bletchley, UK) needed
for nail penetration testing and gas analysis. Gas analysis was conducted using an FTIR
analyzer with a 2 m gas cell (Thermo Fischer Scientific Antaris IGS Gas Analyzer, Wal-
tham, MA, USA). Gas species were identified and quantified using an automated fitting
algorithm developed by Thermo Fischer Scientific (Omnic Spectroscopy Software,
v9.13.1256). Individual FTIR spectra were collected every 20 s during the abuse experi-
ments, and the absorbance of each spectrum at specific wavenumber regions was com-
pared to reference spectra for gases of interest. Analysis regions were selected by Thermo
Fischer Scientific in a modified fire science analysis method to avoid overlapping regions.
For the gases reported in this study, the following wavenumber regions were compared
against the respective reference spectra: carbon dioxide, 2240 cm™ to 2247 cm™; carbon
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monoxide, 2011 cm™ to 2033 cm™"; methane, 3090 cm™ to 3192 cm™' ; hydrofluoric acid, 4107
cm™! to 4175 cm™ ; and ethyl methyl carbonate, 1200 cm™! to 1430 cm™'. Heated PTFE gas
lines were used to direct gases from the pressure vessel to the FTIR analyzer to minimize
condensation or the reaction of certain gas species. For some cell types, cells were heated
to failure within a 4 L pressure vessel, which was directly connected to the PTFE gas lines
and continuously purged with nitrogen. The pressure inside of the pressure vessel was
monitored using an electrical transducer. Nail penetration utilized a 3 mm steel nail
driven via a pneumatic mechanism with a high penetration rate. External short circuit was
conducted using a 333 p€2 shunt connected to the terminals, which was activated using a
high-current switch. The test asset temperature was measured via a surface-mounted
Type-K thermocouple recorded by the ARC system, while voltage was recorded using a
Data-Q data acquisition unit.

3. Results

Bulk resistivities for a range of carbon contents and compositions are presented in
Figure 1A. The bulk resistivity of the fully dried samples of the PVA-carbon composite
loaded on filter paper containing only acetylene black or graphite were observed to de-
crease by several orders of magnitude with increasing carbon content; however, the resis-
tivity of the acetylene black-containing strips was much lower than those containing only
graphite due to the lower volumetric mass density of acetylene black, which corresponds
to a higher volume fraction of conductive carbon at a given mass fraction. Above about
50 wt% of acetylene black, however, the resistivity was observed to increase, which was
attributed to the inability of these samples to maintain structural integrity when drying.
Large cracks formed in the samples containing a high weight fraction of acetylene black,
preventing the formation of an electrically conductive pathway. No cracking was ob-
served for any weight fraction of the PVA—carbon composite containing only graphite,
which is attributed to the much lower tap density of the graphite powder. Higher weight
fractions of acetylene black led to a greater volume fraction of carbon in the PVA—carbon
composite, which above approximately 50 wt% led to cracking. A mixture of acetylene
black and graphite was found to resolve the cracking issue for a composite wt% of greater
than 50% carbon, resulting in the lowest observed bulk resistivity for any sample compo-
sition tested. A ratio of 2:3 acetylene black to graphite by weight was found to produce
the best consistency in the prepared gel, so this ratio was applied across a range of total
carbon content compositions. Bulk resistivities of 2 x 10-? {)-m were measured for strips of
dried PVA—carbon gel containing 66 wt% of total carbon, which is consistent with the
value expected for amorphous carbon and lower than the resistivity reported for a similar
weight fraction of carbon nanotubes in PVA by Shaffer and Windle, suggesting that the
dried composite is well mixed and the PVA does not significantly impede current flow
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Figure 1. Bulk resistivity vs. carbon content in dried PV A—carbon strips (A) and voltage and current

vs. time for dried strip of PVA—carbon gel (B).

A representative current response for a dried sample containing 58 wt% of carbon
black and graphite in a 2:3 ratio is shown in Figure 1B. At voltages of 2 V and above, the
current is observed to increase as a function of time, which becomes more prominent with
increasing voltage. This behavior is attributed to a decrease in bulk resistivity due to re-
sistive heating of the PVA—carbon composite, which is expected for both graphite and
carbon black [25]. Resistive heating of the lowest bulk resistivity samples was a potential
issue when applying these formulations to high-voltage and or high-power-capable bat-
terie; therefore, lower carbon content samples were selected in these cases to achieve a
safe rate of discharge. Unless otherwise indicated, the 58 wt% carbon gel composition cor-
responding to a bulk resistivity of 2.8 x 103 (O-m was used for all deactivation experiments.

The voltage and temperature vs. time for a LiPo pouch cell deactivated by PVA—car-
bon gel is shown in Figure 2. The cell voltage is seen to drop to <0% SOC (2.5 V) after
approximately 19 h. At approximately 4 h, the voltage begins to vary unrelated to the
deactivation process due to the placement of the voltage sense wires, which were likely
influenced by the coincident placement of the PVA-carbon gel. Minimal heating was ob-
served by a thermocouple applied to the surface of the cell. Temperature vs. time plots of
the 1.2 Ah LiPo pouch cells in response to nail penetration at a 100% SOC and after deac-
tivation are shown in Figure 3. The deactivated cell voltage is below 2.5 V (0% SOC), which
reflects a rebound from the ~0 V measured during the deactivation process shown in Fig-
ure 2. At the moment of nail penetration, both the charged and deactivated cells experi-
ence an immediate drop in cell potential to 0 V; however, only the 100% SOC cell shows a
rapid rise in temperature. While the maximum temperature seen for the nail penetration
of the 100% SOC LiPo cell is fairly mild at only 88 °C, the maximum heating rate exceeded
1300 °C/min, far above the rule-of-thumb heating rate of 5 °C/min attributed to thermal
runaway by Doughty and Roth [26].

—— Temperature
- - - Voltage

7

N
[¢)]
Temperature (°C)

N
o

i |||»|||||\|——4‘ 15
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hours)

Figure 2. Photograph of LiPo cell with PVA—-carbon gel applied to terminals (A), and voltage and
temperature vs. time for LiPo cell deactivated by PVA—carbon gel (B).
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Figure 3. Nail penetration of 1.2 Ah LiPo pouch cells at 100% SOC (A) and after deactivation by
PVA-—carbon gel (B).

Cylindrical 18,650 cells were deactivated by first removing a portion of the shrink
wrap covering the majority of the cell surface. Because 18,650 cells are can-negative, re-
moving the shrink wrap significantly reduces the distance between the positively
grounded header and negatively grounded can, which aids in creating the electrical con-
nection between them. The voltage and temperature of an 18,650 LIB cell deactivated by
the PVA—carbon gel is shown in Figure 4, which shows that the 18,650 cell dropped below
0 % SOC (<2.5 V) within about 15 h. The same 58 wt% carbon gel composition used on the
LiPo was used on the 18,650 cell, and similar to the LiPo pouch cell, only a modest tem-
perature rise was observed. Despite using an identical gel composition and starting cell
OCV, the implied current for the 18,650 discharge rate (2.5 Ah over 15 h) is much higher
than that of the LiPo cell (1.2 Ah over 20 h), which may be due to variations in the cell
construction and resulting internal impedance or the effective resistance of the dried gel
due to the difference in electrode spacing between the two cell types. An evaluation of the
18,650 cells before and after deactivation was conducted by external heating of the cells
inside of a pressure vessel. The cells were heated at a rate of 1-2 °C/min to a maximum of
180 °C. The bomb was continuously purged with nitrogen, which was connected directly
to the heated sampling lines of the FTIR gas analyzer. The voltage and temperature re-
sponse of the 18,650 cells inside of the pressure vessel, along with a pressure transducer
reading of the pressure inside of the vessel, are presented in Figure 5A. Heating the 100%
SOC 18,650 cell leads to a voltage loss attributed to activation of a current interrupt device
(CID) at 130 °C. Further heating of the cell leads to an increase in measured pressure and
a slight decrease in cell temperature attributed to cell venting at 157 °C. Once the cell
reaches 199 °C, a rapid increase in temperature and pressure was observed, with the cell
temperature reaching a maximum value of 475 °C. An identical heating profile was ap-
plied to an 18,650 cell deactivated by the PV A—carbon gel, which resulted in no signatures
of thermal runaway, as shown in Figure 5B. For the deactivated cell, a small increase in
pressure was observed at approximately 120 °C; however, no rapid increase in pressure
or temperature followed up to the maximum experimental temperature of 180 °C. A cor-
responding plot of carbon dioxide (COz2), carbon monoxide (CO), methane (CH4), ethyl
methyl carbonate (EMC), and hydrofluoric acid (HF), as measured by FTIR, is shown in
Figure 6 for both the 100% SOC cell (Figure 6A) and PV A-carbon deactivated cell (Figure
6B). For the 100% SOC cell, an initial spike in gas concentration is observed at approxi-
mately 123 min, which corresponds with the venting observed in the pressure and tem-
perature traces shown in Figure 5A. A much larger increase in concentration is observed
for the 100% SOC cell at 160 min, which is correlated to the large increase in temperature
and pressure from thermal runaway. Meanwhile, an increase in CO2 and CO gas concen-
trations is seen around 70 min for the 18,650 cell deactivated by the PVA—carbon gel. This
is attributed to the forced venting of the electrolyte from the cell due to external heating;
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however CH4 and HF remain near the detection limit throughout the test. Interestingly,
the presence of EMC is detected from the deactivated cell after only 60 min of heating,
corresponding to a temperature of only 106 °C. This suggests that the header of the deac-
tivated cell may have been compromised. The gas composition of the deactivated cell
compared to the 100% SOC cell shows that the concentration of CO2 was reduced from
90,000 ppm to 4300 ppm, CO was reduced from 230,000 ppm to 200 ppm, CH4 was re-
duced from 35,000 ppm to 12 ppm, and HF was reduced from 200 ppm to 16 ppm. Con-
centrations of CO2, CO, CH4, and HF first appear after the cell vents (noted by a decrease
in temperature and an increase in measured pressure for the 100% SOC cell). Gas concen-
trations in the 100% SOC cell reach a maximum value commensurate with thermal runa-
way, while the decomposition gases emitted from the deactivated cell rapidly drop off
after venting. While COz, CO, CH4, and HF are attributed to thermal decomposition of
the electrolyte, the concentration of ethyl methyl carbonate (EMC), which is an assumed
electrolyte solvent, was relatively consistent at 500 ppm from the 100% SOC cell and 280
ppm from the deactivated cell. For the 100% SOC cell, the EMC signal slowly increases
and then drops off during thermal runaway, while for the deactivated cell, the EMC signal
is fairly constant until the cell reaches 180 °C (the limit of the external heaters for this
experiment) and begins to cool. This suggests that the EMC content is due to evaporation
of the electrolyte solvent from the vented cell without significant thermal decomposition,
which is also supported by the significantly lower concentrations of COz, CO, CH4, and
HF.
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Figure 4. Photograph of 18,650 cell with PVA-carbon gel applied to terminals (A), and voltage and
temperature vs. time for 18,650 cell deactivated by PV A-carbon gel (B).
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Figure 5. Voltage, pressure, and temperature vs. time for 18,650 cells at 100% SOC (A) and after

deactivation by PVA—carbon gel (B) heated to failure inside of a pressure vessel.



Batteries 2025, 11, x FOR PEER REVIEW 9 of 15

2.5x10° 1.0x10° 2.5%10* 1.0x10%
23105 1 Carbon Dioxide Al 0.0x102 23x10° L Carbon Dioxide B 0.0x102
: Carbon Monoxide : § Carbon Monoxide : .
__ 2.0x10° |—— Ethyl Methyl Carbonate| 48.0x10? 2.0x10* | —— Ethyl Methyl Carbonate 48.0x10? g_
g_ 18x105F Hydrogen Fluoride 17.0%107 — 1ex10t Hydrogen Fluoride J7.0x102 &
=y Methane 3 Methane
= 1.5%10° 16.0x102 & E 1.5x10° 46.0x10 E
= 5
O 1.3x10° | ~5,0x102§ £ 1.3x10* 45.0x10? ;-
S <
I
8 1.0x10° - H4.0x10? E S 1.0x10¢ - 14.0x10% 7,
S7.5xt0tf Jso2 T 7sx109f {s0x102 &
© 5.0x10% | 42.0x10? 5.0x10° | 42.0x10? g
2.5x10° - 11.0x10? 2.5x10° - 11.0x10?
0.0 0.0 0.0 == 0.0
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Time (Minutes) Time (Minutes)

Figure 6. FTIR gas analysis of 18,650 cells at 100% SOC (A) and after deactivation by PVA-carbon

gel (B) heated to failure inside of a pressure vessel.

The voltage and temperature response for a 6 V alkaline battery deactivated by the
PV A-carbon gel is shown in Figure 7. Both the voltage and capacity of the 6 V alkaline
cell are significantly larger than the single cell shown in Figures 2 and 4, and a correspond-
ingly a larger temperature response is observed for the 6 V battery despite a relatively
slower discharge time of approximately 25 h to reach 0% SOC (3 V lower voltage cutoff
when under load). While faster discharge times are certainly possible based on the bulk
resistivities demonstrated in Figure 1, an even greater temperature rise would result.
When the PVA-carbon gel was removed, the voltage of the alkaline batteries rebounded
to approximately 5 V; however, this corresponds to a per-cell voltage of about 1.2 V (i.e.,
four cells connected in series), which is near 10% SOC according to the manufacturer spec-
ifications. As alkaline cells do not undergo thermal runaway, deactivation of the 6 V alka-
line battery was demonstrated via an external short circuit. Resistive heating from a short
circuit can lead to fires in packaging or other combustible materials even for batteries that
do not undergo thermal runaway; therefore, even relatively benign battery chemistries
still present some transportation hazards when improperly handled. As-received and
post-deactivation alkaline batteries were shorted through a 333 puQ shunt to determine the
short-circuit current and temperature rise in response to electrical abuse. Temperature
and voltage response for the alkaline batteries subjected to external short circuit is shown
in Figure 8. For both tests, the short-circuit condition was applied at an approximately 10
min test time, resulting in an immediate drop in voltage to near zero. For the as-received
battery, a short-circuit current of over 2 A was briefly measured, and a corresponding rise
in temperatures measured across the battery surface was observed. Thermocouples placed
on the positive terminal recorded temperatures of over 200 °C, and the temperatures and
short circuit current fell over approximately 2 h. For the post-deactivation battery, the
current and temperature response were significantly reduced, with the short-circuit cur-
rent reaching a maximum value of approximately 150 mA and the temperature increasing
to only 30 °C. Like with the lithium-ion cells, reducing the state of charge of the alkaline
battery has a clear beneficial effect on abuse tolerance.
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Figure 7. Photograph of 6V alkaline battery with PVA—carbon gel applied to terminals (A) and volt-
age and temperature of a 6V alkaline battery deactivated by PVA—carbon gel (B).
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Figure 8. Voltage, temperature, and shunt current of 6 V alkaline battery during external short cir-
cuit before (A) and after (B) deactivation by PVA-carbon gel.

A final demonstration of the PVA—carbon gel was conducted using a small power-
tool battery containing three 18,650 cells connected in series. Due to the higher voltage
and power capability, a relatively low carbon content of 39 wt% was used in the gel, cor-
responding to a bulk resistivity of 2.68 x 102 Q2-m. The power-tool battery includes simple
control circuitry between the external terminals and cells, which prevents operation of the
battery in response to excessive temperatures and maintains appropriate cell voltages;
however, no indication that this control circuit was engaged was observed, possibly be-
cause the control circuit only serves to provide a signal to a charger or tool. The tempera-
ture and voltage response of the 12 V power-tool battery is shown in Figure 9, which re-
sulted in a complete discharge to 0% SOC (7.5 V) after approximately 35 h. Both the volt-
age decrease and temperature increase are low for the first 20 h of the deactivation, which
is attributed first to the time required to dry the residual water content of the gel and later
to the decreasing resistance with temperature shown in Figure 1 at higher voltages. Note
that while the LiPo pouch cell, 18,650 lithium-ion cell, and 6 V alkaline battery deactiva-
tions were conducted in a fume hood with a high volume of air flow, the 12 V power-tool
battery deactivation was conducted inside of the ARC enclosure used for abusive testing
out of an abundance of caution. The ARC enclosure is sealed with very little air flow,
which likely delayed the onset of significant current flow for the power-tool battery. After
25 h, the temperature recorded at the top of the power-tool battery using a thermocouple
placed between the battery terminals began to rise rapidly, reaching a maximum temper-
ature of approximately 80 °C, while a thermocouple placed on the front of the battery
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casing reached a maximum of about 35 °C. An infrared camera was used to confirm that
heating was localized to the PVA—carbon material, while the majority of the battery re-

mained relatively cool.
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Figure 9. Photograph of 12 V power-tool battery with PVA—carbon gel applied to terminals (A),
voltage and temperature of a 12 V power-tool battery deactivated by PVA-carbon gel (B), and in-
frared images of the 12 V power-tool battery during deactivation (C).

Following deactivation by the PVA-carbon gel, the power-tool batteries were dis-
sembled, and the three 18,650 cells were removed for abusive testing via nail penetration.
Upon disassembly, the voltage of the cells in the deactivated pack rebounded slightly and
had voltages ranging from 1 to 2 V, similar to the value observed for the LiPO pouch cell.
For comparison purposes, an untested battery was also disassembled, and individual cells
were charged to 100% SOC prior to abuse testing. The voltage and temperature response
of cells recovered from the 12 V power-tool battery is shown in Figure 10. Like with the
previous abuse tests of 100% lithium-ion cells, a rapid increase in temperature is observed
at the moment of nail penetration occurring at 10 min of test time, while the deactivated
cell shows a slight decrease in temperature attributed to the nitrogen overflow from the
pneumatic nail driver.

The gas analysis conducted by FTIR is shown for the recovered power-tool cells in
Figure 11. Like with the 18,650 cells heated in a pressure vessel shown in Figure 6, the cells
recovered from the 12 V power-tool battery generated no detectable concentrations of any
of the measured gases after deactivation. COz, CO, CH4, and DMC dropped from 45,000
ppm, 23,000 ppm, 2700 ppm, and 500 ppm to ~0 ppm after deactivation. HF was not ob-
served for either case, presumably due to the highly reactive nature of the acid gas, which
precluded detection when tested in open air, as required for the nail penetration appa-
ratus. During nail penetration, the walls of the ARC chamber were not heated, and the gas
samples were collected from the open chamber rather than directly from the sealed pres-
sure vessel, both factors likely contributing to the undetectable HF and lower overall gas

concentrations.
5.0 < 700 5.0 - < 700
—— Temperature —— Temperature
ask A o P 451 B o P
o Voltage 1600 = Voltage 1600
40F | 4.0
| —_ —_
~35¢ | 500 &5 a3.5 500 &5
I < 1
Q30l ja}
gso | a0g 330 {400 €
g25) i g g2 ©
|
Saol | 3008 Sa0 300 8
g [ £ g 13
15F ! 200 & L 200
10k | 10F X
| 4100 | 1100
0.5 [ 0.5 |
00 1 1 I 1 1 I L 1 I 0 00 L 1 1 f 1‘ 1 L 1 1 0
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

Time (minutes)

Time (minutes)



Batteries 2025, 11, x FOR PEER REVIEW

12 of 15

Figure 10. Nail penetration of cells recovered from a 12 V power-tool battery at 100% SOC (A) and

after deactivation by PVA—carbon gel (B).
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Figure 11. FTIR gas analysis of cells recovered from a 12 V power tool battery at 100% SOC (A) and
after deactivation by PVA—carbon gel (B) during nail penetration.

4. Conclusions

This paper provides a novel method to controllably and safely electrically de-ener-
gize batteries and cells of multiple chemistries and form factors. The electrical discharge
of various cell types and chemistries was accomplished using a PVA-carbon gel, which
resulted in the suppression of thermal runaway in lithium-ion cells in response to thermal
and mechanical abuse and a significant reduction in the short-circuit current observed for
an alkaline battery. Deactivation time is directly related to the composition of the PVA-
carbon gel, which includes the starting water content and the total amount of conductive
carbon. By selecting an appropriate carbon content, the maximum discharge rate for a
given battery voltage can be predicted. Under appropriate ambient conditions that allow
for the gel water content to evaporate, a decrease in cell OCV was observed within 5-10
h, and complete discharge was observed in 24-48 h. Based on the temperature and voltage
response, the rate of discharge is not constant but rather increases as a function of water
content in the drying gel. By reducing the hazards associated with the accidental abuse of
cells and batteries during transportation, it is anticipated that many of the previously ob-
served safety incidents involving end-of-life batteries can be avoided in the future. The
operational principle of this approach is quite simple, as lowering the SOC of any battery
is known to be an effective way to improve abuse tolerance. However, this technique is
plausibly limited to relatively small cells and batteries, as larger batteries containing many
cells in series and/or in parallel will support a much higher current depending on pack
voltage and require much longer discharge times depending on pack capacity. In princi-
ple, even a relatively high voltage pack could be discharged via a high-resistance external
short circuit using the formulations presented in Figure 1; however, the discharge time
would likely be prohibitively long. Furthermore, additional concerns regarding the die-
lectric breakdown of the dried PV A—carbon composite may also arise when deactivating
a high-voltage battery and are not addressed in this study. A simple unregulated dis-
charge also leads in most scenarios to an over-discharge condition, and while this is not
expected to lead to an energetic failure, over-discharge can damage cell components,
which may complicate downstream materials recovery efforts. For lithium-ion batteries,
Wang et al. reported that over-discharging cells to 0 V can result in copper dissolution
from the anode current collector, which can complicate “direct recycling” efforts involv-
ing the rejuvenation of recycled electrode materials [27]. Swelling of pouch cells due to
gas generation in the over-discharged state has also been reported, and indeed this was
observed for the LiPo pouch cells in the weeks following the deactivation experiments
and may have also contributed to the earlier venting behavior of the 18,650 cell shown in
Figure 6 [28]. In an ideal case, battery deactivation would be conducted with supervision,
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and the dried PVA—carbon composite can be removed once a desired SOC is reached. At
the lab scale, a small amount of distilled water is enough to re-hydrate the dried composite
such that it can be wiped away with laboratory tissue, thereby breaking the electrical con-
nection between the cell terminals and arresting further discharge. In this scenario, deac-
tivation can be accomplished in a high-throughput manner while maintaining the highest
purity of cell components as a feedstock material for downstream recycling efforts.
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