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A corrosion study of lithium-ion batteries during
NaCl electrochemical discharge: mechanistic
origins and Zn-based mitigation strategies
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As lithium-ion battery (LIB) demand increases, there is growing interest in their recycling to reduce the
environmental impact of mining. The safe handling of end-of-life batteries during transportation, storage
and mechanical treatment requires development of environmentally sustainable and industrially scalable
discharging processes. In this context, electrochemical discharge shows promise due to its simplicity,
robustness, and potentially low cost. NaCl solution has been extensively studied as a promising discharge
medium because of its availability and reportedly fast discharge potential. However, the use of NaCl
aqueous electrolyte solutions has resulted in casing corrosion, which is associated with inefficient
discharge and losses of critical raw materials. To overcome these issues, the present study offers for the
first time an in-depth exploration of the potential mechanisms responsible for LIB corrosion in NaCl
solutions. It is found that corrosion is a consequence of multiple parallel reactions driven by the
presence of dissolved oxygen produced during electrochemical water splitting. As the corrosion
pathways are identified, a novel approach is proposed to prevent it, namely, the use of Zn-salts as
corrosion inhibitors. The experimental results suggest that Zn?* ions aid in corrosion prevention in three
main ways: (i) by forming non-soluble Zn(OH), with OH™ ions produced on the metal surfaces; (ii) by
forming mixed Fe—Zn oxide in corrosion pits; and (iii) by consuming electrons from the battery during
discharge and forming a sacrificial anode of metallic Zn. The present work thus proposes an economical
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1 Introduction

Lithium-ion batteries (LIBs) largely power the electrification
and digitalization of society with applications ranging from
energy storage systems to electric vehicles, telecommunica-
tions, robotics, portable medical devices and household tools.
However, the rapid increase in the demand for LIB-powered
devices also raises concerns about the availability of raw
materials needed for their manufacturing, the ethics of critical
mineral production, and the environmental impact of the entire
life cycle of LIBs." For instance, according to the EU battery
regulatory framework, 70% of the LIB materials need to be
recycled from 2030 onwards to aid in reducing the exploitation
of virgin raw material sources.”

It is widely acknowledged that the high reactivity of LIB
active electrode materials and the presence of volatile and
flammable components represent significant safety risks during
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and reliable approach to discharge LIBs efficiently using aqueous electrolyte media.

dismantling, collection, transportation, and storage. Short
circuits caused by unintentional contact between the positive
and negative battery poles during transportation and storage
and the subsequent exposure of highly combustible Li/Li" to
ambient oxygen during crushing lead to fires, explosions, and
production of toxic gas emissions.>® Recycling methods
involving the mechanical and hydrometallurgical treatment of
LIBs require extensive crushing of spent LIB cells to liberate the
recyclable materials from the battery structure. The recyclability
of valuable materials is compromised after combustion due to
material loss and contamination.* While the importance of di-
scharging is well established, the research focusing on this
issue requires systematic development.

An economically sensible discharge process should allow the
treatment of various types of batteries in bulk. The published
literature suggests two options for scalable discharging
methods: immersion of battery cells in an electrolyte solution or
burying them in conducting powder. Discharge in conductive
powder is fast and considered cleaner, although it results in
a sharp rise in temperature and the risk of thermal runaway.**”
Yao et al.” concluded that graphite powder has the risk of dust
explosion, while metal powders, especially copper, oxidize
easily. Oxidized metals have lower conductivity and thus this
system is likely to waste valuable metal resources. Alternatively,
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stainless steel powder could have better durability although this
does not solve the issue of high temperature generation.

For the reasons presented above, electrochemical discharge
using aqueous salt solutions has gained attention as a simple,
scalable discharging method. In aqueous NaCl solutions, the
simultaneous reactions of water splitting (reaction 1) and Cl,
gas formation (reaction 2) consume electrical energy from the
battery while any heat released can be absorbed by the aqueous
solution, reducing the risk of thermal runaway.****

2H,0(l) — 2H,(g) + Ox(g) E° = 1.23 V (1)
2CI" - Cl,+ 2 E° =136V )

Admittedly, submerging batteries in aqueous salt solutions
also presents its own set of challenges. Voltage relaxation is
a well-documented phenomenon where, as the battery is
removed from the salt solution, its charge increases spontane-
ously, preventing the accurate evaluation of the state of charge
(SOC).**** This means that electrochemically discharged
batteries do not reflect the actual voltage that the battery will
have after relaxation and may not be as safe to transport and
recycle as they would appear. The second significant challenge
is the corrosion of the battery terminals and casing, potentially
releasing internal battery components into the discharge solu-
tion and resulting in process water contamination.®*® The loss
of critical and strategic raw materials such as Co, Li, Cu, Ni, and
Al already during the discharging step creates further chal-
lenges to reach the ambitious recovery targets set by the EU.>
Corroded battery terminals can also prevent the proper
discharge of the battery and may be responsible for faulty SOC
readings.'*"?

Since the duration and low cost of battery discharge methods
are important factors for their industrial-scale application, NaCl
solution is the most extensively studied discharge medium for
LIBs. NaCl solutions are considered highly conductive, there-
fore presenting a fast discharge rate, as well as relatively mild
voltage relaxation behaviour of the final voltage, which
remained below 2 V. However, it is well documented that NaCl
solution results in a fast corrosion rate of the battery terminals
and casing.®*® Consequently, research has focused on finding
alternative discharge media to address these concerns.

Among the most frequently studied non-corrosive alterna-
tives to replace NaCl are solutions of sulphate salts such as
ZnS0,,*'” MnS0,,”**>'® MgS0,,">" solutions of carbonates like
Na,CO; and K,CO3;,***'* ammonia-based electrolytes**'® and
acetates.” However, corrosive effects of varying severity have
been observed with discharging studies, including sulphate
solutions of Na,SO,,**'**® FeSO,,”*'"'* CuSO, (ref. 19) and
alkaline solutions such as NaOH.""**'® Evidently, the discharge
efficiency of different salt solutions varies greatly depending on
the electrochemical behaviour of the chemical species in the
solution, their concentration, solubility and the resulting
conductivity of the solution. In most cases, fast discharging
rates are accompanied by corrosion damage to the battery, and
the non-corrosive alternatives so far explored result in slow
discharge that does not reach a safe level for recycling.
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While corrosion is a well-recognized issue during the
electrochemical discharge of LIBs, the corrosion mechanisms
of the battery terminals and casing structures have not been
thoroughly studied. Indeed, most studies have limited their
analysis to a visual evaluation of the extent of corrosion.®**31618
Other studies have quantified corrosion products present in the
discharge solutions by inductively coupled plasma (ICP) anal-
ysis, however measuring only the extent of metal loss rather
than providing a detailed analysis of the mechanisms respon-
sible for corrosion.*”*'*?

In an attempt to address the limitations of aqueous salt
solutions as battery discharge media, the present study has two
main objectives: (i) unveil the mechanisms responsible for the
corrosion of LIB casing materials, and (ii) exploit this funda-
mental understanding to identify appropriate methods for
corrosion prevention. As will be explained in the subsequent
sections, the proposed method hereby proposed consists of the
use of Zn-containing salts as corrosion inhibitors which, to the
best of the authors' knowledge, is an approach that has never
before been tested in this field. Finally, the experimental results
of discharge in the presence of Zn-salts were rationalized to
propose corrosion prevention mechanisms.

2 Materials and experimental
methods
2.1 Minerals and reagents

The discharging experiments in this work were conducted using
new cylindrical LIBs type LiNi,Mn,Co, (NMC; Samsung 18 650
INR18 650-25R, 2500 mAh, South Korea) without a protective
circuit. The batteries had a nominal voltage of 3.6 V.

All electrolyte solutions were prepared using ultra-high
purity water (15 MQ cm, purified by Purelab, Elga, High
Wycombe, UK) and different concentrations of NaCl (59888,
Merck (Sigma-Aldrich, Finland)), ZnCl, (208 086, Merck (Sigma-
Aldrich, Finland)) and ZnSO,-7H,O (221376, Merck (Sigma-
Aldrich, Finland)) according to Table 1. Solutions containing
only NaCl were prepared to identify the corrosion mechanisms
of the battery casing during discharge. This was followed by
solutions containing ZnCl, and ZnSO,-7H,O as corrosion
inhibitors.

2.2 Discharging procedure

The batteries were discharged by submerging them into a glass
beaker containing the electrolyte solution under continuous
mixing using a magnetic stirrer. Mixing the discharge solution
reduces the time for chlorine to attack the metal surfaces.?
The voltage change during discharging was measured by
removing the battery from the solution at specific time intervals
and connecting to a Fluke 287 True-RMS Electronics Logging
Multimeter (Everett, Washington, USA). This procedure was
performed until the voltage could not be visibly reduced. The
voltage relaxation behaviour was monitored with the same
instrument over 24 h after the discharging experiment. A Met-
tler Toledo SevenExcellence™ multi-channel pH meter (Grei-
fensee, Switzerland) was used to monitor the electrolyte

This journal is © The Royal Society of Chemistry 2026
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Table1l Electrolyte compositions and concentrations of Li-ion battery
discharge solutions

Solution concentration m (mol kg™

0.15 m NaCl

1 m NaCl

1 m NacCl + 0.3 m ZnCl,

1 m NaCl + 0.3 m ZnSO,

3 m NaCl + 2.5 m ZnSO,
1.75 m NaCl + 1.55 m ZnSO,
0.5 m NaCl + 3 m ZnSO,

solution, providing information on electrochemical reactions in
the solution as a function of time. Reaction byproducts formed
a precipitate at the bottom of the beaker which was collected
and dried for further analysis. A schematic diagram of the
experimental setup is shown in Fig. 1.

2.3 Characterization of batteries and precipitate

After the discharging experiments, batteries were cooled with
liquid nitrogen to allow their safe disassembly. The batteries
were sawed in half inside a glovebox filled with Ar gas. The
section with the positive battery terminal was cast in epoxy to
prepare a metallographic cross section for scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) analysis using a SEM-EDS, MIRA3 SEM, Tescan, Brno,
Czech Republic and UltraDry Silicon Drift energy dispersive X-
ray spectrometer. The cross sections were polished with SiC-
papers P80, P240, P400, P800, P1200, and P4000 in the same
order. The final stages of the polishing were done using velvet
polishing discs with 3 pm and 1 pm diamond suspensions. The
polished samples were washed in ethanol in an ultrasonic bath
for 15 min, after which the cross sections were coated with

pH meter

Electrolyte solution
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Fig. 2 Schematic diagram of a cylindrical LIB cell cross section.

carbon. The SEM images were obtained with a 15 kV accelera-
tion voltage and back scattered electron detector. EDS analyses
were obtained using mineral standards by Astimex Scientific
(Toronto, Ontario, Canada).

3 Results and discussion
3.1 Corrosion mechanisms

The corrosion mechanisms of the discharged LIBs were studied
by analysing the corrosion patterns and deposits formed on the
metal surfaces of the positive terminal. Fig. 2 presents a sche-
matic diagram of a typical LIB cell cross-section for reference in
the following discussions. The positive terminal of the LIB cells
used in this study consists of a Ni-plated carbon steel structure,
beneath which a safety valve made from an alloy (AlI-Mg-Fe) is
found. The casing consists of Ni-plated carbon steel acting as
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£
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&
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Fig. 1 Schematic diagram of the experimental setup for battery discharging.
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Fig. 3 SEM images of a LIB positive terminal cross section obtained after 3 h discharge in 1 m NaCl solution and schematic diagrams of the LIB
cross sections representing uncorroded and corroded cross sections after discharge in NaCl solution. The non-corroded reference cross section

was discharged with resistors.

a negative terminal. Electrical isolation between the terminals is
ensured by a plastic sealing ring, which insulates the positive
terminal from the casing.

In a typical discharge operation with aqueous electrolyte,
corrosion was more prominent in the positive terminal. This
agrees with the basic principles of corrosion, where metal
surfaces acting as cathodes (i.e. presenting negative charge) are
protected from corrosion. Additionally, negative ions respon-
sible for corrosion (e.g. Cl7) are repelled from the negatively
charged surface.”

To elucidate the corrosion mechanisms, discharging exper-
iments were performed in 1 m NaCl aqueous solution to obtain
samples for SEM-EDS analysis. Fig. 3 shows representative
micrographs where it is seen that the positive terminal has
almost completely disappeared during discharging, in stark
comparison with the non-corroded reference sample di-
scharged with resistors. The remaining pieces of the positive
terminal and the safety valve were covered by a deposit con-
taining species that could not be identified with EDS, as shown
in the SI (Table S1). This indicates that the deposit contains
elements with low atomic mass, potentially from electrolyte
leakage as it contains Li and hydrocarbons. It is likely that
leaked electrolyte mixed with the corrosion products of Al, Fe
and Ni as the positive terminal disintegrates, forming deposits
in the crevices of the battery terminal. This conclusion can be
further validated by the species that were detected through EDS
analysis, showing that the deposit contains Fe, Ni, Al, O, P and
F. The source of phosphorus and fluorine is most likely the
conducting salt (i.e., LiPFg) in the battery electrolyte.

Sustainable Energy Fuels

An additional discharging experiment was performed at
a lower NaCl concentration of 0.15 m since the fast corrosion
rate of the battery terminal in 1 m NaCl solution resulted in
insufficient material left for EDS analysis. The purpose of this
experiment was to create conditions where the corrosion rate
would be slow enough to preserve information regarding the
corrosion mechanism. Consequently, the total discharging time
required was longer (i.e., 23 hours) than with 1 m solutions. As
shown in Fig. 4, the low NaCl concentration did not prevent the
corrosion of the positive terminal. The EDS analysis of the oxide
scale formed on the steel surface in Fig. 4b matches well with
oxides of FeO(OH), Fe(OH)3;, Fe,O3 and Fe;0,4, containing small
quantities of Ni, Al, P, Cl and Na, while the reaction product
formed on the Al surface in Fig. 4a indicates the formation of
a mixture of aluminium hydroxides, fluorides and phosphates.
Due to space limitations, the complete EDS analyses of the
corrosion products of all NaCl discharging experiments are
provided in Table S1 in the SI.

SEM images of the dried precipitate collected from the NaCl
discharge experiments are shown in Fig. 5. The EDS analysis of
the dried precipitate (Table S1, SI) indicates formation of
Al(OH); and oxides of Fe, Al and Ni.

3.1.1 Corrosion mechanism of the Ni-plated steel terminal.
The species identified in the SEM-EDS analysis can serve as
guidelines to determine the electrochemical mechanisms
responsible for corrosion of the Ni-plated steel positive
terminal, collected in Table 2 and explained next. In addition,
Fig. S1-S5 in the SI were used as guidelines to support phase
identification. In general, the corrosion of metals in aqueous

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 SEM images of LIB positive terminal cross sections obtained after 23 h discharge in 0.15 m NaCl solution.

solutions originates from the heterogeneity of their surface,
creating local domains with negative electric potentials (i.e.,
anodes) and areas with positive electric potentials (i.e., cath-
odes). Electrons are released in the anodic process (oxidizing
reaction), and they move to the cathodic sites, where neutral or
positively charged species can receive them (reduction reac-
tion).”*** Considering the species identified during character-
ization, it is possible that the corrosion mechanism begins as
a result of the oxidation of Fe and Ni at the anodic areas
according to reactions (3)-(4). When the electrolyte solution
contains dissolved oxygen, water reduction takes place at the
cathode according to reaction (5).>**> These conditions are
exacerbated during electrochemical discharge of batteries since
0, is continuously generated as a product of water splitting (eqn
(1)). The formation of O, bubbles on the metal surface increases
the rate of water reduction reaction (5), while the supply of
electric current further promotes the production of OH™ ions by
increasing the corrosion current, which accelerates the anodic
dissolution of metal.

The Ni*" and Fe®" cations formed by the anodic process
combine with the OH™ ions produced by reaction (5) to produce
Ni(OH), and Fe(OH), according to reactions (6)—(8). Fe** ions
produced by anodic dissolution migrate out of the corrosion
pits and when the solution contains dissolved oxygen, Fe>" and

This journal is © The Royal Society of Chemistry 2026

ferrous (i) hydroxides are oxidized to Fe®*
hydroxides according to reactions (9)—(11).2**

Hydrolysis reactions (12)~(13) of ferric (i) species release H"
ions, creating acidic solution reservoirs in the imperfections of
the oxide and metal surfaces.”® The hydroxides and oxidic forms
of Fe found in the discharge solution and on the steel structures
can form from the polymerization and dehydration of ferric ()
hydroxide according to reactions (14)-(16).>°

In addition to the dissolved oxygen, formation of ferric (ui)
species accelerates corrosion by creating cathodic reaction sites
on the steel surface. Fe*" can undergo reduction, consuming
electrons and accelerating the expansion of the pits according
to reactions (17)-(18).** Additionally, Fe(u) oxides and hydrox-
ides can be reduced on the metal surface, further promoting the
corrosion process by consuming the electrons generated during
the anodic dissolution of iron according to reactions (19)-(20).>*

The hydrolysis of Fe*" lowers the pH locally around the pits,
with the pH decreasing more sharply as the Fe** concentration
increases due to its stronger hydrolysis ability compared with
Fe®". As the pH drops, the rate of hydrogen gas evolution
increases, consuming electrons from the metal surface and
raising the corrosion potential.”® Fe dissolves in acid media
since the H, gas evolution becomes a thermodynamically fav-
oured cathodic reaction (21).*°

and ferric (m)

Sustainable Energy Fuels
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Fig. 5 SEM images of precipitate byproducts obtained from NaCl discharge solutions.

It is also possible that C1™ ions from the dissolved NaCl salt
penetrate oxide scales and metal layers through grain bound-
aries. Chloride species formation according to reactions
(22)-(23) is a spontaneous reaction having a larger negative
Gibbs energy of formation compared to oxide formation. The
Ni-plating seems to degrade more slowly compared to the steel
beneath, which can be explained by the larger negative Gibbs
energy of FeCl, formation compared to NiCl, formation.
Beneath the Ni plating and oxide scales, accumulation of Cl™
ions results in high chlorine partial pressures and low oxygen
partial pressures. Under these conditions, metal chlorides
become stable.”>**

At a certain extent, chloride formation under the Ni-plating
creates tensile stresses, mechanically damaging the plating
and exposing FeCl; to water and driving their hydrolyzation
according to reactions (24)-(26). This results in the formation of
HCI, which accelerates corrosion due to hydrogen reduction
reaction (21).>"*?

During hydrolysis of the chlorine species, the released
chlorine diffuses back to the steel surface forming a cycle. Such
a cycle facilitates a continuous transport of metals away from
the battery casing toward higher oxygen partial pressures in the
solution. The total consumption of chlorine is small, thus
acting similar to a catalyst for the uncontrolled oxidation of
steel.>*

Sustainable Energy Fuels

3.1.2 Corrosion mechanism of the Al safety valve. The EDS
analysis of the corroded aluminium safety valve and the corro-
sion products collected from the discharge solution shown in
Fig. 4, 5 and Table S1 indicate the formation of Al(OH)3/Al,0; as
corrosion products. The possible electrochemical reactions
involving Al-species are collected in Table 3. The corrosion
resistance of Al is based on its high reactivity with oxygen,
forming a thin Al,O; protective layer. Al,O; has a tight hexag-
onal close packed crystal lattice created by strong covalent Al-O
bonds, which is resistant to formation of lattice defects,
creating an effective diffusion barrier between aluminium and
its environment.* However, if the Al,O; film is damaged under
conditions that prevent self-healing of the oxide layer, rapid
corrosion ensues.”

The positive surface charge of Al,O; attracts Cl™ ions from
the NaCl solution to its surface. The suggested mechanism by
Nguyen et al.>® by which the Al,O; loses its protective character
starts by adsorption of ClI~ on the Al,O; surface, followed by
chemical reaction between the AI>* within the hydrated oxide
lattice and Cl™ according to reactions (27)—(28). Thus, the oxide
scale grows thinner, and the metallic Al is eventually exposed.
As shown by the large negative electrochemical potential of
reaction (29), Al is highly reactive and ionizes rapidly to AI*",
undergoing rapid hydrolysis according to reactions
(30)-(32),>****” with the oxygen reduction reaction (5) serving as
the cathodic counterpart. The intermediate species formed are

This journal is © The Royal Society of Chemistry 2026
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Table 2 Corrosion reactions resulting in the degradation of the Ni-
plated positive terminal of a cylindrical LiNi,Co,Mn,O, lithium-ion
battery

Oxygen generation and water reduction on the metallic surface

2H,0(1) — 2H,(g) + O,(g) E° = 1.23 V (1)
0, +2H,0 +4e~ < 40H E° =04V (5)
Anodic dissolution of iron and nickel

Fe « Fe*' +2e” E° = —0.44 V €)
Ni & Ni*" +2e” E° = —0.26 V 4

Oxide formation
Ni** + 20H~ — Ni(OH), (
Fe** + 20H™ — Fe(OH), (
4Fe(OH), + O, + 2H,0 — 4Fe(OH); 9)
Fe(OH); — FeO(OH), Fe;0,, Fe,03-nH,0 (
Fe** + H,0 — Fe(OH)" + H' (

(

1
2Fe(OH)™ + 502+ 20" —2Fe(OH)*" + H,0

Fe(OH)*" + H,0 — Fe(OH); + H" (12)
Fe(OH)*" + OH™ — FeO(OH) + H,0 (14)

1 11
2Fe?t + 502 +2H" ©2Fe*" + H,0 (11
Fe** + H,0 — Fe(OH)*" + H' (13)
Fe(OH)*" + 20H™ — Fe(OH); (15)
Fe’" +3e” < Fe E° = —0.037 V (18)

Active oxidation by chlorine

Fe** + 2Cl~ < FeCl, (22)
Fe’" +3Cl~ < FeCl, (23)
FeCl, + 2H,0 — Fe(OH), + 2Cl~ + 2H" (24)
FeCl; + H,0 — Fe(OH)** +3Cl™ + H" (25)
FeCl; + 3H,0 — Fe(OH); + 3Cl~ + 3H" (26)

highly reactive and soluble in solutions containing H,O, HCI
and NaCl, which promotes a fast corrosion rate.”*

The exposed Al is attacked by Cl™ according to reactions
(33)-(36), forming complexes that rapidly undergo hydrolysis
producing a relatively stable Al(OH),Cl, which is further
hydrolysed to Al(OH); and HCl according to reactions
(37)-(38),2****” explaining why Al(OH); is the final measured
corrosion product produced by the dissolution of the
aluminium safety valve.

The corrosion rate of the exposed Al surface should be
exacerbated by the presence of the more noble Ni used for
plating the steel, since Ni and Al are in electrical contact via the
electrolyte solution. In this case the corrosion of the more active
metal is accelerated while the corrosion rate of the more noble
metal becomes slower.>® Fig. 3a and 4b show how the Ni plating
is relatively intact while the less noble Fe and Al have extensively
corroded away, which is explained by the galvanic corrosion of
multimetallic structures.

3.1.3 Interactions between the leaked electrolyte solution
and Al safety valve. While the above-described mechanisms can
explain the formation of Al(OH); as a corrosion product, fluo-
rine and phosphorus were also identified. This indicates inter-
actions with the electrolyte and the conductive lithium
hexafluorophosphate (LiPF) salt, likely due to leakage into the
discharging solution. The possible reactions between LiPF, and
the Al safety valve are collected in Table 4.

This journal is © The Royal Society of Chemistry 2026
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Table 3 Corrosion reactions resulting in the degradation of the Al
safety valve of a cylindrical LiNi,Co,Mn,O; lithium-ion battery

Dissolution of alumina by chlorine

AI**(in Al,O;-nH,O0 lattice) + CI~ — Al(OH),Cl
AP*(in Al,05-nH,0 lattice) + 2C1~ — Al(OH),Cl,~

Oxygen generation and water reduction on the metallic surface
2H,0(1) — 2H,(g) + O,(g) E° = 1.23 V (1)
0, +2H,0 + 4e~ < 40H E° = 0.4V (

Anodic dissolution of the exposed Al surface

Al - AP" +3e” E° = —1.66 V (29)
Oxide formation

A" + 3H,0 — AI(OH); + 3H" (30)
AP + H,0 — AIOH>" + H' (32)
AIOH*' + CI~ — Al(OH)CI" (34)
Al(OH)CI" + H,0 — Al(OH),Cl + H' (36)
AP* + CI™ — AICI**/AICI,+/AIC], (33)
AICI*" +2H,0AI(OH),Cl+2H" (35)
Al(OH),Cl + H,0 — Al(OH); + H" + CI~ (37)
2A1(OH); — Al,0;-nH,0 (38)

Sheng et al.”® have studied the hydrolytic stability of LiPF, in
electrolytes and water showing that LiPFg is solvated according
to reaction (39), greatly improving its hydrolytic stability. The
metal and oxide surfaces and especially AlI>* ions can activate
the decomposition of the PFs~ ion according to reaction (40).>

In a similar fashion to Cl~, F~ ions diffuse into the Al,O;
scale, producing a fluorinated oxide layer with a general
formula of ALLOF, according to reaction (41). The inward

Table 4 Chemical reactions between LiPFg salt, the discharge solu-
tions and the Al safety valve of a cylindrical LiNi,Co,Mn,O; lithium-ion
battery

Solvation of LiPFg

LiPFg + H,0 — Li* + PFg~ + H,O (39)
PFs — P+6F (40)
Reactions of Al and F

AP’'(in ALO;-nH,O lattice) + F~ — ALO,F, (41)
AP +3F — AlF; + 3e” (42)
A"+ 6F — [AlF* +3e” (43)
Formation of phosphoric acid

P+ 2H,0 — H;PO, +H" + e~ (44)
P + 3H,0 — H;PO; + 3H' + 3e™ (45)
P + 4H,0 — H,PO, + 6H" + 5¢~ (46)
Solution buffering by phosphoric acid

H;PO, + H,O — H3PO; + 2H" + 2~ (47)
H;PO; + H,O — H3PO, + 2H" + 2e~ (48)
H,PO,  + H" — H;PO, (49)
H,PO,” — HPO,>” + H' (50)
Formation of phosphates

Al(OH); + H3PO, — AIPO,-3H,0 (51)
Al(OH); + 3H3P0, — Aly(PO,4);(OH); + 6H,0 (52)
AP** + H;PO, + H,O — AIPO,-H,O + 3H" (53)
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diffusion of anions results in formation of corrosion products at
the metal/scale interface. The volume expansion creates frac-
tures in the oxide scale, exposing the metal surface to interact
with the electrolyte solution.*® Fluorine can then react with the
exposed Al according to reactions (42)-(43).%***

The phosphorus from the PFs~ ion likely reacts with water
producing phosphoric acid (H3PO,) according to the Pourbaix
diagram of phosphorus at 20 °C (Fig. S3) following reactions
(44)-(46).

The dihydrogen phosphate anion H,PO,  has buffering
capabilities due to its ability to donate and accept protons.
When the pH of the solution decreases, H,PO,  can accept
a proton to form Hz;PO, helping to buffer the system by
neutralizing excess H' according to reaction (49). When the pH
of the solution increases, H,PO,  can lose a proton to form
HPO,”", helping to buffer by neutralizing excess OH ™ according
to reaction (50). Consequently, the anodic dissolution rate of
metals is reduced in the presence of dihydrogen phosphate
ions.*

Adsorption of the phosphate ions on the oxide surface
creates a diffusion barrier for ion migration between the metal
and corrosive solution. In the presence of H3;PO,, insoluble
aluminium phosphates such as AIPO,-nH,O and Al,(PO,)s(-
OH); precipitate in the corrosion pits, where the density of AI**
ions is higher according to reactions (51)-(53). These precipi-
tates cover the anodic dissolution sites, increasing the electrical
resistance of the oxide film and reducing the ion exchange in
the scale. Phosphorus in the oxide scale has been observed to
inhibit crystallization of Al,O3, leading instead to formation of
an amorphous aluminium phosphate coating. Amorphous
films are better diffusion barriers due to the absence of grain
boundaries.**

The deposition of the leaked electrolyte on the metallic
surfaces has likely preserved the remaining metallic pieces on
the positive terminal by reducing the oxygen diffusion to the
metal surfaces and by the corrosion inhibiting properties of
phosphates.

3.2 Corrosion inhibition mechanism by addition of Zn salts

As discussed earlier, the anodic reaction of metal dissolution
cannot exist without its pair, the cathodic reaction. In other
words, corrosion can be stopped by inhibiting either the anodic
or the cathodic side of the corrosion reaction.”*>

Anodic corrosion inhibitors increase the polarization of the
anode by reaction with cations of the corroding metals to
produce diffusion barrier films or salt layers that coat the metal
surface and the anodic sites, preventing the interaction with the
aggressive environment.*”> However, insulating the battery
terminals would also prevent its discharge, thus defeating its
purpose. Therefore, the approach of cathodic corrosion inhi-
bition is the logical choice in this case.

The protective mechanism of cathodic corrosion inhibitors
is based on their reaction with the products of the cathodic
electrochemical reaction. The theory says that metals cannot
corrode and produce cations faster than the cathode can utilize

Sustainable Energy Fuels

View Article Online

Paper

3,5
2,5

1,5

Eh (V)

Fig.6 Pourbaix diagram of zinc calculated with HSC Chemistry at 25 °©
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the electrons, and the electrolyte can transport the current by
ionic conduction.***

When the electrolyte solution contains dissolved oxygen, the
cathodic reaction of oxygen reduction (eqn (5)) produces
hydroxyl ions (OH™). By examining the corrosion reactions of
the positive battery terminal in NaCl solution, it is seen that
dissolved oxygen in the solution is a prerequisite to several
cathodic reactions that accelerate the anodic dissolution of
metals. The addition of Zn-containing salts to NaCl solution
might prevent most of the cathodic reactions. As shown in the
Pourbaix diagram of Zn in Fig. 6, Zn>" forms non-soluble
Zn(OH), particles according to reactions (54)-(55), consuming
the OH™ ions from the system.

ZnSO, + 20H™ — Zn(OH), + SO4>~ (54)

ZnCl, + 20H™ — Zn(OH), + 2C1~ (55)

These reactions decrease the corrosion rate of both steel and
Al-alloys, since oxygen reduction is the dominant reaction
responsible for the release of Ni**, Fe** and AI’* ions.?"3%

The pH curves recorded during LIB discharging presented in
Fig. 7 show that during discharge in NaCl solution, the pH
increases due to the production of OH™ and the buffering effect
of the dihydrogen phosphate anion H,PO,  formed during
leakage of the electrolyte solution. In contrast, the addition of
ZnS0, and ZnCl, resulted in an acidic solution suggesting that
no dissolved OH™ ions are present, likely being consumed by
the production of insoluble Zn(OH), particles. The formation of
Zn(OH), particles, which turned into ZnO particles during
drying, was also revealed by SEM-EDS analysis of the particles
that precipitated in the solution during discharge (SI, Table S2).

The use of ZnSO, and ZnCl, in the electrolyte solution
resulted in a visibly slower corrosion rate of both the steel
terminal and the Al-containing components since these struc-
tures remained intact, compared with solutions containing only
NaCl (Fig. 8). Despite the good corrosion protection of the metal

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 pH evolution of the electrolyte solutions during discharging of LIBs (a) in NaCl solutions and (b) in NaCl solutions containing ZnSO,4 and

ZnCl.
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Fig. 8 SEM images of the cross sections of the positive LIB terminals after discharging in 1 m NaCl solution for 1 h 40 min and 3 h and cross
sections of discharged LIBs in NaCl + ZnCl, and NaCl + ZnSO, solutions after a discharging time of 1 h 40 min and 3 h 20 min, and schematic
diagrams of the LIB cross sections representing corroded cross sections after discharge in NaCl and NaCl + Zn salt containing solutions.
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Fig. 9 Scanning electron microscope images of a cross section of a corroded LIB positive terminal in 1 m NaCl + 0.3 m ZnSO, solution after

being kept in the electrolyte solution for 3 hours and 20 minutes.

structures, the plastic sealing ring insulating the positive
terminal from the casing described in Fig. 2 got damaged, and
some fluorine was detected in the oxide formed in the corrosion
pits (Table S2).

Fig. 9a and b show that despite a reduced corrosion rate of
the positive terminal with NaCl + ZnSO, solution, chlorine-
induced pitting corrosion was still observed on the Al and
steel surfaces. The EDS analysis also shows that Zn**-ions are
incorporated in the oxidic scale inside the pit surface and on the
steel surface. Islam et al.** suggested that Zn(OH), could form
a chemical bond with the steel oxide scale, while Zn** could
directly bond with the OH™ in the hydrated oxide scale and form
a metal cation layer on the oxide surface. Incorporation of Zn**
in the oxide layer covering the anodic areas could decrease the
growth rate of pits, providing some protective effect against C1~
attack by increasing the anodic polarization of the pit.

In acidic environments, the cathodic reaction of H, gas
evolution (eqn (21)) accelerates the metal dissolution process.

Sustainable Energy Fuels

H, evolution can be controlled by increasing the overvoltage
(polarization) of H, production by reaction (21), allowing a layer
of adsorbed hydrogen to form on the cathodic surface.?® Here,
the ZnO/Zn(OH), surface layer could prevent hydrogen gas
evolution by adsorbing the hydrogen atoms as indicated by
studies of Kokes et al.** and Usseinov et al.?

Observations during discharge showed that Zn>* ions
deposit on the negative terminal and reduce to metallic Zn
according to reaction (56).

Zn*t +2¢ - ZnE° =076V (56)

The composition of metallic Zn particles collected from the
electrolyte solution is shown in Fig. 10.

At this point, the chemical reactions of the dissolution of the
Ni-plated steel terminal and the Al safety valve have been
described. However, there is potentially another mechanism at
play in the corrosion process. When the battery is submerged in
an electrolyte solution, the Ni-plated steel structure and

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 SEM images of precipitated particles and their corresponding cross sections collected after LIB discharge in NaCl solutions containing

ZnSO4.

aluminium safety valve create an electrical circuit via the elec-
trolyte. Galvanic corrosion takes place when different metals are
coupled to form a wet corrosion cell.*

Graphite [l
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Low carbon steel, cast iron [l
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Fig. 11 Free corrosion potentials of alloys used in LIBs measured in
flowing sea water at 25 °C. Adapted from Groysman.®

This journal is © The Royal Society of Chemistry 2026

Free corrosion potentials of metals and alloys listed in the
galvanic series can be used to predict the corrosion tendency of
multi-metallic structures. Ideally, the galvanic force series for
metals and alloys should be measured separately for every
electrolyte solution under specific conditions. Nevertheless, the
battery discharge in NaCl solution can be reasonably approxi-
mated to the galvanic force series for metals and alloys in
flowing sea water at 25 °C shown in Fig. 11.21

According to the theory of galvanic series, the more “active”
metal will behave as the anode of the couple in a wet corrosion
cell, while the more “noble” metal will act as the cathode. The
wider the separation of any two metals in the galvanic series, the
more severe the corrosion of the less noble metal will be.****

The galvanic series shows that formation of metallic Zn
during discharging produces a sacrificial anode in the NaCl
solution. The battery pole can therefore be protected since all
the metals found in the positive terminal act as a cathode while
Zn corrodes.>®* The oxidized surfaces of the Zn particles in
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Fig. 12 SEM images of a cross section of the corroded lithium-ion battery positive terminalin 3 m NaCl + 2.5 m ZnSO, solution after being kept

in the electrolyte solution for 15 minutes.

Fig. 10 indicate that the Zn indeed corrodes during the di-
scharging process. This is another explanation for the Zn(OH),
formation observed during discharging. Zn(OH), formation
eventually renders the sacrificial anode ineffective. Stronger
electrolyte solutions allow a more efficient function of the
sacrificial anode because of the higher electrical conductance of
the solution.”* Fig. 12 shows that a strong electrolyte solution
produces less pitting corrosion, although the battery was also
kept in the solution for only 15 min.

3.3 Discharging performance of NaCl + Zn inhibitor
electrolyte solutions

When the battery is submerged in an electrolyte solution, the
current conducted between the electrodes encounters electrical
resistance and the battery forms an electrical circuit with the
electrolyte solution. The electrical energy released by the battery
is consumed in various physical, electrical and electrochemical
phenomena.*® As shown in Fig. 13, the addition of ZnSO, and
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Fig. 13 Discharging rate of LIBs in different electrolyte solutions and
final values of voltage relaxation measured 24 hours after the
discharge experiments.
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ZnCl, to the NaCl discharge solution resulted in a remarkably
fast voltage drop, close to 0 V in 10-15 min, regardless of the
concentration of the solution. Both in solutions with and
without Zn-salt inhibitors, the voltage relaxation level stayed
below 1 V even 24 h after discharge. A higher concentration
resulted in lower voltage levels after relaxation, despite having
kept the battery in solution for a shorter time (Fig. 13). Full
discharge data including voltage relaxation behaviour is pre-
sented in SI Fig. S6. Formation of gas bubbles during di-
scharging suggests that the energy from the battery is used to
some extent in water splitting according to reaction (1) and
potentially hydrogen gas evolution due to acidity of the solu-
tions according to reaction (21).

Ojanen et al.® increased the discharge rate of LIBs by adding
Fe and Zn flakes to Na,SO, and NaCl solutions and explained
the increased discharge rate as a result of a larger metallic
surface participating in the electrochemical reactions. Simi-
larly, Urtnasan et al.*® discharged LIBs down to 0 V by adding

a)1m NaCl, 0.3 m ZnSO,

a

NMC

MIRA3 TESCANM  SEM HV: 15.0kV.
SEM MAG: 1.00 kx

WD: 20,07 mm
Det: BSE

b) 3m NaCl, 2.5 m ZnSO,
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metallic Cu and Fe to an NaCl solution explaining their result of
depletion of the battery's voltage down to 0 V by increased
electrical resistance resulting in conversion of the battery's
energy into heat. Chen et al.™ discharged LIBs to almost 0 V in
CuSO, solution and Fang et al.® showed that LIBs can be di-
scharged to 0 V when metallic Fe or Zn powders are present in
the discharging solution, attributing this phenomenon to
a short circuit caused by the metallic powders. Based on the
previous research it seems likely that the formation of metallic
Zn particles in the solution may have contributed to the fast
discharge rate down to almost 0 V since the solution concen-
tration seemed to have no obvious effect on the discharge rate.

The sudden drop in voltage points to an event that is not
entirely electrochemical in nature. It was noticed that the
battery became warm during discharging, indicating that the
energy was partly dissipated as heat. The negatively charged
battery casing and the positively charged terminal are close to
each other, only separated by the insulating plastic layer.
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Fig. 14 SEM images showing cross sections of electrochemically discharged LIBs at different NaCl and ZnSO,4 concentrations until 0 V and their

electrode structures.
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Perhaps the metallic powder collecting in the crevices of the
positive terminal may have caused an internal short circuit.
However, no sparks were observed during the discharge.

Fig. 14 presents SEM images of the cut LIBs after discharge
to 0 V at different concentrations of NaCl and ZnSO,. Opening
of the battery revealed that sometimes (Fig. 14a and b) the
copper current collector was damaged during discharging.
However, most samples exhibited no significant structural
changes in internal components, such as cathode particles or
current collectors (Fig. 14c-f), which indicates that the di-
scharging process does not necessarily compromise their
recyclability.

Overdischarging has been observed to cause oxidation of the
Cu current collector to Cu”* ions, which can migrate through
the separator and reduce at the cathode as metallic copper.* In
the experiments of this study, copper deposition at the cathode
side was not observed. Destruction of the current collectors is
unlikely the cause of the voltage drop, since 0 V could also be
reached without significant internal damage to the battery.

4 Conclusions

NaCl solution has been extensively studied as a promising
electrochemical discharge medium because of its low cost and
apparently efficient discharge. However, severe corrosion on the
connector poles can lead to incomplete discharging, inaccurate
readings of state-of-charge and need for extensive investments
in toxic wastewater treatment. Therefore, the objective of this
research was to identify the main corrosion mechanisms to
propose means of prevention while improving the discharging
efficiency.

The corrosion mechanism of the positive battery terminal in
NaCl solution showed that dissolved O, in the solution and
possibly formation of O, bubbles on the metallic surfaces due to
water splitting combined with electricity provided by the battery
increased OH™ production by water reduction on the metallic
surfaces. This promoted several parallel cathodic reactions on
the metal surface, which resulted in fast and complete anodic
dissolution of the positive terminal. Pairing of dissimilar metals
in a wet corrosion cell increased the corrosion rate to the extent
that the Al safety valve and steel corroded away and allowed the
electrolyte to leak to the discharging solution.

To efficiently overcome the corrosion of the battery positive
terminal, the use of ZnSO, and ZnCl, is herein demonstrated
for the first time. Based on the experimental results obtained, it
is proposed that the corrosion protection provided by Zn>" ions
operates through three mechanisms: (i) Zn>" suppresses the
corrosion process by forming non-soluble Zn(OH), with OH-
ions produced by oxygen reduction on the metal surfaces; (ii)
Zn?*" forms a mixed oxide with iron oxide scale on the steel,
which can protect the metal by covering anodic areas; and (iii)
Zn** ions consume electrons from the battery forming metallic
Zn which acts as a sacrificial anode in the electrolyte solution,
being readily corroded instead of the metals at the battery
terminals.

The present research demonstrates a cost-effective method
for the electrochemical discharge of end-of-life LIBs, improving
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their safe handling during transportation and recycling.
Prevention of thermal runaway in spent batteries results in
better separation of the battery materials during mechanical
recycling and the mitigation of corrosion contributes to higher
recoveries of critical raw materials during LIB recycling since
a portion of these elements would otherwise be lost to the
discharge solution.
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