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Abstract: After an introductory reminder of safety concerns pertaining to early rechargeable battery
technologies, this review discusses current understandings and challenges of advanced sodium-ion
batteries. Sodium-ion technology is now being marketed by industrial promoters who are advocating
its workable capacity, as well as its use of readily accessible and cheaper key cell components. Often
claimed to be safer than lithium-ion cells, currently only limited scientifically sound safety assess-
ments of sodium-ion cells have been performed. However, the predicted sodium-ion development
roadmap reveals that significant variants of sodium-ion batteries have entered or will potentially
enter the market soon. With recent experiences of lithium-ion battery failures, sodium-ion battery
safety management will constitute a key aspect of successful market penetration. As such, this review
discusses the safety issues of sodium-ion batteries, presenting a twofold innovative perspective:
(i) in terms of comparison with the parent lithium-ion technology making use of the same working
principle and similar flammable non-aqueous solvent basis, and (ii) anticipating the arrival of in-
novative sub-chemistries at least partially inspired from successive generations of lithium-ion cells.
The authors hope that the analysis provided will assist concerned stakeholders in the quest for safe
marketing of sodium-ion batteries.

Keywords: sodium-ion battery; energy storage; cell safety; cell components; full battery pack;
thermal runaway

1. Introduction

Due to public awareness of limited fuel energy and greenhouse gas emissions by the
internal combustion engine vehicles, researchers have started to focus on environmentally
friendly alternatives and consider decarbonized electrical energy as one of the sustainable
options to tackle climate change. However, its use often requires intermediate physical
subsystems (thermal, mechanical, electrical, chemical, thermochemical, electrochemical,
or magnetic fields) to store the produced electrical energy and release it on demand [1,2].
Hence, the concept of using rechargeable batteries was introduced to power electrical
devices. In 1859, Gaston Planté invented the lead—acid battery, which showed real road,
rail, and hydraulic applications, in partnership with Camille Alphonse Faure in 1881 [3].
Lead-acid batteries [4,5] include toxic lead compounds and corrosive sulfuric acid elec-
trolytes [6]. This raises potential safety concerns when the batteries are exposed to abusive
environments, and can impact environmental ecosystems. In addition, the lead production
from mines causes public health concerns, affecting cardiovascular, immune, endocrine,
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and reproductive systems [7]. However, owing to its cheap manufacturing, the lead-acid
battery still has a dominant market share. Thereafter, Ernst Waldemar Jungner, in 1899,
patented the use of alkaline electrolyte [8]. The next generation of rechargeable batteries
were Ni-Cd cells, consisting of nickel hydroxides and cadmium at the positive and negative
electrodes, respectively, which will be banned in the EU with all portable applications from
August 2025 [9]. The havoc comes from cadmium metal instructed by the Restriction of
Hazardous Substances (RoHS) EU directive 2002/95/EC, due to its carcinogenic nature,
respiratory and reproductive issues, and the adverse effects it imposes on the environ-
ment [10]. Compared to Ni-Cd batteries, the enhanced Ni-MH batteries consisting of same
positive electrode and intermetallic compounds at the negative electrode have 30-40%
greater volumetric energy density [11] and are considerably safer and usable for consumer
applications. However, the cost of production remains high due to Ni and rare earth metals
in these systems, and safety precaution must be followed to prevent hydrogen leaking [12].

Following this, the initial research on advanced systems, namely Li-ion and Na-ion
intercalation chemistry, started during the 1960s and the 1970s [13-15]. Advanced Li-ion
batteries remain the cutting-edge technology for versatile applications, while advanced Na-
ion batteries can be considered as an emerging technology to complement Li-ion batteries
for large-scale energy storage applications. The first lithium-ion batteries (LiBs) commer-
cially produced by Sony in 1991 contained lithiated cobalt oxide (LiCoO;) as the cathode,
petroleum coke as the anode [16], and aprotic organic carbonate-based solvent/lithium
hexafluorophosphate (LiPF) salt electrolytes. They had greater energy density than pioneer
rechargeable aqueous batteries, which led to the dominance of LiBs as the state-of-the-art
batteries that command the portable electronic and electric vehicle markets. However,
these batteries may undergo thermal runaway (TR); also a very well-known hazard in the
chemical industry, battery TR is the incident when temperature of a battery cell increases
due to self-heating caused by uncontrollable cascading exothermic reactions [17]. TR leads
to flammable and toxic gas venting, and subsequent threats pertaining to fires and explo-
sions events. During TR, the battery pack undergoes a series of (electro)chemical reactions:
Solid Electrolyte Interphase (SEI) layer decomposition at the negative electrode, leading
to electrolyte solvents reduction with intercalated lithium (sodium) ions [18], exothermic
decomposition of cathode releasing oxygen (layered oxides), exothermic reaction of re-
leased oxygen with the electrolyte, electrolyte and binder decomposition, and so on [19,20].
Nevertheless, the exact order of reaction may vary depending upon cell chemistry or occur
simultaneously. Different abuse conditions, namely thermal (overheating, high temperature
storage), electrical (overcharging, over-discharging, higher charging rates), and mechanical
abuse (physical crush, penetration) lead to TR [21]. Taking this into account, various safety
measures have been developed in laboratory or large-scale tests to study the TR mechanism
and the ways to curb it. Some of the methods employed are the overcharging, forced
discharge test, heating test, nail penetration test, physical crush test, external short circuit
test, and so on [22-24]. These tests then become the standard measures to understand TR
and battery safety depending on cell chemistry, module type, and battery design.

The severity of TR depends on the chemistry of electrodes and the electrolyte ma-
terials. The most frequently used cathode families of LiBs include layered oxides as
LiCoO, (LCO) [25-27], Li[NixCoyAl,]O,, (x > 0.8, y = 0.1-0.15, and z = 0.05) (NCA) and
Li[Nij _x—yCoxMny]O, (NMC) [28-31], spinel oxides such as LiMn,04 (LMO) [32,33], or
olivine phosphates [34,35] such as LiFePO4 (LFP) [36]. These materials begin to react
exothermically with electrolyte in the 130250 °C range with the thermal stability order of
LFP > LMO > NMC111 > NCA > LCO. Ni-rich layered oxides are required for high-energy
Li-ion battery technologies; however, their thermal stability decreases with increasing Ni
content [37,38]. This instability results from the propensity of Ni** at the charge state to
spontaneously reduce into Ni** [39,40]. This reduction reaction is accompanied by (i) a
release of singlet oxygen (1A, or 10,) reactive species that are oxidizing the electrolyte
solvents [41] and (ii) phase transitions from a hexagonal to a spinel then rock-salt type
phase [42]. The structure instability of Ni-rich layered material is also responsible for the gas
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generation [43], and thus swelling, of the cell when stored at charge state at temperatures
slightly higher than room temperature. LiFePOy is intrinsically considered as safer cathode
material than LCO and LMO due to the inherent Fe-P-O bond, which is stronger than Co-O
and Mn-O bonds; therefore, when exposed to abusive conditions, oxygen atoms are much
harder to remove [44—46]. However, this statement must be taken cautiously, since field
failures of LFP batteries do also occur, and from flammability and toxicity induced by TR,
LFP chemistry was recently reported as more severe than NMC [47]. The selection of the
ideal cathode material is still a matter of active research; however, in the quest for high
performing material, the associated safety must be analyzed simultaneously. The most
widely used low-potential anode materials (<0.3 V vs. Li°/Li") in LiBs is graphite [48-50],
sometimes added with silicon or silicon oxide (5iOy) to meet high-energy LiBs requirements.
The thermal runaway process is initiated by the decomposition of the SEI layer [17,51]
formed from carbonate solvent and additives reduction (<1.2 V vs. Li°/Li*) on these
materials upon first cycles. The TR onset temperature around 80-130 °C and heat release at
the very beginning mostly depends upon the active material surface area, additives, and
state of charge (SOC). The spinel lithium titanate, Li4TisO1p (LTO), compound [52] whose
lithium insertion/deinsertion potential (1.5 V vs. Li°/Li*) is higher than the electrolyte
solvent reduction is also used as anode material [53] for low-energy batteries. In addition to
being considered a “zero-strain” electrode material, which guarantees excellent capacity re-
tention, improved safety gain is a promising feature. Belharouak et al. [54] investigated the
comparative thermal behavior of charged LTO vs. graphite anodes paired with LiMnyO4
cathode full cells. Graphite showed an initial exothermic peak at 100 °C, whereas for LTO
it was around 130 °C; moreover, the total energy released for the latter was found out to be
less than the graphite anode.

Despite the dominance of LiBs, sodium-ion batteries (SiBs) are emerging as promising
next-generation alternatives to complement the growing energy demand because sodium
is widely available, much cheaper, and exhibits similar chemistry to that of lithium. They
are considered as the best candidate power sources, even if they might lack in terms
of specific energy due to the higher standard redox potential of Na’/Na* (—2.71 V vs.
SHE) vs. Li’/Li* (—3.04 V vs. SHE) and the heavier atomic weight of Na (22.9 g.mol_l)
vs. Li (6.9 gmol~1). The specific capacities of selected lithium and sodium active ma-
terials are presented and compared in Table 1. Lithium-ion batteries have gravimetric
energy densities ranging from 120-285 Wh/kg and volumetric energy densities between
325-785 Wh/L, depending on the specifications of cell chemistry [55]. On the other hand,
sodium-ion batteries have lower gravimetric energy densities, so far announced between
100-160 Wh/kg at the cell level [56,57]. As per Table 2, sodium-ion batteries based on
HC negative active material and layered oxides or Prussian white analogues, as positive
active material feature maximum gravimetric energy densities of 160 Wh/kg at the cell
level. Conversely, employing Prussian blue analogues on both electrodes (Natron Energy)
provides low energy density, but it can be used for high power applications. The current
direction of research is to improve sodium-ion battery performance at the module level and
make it at least as competitive as low energy density lithium-ion chemistries like lithium
iron phosphate.

Recently, sodiated layered transition metal oxides and polyanions have been intro-
duced as advanced cathode materials and hard carbon materials as anodes for SiBs. The
first generation of SiBs, commercialized by the start-up TTAMAT Energy, utilize prismatic
and cylindrical high-power batteries [58] consisting of a structurally robust polyanionic
cathode material NazV,(POy4)2F; (NVPF) with a screwdriver in real-life application [59].
One of the pioneer UK-based startup company, Faradion Limited, manufactures high-
energy cells based on the substituted and structurally stabilized layered oxide cathode
material, NaaNi(l_x_y_Z)MnXngTiZOQ [60]. This technology, developed in collaboration
with Williams Advanced Engineering and Oxford University, is aimed for use in electronic
bikes [61].
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The sodiated layered metal oxides positive active material (Na;.xMO,, where M is a
transition metal = Mn, Ni, Ti, Zn, Fe, Co and their mixtures) are classified into O3 and P2
type materials [62]. These are based on the oxide layer stacking in octahedral or prismatic
environment of Na ions and the numbers 2 and 3 are the transition metal layers with
different octahedral coordination stacking in a unit cell [63]. These P2, O3, and nanoscale
mixtures of O3-P3- or O3-P2-type layered oxide materials can be used in SiBs for medium
to high-energy storage applications [64]. P2-type oxides show superior structural integrity
and capacity retention, and high Na* conduction, compared to the O3-type oxides due to
huge occupying sites and greater diffusion pathways for Na* [65]. Because of the presence
of oxygen in the skeleton framework, it is interesting to compare the rate and temperature
at which oxygen evolution occurs and how it differs from Li-ion systems. The higher
the temperature at which oxygen release from layered oxide cathode occurs, the later
sharp temperature increase contributing to TR is observed. Such an increase in critical
temperature leading to oxygen release can contribute to the overall safety and reliability
of battery systems. Polyanionic compounds are also used as sodiated positive active
materials. They contain tetrahedron anion units (XO4)"~ or their derivatives (XmOzm+1)"~
(X =5, P, Si, As, Mo, or W) with strong covalently bonded MOy polyhedra (M = transition
metal) [66] which improves the stability of oxygen in the structure, thus offering better
thermal stability compared to that of layered oxides. Due to the rigidity of the polyanionic
structure, the particles show little change in volume during insertion and extraction of
Na* ions, which also enhances their thermal stability. Hence, such active materials must
be promoted due to their safety gain, and finding ways to increase their energy density
must be explored [67-69]. Other materials such as Prussian blue have also been introduced
as cathode materials for SiBs by Natron Energy Technology [70,71]. Prussian blue and
its analogues possess the general formula NayM1[M2(CN)s]y.nH>O, where M1 and M2
are transition metals [72]. The electrochemical performances of Prussian blue analogues
(PBAs) are significantly affected by the different transition metals, the intrinsic crystalline
water, and vacancies in the structure [73]. Due to its poor structural stability, it thermally
decomposes to form HCN and cyanogen gas, which are equally major safety hazards [74].
Safety and environmental issues bound to potential byproducts such as HCN and NaCN
indeed deserve due considerations on the full material’s life cycle, as recently discussed
by Xiao et al. [75]. Currently, it appears that, of the three, layered oxides and polyanionic
compounds are leading the race for ideal cathode material for sodium-ion batteries, both in
terms of electrochemical performance and safety.

As for anodes of SiBs, recent developments have used carbon-based materials, con-
version materials, alloying compounds, and organic compounds [76]. The ion storage
mechanism follows intercalation mechanism, and conversion or alloying reactions [77,78].
Carbon-based materials are the primary choice, wherein graphite has been the commercial
anode material for LiBs. However, Na-graphite intercalation compounds are thermody-
namically unstable and the low binding energy between sodium ions and graphite restricts
its operation [79]. Non-graphitic carbons like soft carbon and hard carbon are other can-
didates for anode materials. The former can be converted to graphite when annealed at
high temperature, while the latter does not lose its non-graphitizable behavior. However,
for the practical utilization of sodium-ion batteries, low-cost hard carbon (HC) material
remain the state-of-the-art anode material. It consists of randomly arranged single-layer
graphite which are stacked in a random orientation. This non-graphitizable carbon type
can maintain its disordered structure, in an inert atmosphere, even at a high temperature
exceeding 2000 °C [80]. The carbon-based anode materials follow intercalation ion stor-
age mechanism. Conversion-based materials undergo complete phase transition during
uptake of Na*, involving the breaking and formation of chemical bonds [81]. Here, the
complete reduction of transition metal to the metallic state occurs, offering high theoretical
capacities but endures severe structural and volume changes. The type of metal present
in these compounds determine its ability to undergo intercalation or alloying reactions
along with conversion reactions. Sodium can form alloys with elements from group 14 and
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15 including metals (Sn, Bi), metalloids (Si, Ge, As, Sb), and polyanionic nonmetal com-
pounds (P); therefore, these materials can be used as anodes for SiBs [82]. However, most
of these compounds undergo huge volumetric changes, restricting its utilization. Organic
molecules offer inherent fast reaction kinetics, high energy /power density, metal-free, and
environmentally friendly benefits [83]. However, the intrinsically low conductivity and
easy active material dissolution in organic electrolytes limits its practical application [84]. It
is worthwhile to mention that even though hard carbon remains the sole winner in the race
of anode materials, it might not be the safest choice. Since the maximum capacity contribu-
tion potential of hard carbons occurs around 0-0.1 V [85], this electrochemical potential lies
close to sodium metal plating potential. This can risk sodium metal deposition and cause
serious safety threats. Hence, a better alternative would be to use different anodes whose
redox potential is higher than sodium plating potential. In SiBs, the redox potential of
titanium-based anodes (Ti** /Ti**) lies between 0.5 V to 1.0 V, and the voltage range of soft
carbon sodium storage typically ranges from 0.2 and 1.2 V [86]. The choice of these anode
materials avoids sodium plating, but the higher voltage range decreases the electrochemical
potential window of the overall battery. Hence, increased anode safety might come at the
expense of lower energy density. Therefore, the optimum trade-off between high energy
batteries and safer batteries must be well balanced to ensure security.

Some of the selected first-generation variants of sodium-ion batteries are presented in
Table 2. The more advanced systems refer to cathode materials for high energy batteries
focusing on sodiated layered oxides utilizing abundant transition metals like Fe and Mn.
Uniform surface coating on these materials could limit moisture sensitivity and transition
metal dissolution [87]. Dopants can be utilized to enhance structural stability and delay
oxygen evolution during thermal runaway [88]. Sustainable and abundant sourcing of
carbon precursors can be employed for synthesizing HC anode materials. The use of
highly compact HC particles would increase electrode density, resulting in decrease of
electrode volume. This would use less flammable electrolyte, lowering safety risks. The
first generation of sodium-ion batteries mostly use NaPF4 salt with organic carbonates,
while the upcoming variants could use advanced salts as NaFSI salt forming inorganic
SEI layer and less PFs5 gas generation [89,90]. An optimized set of additives to delay SEI
breakdown, CEI protection for high voltage layered oxide materials, and flame-retardant
additives can be used for advanced generation of sodium-ion batteries.

Table 1. Potential range and practical capacity of selected materials taken or deduced from mentioned
sources of information.

Materials Potential Range Prac(::‘czlhcga_ple;aty Sources
Cathode:
Li materials vs. Li/Li*

Doped LiCoO;, 3.0-45V 190 [91]
LiNiO, 3.0-43V 231 [92]
LiMnO, 3.043V 210 [93]

LiNio_33Mn0_33COO_3302 3.043V 164 [94]
LiMn,O4 3.8-43V 140 [95]
LiFePOy ~345V 150 [96]

Na materials vs. Na/Na*

Nag V53 (POy),F3 2.0-42V 120 [58]

NaFeO, ~33V 103 [97]
NayFeP>,O7 2.04.0V 90 [98]
Na3,32Fe2v11Ca0.23(PZO7)2 2240V 100 [99]
4 gztllt(ogaVOltéieS ) 147 (NaO.12COOZ),
Nag ¢9C00, ' 0.12-5% 2 116 (Nag 24C00y), [100]
41V (Na0,24C002), 49 (Na0,52C002)

35V (Na0'52CoOZ)
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Table 1. Cont.
. . Practical Capacity
Materials Potential Range (mAhg1) Sources
Nag 44MnO, 2.0-4.0V 108 [101]
NaNig 33Fep 33Mng 330, 2043V 165 [102]
Nao_g [CuO_22F60.30M1‘10.48]02 1.04.0V 100 [103]
Na[Ni0,6C00_2Mn0,2]02 2041V 153 [] 04]
NaxMnyFe(CN)s-nH,O 3.3-3.8V 67 [70]
Anode:
Li materials vs. Lit/Li
Graphite <04V 348 [105]
LigTisOqp ~15V 160 [106]
Na materials vs. Na/Na*
Hard carbon 0-15V 361 [107]
NayMnyMn(CN)g-nH,O 1.7-25V 68 [70]

The suitable choice of electrolyte, additives, and binders is equally as important as
the choice of electrode materials for making safe and operational SiBs. The electrolyte
and additives form a protective layer at both the cathode and the anode, designated as
the Cathode Electrolyte Interphase (CEI) and the Solid Electrolyte Interphase (SEI) respec-
tively [108]. Both these nanometric layers stabilize electrode—electrolyte interfaces [109,110].
Therefore, finding suitable electrolyte formulations is also crucial for developing high-
performance SiBs, in terms of capacity, cyclability, and safety. Eshetu et al. [90] compared
the SEI composition of sodiated hard carbons and lithiated graphite with X-ray photoelec-
tron spectroscopy and found that the sodiated SEI possessed more organic species than
lithiated graphite because of the lower Lewis acidity of Na* (higher solubility) of inorganic
sodium salts [111,112]. These results suggest that sodium cells have poorer SEI stability
upon cycling, which poses problems of capacity retention and perhaps also of safety if we
consider that the TR onset temperature corresponding to SEI degradation may be faster
for SiBs than for LiBs. On the other hand, sodium salts are more thermally stable than
lithium salts [113]; hence, lesser PF5 and HF might be formed upon thermal decomposition
of salt. This might delay or minimize the extent of TR when compared to LiBs; hence,
this hypothesis of faster SEI decomposition but lower Trax reached during TR still needs
confirmation from more global direct experimental comparisons of the two technologies.

When emerging technologies are changing constantly with research and development,
the supply chain course might change overtime and influence the market share, hence
investigating the safety of the latest technology must be carefully performed and reassessed
as far as needed. This review introduces current research on materials and proposes future
directions for sodium-ion batteries. On the other hand, despite developments in electrode
materials and other components, there remain several challenges, including cell design and
cell engineering in the application of sodium-ion cells; this paper will provide insights into
the scientific and practical issues in the development of SiBs from the safety perspective.

Table 2. Selected commercial (start-ups) level sodium-ion batteries.

Company

Active Materials Salient Features

Contemporary Amperex Technology
Co., Ltd. (CATL), Ningde, China

160 Wh/kg, charge in 15 min to 80% SOC at RT,
capacity retention > 90% at —20 °C, thermal
stability fulfills national safety requirement for
traction batteries [114].

Prussian white analogues | | HC
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Table 2. Cont.
Company Active Materials Salient Features
160 Wh/kg in 32 Ah pouch cells, cycle life
Layered oxide between 2300-3000 cycles at 78% DOD [115],
Faradion Limited, Sheffield, UK Materials possibility of zero volt discharge (negative
(NaaNi(l_X_y_Z)MnXngTiZOZ) | THC voltages) [116], no flame or ignition detected
during nail penetration tests [117].
140-155 Wh/kg, 4500 cycles at 83% DOD
HiNa Battery Technology Co., Ltd., Layered oxide (2C/2D), fulfills Chinese national standard
Liyang, China (NaCuy.y.,FeyMn,O,) | | Soft carbon GB/T31845-2015 [118], covering thermal,

mechanical, and electrical abuse [119,120].

Natron Energy, Santa Clara, CA, USA

Zero strain during charge/discharge from —20 to
50 °C, over 50,000 cycles (23 Wh/kg at cell level

PBA (Na,MnyFe(CN).nH,0) | IPBA and 10.3 Wh/kg at module level), no fire or

(NaxMnyMn(CN)s.nH,0) explosion detected during mechanical and
electrical mishandling [70,121,122].
100-120 Wh/kg, 10,000 cycles at 2C/5D, no
. Polyanionic material thermal runaway observed during overheating,
TIAMAT, Amiens, France (NazV,(POy),F3) I THC overcharging, nail penetration test, and short

circuits [123].

Novasis Energies, Vancouver,

WA, USA

100-130 Wh/kg, nail penetration in fully charged
cell causes temperature increase to 100 °C but no
PBA (NayMnFe(CN)g.nH,O) | IHC  ignition was detected. On overcharging, the cells
swell and temperature increases to 90 °C with no
serious safety concerns [124].

Altris AB, Uppsala, Sweden

160 Wh/kg, NaBOB salt-based electrolyte
patented by Altris which is supposedly
fire-resistant and complements PW cathode to
improve electrochemical performance and
safety [125,126].

Prussian white
analogues | |HC

A high-energy and high-power battery with targeted applications is desired but
one should also equally anticipate its associated thermal and chemical threat. While
considering SiB safety aspects, and given operational similarity between LiBs and SiBs,
one should remember that incidents have paved the commercialization of LiBs since its
infancy and that some myths regarding some safety aspects have had to be understood
towards better safety considerations in developing electrochemical energy storage systems.
Some misconceptions include that by the simple choice of adequate “safer” key materials
selection (LFP cathode for instance), the TR problem would be solved; however, the fact is
that the best choice will reduce the chance of TR but not eliminate it. Another myth is that
selecting non-flammable electrolytes would solve the combustibility and release of toxic
gases issues during TR; however, the definition of the non-flammability property is defined
conventionally by regulators, may change versus time, and varies regionally. It does not
replace field risk analysis considering strengths of potential ignition sources in terms of
intensity and duration. Ionic liquids earlier thought to be non-flammable electrolytes due
to their negligible vapor pressure have proven to be combustible as well [127].

From early scarce incidents reports of battery fires by the media, nowadays more
structured and application-focused incident databases have come up like EV FireSafe
platform or the EPRI Battery Electrical Energy Storage Systems (BESS) failure incident
database [128,129]. This brings a new insight on the importance of the issue of sharp
development of consumer market, as well as high power/energy demanding e-mobility
and energy storage applications. Indeed, these structured databases help to learn lessons
from past incidents in a scientifically sound manner [130]. Examples of some tragic incidents
of battery failure include an EV bus with LiFePO4 power batteries on fire in the charging
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station in 2015 in Shenzhen, China [131]; Renault-Samsung’s EV SM3.Z.E. catching fire
from the front bonnet in 2016 in South Korea [132]; a large explosion and fire in a lithium
battery warehouse in 2023 in Rouen, France [133]; and a fatal accident in South Korea in
2024 [134]. Indeed, fatal incidents involving LiBs have occurred throughout the full life
cycle of batteries (from manufacturing to recycling), and in all types of applications from
consumer market devices to large stationary applications. All these hazards correspond to
the LiB failure, so will the possibility of a new SiB technology be a boon? It is a million-
dollar question, with so far rather little to no answer in terms of consolidated evaluation,
chiefly when considering the anticipated sharp innovation in the field as reflected by the
increasing number of industrial promoters of variants of SiB technology. This was indeed a
clear justification of this review work, focusing above all on unraveling this question [135].
Establishing what one knows currently on the matter as well as what needs to be further
studied to accompany safe development of advanced versions of SiBs seems to be of the
utmost importance. The active material and its potential associated menace could be tested
at the component level, followed by cell level to module or pack design in due time for
their safe and sustainable developments, two aspects that are from July 2023 key reinforced
requirements in the EU since the publication of the new (EU) 2023 /1542 Regulation on
the matter [136]. This new EU Regulation [136] concerning the applications and repealing
the old battery EU directive of 2006 sets new rules towards a safer and more sustainable
battery value chain by considering the carbon footprint of battery manufacturing, ethical
sourcing of precursors, and facilitating recycling.

2. Lessons to Be Learnt from LiBs to Develop Thermally Resilient SEI Layer in SiBs

Operational batteries form a nanometric SEI layer on the anode surface typically
graphite for LiBs and hard carbons for SiBs. The formation of SEI layer is responsible for
the irreversible capacity loss due to electrochemical reduction of electrolyte components
during the primary cell cycles [137]. An ideal SEI is electronically insulating to prevent
further electrolyte decomposition, and ionically conductive to selectively allow transport
of Li* or Na* ions [138]. This layer must remain electrochemically stable and insoluble
over the cycling course [139]. The composition of the SEI formed depends on the material
surface chemistry and crystallography, the binder used, the composition of electrolytes
(solvents, salts, and additives) and the electrochemical procedure adopted (current density,
potentiostatic holds, temperature). The SEI formed in sodium-based electrolytes is reported
to be less efficient than lithium counterparts with respect to self-discharge, probably due
to the higher solubility of SEI components in sodium-based systems [112]. Na,CO3 and
NaF, which are often the major components of Na-derived SEI, are reported to be more
soluble in organic carbonate solvents than the corresponding Li,COj3 and LiF for Li-based
SEI [111]. However, with appropriate electrode and electrolyte engineering, this issue could
be tackled.

Additives are added to reinforce the SEI. The electrochemical stability window of
the electrolyte is defined by oxidation (reduction) potentials related to HOMO (LUMO)
levels of electrolyte and additives must lie within these levels [140]. Ideally, additives must
have their LUMO energy levels lower than those of electrolyte solvents to reduce before
and form an effective SEI layer [141], promoting the long cyclability of the cell. Out of
solvents, mostly cyclic carbonates are primarily responsible for SEI formation [142]. Zhang
et al. studied NazV,(POy4); (NVP) | | HC cells independently in EC and PC solvents and
found that the generation of ethene and propene gaseous hydrocarbons corresponding
to EC and PC reduction occurs around 2.6-3.1 V (ca. 0.8-0.3 V vs. Na’/Na*); more-
over, EC solvent reduces on HC around 0.5 V vs. Na’/Na* in half-cell [143]. Several
researches have reported the use of additives such as vinylene carbonate (VC), sodium
difluoro(oxalate)borate (NaODEFB) [142,144], and fluoroethylene carbonate (FEC) reducing
above 0.8 V vs. Na’/Na*, which mitigate the decomposition of the electrolyte at the hard
carbon electrode by forming an effective SEI layer as supported by DFT calculations. As
the onset triggering point during TR is due to decomposition of the SEI layer [145], the
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study of its thermal behavior is of great interest. These SEl-reinforcing reduction products
could be thermally more resistant to breakdown at much higher temperatures [18].

Samigullin et al. [146] performed comparative studies of thermal stabilities for Li-ion
and Na-ion electrode materials. The electrodes from a fully charged state were extracted
from lithium and sodium corresponding half-cells comprising 1 M LiPFg in EC/DMC 1:1
and 1 M NaPFg in EC/PC 1:1 electrolyte, respectively, washed with DMC solvent, and
dried under vacuum. These dried electrodes were placed in stainless steel crucibles for
differential scanning calorimetry (DSC) analysis. The DSC profile obtained in Figure 1a for
HC shows two broad peaks between around 150 and 300 °C. These peaks were assigned to
SEI decomposition and redox reaction between sodiated HC and poly(vinylidene difluoride)
(PVDF) binder.
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Figure 1. DSC profile curve of (a) Na-ion anode (hard carbon) and (b) Li-ion anode (graphite and
LTO) after sodiation/lithiation. Reprinted with permission from [146]. Copyright 2022, American
Chemical Society.

The authors said that the TR onset temperature of ~150 °C seems promising from
safety point of view; however, as electrodes are washed, the first peak cannot represent the
highly exothermic solvent reduction reactions consecutive to SEI decomposition, mostly
responsible for the TR triggering. The DSC profile obtained in Figure 1b for lithiated
graphite (LiCg) shows a sharp peak around 297 °C (Tonset at 220 °C) corresponding to the
redox reaction between LiCy and PVDF binder. The lithium-titanium spinel (LisTisO17)
displays an almost flat DSC curve up to 350 °C and a broad peak around 420 °C with
Tonset around 344 °C. This peak might correspond to the combustion of xerogel (solid
material formed after evaporative drying of wet gel) precursor and release of CO, and H,O
gases [147].

The more realistic SEI breakdown for lithiated graphite was studied by Forestier
et al. [18] who investigated its thermal behavior in presence of electrolyte. The exothermic
heat of reaction was released in the temperature range from 100 °C to 325 °C as shown
in Figure 2. The primary exothermic reaction between 100 and 250 °C was attributed to
SEI breakdown and solvent reduction. The SEI breakdown was demonstrated to follow
acid-base reactions [Equations (1)—(3)] between SEI components and PFs (LiPFg thermal
decomposition product) [18].

Li,COj3 + PF5 — 2LiF + POF3 + CO, @)
(CH20C02L1)2 + PF5 — 2LiF + C2H4F2 + 2POF3 + 2C02 (2)
ROC02L1 + PFS — LiF + RF + POF3 + C02 (RZCH3 or C2H5) (3)

It is interesting to compare the SEI breakdown in hard carbon for SiBs and if the
thermal decomposition differs from one another. Eshetu et al. [113] studied the rate of
exothermic heat release of carbonate mixture-based electrolyte with different Na salts, as
shown in Figure 3.
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Figure 2. DSC profile of graphite/electrolyte after one lithiation. Reprinted with permission from [18].
Copyright 2016, Elsevier.
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Figure 3. DSC profile of Nay—HC electrodes with solvent mixtures and salt used: (a) NaPFg,
(b) NaClOy, and (c) NaTFSI. Reproduced with permission from [113]. Copyright 2016, John Wiley
and Sons.

Irrespective of the salt used, the solvent mixture EC/PC showed the lowest heat
release, and therefore this mixture would be preferred for safer electrolyte formulation.
EC/PC has an improved thermal property due to the intrinsic high polarity of both solvents
where Na™ preferentially coordinates with both EC and PC [148]. For solvent mixtures,
EC/DEC or EC/DMC, Na* ions coordinate preferentially to EC and the linear carbonates
DEC or DMC diffuse through the porous SEI layer to react with the highly reducing
sodiated HC [113]. Even though the EC/PC solvent mixture appears to be a safe electrolyte,
it must be noted that both are cyclic carbonates with high dielectric constant and high
viscosity, hence for practical applications linear carbonates like DMC, DEC or EMC must
be added to improve ion transport and ionic conductivity.

Information from DSC analysis regarding exothermic onset temperature linked to
SEI breakdown, peak temperature, and overall heat generation enables researchers to
compare and select safer electrolytes. The SEI layer formed is the result of the innate
physico-chemical properties of the anode and the electrolyte used. Thus, by tuning the
electrolyte composition, one can expect to some extent to delay the thermal runaway onset
temperature. The similarity of the electrochemical processes between the two technologies
lead us to take the example of the most advanced Li-ion technology for faster choice
of electrolytes. However, in addition to the different nature of the anode material, the
potentially higher solubility of the Na-SEI compounds and higher thermal stability of
sodium salts compared to Li-counterparts make it challenging to predict the TR onset
temperature based on results obtained from LiBs technology. Further in-depth thermal
studies, combined with a detailed analysis of the composition of the SEI, are still required
for both technologies to be able to anticipate any desirable change in reactivity.
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Voltage (V) or potential (V vs Na/Na *)

3. Is Zero-Volt Storage Possible for SiBs and What Are the Added Safety Gains?

Sodium-ion batteries can use aluminum for the anode current collector instead of the
copper used in LiBs. This change has an impact on over-discharge phenomenon, which is
an electrical abuse that arises in cell module when there is a voltage imbalance between
series-connected cells [149]. During the discharge of a Li-ion cell, the graphite-based anode
potential vs. Li/Li" increases. As copper oxidizes at a potential greater than 3.5 V vs.
Li/Li*, it is recommended not to discharge Li-ion batteries to 0 V to avoid reaching this
copper dissolution potential [150]. Fltigel et al. [151] discharged a commercial 18650 Li-ion
cell, holding it at 0 V for 430 h, and observed that the current collector had visible holes
by Cu dissolution. On recharging, the dissolved copper can form copper dendrites, which
favors an internal short-circuit in the same way as lithium dendrite, inducing thermal
runaway. On the other hand, as the copper current collector of LiB anodes is at around 3 V
vs. Li°/Li* in a just-assembled cell, the latter must be charged quickly after to move away
from the oxidation potential of Cu, whereas SiBs can be stored appreciably after assembly
without cycling.

With different chemistries and use of aluminum current collector for SiBs, the collector
dissolution process does not occur in SiBs when discharged to 0 V. Rudola et al. [116]
performed an over-discharge on a 5.5 mAh nominal capacity Na-ion pouch cell with a
discharge rate of C/2; results are shown in Figure 4a.

C/2

L B B B L L
01 2 3 456

LINES N LN LAY BN NI R
7 8 9 10 11 12 13 14 15

Cell capacity (mAh)

- —- Full cell voltage
----- Cathode potential
—— Anode potential

(a) (b) O]

Figure 4. Effect of over-discharging Na-ion cells to negative voltages. (a) Cycling profile of three-
electrode Na-ion cell. Pictures of the cycled (b) anode and (c) cathode. From reference [116] under
CCBY 4.0.

To invigilate extreme worst conditions, the cell was discharged down to negative
voltage so that the anode potential arose to 5.2 V vs. Na/Na®, a high potential well beyond
the electrochemical stability window of organic electrolytes. The anode potential stayed
at this value upon continued discharge due to electrolyte decomposition. As shown in
Figure 4b,c, no visible decomposition products are observed on anode and cathode surfaces.
Another similar study performed by Rudola et al. [152] shows the cycling profile of a
Faradion Na-ion cell fully discharged down to 0 V and held at this potential for 24 h
(Figure 5a). The cycling stability of this cell cycled between 4.3 and 0 V and held at this low
voltage for 24 h after each cycle (Figure 5b) is not compromised. Considering the above,
the zero-volt storage possibility in SiBs might be a boon for safe transportation.
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Figure 5. (a) Cycling curve of Faradion Na-ion cell discharged down to 0 V and potentially held for
24 h. (b) Cycling stability when the cell is cycled between 4.3 and 0 V and held at this low voltage
for 24 h after each cycle. Reproduced with permission from [152]. Copyright 2021, Royal Society
of Chemistry.

The large demand for electronic devices requires them to be shipped worldwide either
by land, air and sea. LiBs are classified under United Nations (UN) category 9 as dangerous
goods because they are thermally and electrically unstable when exposed under certain
uncontrolled environmental conditions or mishandled during transportation [153]. Hence,
when transported, these batteries must follow the applicable regulations according to their
mode of transportation: The European agreement concerning the international carriage
of dangerous goods by road (ADR), the international carriage of dangerous goods by rail
(RID), the international civil aviation organization (ICAO) technical instructions for the
safe transport of dangerous goods by air, the international air transport association (IATA)
dangerous goods regulations, the international maritime dangerous goods code (IMDG
code) for sea transportation, and so on [154]. The higher the SOC during transport, the
greater the risk of explosion and thermal runaway. Therefore, during transportation, a
lower SOC is recommended; however, LiBs have serious complications when discharged
down to 0V, as discussed above. A fully charged battery represents the most thermally
unstable state. He et al. [155] studied the effect of SOC on the self-heating behavior of
LiCoO; | | graphite prismatic cells. The cells were heated in a mechanically ventilated
oven and the presence of flames was detected at SOC > 80%. Hence, transportation of
batteries must be strictly prohibited at such high SOC. Hence, to ensure safety and save
lives, the ICAO and the IATA have issued statements prohibiting the transport of Li-ion
cells and batteries at SOC exceeding 30% [156,157]. With the emerging sodium-ion powered
batteries, the ICAO has published a joint statement for vehicles powered by SiBs (UN 3558)
in addition to LiBs (UN 3556) and lithium metal batteries (UN 3557). Vehicles must have
the battery(ies) discharged as far as practicable, and where charge remains, the capacity
must not exceed 25% SOC [158] for safe transportation. UN numbers are assigned to each
dangerous goods and shipping names based on their hazard classification and composition.
LiBs and SiBs are classified into Class 9, and assigned as UN numbers 3090, 3091, 3480, 3481,
and 3536 and UN numbers 3551 or 3552, respectively [159]. These four-digit numerical
codes designate specific dangerous goods for transport, according to the type of hazard
class. It defines provisions for transport in terms of packaging instructions, potential
limited quantities per package, and special provisions for transport. Additionally a special
provision uniquely for SiBs assigned as UN 3292 allows the transportation of shorted or
discharged sodium-ion batteries after sufficient evidence that the electrical or mechanical
abuse during its transport do not bring about serious safety hazards [160]. As shown in
Figures 4 and 5, zero-volt storage might be a possibility for SiBs [116,152]. However with
discrepancies and arguments among researchers, Desai et al. [161] showed that zero-volt
storage of SiBs is heavily dependent on cathode cell chemistry and the electrolyte used, and
is not an innate property for all SiBs. Hence, more advanced studies must be performed to
unravel the true zero-volt storage possibility for SiBs.
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4. Comparative Thermal Studies of SiBs Versus LiBs
4.1. Component Level
4.1.1. Cathode Material

Layered intercalated oxide compounds are used as one of the cathode families for both
high-energy SiBs and LiBs. Zhao et al. [97] investigated the electrochemical and thermal
property of an O3-type layered material, x-NaFeO; for SiBs and compared it with LiCoO,
cathode material of LiBs. Nags3FeO; was formed at the end of the first charged cycle.
57Fe Mossbauer spectrometry confirmed the presence of Fe** super iron state on charging
making «-NaFeO, the first iron-based cathode active material based on Fe3* /Fe** redox
couple. Cobalt is acutely more toxic than iron hence the use of iron-based Na cathode
material is a favorable choice for safer material selection. Further, to check cathode material
thermal stability, the desodiated Nags53FeO;, and delithiated Lip5CoO, powders were
tested by DSC as shown in Figure 6.

6 1 I 1 I 1
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Figure 6. DSC curves of washed with DMC and dried (a) desodiated Nag 53FeO, cathode powder and
(b) delithiated Lip 5CoO, cathode powder after two cycles. Reproduced with permission from [97].
Copyright 2013, IOP Publishing.

Figure 6a showed an exothermic peak at 360 °C detected for Nag sgsFeO, desodiated
cathode because «-NaFeO, became thermally unstable due to the generation of Fe** ab-
normal valence state. Lip5C0O, powder in Figure 6b showed two exothermic peaks at
190 and 395 °C. Those peaks would correspond to the phase transitions from layered
rocksalt to spinel and/or rocksalt structures accompanied with oxygen release [37,162].
Thus, suspected similar reactions were supposed to take place for the two materials as
shown in Equations (4) and (5).

LigsCo0y 2 0.5 LiCoO, + % Co304 + % 0, )

NagssFeO, & 0.58 NaFeO, + 0.21 Fe,O5 + 0.105 O, )

Comparing NagsgFeO; and Lip5CoO, materials at charged state, the Na cathode
shows better thermal stability, no phase transition as for Li cathode, higher Tonset, and
lower heat generation. These findings prove that Fe-based Na-ion layered cathode is of
higher interest than Co-based Li-ion layered cathode in terms of cathode safety. Zhao
et al. [97] further studied the thermal behavior of these cathode materials in the presence of
electrolyte, as shown in Figure 7, by keeping constant the charged active material or the
electrolyte mass.
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Figure 7. DSC curves for fixed material quantity: (a) 1 mg of Nags53FeO, powder mixed with
electrolyte and (b) 1 mg Lip 5CoO, mixed with electrolyte. Fixed electrolyte quantities: (a) given
amount of Nag 55FeO, powder mixed with 1 uL of electrolyte and (b) given amount of Liy5CoO,
powder mixed with 1 uL of electrolyte. Reproduced with permission from [97]. Copyright 2013,
IOP Publishing.

As observed in Figure 7, the Na and Li layered oxides showed contrasting DSC
profiles. For the Na cathode (Figure 7a, fixed material quantity), on increasing electrolyte
quantity from 0.5 pL to 3 uL, the exothermic peak increases and slightly shifts to higher
temperature. This suggests that the heat generation is mainly due to the electrolyte thermal
decomposition. The mechanism of heat generation from Lip5CoO, with electrolyte has
been studied well. CozOy is formed when Lip 5CoO; oxygen evolution takes place as shown
in Equation (4). The following are the chain reactions generated from Co30,4 and EC solvent
as shown in [Equations (6)—(9)] which have been studied by MacNeil et al. by calorimetric
techniques (DSC, ARC) and XRD [163,164].

Co30,; “73C00 + % O, ®)

goz + (CH,),0C0, & 3C0, + 2H,0 @)
CoO %% Co + % O, ®)

2LiCo0, + CO, 2% Lir,COs + 2Co + g O, )

These series of reactions take place for Lip 5CoO; with electrolyte from temperature
range of 200 to 430 °C, hence their DSC curve (Figure 7b, fixed quantity) appears more
complicated than the Na-ion counterpart. Fe;O3; formed in Equation (5) from thermal
decomposition of the Na cathode might possess improved thermal stability as compared
to CozO4 to prevent the cascading chain of reactions. Hossain et al. [165] investigated the
thermal stability of Fe;O3 with carbonaceous spheres and TGA /DTA analysis confirmed
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that an exothermic peak at 462 °C was detected due to the decomposition of y-Fe;O3
to o-FepO3 [166]. The calcined hollow a-Fep,O3 exhibited no weight loss until 1000 °C,
validating the high thermal stability of the compound. This delayed thermal response of
Fe,O3 could attribute to the added safety gain.

Zhao et al. [97] studied alternative configuration with varying amounts of Lig 5CoO,
and Nag 53FeO, charged material with 1 pL of electrolyte, the results are shown in Figure 7
(fixed electrolyte quantity, a and b). As before, Nag 5sFeO, shows simpler DSC curves than
Lig 5C00O; cathode. The increase in the cathode content mildly increases heat generation but
retains peak shape and no major temperature shift is observed from both Li- and Na-based
cathode. The Na cathode gives off less heat generation in this orientation which is recom-
mendable from safety viewpoint and overabundant cathode had no drastic contribution to
heat increase.

Barpanda et al. [98] studied the polyanionic insertion cathode compound, Na;FeP,O7
pyrophosphate. The desodiated cathode composition after charging to a potential of 4 V vs.
Na/Na™ was 3-NaFeP,O7. The thermal stability of this charged phase was measured by TG-
DSC technique. An exothermic peak with onset temperature of 564 °C and heat generation
of 16 k] mol~! was obtained as shown in Figure 8. The TG curve showed no weight
change which inputs the high thermal stability of 3-NaFeP,O7. Temperature dependent
XRD analysis on the charged cathode revealed that at 560-580 °C an irreversible phase
transition from B-NaFeP,Oy (triclinic, P1) to x-NaFeP,O; (monoclinic, P21 /c) had taken
place. This complements the DSC result and answers the exothermic peak generation at
564 °C. The inherent high stability of pyrophosphate (P,O7)*~ units could be the reason for
high thermal stability. Liu et al. [99] also studied the stability of Nas 32Fe 11Cag23(P207)s,
which falls under pyrophosphate-based Na cathode and observed similar phase transition
from triclinic to monoclinic phase with enhanced thermal properties. Additionally, Ca-
doping in this study enhanced the material’s thermal stability, hence doping could be a
good strategy to enhance both capacity retention and structural stability. These researches
help promote safe cathode development for sodium-ion battery technology.
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Figure 8. Thermal analysis (TG—DSC) curves of the desodiated NaFeP,O; phase under Ar flow.
Reprinted with permission from [98]. Copyright 2013, American Chemical Society.

The structural changes of active material and thermal stability may depend on SOC or
sodiation/lithiation levels. Hwang et al. [100] performed constant charge experiments for
layered oxide P2-type Nag ¢9C0O; cathode material versus Na metal until the cut off volt-
ages reached 3.5, 4.1, and 4.3 V. These led to the formation of Nag5,C0O7, Nag24C00O;, and
Nay 12C00; charged states, respectively. The local changes in crystallographic, electronic
structures and morphology of charged P2-type Na,CoO; cathode with temperature ramp
was studied using real-time in situ TEM microscopy. The morphology change of NCO
materials was tracked by recording bright field images from room temperature to 400 °C.
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As shown in Figure 9, the NCO morphologies were more severely affected for charged
materials at higher SOC and exposed to higher temperatures, likely due to the complicated
series of phase transitions of layered oxide materials at these voltages.

R. T. 100 °C 200 °C 300 °C 400 °C

a
3.5V

Figure 9. Real-time bright-field images of NCO cathode surface charged to (a) 3.5V, (b) 41V,
and (c) 4.3 V during heating. Reprinted with permission from [100]. Copyright 2017, American
Chemical Society.

The crystal phases corresponding to each temperature were determined from selected
area electron diffraction (SEAD) patterns. The desodiated NaxCoO, cathode decomposed
to Co304 and CoO or metallic Co at very high temperatures. The Co304 phase was found
only at 400 °C for the sample charged to 3.5 V; on the contrary, the Co3O4 phase was found
even at 100 °C for those samples charged to 4.3 V. For the harshest condition of 4.3 V and
400 °C used in this study, significant morphology changes, as well as reduction of cobalt
oxide to a metallic state and loss of oxygen from the structure were observed. These are
serious threats to the battery system; one needs to go to high voltages (here 4.3 V) to access
the maximum capacity to store more energy, but reaching high voltages seems detrimental
from thermal runaway point of view. Hence, in the quest for finding SiBs with enhanced
electrochemical performances, it is crucial to find a balance between producing high-energy
or -power batteries and safety managements constraints.

The first commercial Prussian blue | | HC-based sodium-ion battery was exposed to
internal short-circuit, mechanical, electrical, and thermal abuse tests to verify its safety
limits [70]. These cells do not show thermal runaway behavior nor flame, or explosions
based on the standard UL 9540A (Fire safety hazards associated with propagating thermal
runaway within battery systems) test irrespective of the testing circumstances. However,
out of the three cathode families of SiBs, sodiated layered transition metal oxides, polyan-
ionic materials, and Prussian blue analogues, it is interesting to note the advantages and
safety differences that have been reported in Table 3. Layered oxides generally have the
highest energy density because they typically operate at higher voltages (>3.6-4.3 V vs.
Na/Na™) and possess higher specific capacities than other cathode families. However,
they are more prone to oxygen loss from their structure, and thus poor structural stability
with temperature increase. Polyanionic compounds have strong covalent bonding between
the transition metal and the polyanionic groups, which is typically stronger than the M-O
bonds in layered oxides [167]. Hence, polyanions feature the least thermal runaway behav-
ior. The possible toxic gases emission from sodium-ion batteries (irrespective of cathode
type) can include CO,, CO, CHy, CoHy, organic carbonates, H, and so on. However, under
extreme conditions, Prussian blue analogues can supply supplementary asphyxiants like
HCN and cyanogen gas [74,75].
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Table 3. General comparison of sodium-ion cell with different cathodes.

. Polyanionic Prussian Blue
Layered Oxides Materials Analogues

Energy density of cell @ @ ®

Structural stability of @ @ @
material

Toxic gases emission @ @ @
from cell

Thermal runaway @ @ @

density of cell

4.1.2. Electrolytes

Zhao et al. [168] studied the thermal stability of Na electrolytes and compared with Li
electrolytes with TG-DSC technique. The thermal stability of electrolytes is dominated by
the solvent used. NaClO4 and NaPFg salts were tested in both EC-DMC solvent mixture
and PC solvent with the corresponding synonym formulation for Li-electrolytes as shown
in Figure 10. The results show that the PC-based solvent generated larger heat of formation
than EC-DMC-based solvents; however, the average onset temperature for EC-DMC sol-
vents is about 25 °C lower than PC-based solvents. These studies also reveal that Na-salt
electrolytes generate around the same heat and increased onset temperature (ca. +20-50 °C)
than corresponding Li-salt electrolytes. This explains the better thermal stability of Na-salt
electrolytes, which provides improved safety in case of thermal runaway.
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Figure 10. DSC curves for different Na- and Li-salt electrolytes using (a) EC-DMC solvents, and
(b) PC solvent. Reproduced with permission from [168]. Copyright 2013, Elsevier.

Eshetu et al. [113] studied the thermal reactivity of Na-based salts by TG analysis
and showed that Na salts are much more thermally stable than corresponding Li salts.
As shown in Figure 11, the thermal stability of the Na salts decreases in the order of
NaClOy4 > NaTFSI > NaPFg > NaFTFSI > NaFSI. Even though NaClO4 outperforms other
salts, it is generally a strong oxidizing agent and explosively decomposes over 130 °C
in the dry state [169]. Hence, its use must be limited and exploring other alternatives
are recommended. A comparison between LiPFs and NaPFg salts indicates that their
decomposition starts around 125 and 325 °C, respectively; this is true for most of the
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equivalent Li and Na salts. Na salts are much more stable than the homologous Li salts,
explained by higher Madelung energy, a parameter linked to the electrostatic energy in
ionic crystals. Moreover, as obtained in Figure 11, LiPFg salt loses ~83% of its mass at 250 °C,
whereas NaPFg salt does not show observable change up to 300 °C. It is worth noting that
the thermal degradation of Li(Na)PF4 leads to the formation of the Lewis acid PF5, which
adversely reacts towards the basic salts of the SEI in batteries or water from environmental
air to yield HF. In addition to the gain in intrinsic safety, these results also indicate that
SiBs might perform better than LiBs in long-term capacity retention and storage at high
temperature, which could be one of the potential applications of the emerging SiBs.
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Figure 11. TGA profiles of Na salts: NaPFs, NaClO4, NaTFSI, NaFTFSI, and NaFSI, and the state-
of-the-art LiPFg salt in LiBs. Reproduced with permission from [113]. Copyright 2016, John Wiley
and Sons.

The fire hazards of carbonate electrolytes for sodium-ion and Li-ion batteries have
been compared with Fire Propagation Apparatus [170]. The thermal threat of classical
LiPFy and NaPFg-based electrolytes remains quite similar as the heat release rate profile
is dominated by the equivalent cyclic (EC) and linear (DMC) carbonate solvents used.
However, the fate of chemical threats (HF and POF; toxic gases released) favors sodium-
ion electrolytes safety, as shown in Table 4. These asphyxiant gases are emitted in lesser
quantities by sodium-ion electrolyte. This is because of the greater thermal and hydrolysis
stability of NaPF salt which induces slighter PF5 generation giving off lesser HF and POF3
production through reaction with water, mainly originating from the combustion of the
carbonates. The sodium salt prefers to stay in residue form after combustion unlike the
LiPF¢ which gives off more hazardous emissions. Moreover, the toxic gas emissions of
advanced sodium-ion carbonate electrolytes containing NaFSI salt (with additives) remains
inferior to classical Li-ion electrolytes.

Table 4. Chemical quantification of gases released from burning carbonate electrolytes for Li-ion and
Na-ion batteries. From reference [170] under CC BY 4.0.

Gases Emitted (mg/g of Electrolyte Burnt) HF POF;
EC/DMC (1:1 wt. ratio) LiPFg 1M 59.1+0.7 255+1.1
EC/DMC (1:1 wt. ratio) NaPFs 1 M 16.5+ 0.5 12+0.1

Careful selection of flame retarding additives also promotes overall cell safety. Feng
etal. [101] used an ethoxy(pentafluoro)cyclotriphosphazene (EFPN) additive and investi-
gated the flame-retarding efficiency with the base electrolyte, 1 M NaPF4 in EC:DEC solvent
mixture. The resilience to flaming combustion hazard of the electrolyte was studied by
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so-called self-extinguishing time (SET). Figure 12 shows the variation in SET and ionic
conductivity of the electrolyte with increasing EFPN content. The SET value dropped from
58 s to 0 s with no EFPN to 5 wt% of EFPN additive, hinting that the electrolyte transformed
from ‘flammable’ to ‘non-flammable” in these specific test conditions. The more global fire
hazard needs some more careful consideration however, since it will be assessed according
to potential activation energy sources, which in the domain of batteries may rank well
over ignition sources used to qualify flammability of liquid chemicals referring to the
flash point measurements for regulatory purposes [171]. The ionic conductivity of the
electrolyte decreased from 6.4 mS cm~! to 5.7 mS cm~! and then to 4.6 mS cm~! when
EFPN content increased from 0 to 5 wt% and then to 15 wt%. Thus, it is also important
to find an optimum between SET and conductivity. With 5% EFPN additive in the base
electrolyte, the electrochemical performance of Nag 44MnO; cathode and acetylene black
anode improved as well.
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Figure 12. Flammability and ionic conductivity of 1 M NaPFs/EC-DEC (1:1, v/v) at different
EFPN additive contents. Reproduced with permission from [101]. Copyright 2015, Royal Society
of Chemistry.

Yang et al. [172] studied the effect of 1.2 M sodium bis(trifluoromethanesulfonyl)
imide-trimethyl phosphate/bis(2,2,2-trifluoro ethyl) ether/vinylene carbonate electrolyte
(1.2 M NaTFSI-TMP/BTFE/VC) with electrode contact to analyze the flammability be-
havior. It was compared to the classical electrolyte 1 M NaPF; in EC/DEC, which is
flammable, as shown in Figure 13a, and possesses poor compatibility with electrodes due
to continual electrolyte decomposition and poorer passivation film protection of electrodes.
In comparison, 1.2 M NaTFSI-TMP/BTFE/VC shows improved resilience to flaming com-
bustion (Figure 13b) due to the dispersed concentrated salt-solvent clusters by fluorinated
BTFE ether. Hence, according to the fire test selected, it seemed to develop some fire-
retardant properties with the proposed electrolyte. However, this kind of fire testing is
not well recognized in the field of battery testing, and ‘non-flammability” claims (speaking
about non-intrinsic material property) may be misleading in terms of real ignitability and
combustibility. Next, pouch cells with sodium-vanadium phosphate | | HC and Prussian
blue | | HC were cycled with the fluorinated electrolyte and used to investigate the safety of
the whole system using the flame test by simultaneously powering a light bulb, as shown
in Figure 13c. The edge of the cell was cut and even though it was exposed to air, the bulb
kept on glowing. As the cells burnt, no smoke or fire was emitted in these test conditions.
The post-mortem results verified only the part that was in direct contact with flame was
damaged, while the other parts remained intact. This was attributed due to the improved
flame-retarding properties of the electrolyte. Thus, tuning electrolyte properties helps to
produce safer sodium-ion batteries, and such approaches must be promoted for advanced
formulations.
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Figure 13. Flammability tests for (a) 1 M NaPF¢-EC/DEC electrolyte and (b) 1.2 M NaTFSI-
TMP/BTFE/VC electrolyte. (c) Flammability tests on the pouch cells and the post-mortem dissection
of the burned cell. Reproduced with permission from [172]. Copyright 2021, John Wiley and Sons.

Different flame-retardant additives have been previously used on lithium-ion batteries
to promote overall battery safety. These additives work via different approaches: trapping
of highly reactive free radicals produced during combustion [173] by phosphate-based
radicals, formation of protective interfacial layer on the material’s surface inhibiting dif-
fusion of heat [174], or by improving the thermal stability of the electrolyte [175]. Some
of the additives are listed in Table 5. These families of additives must be promoted in the
blooming SiBs to promote overall cell security. Flame retardant polymer electrolytes for
sodium-ion battery applications have been proposed [176,177] and further research on
these grounds should be encouraged.

Table 5. Some flame-retardant additives for LiBs.

Cell
Chemistry

Base

Electrolyte Additive(s) Safety Improvement

LiNig §C00.205 | | Graphite 1 M LiPFg in 1:1 EC:DEC

Underwriters Laboratories (UL) test
standard 94 showed, with TPP additive,
decreased flame propagation rates. ARC

experiments on charged graphite
electrode and electrolyte with TPP or TBP
additives demonstrated lower
exothermic heat generation [178].

Triphenylphosphate (TPP)
and Tributylphosphate (TBP)

LiNiO.gCOOQOz I 1Li

Thermal stability of fully lithiated
graphite electrolyte with additive
decreased the overall heat of production.

1 M LiPFg in 1:1 Hexamethoxycyclotri- ARC results showed that the maximum
EC:DMC phosphazene ([NP(OCHj3),]3)  self-heating profile of electrolyte without
and with additives improved from
0.68 °C/min to 0.19 °C/min
respectively [179].

LiMn204:
Li(Niy /3C01/3Mny /3)O;
(8:2) | |Li4Ti5012

Safety tests were performed on 100%
SOC charged 18650 cells developed on
1M LiPFq in 1:2 3,3',5,5'-tetrabromobisphenol  in-house safety procedure. The cells with
EC:EMC with 2% VC A (TBBA) TBBA additives had flame-retardant
(self-extinguishing) ability even at 1 wt%
of TBBA content [180].
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4.2. Full Cell Level

The French National Institute for Industrial Environment and Risks (INERIS) per-
formed thermal runaway of 18650 type NVPF | | HC cells commercialized by TTAMAT [181].
These Na-ion cells were charged to full SOC and then thermal runaway was triggered with
homemade built system by overheating with four cartridge heaters (400 W each) integrated
into copper block with calibrated holes. Six identical cylindrical cells were tested indepen-
dently, and as the heaters were switched on, the TR was observed when the temperature
increased exponentially, as shown in Figure 14. The time between the six cells that went
into TR first (Temp 1) and in the end (Temp 4) was shorter than 15 s. The maximal average
recorded temperature was 286 °C, with the degassing process from white fumes lasting no
longer than 40 s. The gas analysis from these cells was simultaneously performed and the
EMC solvent due to its volatile nature from electrolyte source showed the most abundant
release during the same time of TR. The other released gases were PC, EC, H,, CO,, CO,
CHy, C;Hy, and HE HF accounted to only 4 vol % of the total release which demonstrated
limited toxicity originating from Na cells. Additionally, it showed no traces of POFj3 toxic
gas, which is a common toxic hazard during LiBs thermal runaway.
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Figure 14. Evolution of temperature of NVPF/HC cells on heating with cartridge heaters. Reprinted
with permission from [181]. Copyright 2022, American Chemical Society.

To compare these results with those of LiB technology reported in the literature,
the methods employed, and the protocol analysis of TR must be consistent for fair dif-
ferentiation. The comparable results for LiBs with non-flaming combustion were ob-
served for the safer low nickel content layered oxide LiNij x.yMnyCoyO, (NMC111 with
x =y =0.33)| | graphite and LiFePO, (LFP) | | graphite cell technologies when abused ther-
mally by internal heater or overcharged [182,183]. The LFP and NVPF phosphate-based
cathodes gave off mostly similar gases. However, PF; gas was additionally observed in LFP
cell abuse which was absent in NVPF chemistry. The NMC111 cells had some differences
in gas generation from NVPF chemistry. The organic carbonates were present in lesser
quantities in NMC111 cell, but this was balanced by increasing amounts of CO, and CO
gases. This difference was due to the readiness of oxygen release in NMC cathode than
NVPF and LFP chemistry.

The work performed by Yang et al. [184] for LiB cells who tested nickel-rich lay-
ered oxides LiNijx.yMnxCoyO; (NMC622 with x =y = 0.2, NMC811 with x =y = 0.1,
NMC9/0.5/0.5 with x = y = 0.05) and LFP with graphite counter electrode brings some
information for comparative purposes against NVPF-based SiB cells. Nickel-rich layered
oxides inherently possess more energy density and oxygen release from these structures
might induce increased safety concerns; however, NVPF can be compared to LFP technol-
ogy since both cathode materials have enhanced structural stability and common phosphate
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group. The experimental abuse test was performed in a sealed chamber equipped with
pressure sensor in an inert atmosphere. The heating plate and the battery were placed
side by side and TR was triggered by lateral heating. The temperature increased slowly
and reached the critical temperature after which the battery temperature rose rapidly. The
TR critical temperature obtained were 155 °C, 121 °C, 131 °C, and 145 °C for NMC622,
NMC811, NMC9/0.5/0.5, and LFP respectively. The more the delay in the critical tempera-
ture, the more enhanced the battery safety is. However, this critical temperature mostly
depends on the processes taking place at the negative electrode (SEI breakdown followed
by solvent reduction in contact with charged material), and thus is not impacted by the
positive electrode material. The corresponding maximum thermal runaway temperatures
reached were 559 °C, 803 °C, 842 °C, and 361 °C, respectively, as shown in Figure 15. The
lower the maximum temperature of the battery, the less harmful the overall battery state
is. Considering the maximal temperature that can be reached during TR, the LFP-based
chemistry can be considered safer than Ni-rich NMC-based materials. The maximum
temperature that can be reached for NMC-based materials increases due to higher energy
density of the cell and higher propensity to release oxygen. Bugryniec et al. [185] also
compared the LFP cells against LCO chemistry under convection by overheating in an
oven and found that LFP cells are more stable and show less severe thermal behavior than
LCO cells. For a NVPF | | HC-based cell, as shown in Figure 14, it seems that the critical
temperature failure also occurs around 125 °C, suggesting that processes on graphite and
HC have the same impact on TR triggering. However, the NVPF | | HC cell reaches lower
maximal temperature than the LFP | | graphite cell (286 °C versus 361 °C from [180,183])
which might highlight its increased safety. Following this, the more interesting point
of comparison would be the gases analysis during TR to compare the overall safety of
the technology.
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Figure 15. Battery sample surface temperature and voltage record changes. From reference [184]
under CC BY 4.0.

Xie et al. [102] prepared sodium-pouch cell with layered oxide NaNi; /3Fe; ;3Mny /30,
(NFM) cathode and HC anode and performed thermal runaway with Accelerating Rate
Calorimetry (ARC). It was ramped at 5 K min~! heating rate with heat-wait-seek protocol
from 50 °C to approximately 300 °C [186]. Three distinct exothermal stages (Figure 16)
were obtained; the first was at 166 °C, where SEI decomposition and the internal short-
circuit might have taken place, the second at 243 °C, where battery temperature increased
exponentially and reached 1 °C min~!. The final temperature T3 was observed at 312 °C,
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which was the peak maximal temperature. This temperature is significantly lower than that
reached from most lithium-layered oxide cathode materials/graphite cells, as for instance
around 800 °C for NMC111 or 803 °C for NMC811 cathodes, as discussed above [182,184].
These results serve as a proof of concept of the lower maximal temperature for a sodium-
layered cathode during TR as compared to lithium-ion counterparts [187,188]. The overall
general culmination behavior during thermal runaway is listed in Table 6.
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Figure 16. (a) Temperature vs. time, and (b) dT/dt vs. temperature plot of the charged NFM/HC cell
under thermal stability testing with ARC. Reprinted with permission from [102]. Copyright 2018,
American Chemical Society.

Table 6. Comparison between Li-ion and Na-ion Tonget and Tmax reached during thermal run-
away [102,181,184].

Li-Ion Na-Ion
Phosphate-based Tonset (°C) Tmax (°C) Tonset (°C) Tmax (°C)
materials LFP 145 361 NVPF 125 286
NMC622 155 559
Layered oxides NMC811 121 803 NFM 166 312
NMC9/0.5/0.5 131 842

As potential alternative to non-graphitizable and disordered hard carbon structures,
Li et al. [103] employed pyrolyzed anthracite (PA) anode obtained in the 1000-1400 °C
temperature range in SiBs. PA have an anisotropic structure which resembles that of
hard carbons between 1000 to 2000 °C with non-graphitizing carbons but can switch
to high degree of graphitization above 2000 °C [189]. Pouch cells of O3-type layered
oxide Nag 9[Cug 22 Feg30Mng 48]O; as cathode and PA as anode exhibiting energy density of
100 Wh kg ~! were fabricated. These pouch cells at 100% SOC were subjected to safety tests
like external short circuit, overcharge and nail penetration tests, as shown in Figure 17. No
smoke or fire were detected from these tests; however, the cells swelled at the end of the
overcharge test maybe because of high voltages reached outside the electrochemical stability
window of the electrolyte inducing its oxidation, leading to gas generation. However,
the temperature increase was not of high magnitude for all safety tests. With the nail
penetration test, the voltage returned to normal value once the nail was ejected from the
system. These experiments also demonstrate the superior safety of SiBs system in these
test conditions.

Hwang et al. [104] studied pouch cells composed of bare or Al;O3 coated O3-type
Na[Nig¢Cog2Mn>]O; layered oxide cathode and HC anode. The cells were tested in
the voltage range of 1.0 to 4.1 V. Al,Os3-coated electrodes not only showed better coulom-
bic efficiency but also showed an improvement in cycling performance. After charg-
ing, the cathode material was recovered from the current collector and DSC was per-
formed at the scan rate of 5 °C min~! to assess the thermal stability. The desodiated bare
Nay 34[Nig ¢Cop2Mng2]O, shows an exothermic peak at 289 °C with heat generation of
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753] g~ 1. These results were significantly improved with Al;O3 coated desodiated material
showing better thermal stability with a smaller exothermic peak occurring at 295 °C and
decreased heat generation of 625 ] g~! as shown in Figure 18. The improved thermal sta-
bility was explained by uniform Al,O3 coating which prevents the oxidized cathode from
being in direct contact with the electrolyte and delays oxygen release. These studies suggest
that coating the active material is a good strategy not only to improve electrochemical
performances but also overall cell safety.
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Figure 17. Voltage and temperature evolution process of (a) external short-circuit, (b) overcharge test,
(c) nail penetration test, and (d) photographs of pouch cells before and after safety tests. Reproduced
with permission from [103]. Copyright 2016, Elsevier.

However, the overall comparison of sodium-ion batteries to lithium-ion technology
is intriguing. Based on the preliminary results obtained as detailed above, in general,
sodium-ion batteries are more resilient to thermal runaway (lower Tmax reached) and
have less adverse thermal behavior and improved safety characteristics compared to
lithium-ion batteries. However, sodium-based transition metal oxide cathodes have less
structural stability (phase transitions) and higher moisture sensitivity than lithium-layered
oxides [190,191]. Specificity of selected cathode chemistries must be considered while
dealing with safety related issues. As shown in Table 3, typically, the extent of thermal
runaway increases in the order of layered oxides > Prussian blue analogues > polyanionic
materials. On the other hand, sodium salts are more thermally stable than lithium salts
and can withstand more thermal stress than lithium-based salts. However, while dealing
with thermal runaway, not only thermal threat but also chemical threat must be taken into
consideration. As a matter of fact, fatalities from fires in enclosures generally result more
and more from toxic smoke inhalation than from burns. Such fires involving batteries
might not be an exception.
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Figure 18. DSC data for uncoated and coated Na[Nij ;Cog,Mn;]O, cathode. Reproduced with
permission from [104]. Copyright 2017, Royal Society of Chemistry.

5. Role of the Separator in Battery Safety

The separator has a major contribution in battery safety preventing short circuits
and malfunction as it lies in the middle of cathode and anode to prevent physical contact
between the two electrodes [192-194]. It also facilitates sodium or lithium ions transport
while blocking electron flow, and there exists a tradeoff between mechanical robustness
for enhanced safety and ion transport properties [195]. The collapse of the separator by
melting, shrinking, or vaporizing under high temperature leads to thermal runaway [196].
During cell abuse, the mechanical collision might cause mismatch in separator alignment
leading to contact with electroactive species or during overcharge the metal dendrites might
penetrate the separator leading to short-circuit. Hence, the separator must have high heat
resistance for battery application at elevated temperature, good mechanical properties to
withstand resistance against unfortunate calamities, be inert in the electrochemical stability
range to suppress side reactions, and have high wettability compatibility with electrolytes
to ensure effective ion migration and decrease in internal resistance [197].

Zhou et al. [196] fabricated NMC532 and graphite Li-ion pouch cells with four differ-
ent separators: cellulose-based, trilayer PP/PE/PP, standard propylene, and homemade
modified graphene-polydopamine coated separator. The latter is made of a PP separator
soaked in polydopamine solution followed by slurry coating of carboxymethyl cellulose
and graphene nanoflakes. The electrochemical formation cycles were conducted to form a
uniform SEI layer, then the fully charged cells were subjected to ARC by employing the
heat-wait—seek method. The in-house made separator showed the most improved thermal
stability over the three commercial separators as evident from ARC experiment. This is
suspected due to the enhanced mechanical robustness and anti-shrinkage properties under
abusive conditions, such approaches using modified separators must be applied to SiB
or LiB technology to maximize safety. Zu et al. [198] developed polyolefin-based separa-
tors with reactive Mg(OH),@MgO coatings to tackle lithium metal dendrite formation on
lithium metal anode when cycled in liquid electrolyte. This protective coating interacts with
lithium metal to eliminate lithium protuberance and facilitate uniform metal deposition.
Such an approach can be extended to LiB and emerging SiB technologies to eliminate alkali
metal dendritic plating while cycling at high current rates or low temperature, and thus
ensure added safety.

Conventional polyolefin (polyethylene or polypropylene) separators have poor wet-
ting with SiB liquid electrolyte and low ionic conductivity in NaPFgs- and NaClOy4-based
sodium salts [199,200]. Ho et al. [199] introduced a poly(dopamine) modified PE separator
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by dip coating method; the dopamine incorporation in the PE separator increased the
hydrophilicity of PE separator and promoted ionic conductivity. As a result, the electro-
chemical performance in HC half cells was improved as compared to a bare PE separator.
Kim et al. [200] demonstrated that an SiO, thin layer coated with Chemical Vapor Depo-
sition (CVD) method onto a PE separator improved wettability with the electrolyte and
ion transport properties. Therefore, the development of innovative coatings on polyolefin
separators seems a great strategy to boost battery safety owing to the possibility of lowering
internal resistance through wettability enhancement and avoiding short-circuits through
elimination of alkali dendrite formation at the anode upon cycling and separator shrinkage
upon thermal event.

6. Conclusions and Perspectives

Battery researchers often deal with the development and further improvement of
high-energy or high-power cells with good cyclability. However, too often yet, the safety
of the battery is not part of the primary focus. As frequent battery failures with large
thermal runaways may cost hundreds of lives, battery safety must be accessed with equal
priority. In this regard, this paper discusses the current understanding of safety issues
pertaining to the emerging sodium-ion batteries. They possess advantages like reduced
cost of production due to high sodium abundance, a similar working principle, and the
possibility of using cheaper and lighter aluminum current collectors. The latter favors the
over-discharge phenomenon, promoting zero-volt storage and safer handling and shipping.
Even though LiBs and SiBs function with a similar charge-discharge phenomenon, the
same pre-established set of rules with analogous corresponding cathode or electrolyte
will not function prominently. It is a system that needs to be optimized differently to
maintain stable interfaces with electrolyte engineering. Indeed, the SEI in SiBs is generally
reported to be more vulnerable than in LiBs. Here, we talk about how the electrolyte
optimization aids to mitigate this issue and delay SEI breakdown at the origin of the
thermal runaway triggering. As with LiBs, identifying additives with a synergistic effect
that is truly exceptional remains a significant challenge. This paper also compares most of
the electrode materials commonly used in SiBs and LiBs. The studied desodiated layered
oxides showed better thermal stability. However, further layered oxide materials and proofs
of the exothermic thermal decomposition paths in presence or not of the electrolyte still
require in-depth investigations to generalize on the better thermal stability of this cathode
family. These studies can benefit from the latest cutting-edge operando technologies.
As example, real-time in situ TEM studies taught a lesson to find an optimum between
cycling to higher voltages to extract the maximum capacity and maintaining the cathode
structure upon heating, focusing on safety. However, some sodium-ion cells, NVPF | | HC
or O3-type layered oxide Nag o[Cug 22Fep 30Mng 48]0, | | pyrolyzed anthracite, showed no
flaming combustion during thermal abuse tests or when exposed to external short circuits,
overcharge tests, or nail penetration tests, respectively, encouraging companies like Tiamat,
CATL, Altris AB, or Faradion to turn the pages of proposed future SiBs from research papers
to the physical batteries of today. With great inventions come even greater responsibilities;
hence, one must access great depths into the safety of such latest technologies. As in
the case of Li-ion, Na-ion is not based on one unique chemistry, and therefore any new
variant of Na-ion needs to be reassessed and relating safety profile must be examined.
Furthermore, its threats should be benchmarked with potential alternatives before any
choice for a given application.
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