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ABSTRACT

Sodium-ion batteries (SIBs) are promising candidates for large-scale storage systems due to abundant Na resources, low costs, and
a similar cell configuration to lithium-ion batteries (LIBs). However, due to the distinct physico-chemical properties of Li* and Na*
cations, directly transferring concepts and established knowledge from LIBs to SIBs is unfeasible. Therefore, a new out-of-the-box
perspective is required in the design of electrode materials, electrolytes, interphases, and other components to account for the
unique characteristics of SIBs. This review clarifies the fundamental divergences between Li and Na from the viewpoint of their
cation chemistry, including differences in atomic and ionic radii, electronegativity, polarizability and charge density. Based on the
differences in cation chemistry, this review elaborates on their impacts on electrolyte bulk and interfacial properties, the design
and selection of electrode materials, electrolytes, and the formation of interphases/interfaces. It highlights that the design of SIB
components must be considered as independent systems with their own governing principles and design rules, rather than as direct
derivatives of Li. This work offers critical insights for optimizing SIBs performance and advancing non-lithium mono-/multivalent
cation batteries.

1 | Introduction lithium-ion batteries (LIBs, Figure 1a) [1]. However, escalat-

ing concerns over the limited abundance, escalating geopolit-
The massive demand for electric vehicles and the large-scale ical risk and rising cost of lithium (Li), reliance on critical
development and integration of renewable sustainable energies and geopolitically sensitive minerals such as nickel (Ni) and
require cost-effective, high-energy-density, safer, and eco-friendly ~ cobalt (Co), and sustainability challenges create an urgent need
energy storage devices. Currently, the market is dominated by to diversify contemporary battery chemistries [2, 3]. Sodium
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FIGURE 1 | Similarities and differences between Li- and Na-based rechargeable batteries. (a) General configuration and composition of LIBs,

including cathode, anode, electrolyte, and Solid Electrolyte Interphase (SEI)/cathode Electrolyte Interphase (CEI) layers. (b) Re-examination of SIBs

components, highlighting lessons learned from LIBs, and the need to rethink each element independently.

(Na)-based batteries have emerged as a promising complemen-
tary technology, leveraging abundant and low-cost materials,
such as iron (Fe) and manganese (Mn) in cathodes, aluminium
(Al) as negative electrode current collectors, and hard carbon
(HC) as anode material, offering a safer and more sustainable
path toward designing cheaper and environmentally benign
battery systems [4-7]. It has to be emphasized that Li- and
Na-based technologies are not rivals but serve distinct niche
applications. Li is ideal for powering heavy-duty electric vehicles
(EVs), as well as aerospace applications like drones, that demand
high energy density and lightweight. In contrast, Na is well suited
for light-duty vehicles, short-range mobility, grid and stationary
energy storage, and industrial energy storage applications.

Sodium-ion batteries (SIBs) have advanced rapidly in recent
years, in part because their energy storage mechanisms, cell com-
ponents, and manufacturing processes closely resemble those
of current LIBs [8-10]. R&D on Na-based batteries has grown
substantially, frequently exploring materials analogous to those
employed in Li-based batteries [7, 11-13]. However, the distinct
chemistries of Lit and Na* cations introduce both challenges
and opportunities in the design and selection of electrode mate-
rials, electrolytes, current collectors, and in the engineering of

interphases and interfaces, safety, and other system-level factors,
thereby requiring approaches that go beyond mere mimicry or
copy-pasting.

SIBs are conceptually akin to LIBs but rely on Na* rather than
Li* as mobile charge carrier cations. Thus, despite the valuable
insights and lessons can be gained from Li-based systems, their
direct translation to SIBs can remain unfeasible. Differences
in operating voltage, Shannon radius, charge density, Pauling
electronegativity, polarizing power, solvation energy, and other
physico-chemical properties fundamentally impact the design
and selection of electrode materials and reshape molecular-level
interactions within the electrolyte bulk, which in turn govern the
macroscopic electrolyte properties and the nature of the inter-
faces and interphases formed in the vicinity with the electrodes.
Yet, the R&D trajectory of SIBs has largely followed the Li-ion
tradition, often adopted fundamental principles wholesale and
left a critical gap in the design, formulation, and understanding
of electrodes, electrolytes, interphases, and safety appraisal in Na-
based systems [14, 15]. Hence, there is an urgent need to reassess
the design and understanding of electrodes, electrolytes, and
interphases in SIBs through a new lens to unlock breakthrough
advancements.
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This Perspective goes beyond merely summarizing existing liter-
ature, aiming instead at redefining the approaches for selecting
electrode active materials, designing electrolytes and interphases,
and be comprehensive at safety validation for Na-based batteries.
Traditional reviews often focus on incremental advances, but
simply adapting LIBs principle is insufficient to achieve break-
throughs in both the fundamental understanding and large-scale
deployment of SIBs. Building upon the preceding discussion, this
Perspective explains why Na-based systems demand a fundamen-
tally different conceptual and experimental framework, grounded
in the unique physicochemical characteristics of Na. Specifically,
this article (i) elucidates the key divergences between Li and
Na from the perspective of their cation chemistry, (ii) highlights
scientific blind spots that arise from reliance on Li* design
principles through comparative meta-analyses, and (iii) proposes
novel pathways to overcome these limitations by treating Na-
based batteries as independent systems governed by their own
principles, rather than as direct derivatives of Li (Figure 1b).
Ultimately, this Perspective aims to emphasize the uniqueness
of the Na* cation, highlight the chemical distinctions from Li-
based systems, and inspire innovative research that accelerates
the development of Na-based batteries as a robust and sustainable
complement to Li-based technologies, and advancing end-to-
end non-lithium mono- and multi-valent cation-based battery
technologies.

2 | Fundamental Properties of Li vs. Na Cations
and Their Implications

To understand the physico-chemical and electrochemical similar-
ities and distinctions between Na* and Li* cation chemistries,
several key thinking tools from a chemistry perspective can
be adopted, including atomic and ionic volumes, Pauling elec-
tronegativity and bond polarizability, solvation energy, and redox
potentials, etc. Below is a recap of how these thinking tools can
be applied to the design of electrode materials, electrolytes, and
interphases for Na-based systems, highlighting the limitations of
directly transposing approaches developed for Li-based batteries.

2.1 | Atomic and Ionic Radii of Li vs. Na

In battery systems, the atomic and ionic radii of Lit and Na*t
are critical for understanding their spatial distribution and
interactions not only within bulk electrolytes and electrode mate-
rials but also at the polarized electrode/electrolyte interfaces.
Fundamentally, atomic and ionic radii are intrinsically linked
to the electronic configurations of individual elements and their
chemical interactions with neighboring species, with the radius
offering precise insights into the local chemical environment of
the element under investigation.

With the establishment of modern chemistry, the radius of an
element is largely determined by the maximum charge density in
its outermost orbitals [16]. However, defining an atomic radius in
a physically rigorous way remains challenging, as it is a pragmatic
conceptual tool rather than an intrinsic property of an element
[17,18]. The atomic radii of Na and Li reported in many textbooks
are typically derived from their covalent radii in the condensed
state (i.e., solid metals). The use of theoretical approaches based

on quantum mechanics, however, enables relatively accurate
estimations of atomic radius in the gas phases [19].

In the early 1920s, Lawrence Bragg derived the atomic radius of
the sulfur atom by averaging the distances between two sulfur
atoms in pyrite (FeS,) crystals [20]. Subsequent crystallographic
studies extended this approach, establishing empirical atomic
radii for more than 40 elements, and accurately reproducing
the bond lengths in a variety of ionic and metallic compounds,
typically within a relatively high precision (0.06 A) [20, 21].
Around the same time, Hiittig [22] investigated the ratios of anion
to cation radii (i.e., ionic radius ratios) and their dependence on
coordination environment, later linking these ratios concept to
the packing efficiency of ionic crystals [23].

Intuitively, a clear distinction exists between atomic and ionic
radii, as the monovalent Na* and Li* cations correspond to ionic
species formed by removal of one electron from their respective
elemental states Equation (1):

M - M* + e~ (M = Na, Li) (1)

Tonic radii are experimentally determined from crystallographic
analyses of Na and Li metals and their ionic crystals, following
the approach originally proposed by Bragg [20]. It is important to
note that atoms in condensed matter cannot be treated perfectly
as spherical nor rigid. Both the coordination environment and
oxidation states have a significant impact on the radii of cations
(and anions), with smaller radii observed for ions in higher
oxidation states (i.e., stronger nuclear pull) or when coordinated
by electron-donating ligands (e.g., F~,-C=N, R;P =0, C=0)[19,
24]. For monovalent Nat and Li* cations, both the coordination
number (CN) and cation occupancy significantly influence the
ionic radii derived from crystallographic data. Table 1 provides a
comparison of Lit* and Na* radii, from various experimental and
computational approaches.

In the 1970s, Shannon [24] revisited the experimental radii of
a wide range of ions using crystallographic data and correlated
these radius values with the corresponding oxidation states and
coordination numbers. With a common CN of six, the ionic radii
of Nat and Li* are 102 and 76 pm, respectively [24]. These values
increase substantially when the coordinating ligands extend to
eight (e.g., 116 pm vs. 102 pm for Na*; 92 pm vs. 76 pm for Li*). This
clearly underscores the necessity of accounting for coordination
environments when comparing and utilizing ionic radius data in
battery research.

In addition to the ionic radii derived from crystallographic analy-
ses, the van der Waals (VDW) radii, which reflect interatomic and
intermolecular separation distances, provide valuable guidance
for designing and optimizing electrolyte and electrode materials
in Na- and Li-based batteries [29]. The simultaneous presence
of electrostatic and van der Waals interactions in electrolyte
solutions and electrode materials highlights the need for a reliable
determination of the VDW radii of metal cations. In recent
years, numerous theoretical approaches have been employed to
determine the VDW radii [16], and a relatively consistent set of
VDW radii for alkali metal cations has been reported in the recent
computational work of Smith et al. [29]. As shown in Table 1, the
VDW radii of both Na* and Li* cations are slightly larger than
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TABLE 1 | Atomic and ionic radii of lithium and sodium.
Radius / pm Li Na Refs.
Atom radius 152 186 [25]
Absolute atom radius 159 169 [26]
Shannon ionic radius 59 (IV) 99 (IV) [24]
76 (VI) 100 (V)
92 (VIII) 102 (V)
112 (VII)
116 (VIII)
124 (IX)
139 (XII)
Goldschmidt ionic radius 76 102 [27]
Pauling ionic radius 60 95 [28]
Wasastjerna ionic radius 68 101 [28]
VDW ionic radius 93 127 [29]
Absolute atom radius 19 32 [26]
Stokes solvated radius 480 (PC) 460 (PC) [30]
377 (MeOH) 332 (MeOH)
292 (DMF) 246 (DMF)
298 (ACN) 310 (ACN)
192 (sulfolane) 230 (sulfolane)
NMR solvated radius 337 (71) 244 (97) [31]

Stokes radius (in H,0): 238 pm

lonic radius: 76 pm
Atomic radius: 152 pm

van der Waals radius: 182 pm

Stokes radius (in PC): 480 pm

van der Waal radius: 227 pm

Stokes radius (in H,0): 184 pm

lonic radius: 102 pm

Atomic radius: 186 pm

Stokes radius (in PC): 460 pm

FIGURE 2 | Overview of Li* and Na* radii at different scales, including ionic, van der Waals, and Stokes radii.

the ionic radii (CN = 6) determined by Shannon, reflecting the
combined influence of electrostatic and VDW interactions.

In solution chemistry, the effective ionic radii of both Na*
and Li* cations increase due to solvation by solvent molecules
(Figure 2). The correlation between ion diffusion and the radius
of the solvated ion is described by the Stokes-Einstein equation
Equation (2) [32-35]:

ksT

"= 67nD &

where kg, T, n, and D denote the Boltzmann constant, tem-
perature, viscosity, and ion diffusivity, respectively. Stokes ionic
radii have been widely used to describe the solvation behavior
of Na- and Li-based electrolytes [2]. As given in Table 1, the
Stokes radius of Na* cation is slightly smaller than that of Li*
cation in certain solvents [i.e., 460 pm (Na*) vs. 480 pm (Li*)
in propylene carbonat (PC); 332 pm (Na‘*) vs. 377 pm (Li*) in
methanol (MeOH)], though Na* occupies more space in ionic
crystals. This behavior, however, is strongly related to the solvent
identity, with the trend sometimes reversing when moving from
protic to certain aprotic solvents (e.g., acetonitrile, sulfolane) [30].
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The coefficient 6 in Equation 2 arises from the assumption of a
perfect “stick” boundary condition, which assumes no relative
tangential motion between the fluid and the sphere. If free
tangential motion is allowed, this coefficient is reduced to 4.
Hayamizu and co-workers employed [31] pulsed-field gradient
nuclear magnetic resonance (PFG-NMR) to determine the Stokes
ionic radii of various alkali metal ions in aqueous (water) solution.
Based on their measurements, they proposed an intermediate
state with a coefficient value of 4.8 for calculating the Stokes
ionic radii, reflecting partial slip at the ion-water interface.
Interestingly, a similar concept of an effective coefficient was
introduced by Sounthland [36] in the early 1900s, predating the
widely known Stokes-Einstein relation. As shown in Table 1,
the Stokes ionic radii obtained from NMR are consistent with
those derived from conductivity measurements in protic solvents
[e.g., MeOH], and replacing Li with Na leads to a reduced
hydration degree around the metal cations (Figure 2) [37, 38].
Such differences in the hydration degree between Li* and Na*
cations can significantly influence the design of aqueous battery
electrolytes, affecting both the degree of hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER) [39, 40].
For the OER, the degree of hydration of ions could impact the
OH~/H,0, to protons and O-O the dynamics of coupled steps,
and it is reported that alkali metal cations (e.eg., Li*, Na*) will
change the its HER mechanism in the Pt electrode in alkaline
medium [41].

Precisely identifying the boundary condition in the Stokes-
Einstein expression is particularly important before directly
applying Stokes ionic radii to the design of electrolytes and
related battery materials [42]. For instance, large organic ions
(e.g., ionicliquids) and concentrated electrolytes may deviate sub-
stantially from a perfect “sticky” boundary condition, introducing
significant uncertainty in the determination of Stokes ionic radii.

2.2 | Electronegativity and Polarizability of Li vs.
Na

Building on the discussion and conceptual insights of atomic and
ionic radii, this section delves into examining the electronega-
tivity and polarizability of metal cations, with a focus on the
differences between Na- and Li-based systems. The electroneg-
ativity and polarizability of Li and Na are linked to their charge
densities and Hard-Soft Acid-Base (HSAB) behavior. Generally,
the small size of Li results in high charge density, higher
electronegativity, and low polarizability, making it a hard acid.
Na, being larger, has lower charge density and electronegativity
but higher polarizability, making it relatively softer. Thus, size
and charge density govern both their electron-attracting ability
and acid-base character of the cations.

Electronegativity provides a quantitative measure of an atom’s
ability to attract electrons within a molecule. Pauling electroneg-
ativity is defined as the ability of an atom in a molecule to attract
shared electrons toward itself [43, 44]. Extensive discussions of
electronegativity and its applications can be found in standard
chemistry textbooks and comprehensive reviews [45-47]. The
inclusion of electronegativity in this context serves two purposes:
1) it helps in understanding the bonding interactions between
atoms, provided a consistent electronegativity scale is used; and 2)

modern electronegativity scales, which extend beyond Pauling’s
original concept, have been developed in recent years and may
reform the design of nonaqueous electrolytes and advanced
battery materials.

On the Pauling electronegativity scale, Na exhibits a slightly lower
value than Li [i.e., 0.93 (Na) vs. 0.98 (Li), Table 2], a difference
that is commonly adopted to rationalize the slightly stronger bond
polarity of Li when paired with the same element. In contrast,
the electronegativity values of Li and Na become comparable
when using the scale proposed by Tandon et al. [48], while
Na appears more electropositive than Li within the framework
of the Allred-Rochow scale [49, 50] These discrepancies are
closely related to the underlying methodologies of the respective
electronegativity scales. In particular, the Pauling scale is derived
from thermodynamic data of single covalent bonds, whereas
alternative scales emphasize different physical descriptors, such
as effective nuclear charge or electrostatic interactions.

In addition to electronegativity and polarizability, the ease with
which the electron cloud of an ion can be distorted plays a
critical role in dictating the electrolyte behavior. Li* cations, being
smaller and more strongly attracted to electrons, exhibit lower
polarizability, whereas Na* ions are larger, less electronegative,
and more polarizable. These differences influence solvation
structures, ion transport, and interfacial reactions in battery elec-
trolytes, making a combined understanding of electronegativity
and polarizability essential for rational electrolyte design and
accompanying interfaces and interphases.

Polarizability is closely related to the change in electron density
under an applied electric field, and characterizes the deforma-
bility of valence electrons. In general, polarizability scales are
positively correlated with the size of an atom or ion [26]. Beyond
the contribution of the outermost orbitals, recent density func-
tional theory (DFT) studies suggest that the involvement of inner
orbitals is also essential for accurately describing the polarizabil-
ity of different atoms and ions [26]. In this context, Chen et al.
[51]. comparatively investigated the chemical bonding of various
sodium and lithium salts, and correlated the polarizability of Na*
and Li* cations with their solubility in ionic liquids. By examining
the distances between metal cation and anions, the authors
observed significantly longer metal cation-anion separations for
sodium salts compared to their lithium counterparts, sharing a
common anion (TFSI-, BF,” or PF¢"), for example, 2.27-2.44
A for Na salts vs. 1.86-1.98 A for Li salts (Figure 3a). Orbital
energy analyses revealed that the 2s? electron in sodium cations
are barely involved in bonding with the salt anions, whereas the
1s? electrons of lithium cations actively participate in stabilizing
the ion pairs, both in the gas phase and in solution (solvents).
By correlating orbital energies with salt solubility, it becomes
evident that the solubility of lithium salt increases with increasing
bonding covalency (i.e., decreasing orbital energy), with TFSI and
FSI-based salts exhibiting the highest solubility across various
ionic liquids (Figure 3b,c). It should be noted that ionic liquids
differ fundamentally from molecular solvents in terms of metal-
ion solvation because of their distinct coordinating abilities
per unit volume. Moreover, dissolution of metal salts in ionic
liquids does not necessarily imply complete dissociation of ion
pairs, which is typically required for efficient ion conduction in
most liquid electrolytes. These insights indicate that a combined
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TABLE 2 | Electronegativity of some alkali metals in different scales.?
Scaling method Li Na K Rb Cs
Allred and Rochow 0.97 1.01 0.91 0.89 0.86
Pauling 0.98 0.93 0.82 0.82 0.79
Tandon et al. 1.00 1.00 0.93 0.92 0.91
Lang and Smith 1.24 1.18 1.00 0.96 0.89
2The values are adapted from ref. [49].
(a) Distance between metal ion and anions (A)
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Society of Chemistry.

understanding of cation polarizability, orbital participation, and
solvation environment is critical for rationally designing bat-
tery electrolytes with optimized solubility and ionic transport
properties, while also tailoring the composition, structure, and
functionality of the interphases.

3 | Cation Chemistry-Guided Strategies for
Electrode Design and Material Selection

Building upon the fundamental physico-chemical differences
between Li* and Na* cations, this section examines the impact
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FIGURE 4 | Schematic diagram of the differences in the design principles of electrode systems for LIBs and SIBs.

of these differences on the design and selection of electrode
materials.

3.1 | Impact of Cation Chemistry on Cathode
Design and Selection

As discussed in the previous section, the chemistry and electro-
chemistry of electrode materials for SIBs differ significantly from
those of their Li* counterparts. Materials that are compatible and
perform well in Li-based systems may not be directly applicable to
Na-based systems (Figure 4). This section succinctly explores how
cation chemistry influences the design and selection of electrode
materials. Layered oxides with the general formula A,_ MO, (A
= Li or Na, M = transition metal) consists of MO, slabs formed by
edge-sharing MOg octahedra, with Li* or Na* cations occupying
the interlayer spaces. These layered oxides can be classified
as 02, 03, P2, or P3 types based on the stacking sequence
of oxygen (O) along the c-axis, where ‘O’ indicates octahedral
coordination of A* with oxygen, and P indicates coordination of
A* with oxygen in a prismatic symmetry. Fuji’s rule states that
the preferred oxygen stacking type depends on the ratio of the
A™ cation to the transition metal cation radius, in that smaller
A*/M ratios favor octahedral coordination (O-type), whereas
larger ratios stabilize prismatic coordination (P-type) [52-54].
This explains why Na*, being larger than Li*, commonly forms
P2-type layered structures, while Li* favors O3-type stacking.
Goldschmidt’s tolerance factor (Equation 3) further predicts the
geometric stability of the interlayer and framework structure,
accounting for cation size mismatches and lattice distortions,
which are particularly relevant for Na* insertion due to its larger
ionic radius. Additionally, Pauling’s rules regarding local charge
balance and cation-anion coordination provide guidance on how
A" ions distribute in the lattice and interact with the MO,
framework. These combined descriptors, cation radius ratios,
tolerance factors, and coordination preferences, allow prediction

of structural stability, layer spacing, and diffusion pathways in
layered oxides.

fo _Tatr 3)
\/Z(rB+ro)

where t, r,, 1y, and ry denote the tolerance factor, A* cation
radius, transition metal radius, and oxygen radius, respectively.

Goodenough et al. [55, 56]. report that stronger Co-O covalency in
the Na system raises antibonding orbital energies, while increased
Na*-Na* repulsion elongates Co-O bonds at high Na* content,
leading to lower voltages than in the Li system. Similarly, P2-type
Na,CoO, exhibits a lower voltage than O2-type LiCoO,, owing
to more covalent Co-O bonds, the weaker Lewis acidity of Na*,
and stronger Nat-Na* repulsion compared to the corresponding
Li* interactions. Moreover, depending on the A* ion, LiCoO,
displays smooth galvanostatic charge-discharge curves, whereas
Na,CoO, shows an adjacent phases profile, regardless of its
initial crystal structure (Figure 4). These typical cases highlight
that the electrode’s crystal structure determines how it interacts
with different A* (Li* or Na') ions, meaning that a material
suitable for Li* may not perform well with Na*, and vice
versa.

The chemistry of the intercalating cation also critically shapes
the behavior of polyanion-type cathodes. Smaller cations like
Lit fit easily into the rigid XO,-based frameworks, enabling
high voltages and fast diffusion, while larger cations such as
Na* require more open lattices, which can reduce voltage, slow
ion transport, and induce lattice strain. Optimizing the cation—
polyanion match is therefore essential for achieving high energy
density, good rate capability, and long-term structural stability
[57].
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3.2 | Impact of Cation Chemistry on Anode Design
and Selection

From the perspective of the negative (anode) electrode, both
LIBs and SIBs depend on carbonaceous materials for charge
storage. However, the disparity in ionic radii between Li* and
Nat critically influences which types of carbon structures are
most suitable for efficient ion accommodation and reversible elec-
trochemical performance. Graphite is the standard material for
LIBs, largely because its layered structure enables reversible Li*
intercalation with minimal structural strain [58, 59]. Graphene
sheets in graphite are stacked via weak van der Waals forces
with an interlayer spacing of ~3.35 A, which is well-matched
to the small size and strong interaction of Li* ions, allowing
formation of stable graphite intercalation compounds such as
LiC, with high reversible capacity of ~372 mAh g~ and excellent
cycle life. In contrast, conventional graphite does not serve as
a suitable standard anode for SIBs under normal conditions.
The larger Na* ions do not readily form stable binary graphite
intercalation compounds because the graphite interlayer spacing
is insufficient to accommodate Na* and the thermodynamics
of Na-C bonding is unfavorable [5, 6]. First-principles studies
show that the formation energy of Na-graphite intercalation
compounds (NaC,: NaCy, NaCy) is positive (thermodynamically
unstable), in contrast to the favorable formation of Li-graphite
compounds; this makes Na* insertion into graphite energetically
unfavorable. In that case, the enthalpy penalty outweighs any
entropy gain, resulting in AG > 0 (AH > TAS = AG > 0). For
SIBs, hard carbon is the standard anode material because it can
accommodate the larger Na* cations, which cannot intercalate
efficiently into the tightly packed graphene layers. Hard carbon
(HC) is a non-graphitizable, amorphous carbon consisting of
disordered graphene sheets with irregular stacking, nanopores,
and defects [60, 61]. The interlayer distances expand from ca. 3.3
A to ca. 4.0 A by replacing graphitic carbon with HC, resulting in
weaker overlapping of the 7-electrons among adjacent graphene
layers [62]. During the electrochemical sodiation processes,
the weak orbital hybridization with the reconstructed electron
environment within in the disordered graphene layers provide
electrostatic attraction to storage Na* ions. And the presence
of hydrogen, heteroatoms, defective sites, and nanopores can
increase the electron density of the local region, thus endowing
HC materials with higher storage capability toward Na* ions
[63-66]. Hence, the intercalations of Na* ions between slightly
expanded graphene layers are generally accompanied by their
adsorption at defect sites as well as nanopores filling processes,
which jointly afford reversible capacities typically in the range of
250-350 mAh g~'. Consequently, the disordered and porous struc-
tures empower the HC and related materials unique advantages
as negative electrodes specifically for sodium batteries, rather
than analogous lithium systems.

In general, the difference in ionic radii, charge density (ionic
potential), and other physico-chemical between the two cations
strongly influences the charge storage mechanisms. While
lithium storage in graphite is dominated by intercalation, sodium
storage in hard carbon involves not only limited intercalation but
also significant contributions from adsorption at defect sites and
pore filling, which play a decisive role in the overall capacity
of hard carbon-based SIBs [67, 68]. From an electrochemical
activity perspective, graphite in Li-based systems exhibits a well-

defined voltage plateau at 0.1-0.2 V vs. Li/Li*. In contrast, hard
carbon in Na-based systems displays a combination of a sloping
region and a low-voltage plateau (0.1-0.3 V vs. Na/Na™), reflecting
its more complex storage mechanisms [67, 68]. In the case of
SIBs, the low-voltage plateau is primarily attributed to partial
intercalation (C, + yNa*+ ye~ < Na,C,) for the formation of
sodium-graphite intercalation compounds (Na-GICs), whereas
the sloping voltage region arises from Na* storage via nanopore
filling and/or adsorption at defect sites (Cyefectpore + Na* + €~ <
Na-Cyysorbed)-

As noted above, it is well established that graphite exhibits
negligible reversible Na* intercalation in conventional carbon-
ate electrolytes (e.g., EC/DMC) at room temperature due to
thermodynamic constraints. This limitation has motivated the
widespread use of hard carbon and other non-graphitic carbons as
anode materials in SIBs. In contrast, linear ethers, such as mono-
glyme, diglyme, and tetraglyme, enable the formation of Na*-
solvent complexes (e.g., Nat-glyme) which enhance reversible
capacity via a solvent co-intercalation mechanism, leading to the
formation of so-called ‘ternary graphite intercalation compounds’
(tGICs) [69]. This process dynamically increases the interlayer
spacing of graphite and stabilizes the inserted species. However,
significant capacity loss is still observed during the initial cycles
of graphite anodes in SIBs. This loss is generally attributed to irre-
versible electrolyte decomposition and the formation of SEI layers
on the graphite surface. Despite these observations, the nature
and local chemistry, thickness, and formation mechanism of this
SEI layer remain poorly understood and continue to be a subject
of debate. It has been reported using atomic force microscopy
(AFM) that the Young’s modulus of the surface of pristine
graphite flakes (1.99 GPa) decreased significantly to 435.86 MPa
after cycling, indicating the formation of a mechanically soft SEI
layer on the graphite surface [70]. The local chemical composition
of the SEI varies with the sodium salts and solvents used, and in
ether-based electrolytes, it is typically thin (< 10 nm), comprising
rigid inorganic components (NaF and Na,CO,) alongside flexible
organic species (sodium alkoxides). In contrast, Goktas et al. [71]
provided a fundamentally different perspective on SEI chemistry
in graphite anodes for SIBs, suggesting that the byproducts of
electrolyte decomposition are predominantly soluble or volatile,
rather than forming a conventional solid SEI layer. This SEI-free
perspective was further supported by Zhang et al., who reported
that no SEI was observed on graphite flakes based on in situ AFM
analysis [72]. These controversies underscore the urgent need for
further in-depth investigation to elucidate both the existence and
characteristics of SEI layers on graphite during co-intercalation
reactions, thereby filling existing knowledge gaps and advancing
understanding.

Alloy-type-based anodes represent another class of anode mate-
rials under exploration, where Li or Na is stored by forming inter-
metallic compounds, though their practical feasibility depends on
both thermodynamics and kinetics. Li, being small and highly
reactive, forms stable alloys with many metals and non-metals
such as Si, Sn, Ge, and Al, because the Gibbs free energy of alloy
formation is strongly negative (thermodynamically favorable)
and Li diffuses quickly in host lattices (kinetically fast) [73].
Na, being larger and less reactive, can only alloy with heavier
metals/metalloids like Sn, Sb, P, and Bi, as these structures can
accommodate its size and provide negative Gibbs free energy.
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Pure Si and Al, promising anode materials for LIBs, are not
feasible for Na under normal conditions because their crystal
lattices cannot accommodate the larger Na* ions, and the alloy
formation is thermodynamically unfavorable (AG > 0) [74].
However, by alloying with elements such as Sb, forming amor-
phous Sb-rich alloys or multilayer films, the thermodynamics
and kinetics can be improved through structural reconstruction
and the synergistic sodium storage effect, making Si an effective
component of the anode in SIBs [75]. Kinetically, Na also diffuses
more slowly, and its alloys undergo larger volume expansion,
making cycling stability more challenging. In short, Li alloys
are versatile due to favorable thermodynamics and fast kinetics,
while Na alloys are limited to hosts that can structurally and
energetically accommodate its larger size.

Regarding current collectors, copper (Cu) and aluminum (Al)
are the most widely used materials for the anode and cathode,
respectively, in LIBs. Cu is unsuitable as a cathode current
collector because it undergoes oxidation at voltages above 3.38 V
vs. Li/Li* [76, 77]. Conversely, Al cannot be used as an anode
current collector for Li-based system, as it undergoes alloying
with lithium at ca. 0.3 V vs. Li/Li* (Al + xLi < Li,Al), which
is higher than that of the intercalation of Li* into graphite [78-
80]. Unlike Li, Na does not electrochemically alloy with Al at
room temperature (RT, 25°C) [81]. This allows the utilization of
more cost-effective, light weight, cheaper, and abundant Al as the
current collector to replace Cu at the anode side in SIBs. Such a
substitution not only lowers the cost of SIBs but also enhances
safety, as SIBs can be shipped fully discharged at 0 V, reducing
transportation and storage risks [82].

In summary, the choice of cation, Li* or Na*, critically affects
the design and selection of both anode and cathode materials as
well as current collectors. Despite belonging to the same group
in the periodic table, their distinct properties lead to differences
in voltage profiles, structural compatibility, and current collector
requirements. These differences highlight that cation-specific
interactions must guide electrode material design for optimal
battery performance.

4 | Cation Chemistry-Directed Electrolyte Design
and Formulation

This sub-section examines how cation chemistry fundamentally
affects both the bulk and interfacial properties of electrolytes,
highlighting why SIBs often require electrolyte optimization
distinct from Li-based systems. At the outset, it must be clear that
when a salt dissolves in a solvent, it forms a dynamic mixture with
competing interactions between the various species, including
cation-anion pairs, cation-solvent, anion-solvent, and solvent—
solvent interactions, and free ions and solvent molecules. These
molecular-level interactions, involving ionic bonds Equation (4),
ion-dipole interactions Equation (5), hydrogen bonding, and
dipole-dipole interactions Equation (6), are strongly influenced
by the nature of the cations and their relative reactivity with the
different components of the electrolyte (Figure 5) [83, 84].

1 z;z,€?

u,., . _ ——
fon—ion= " g o r2

“4)

where U,y .ions & 215 Z» € and r respectively correspond to the
interactions between ions, the number of charges of two ions, the
elementary charge, the dielectric constant of the solvent medium,
and the distance between two ionic centers:

1 z,ucos@
4re r2

Uion—dipole: - (5)
where Uijon.gipoles %> M, and O respectively correspond to the
interactions between ions and polar molecules, the number of
charges of the ion, the dipole moment of the polar molecules, and
the Angle between the ion and the line connecting the positive
and negative poles of the dipole:

1 2
(47‘[8)2 3kgTro

6

Udipole—dipole: -

where Ugipole-dipotes H1> H2» kg and T respectively correspond
to the interactions between the polar molecules, the dipole
moments of two polar molecules, the Boltzmann constant, and
the thermodynamic temperature.

Such microscopic properties and interactions, in turn, signifi-
cantly impact the electrolyte’s macroscopic properties, including
electrochemical stability, solvation dynamics, ion transport, and
the formation and quality of interfaces and interphases, as well as
safety. Collectively, these effects govern key performance metrics
of the battery cell, including redox efficiency, rate capability,
energy density, long-term cyclability, and safety.

4.1 | Solvation Parameters and Implications

In recent years, significant experimental and computational
efforts have been devoted to gain atomic- and molecular- scale
insight into the Na- and Li-based electrolytes [85, 86], and several
solvent parameters have been suggested to accurately describe
their solvation processes. Among these, the dielectric constant
(¢) of a solvent, which quantifies its ability to separate charges,
is a fundamental parameter in electrolyte design and dictating
of the subsequent interfaces and interphases [84]. Organic cyclic
carbonate solvents [e.g., ethylene carbonate (EC), and propylene
carbonate (PC)] with high dielectric constant (> 65 at RT) are
generally co-utilized with low ¢ organic linear carbonates such
as dimethyl carbonate (DMC, ¢ ~ 3), diethyl carbonate (DEC, ¢
~ 2.8) and ethyl-methyl carbonate (EMC, ¢ ~ 2.9) for formulating
Na' and Li* conducting electrolytes [87]. High dielectric constant
carbonates are particularly important for sodium electrolytes due
to the generally lower solubility of sodium salts compared to
lithium salts when paired with common salt anions (Figure 3,
solubility in ionic liquids).

Another critical parameter is the electron-donating ability of
the solvent, quantitatively characterized by the Gutmann donor
number (DN, donicity, kcal mol™). This was originally deter-
mined by Gutmann et al. [88, 89] in the early 1960s, based on the
enthalpy changes (AH) when a donating solvent (D) complexes
with antimony (V) chloride (SbCls, Equation 7). The donor
number, in synergy with the dielectric constant, can significantly
accelerate the initial structural optimization of aprotic solvents.
Solvents such as ethers, esters, amides, and others containing
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FIGURE 5 | Dissolution and dissociation of a metal (Li or Na) salt in dipolar aprotic solvent.

strong electron-donating groups are of particular interest for
sodium electrolytes. Although the Gutmann donor number is a
property of the solvent, the effective interaction of the solvent
with the cation differs: Li*, being smaller and more charge-
dense, interacts more strongly with carbonate solvents than Na*,
resulting in a higher effective donor number for Li* and a
correspondingly tighter solvation shell compared to the weaker
solvation of Na*.

Dyy1ven: (dissolved) + SbCl; (dissolved) = D - SbCl; (dissolved)

DN = —AHpjgpci; ™

Of note, the selective interactions between solvent and metal salts
are crucial for understanding the distinctions in the electrolyte
chemistry of Na vs. Li. From the perspective of organic chemistry,
ion pairing and its impact on the reactivity of metal alkoxides
have been extensively investigated in the past decades [90].
The metal alkoxides exist in alcohol solution in many forms
(Figure 6), enlisting solvent-separated ion pair (SSIP), solvent-
shared ion pairs (SIP), and contact ion pairs (CIPs), as extensively
reviewed by Msayib et al. [90] Most importantly, the formation
and predominance of CIP, SIP, and SSIP are governed by the
cation’s size, charge density, and solvent dielectric constant.
In that, small, highly charged cations (e.g., Li*) favor CIPs in
the solvents of low dielectric constant, large cations (K*) favor
solvent-separated ion pairs, and intermediate cations like sodium
typically form SSIP or SIP at low concentrations, requiring higher
concentrations or low-dielectric solvents to significantly populate

CIPs. Such patterns in turn affect electrolyte bulk conductivity,
viscosity, interfacial stability, and ultimately battery performance.

Figure 7a compares the association constant (K,) of alkoxide
solutions consisting of alkali metal cations [90], and source
data are available from the seminal work by Barthel et al. [91].
Longer alkyl chain length significantly increases the K, values
for both Na- and Li-based systems, suggesting the decisive impact
of dielectric properties of the parent alcohols. The correlation
between K, values and cationic identity is not obvious, in which
the reversed tendency occurs for Na vs. K when shifting from
ethanol to propanol. Such a type of mismatch is also noticed by
analyzing the degree of associations of these solutions (Figure 7b)
[90]. 1t is thus critical to independently evaluate sodium, lithium,
and potassium solutions by simultaneously diagnosing these
cations with the employed solvents.

Host-guest chemistry provides a powerful framework for tuning
solvent-salt interactions and ion-pairing equilibria in Na- and Li-
based electrolytes. Alkali metal cation complexed with various
molecular host materials have been extensively investigated
in the past years [92-96], yielding thermodynamic parame-
ters that are directly relevant to electrolyte design. Danil de
Namor et al. [92]. reported the complexation thermodynamics
of alkali metal cations with 5,11,17,23-tetra-tert-butyl [25,26,27,28-
tetrakis(2-pyridylmethyl) oxy] calix(4)arene (Figure 7c), showing
consistently higher values for Li-based complexes than for Na
analogues as evidenced by larger log K values across apro-
tic solvents (Figure 7d). Such strong Li* coordination effec-
tively competes with anion binding, shifting the ion-pairing
equilibrium from contact and solvent-shared ion pairs toward
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FIGURE 7 | (ab) Association constant (K,) (a) and apparent degree of association (b) of alkali-metal cations in various alcohol solutions [90]. (c)
Chemical structure of 5,11,17,23-tetra-tert-butyl [25,26,27,28-tetrakis(2-pyridylmethyl)oxy]calix(4)arene and its interaction with alkali-metal cations in
ClO,4~ anion. (d) Stability constants (LogK) of different alkali-metal cations in acetonitrile and benzonitrile at RT [92].

solvent-separated ion pairs or free ions. Thus, compound la and Gibbs free energies of Li* and Na® complexes serve as
exhibits strong lithium selectivity (Figure 7c), however, this can quantitative descriptors for regulating CIP/SIP/SSIP populations,
be reversed by rational host-structure modification, as reviewed thereby controlling the bulk transport properties, interfacial
by Danil de Namor et al. [95]. Consequently, stability constants chemistry, and ultimately battery performance.
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4.2 | Cation-Dependent Solvation Structures in
Electrolytes

Aforesaid distinct parameters determine the solvation structures
of Lit and Na* in nonaqueous electrolytes. Due to its smaller
ionic radius and higher charge density, Li* typically forms a
more compact and strongly bound solvation shell compared to
Na* [97]. This results in higher de-solvation energies, which
can influence interfacial charge-transfer kinetics. In contrast,
Na*, with its larger ionic size, tends to exhibit more flexible
coordination environments and weaker interactions with sol-
vent molecules, leading to distinct ion transport behavior [98].
Furthermore, variations in ion pairing (e.g., contact ion pairs
vs. solvent-separated ion pairs) between Li* and Na* systems
can significantly impact ionic conductivity and electrochemical
stability. Differences in the chemistries of Li* and Na* cations
also determine the composition and proportion of coordinated
solvent molecules, influencing ionic mobility, ion pairing, and
cation transference [99, 100]. For instance, the EC/EMC ratio
in the Li* solvation sheath is reported to be higher than in
Na-based systems, reflecting the larger size and weaker cation-
solvent interactions of Na* ion, which diminish geometric effects.
This difference significantly affects SEI layer composition and
structure, interfacial kinetics, and safety-related risks under
thermal or fire conditions, ultimately dictating overall battery
performance [101-105]. Taken together, these considerations
highlight the critical role of solvation structures in the design
of high-performance LIBs and SIBs, as well as in understanding
their transport and electrochemical behavior, given the distinct
physicochemical properties of Li* and Na* cations.

4.3 | Cation Chemistry-Driven Electrolyte
Stability

The chemical stability of carbonate components of the inter-
phase directly influences its thickness, uniformity, and insulating
properties, which in turn determine how effectively it suppresses
electron diffusion through localized states and sustains long-term
cyclability (Figure 8). This thermal stability could be attributed
to the solubility of metastable SEI/CEI species and/or their
reactions with traces of water, moisture, and alcohol impurities.
Song et al. [98]. investigated the temperature-induced chemical
stability of 0.5 M APF; (A = Li or Na) in EC-EMC (3:7, v/v)
electrolytes stored at temperatures mimicking SEI decomposition
conditions (i.e., 80°C). The results indicate that, although both
electrolytes undergo decomposition reactions, the decomposition
of the PF,~ anion is suppressed when Li* is replaced with Na*
cation. Because of its larger size and lower charge density, the
Na*---PF,~ ion pair is more associated in EC-EMC media, which
hinders the attack of protonic impurities toward the PF,~ anions
(Equation 1 in Figure 8). The impact of protonation on the
thermodynamic stability of F~-Lewis acid adducts (e.g., BF,~
and PF;™) has been described in detail in previous articles [106,
107]. This difference in the degree of decomposition can, in
turn, affect the extent of acid-base reactions between Lewis acids
(e.g., PF;, HF) and Lewis bases, such as SEI components like
carbonates and alkoxides. The highly acidic products generated
from the decomposition of PF,~ anions, such as PF;, HF, and
POF;, could corrode SEI/CEI components and reduce their
mechanical stability. Thermal stability of the SEI/CEI layer is

crucial as it determines the onset temperature of thermal runaway
of batteries and plays a critical role in ensuring safety, longevity,
and reliable performance of batteries, especially under high
temperature or aggressive operating conditions. This thermal
stability is predominantly dependent on the nature of the SEI/CEI
building compounds, and the nature and chemical stability of the
employed electrolyte salt.

4.4 | Impact of Cation-Specific Electrolyte
Chemistry on Current Collector Corrosion Behavior

While the anion largely governs aluminum (Al) foil stability in
nonaqueous electrolytes, the cation also plays a notable role by
affecting corrosion kinetics. Compared to Li-based electrolytes,
Na-based electrolytes generally delay the onset of Al dissolution
and produce smoother (Figure 9a-c), cleaner foil surfaces under
similar conditions [e.g., 8.0 h (NaClO,) vs. 0.7 h for (LiClO,)
at 30 pA cm™2, Figure 9b] at a polarization of 4.2 V [98]. This
indicates that Na* slows the rate of corrosion without altering
the thermodynamic possibility of Al oxidation, highlighting the
influence of cation identity on the interfacial electrochemical
behavior and kinetic stability of Al at high potentials.

4.5 | Role of Cation Chemistry in
Low-Temperature Electrolyte Behavior

Cation chemistry strongly influences the low-temperature perfor-
mance of battery electrolytes. Li* cations, being small with high
charge density, are strongly solvated in organic carbonate elec-
trolytes, which increases viscosity and reduces ionic conductivity
at low temperatures. Additionally, their bulky solvation shell
leads to slow diffusivity and a lower cation transference number
(Tt = 0.2-0.4), limiting the fraction of electric currents carried
by Li* ions. The solvated sheath at lower temperatures becomes
more stable and less prone to de-solvation, which further impedes
the migration of Li* ions. A lower cation selectivity causes higher
overpotentials and sluggish electrode kinetics, accounting for
premature cell failure in lithium systems [108-111]. In contrast,
Na* cations, being larger and weaker solvated [112], retain higher
mobility in similar solvents, which can relatively preserve low-
temperature ionic conductivity and transference number (Ty,*
= 0.4-0.5) [113]. For example, formulating high-concentration
electrolytes can inhibit the movement of anions by altering the
solvation structure of Na*, thereby increasing the selectivity of
cation transport [114]. Thus, the choice of cation affects not
only the electrolyte’s physical properties but also overall battery
efficiency in low-temperature environments, with Na* generally
offering better ionic transport under subzero conditions, while
Li* suffers more from solvation-induced sluggishness [8, 115].

5 | Cation Chemistry-Informed
Interface/Interphase Design

Interphases and interfaces play a central role in governing battery
performance, with their characteristics being highly dependent
on the cation involved and the overall chemical environment
[116-118]. In electrochemical systems, the concepts of inter-
phases and interfaces are distinct, each with a unique role.
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An ‘interFACE’ is a two-dimensional (thickness < 1 nm) region at
the electrode’s solid surface where ionic double layers form dur-
ing polarization and where the immediate layer of counter-ions
from the electrolyte resides. It also refers to the boundary between
electrode-electrolyte interphase (EEI) components, such as
between Li,CO,;/Na,CO; and LiF/NaF. In contrast, an ‘inter-
PHASE’ is a three-dimensional (3D), multi-mosaic layer that
occupies defined volume and exhibits ion diffusivity, microscopic
structure, and chemical composition distinctly different from

those of the polarized electrode, electrolyte, and/or the electrode-
electrolyte interface [2, 116]. The 3D interphases in the vicinity of
the electrodes and electrolytes govern the Coulombic efficiency,
long-term cyclability, rate capability, safety, and cost factor of the
battery cell. The 2D interfaces between electrode active materials
and electrolytes, on the other hand, are the only dedicated
sites for charge and mass transfer to occur. The quality of the
interphase, and consequently the performance of the battery,
heavily relies on its chemical composition, and this impacts ionic
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conductivity, electronic insulation, mechanical stability, chemical
and electrochemical stability, uniformity (homogeneity), and
overall structure-composition-function properties.

In both Li- and Na-based cases, the SEI layer is considered to
have a mosaic nanocomposite structure composed of an organic
[CH,0CO,Li/Na, ROCO,Li/Na (R = CH;, C,H;), ROLi/Na, etc.,
where R depends on the solvent] outer layer and inner inorganic
[Li(Na),CO;, Li (Na)F, Li(Na),0, Li(Na),S, and Li (Na);N, etc.]
components (Figure 10a). However, the SEI formed on Na-based
materials is generally more porous and mechanically less stable
than that on Li-based materials (Figure 10b,c). These differences
can significantly influence the various desirable properties of the
interphases, as summarized below.

In both Li- and Na-based battery systems, the SEI has been far
more extensively studied than the cathode—electrolyte interphase
(CEI), primarily because the SEI critically governs anode stability,
electrochemical performance, and overall battery safety. Conse-
quently, research has focused heavily on its formation pathways,
role in suppressing dendritic growth and its impact on elec-
trochemical performance. The CEI, in contrast, has historically
received less attention, as its impact on immediate safety is less
pronounced. It is generally thinner, more heterogeneous, and
composed of oxidation products such as organic carbonates, phos-
phates, and cathode-derived species. Notably, CEI characteristics

differ between Li- and Na-based systems. In Li-based batteries,
the CEI is relatively more stable, dense, poorly soluble, and
compact due to stronger interaction between Li* and electrolyte
decomposition products, whereas in Na-based batteries, the CEI
tends to be less dense, more porous, more dynamic, thicker
and less uniform and often partially soluble [120]. This results
in slower Na*' transport, lower electrochemical stability, and
greater susceptibility to dissolution or reformation during cycling.
These differences arise primarily from the larger ionic radius and
weaker binding of Na*, making the CEI less protective than in
Li-based batteries.

5.1 | Mechanical Stability of the EEI Layer in Li
vs. Na Systems

The mechanical stability of the Electrode-Electrolyte Interphase
(EEI) in general and the SEI layer in particular are critical
for curtailing battery capacity fade, as rupture of the SEI layer
triggers continuous consumption of inventory metal ions (e.g.,
Li*, Na‘), leading to electrolyte depletion and increased cell
resistance during the creation of newly formed SEI layers [121,
122]. Thus, the SEI must be mechanically robust, but without
losing flexibility to withstand large volumetric changes, during
long-term cycling or calendar aging, and this heavily depends
on its composition, structure, and elasticity. Na-based SEI is
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generally less compact, more soluble, and mechanically weaker
than Li-based SEI. According to the Hard-Soft Acid—Base (HSAB)
principle, the weaker interaction of the “softer” Na* with hard
anions (like CO;%>~, F7) in the SEI makes Na-based SEI more
prone to dissolution than that of Li-based SEI. Since SEI is a
heterogeneous mosaic structure composed of organic, and inor-
ganic, with crystalline or possibly amorphous phases, its effective
elastic modulus, which matters for accommodating volume
changes, tends to be dominated by the softer organic/amorphous
parts rather than the stiff crystalline inclusions [123-125]. This
is because the SEI should endow a balance between rigidity
(to resist deformation, dendrite intrusion) and flexibility (to
accommodate volume changes during charging/discharging). All
these imply that the interphases in Na-based batteries are less
mechanically stable than their Li-based counterparts and are
linked to the nature of the cation-induced structure-properties.
The Pilling-Bedworth (P-B) [126] ratio indicates how well a
surface layer covers the underlying metal, with values around 1-
2 defining the effective range for dense, mechanically stable SEI
layers. In LIBs, inorganic and organic SEI components naturally
combine to give an effective P-B ratio near 1-2, resulting in
a compact, self-passivating SEI that limits electrolyte decom-
position and enables high Coulombic efficiency. Na, however,
forms SEI components with P-B ratios often too low or too high,
producing a fragile, porous layer prone to cracking and regrowth,
which reduces cycle life. Fluorinated electrolytes (e.g., FEC)
preferentially form dense, fluoride-rich layers like NaF, effectively
raising the SEI's P-B ratio toward 1-2 effective range, stabilizing
the otherwise weak Na SEI, suppressing decomposition, and
improving battery performance [8, 127, 128]. In contrast, fluorina-
tion has a smaller effect on Li batteries because their SEI is already
robust.

5.2 | Ion Transport Behavior of the EEI Layer in Li
vs. Na Systems

Ion transport through the electrode-electrolyte interphase
(SEI/CEI layer) is an indispensable and necessary parameter
as it directly dictates the cell’s redox efficiency, lifespan, rate
capability, and safety. The SEI/CEI, which acts as a selective
gateway for ionic movement between the electrode and the
electrolyte, regulates the distribution of cations (Li* or Na‘)
within the electrode matrix [128-130]. Ion transport through
the SEI/CEI layer is critically determined by the SEI/CEI
composition and their spatial arrangements, thickness, and
crystallography of its constituent components [131, 132].

Bulk crystalline SEI components, such as Li,CO;, LiF, Na,CO;,
and NaF, often show low ionic conductivity [133-135]; for
instance, LiF is essentially ionically insulating (~10~* S/cm in
pure bulk) [136]. When several inorganic constituents act in
concert, their synergistic effects are expected to significantly
boost ion diffusion along interfacial grain boundaries relative to
diffusion in an individual bulk phase [137]. In general, effective
ionic conduction in actual multi-component SEI/CEI often arises
at grain boundaries, phase interfaces, and their topological
distribution, defects, or amorphous/disordered regions, rather
than through ideal bulk crystals. Ion transport in inorganic solids
differs significantly from that in organic layers and can occur
via interstitial diffusion, knock-off and vacancy mechanisms,

ion exchange, concerted migration, paddle-wheel motion, and
grain-boundary transport.

It has been reported that Li* predominantly migrates through
solid or liquid hosts via a knock-off or direct hopping diffusion
mechanism. In this mechanism, a Li* ion moves by directly
displacing another Li* ion from its site, effectively “knocking”
it off and taking its position (Figure 11) [131, 138]. This type of
migration tends to be relatively fast due to the small ionic size
and high mobility of Li*. In contrast, Na* generally relies more on
vacancy-assisted diffusion or, in some cases, also via the knock-
off mechanism [11, 139]. In vacancy diffusion, Na* ions move by
hopping into nearby vacant lattice sites within the SEI (i.e., pre-
existing or dynamically formed vacancies) rather than displacing
another ion (Figure 11). This mechanism is often slower compared
to direct hopping because it depends on the presence and distribu-
tion of vacancies within the lattice or electrolyte. The occasional
knock-off mechanism for Na* is less dominant due to its larger
ionic radius and lower mobility. Overall, the distinct diffusion
pathways and kinetic behaviors observed for Li* and Na* arise
directly from their intrinsic physicochemical differences, most
notably their Stokes radii, charge densities, and related ion-lattice
interaction strengths.

Another important distinction between Li-based SEI/CEI and
Na-based SEI/CEI may lie in their relative effectiveness at sup-
pressing electron tunneling [140]. The heterogeneous, organic-
rich, and more soluble nature of the Na-based SEI leads to a
loose structure with increased effective tunneling distance and
reduced dielectric barrier, thus enhancing electronic leakage and
self-discharge [140]. In contrast, the smaller ionic radius of Li*
(76 pm vs. 102 pm for Na*) enables tight packing of inorganic-rich
SEI components (e.g., Li,CO;, LiF), forming a dense and uniform
layer. This not only shortens the effective electron tunneling path
but also improves the dielectric barrier property, synergistically
reducing the electron tunneling probability compared to the
Na-based SEI.

5.3 | Bi-Directional Anode/SEI- Cathode/CEI
Cross-Talks and Their Impacts

Subtle interactions between electrodes and interphases most
often play a critical role in accelerating battery failure. This
bidirectional crosstalk, encompassing both cathode-to-anode and
anode-to-cathode effects, significantly influences cycle life, safety,
degree of cross anode-cathode and vice-versa contamination,
and other key performance metrics [141]. In the cathode-to-
anode interaction, dissolved transition-metal ions (e.g., Mn**,
Ni**) migrate to the anode, where they deposit as metallic or
oxide nanoparticles on/into the SEI layer. These conductive
particles form electron transport channels across the insulating
and porous SEI [142, 143], enabling electron leakage from the
anode to the SEl-electrolyte interface and kinetically further
accelerating electrolyte reductive decomposition, thereby thick-
ening the SEI layer [144]. The anode-to-cathode crosstalk, on the
other hand, involves the diffusion of soluble SEI components
(e.g., alkyl carbonates, sodium/lithium alkoxides) from the anode
to the cathode, resulting in the formation of a resistive CEI
layer that hinders cathode redox reactions. In addition, self-
amplifying loops involving the shuttling of gaseous products such
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as CO, and C,H, between the electrodes can trigger combustion-
like reactions, promote oxygen release from the cathode, and
accelerate thermal runaway [145]. Due to its huge impact on
battery aging, this bidirectional interaction is receiving intensive
attention in Li-based batteries, but the analogue of Na has only
seen sparse study. The key question is whether, or not, the cation
chemistry affects the extent of electrode cross-talk and its severity
in accelerating battery performance decay. Li- and Na-based
batteries differ significantly in how electrode interphase cross-
talk affects performance. In LIBs, the SEI is sufficiently stable,
and the CEI is partially protective, which limits the migration
of decomposition products and dissolved transition metals (Ni,
Mn, Co) from the cathode to the anode. This results in moderate
dendrite formation, slow capacity fade, and controlled impedance
growth. In SIBs, the SEI and CEI are thicker, less stable, and more
soluble, allowing greater anode-to-cathode and cathode-to-anode
cross-talk [146, 147]. Transition metal dissolution occurs similarly
in Na systems, often involving Fe and Mn, but lower-voltage
cathodes may reduce dissolution rates; however, the unstable SEI
can compensate, allowing metal migration to the anode. These
factors collectively accelerate electrolyte decomposition, inter-
facial degradation, dendrite growth, and capacity fade, making
Na* systems more sensitive to cross-talk and cycling instability
compared to LIBs.

6 | Cation Chemistry-Specific Impact on Key
Electrochemical Performance Metrics

6.1 | Coulombic Efficiency of Li vs. Na Battery
Systems

For practical applications such as electric vehicles (EVs), renew-
able energy storage, and consumer electronics, both the initial
Coulombic efficiency (ICE) and the overall Coulombic efficiency
(CE) are critical metrics for evaluating battery performance. In
full cells, ICE is widely regarded as an early predictor of long-
term cycling stability, capacity retention over extended use, and
the practically achievable energy density [148]. Cells with low
ICE irreversibly lose a significant fraction of active lithium or
sodium during the first (or initial few) cycles, primarily due to
side reactions such as SEI formation and irreversible ion trapping.
This loss reduces the available inventory of active ions, leading

to accelerated capacity fade and ultimately limiting the practical
performance and lifespan of the battery. LIBs generally exhibit
high ICE (ca. 90%-96% for graphite anodes) due to efficient
lithium intercalation and relatively stable SEI formation [149]. In
contrast, SIBs typically show lower ICE (ca. 70%-90% for hard
carbon anodes, depending on material design), because the larger
Na* ions more easily become trapped in the porous structure
of hard carbon and form less stable SEI layers. This initial
loss of Nat in full cells reduces the effective sodium inventory,
decreasing the energy density and accelerating capacity decay
over repeated cycles. Recent research demonstrates that while
advanced hard carbon anodes can achieve an ICE approaching
95% in laboratory conditions [150], typical practical SIBs still lag
behind LIBs in ICE, which reduces the reversible capacity after
formation. In summary, ICE is a crucial determinant of full-cell
performance for both chemistries. LIBs benefit from higher ICE,
giving them superior long-term stability, whereas SIBs require
careful material and electrolyte engineering to compensate for
lower ICE and the resulting irreversible Na losses.

6.2 | Rate Capability of Li vs. Na Battery Systems

Another important parameter is the rate capability (power per-
formance) of a battery, which is governed by multiple factors,
including electrode wetting, bulk electrolyte transport, interfacial
and interphase kinetics, de-solvation energy, and solid-state ion
transport within the electrode matrix. These factors are, in turn,
strongly influenced by the nature of the cation; for instance, Li*
and Na* differ in ionic radius, solvation energy, and mobility,
which directly impact charge-transfer kinetics, diffusion rates,
and overall cell rate performance. For instance, while Na* often
has a lower de-solvation energy due to weaker cation-solvent
interactions, facilitating faster interfacial charge transfer, Li*
exhibits faster solid-state diffusion within electrode materials
because of its smaller ionic radius. The overall rate capability is
governed by the competitive interplay of ion diffusion at the inter-
face, across the interphase, and within the bulk of active electrode
materials, as well as electronic transport in the electrodes and ion
transport in both the bulk electrolyte and electrolyte-filled pores
[151]. The rate-determining step is dictated by the predominance
of one of these processes, which in turn depends on the nature of
the cation. Thus, high-rate performance relies on the concurrent
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optimization of electrode particle size, electrolyte composition
and concentration, interphase conductivity, electrode thickness,
mass loading, surface and bulk engineering, and other material
and structural parameters.

7 | Nature of Dendrites in Li and Na Battery
Systems

Li and Na exhibit distinctly different dendrite formation behav-
iors due to their intrinsic differences in ionic size, mobility, and
interfacial chemistry. Li dendrites are typically sharp, needle-
like, filamentous, or tree-like structures, resulting from uneven
deposition conditions, low surface diffusion, small Li* ion radius,
and high mobility. These dendrites are highly reactive, easily
penetrate separators, and pose severe safety risks, including short
circuits and thermal runaway. In contrast, Na dendrites tend
to be more mossy, porous, heterogeneous, and blunt, owing to
the larger ionic size, higher surface mobility of Na, and slower
diffusion kinetics, which promotes relatively uniform deposition.
Another key distinction lies in interfacial behavior, in which Li
forms a comparatively stable SEI, but its mechanical fragility
leads to crack-induced dendrite growth. Na, however, forms a
less stable SEI, resulting in continuous side reactions and less
controlled deposition, though often with reduced sharp dendrite
formation. Mechanically, Na’s softer nature allows it to deform
more easily, further contributing to less rigid dendritic structures
compared to Li. Overall, Li dendrites are sharper and more
hazardous, while Na dendrites are less aggressive in shape but
more unstable over long-term cycling [152-154].

8 | Distinct Formation Processes in Li- and
Na-Based Batteries

The formation process of rechargeable batteries involves sequen-
tial steps, including electrolyte wetting, controlled initial cycling,
SEI/CEI formation, and aging, that critically determine elec-
trochemical activation and long-term performance. Proper elec-
trolyte wetting ensures complete pore infiltration and intimate
electrode-electrolyte contact. Insufficient wetting can hinder ion
transport and cause uneven current distribution during forma-
tion. During low-rate formation cycling, SEI forms via electrolyte
reduction at the anode, while CEI develops through electrolyte
oxidation at the cathode. Subsequent aging or conditioning at
controlled temperature and potential stabilizes these interphases,
lowers leakage currents, and improves capacity consistency.

Cation chemistry strongly influences the formation process. Li",
with a small radius, high charge density, and high reduction
potential, forms a dense, inorganic-rich SEI rapidly, enabling
relatively stable interphase formation within standard formation
times. In contrast, Na*, being larger and less charged, produces
thinner, more dynamic SEI layers with higher solubility, which
may require longer formation and conditioning periods to achieve
comparable interphase stability. These differences impact energy
consumption, labor, and equipment use, making formation a
significant cost driver. In LIBs, formation and aging account for
~33 % of total manufacturing cost and can take up to three weeks
[155, 156]. For Na-based batteries, the dynamic SEI and slower

stabilization could further extend formation time, increasing
energy and capital costs.

9 | Self-Discharge Rate Comparison of Li vs. Na
Systems

The self-discharge rate is a critical parameter for batteries, as
it indicates how rapidly a battery loses its charge when idle.
Different types of batteries exhibit varying self-discharge rates,
which can significantly influence their efficiency and suitability
for specific applications [157]. Self-discharge in Li- and Na-based
batteries arise from parasitic reactions at the electrodes and
within the interphases. In LIBs, self-discharge is generally low,
typically around 1%-3% per month at room temperature, though
it can reach up to ~5% in some cases during initial storage,
depending on state of charge, temperature, and cell chemistry
[158-162]. In contrast, SIBs often exhibit higher self-discharge,
roughly 5%-10% per month [163], due to more dynamic and
partially soluble SEI/CEI layers, larger electrode volume changes,
and slightly lower electrolyte stability. Although quantification
for Na* ion specifically varies with cell design and testing
conditions, this broader range reflects the relatively higher self-
discharge generally observed in Na-based systems compared with
Li-based ones.

10 | Safety Considerations of Li vs. Na Systems

Battery researchers often prioritize the development and
improvement of high-energy and power systems. However, safety
remains one of the most critical performance metrics, particularly
for applications such as in electric vehicles, aviation, or marine
transport, where thermal stability, overcharge tolerance, and
mechanical robustness are essential. While several efforts are
being devoted to qualifying the safety issues of LIBs, studies
dealing with SIBs are much scarcer. The safety of large-format
batteries is a systemic issue influenced by multiple factors, and
a comprehensive assessment requires a systematic approach,
including investigations at the cell-component, cell, module, and
pack levels. This section discusses the impact of cation chemistry
on safety, focusing on a material-level approach with projected
implications for large-format cells. Thermal instability at the
cell level arises from a complex interplay of factors, including
electrode decomposition, interfacial degradation, electrolyte
breakdown, and structural changes.

10.1 | Thermal Stability of Battery Cell
Components and SEI/CEI Layers

DSC analysis provides crucial insights into the thermal behavior
of electrolytes, revealing the exothermic onset temperature asso-
ciated with SEI decomposition, the peak reaction temperature,
and the total heat released (Figure 12a) [164]. These parameters
play an instrumental role in designing, evaluating, and selecting
electrolytes with improved safety profiles. The characteristics of
the SEI layer are determined by the intrinsic physico-chemical
properties of both the anode and the electrolyte, and by carefully
tailoring the electrolyte composition, it is possible to partially
delay the onset of thermal runaway. Despite insights from the
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(b) TGA curves of various conducting salt for Li- and Na-based systems. Reproduced with permission [165]. Copyright 2016, Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim.

more mature Li* technology can guide the initial selection of
candidate electrolytes, notable differences exist with distinct
anode materials, the potentially higher solubility of Na-SEI
compounds, and the generally higher thermal stability of Na salts
relative to their Li counterparts (Figure 12b) complicate direct
extrapolation of Li-based results to Na-based systems [165]. The
superior stability of NaPF, entails lesser generation of highly
reactive Lewis’s acids such as POF; and HF compared to that of
LiPF,. On the other side, Na-SEI is more soluble than Li-SEI. Con-
sequently, predicting the thermal runaway onset in SIBs based
solely on lithium data remains challenging. Comprehensive
thermal investigations, combined with a detailed characterization
of SEI composition, are therefore essential for both chemistries
to anticipate and control undesirable temperature-induced reac-
tions. However, some studies reveal that the thermal runaway and
decomposition behavior of the SEI breakdown occurs at lower
temperatures in Na than in Li systems, contributing to higher
self-heating rates in Na-based batteries [166].

Despite the anode being the starting point of thermal runaway,
the cathode and its accompanying CEI also play a significant
role in the eventual catastrophic safety risks of Li- and Na-based
batteries [167, 168]. They drive the onset of oxygen release, lattice
degradation, and ultimately thermal runaway. In this context,
layered cathodes (e.g., LIMO, and NaMO,) are more prone to
thermal instability because deep (de)lithiation or (de)sodiation
weakens metal-oxygen bonds, enabling lattice oxygen release
that reacts exothermically with the electrolyte and accelerates
failure. Compared to its Li counterparts, layered NaMO, such
as Na, ;Ni, ;Mn, ;Co, 50, are more vulnerable, due to inherently
weaker Na-O bonds compared to Li-O bonds and greater struc-
tural distortion, which facilitate oxygen evolution at elevated
temperatures (~180°C) [167]. This oxygen loss compromises
the lattice structure and triggers irreversible phase transitions
between 200 and 400°C. The released oxygen and volatile
species can react exothermically with the electrolyte or CEI layer,
significantly increasing the risk of thermal runaway [167-170].
In contrast, Li-based cathodes are more thermally robust, with

decomposition typically occurring above 230°C. Their smaller Li*
ions enable tighter atomic packing, denser oxygen sublattices,
and stronger cationic interactions, which collectively reinforce
the TM-O framework and enhance lattice rigidity.

By contrast, polyanionic cathodes with an electron-withdrawing
PO,>~ group exhibit superior safety, where strong covalent bonds
suppress oxygen evolution and limit heat generation compared
to layered cathode materials. However, the influence of the
cation remains striking, as NaFePO,-based electrodes generate
markedly more heat than their LiFePO, counterparts, highlight-
ing the greater thermal sensitivity of Na-based systems [171].
This is mainly due to slower ion transport NaFePO, which
increases internal resistance and polarization, producing more
Joule (resistive) heating.

Regarding interphase contributions, the SEI formed on the anode
is thermally fragile and typically decomposes first at relatively low
temperatures, exposing reactive electrode surfaces and initiating
heat generation, serving as the trigger for thermal runaway. In
contrast, the CEI on the cathode plays a more prominent role at
elevated temperatures. Thus, while the SEI drives the onset of
thermal instability, the CEI dictates its severity and propagation.
Li-CEIs are generally more stable and protective than Na-CEIs,
although CEI stability in both chemistries strongly depends on
the cathode material.

In summary, similar to Li-based systems, the safety of Na-
based cathode materials is influenced by multiple mechanisms:
phase transitions at elevated temperatures and oxygen-rich redox
reactions; self-heating coupled with layer gliding in layered
oxides (MO,); Mn disproportionation and the Jahn-Teller effect in
tunnel-type oxides; CEI decomposition in polyanionic cathodes
containing PO,*-, SO,*~, P,0,*", or BO;>; and desorption of
crystallized or coordinated water, along with phase transitions, in
Prussian blue analogues (Na,M[Fe(CN)];_,-[],-zH,0, where []
represents [Fe(CN),| vacancies and M is a transition metal such
as Fe, Mn, Ni, or Co) [172].
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10.2 | Safety Implications of Zero-Volt Storage in
SIBs

Discharging LIBs to 0 V risks copper current collector dissolution,
as its oxidation occurs above 3.5 V vs. Li/Li*. Fliigel et al. [173]
observed holes in 18650 LIBs collectors after holding it at 0 V for
430 h, and recharging can produce copper dendrites, promoting
internal short circuits and thermal runaway. In contrast, SIBs,
which use aluminum collectors, remain stable under full dis-
charge to 0V, as demonstrated by Rudola et al. [82] for a 5.5 mAh
Na* pouch cell. This highlights how the cation chemistry impacts
the choice of current collector material and electrochemical
potential windows, and these in turn determine the risk of
degradation and associated safety hazards. Therefore, SIBs offer
enhanced safety during shipment and long-term storage.

10.3 | Combustion and Fire-Induced Toxicity

Another key aspect of battery safety assessment involves the
evaluation of both thermal and chemical hazards that may arise
during combustion [174]. Battery electrolytes are typically formu-
lated from a combination of flammable linear carbonates (di-alkyl
carbonates with methyl and/or ethyl groups) and combustible
cyclic carbonates, such as ethylene carbonate (EC) or propylene
carbonate (PC), which together provide the desired ionic con-
ductivity, electrochemical stability, and optimized interphases.
Overall, the heat release rate (HRR) is largely determined by
the choice of solvents, with inorganic Li or Na salts having a
comparatively minor effect, whereas the composition of emitted
gases is influenced by the combined chemistry of both solvents
and salts. Guy et al. [175] demonstrated that Na-based NP30
(NaPFg in EC/DMC) electrolytes emit significantly less HF and
POF; than Li-based LP30 (Figure 13), regardless of ventilation
conditions, indicating that gas formation is largely independent
of combustion intensity and relies on the cation chemistry.
The emissions result from the thermal decomposition of the
salts to PFs, followed by hydrolysis with water produced during
carbonate solvent combustion. HF is released early, while POF;
appears later. Further hydrolysis of POF; can produce additional
phosphorus-containing compounds (HPO,F,, H,PO,F, H;PO,)
along with more HF; however, after combustion, the limited
availability of water restricts these reactions, leaving POF; and
HF as the primary detectable gases. These results highlight the
relative safety advantage of Na electrolytes in terms of corrosive
gas generation during combustion.

11 | Drop-in Compatibility of SIBs: Implications
on Manufacturing

In the literature, SIBs are often assumed to be directly drop-
in compatible with existing Li-ion manufacturing infrastructure,
implying immediate high-yield production without process mod-
ifications [15]. However, the question remains: how seamless
is this assumption in practice? To critically evaluate such gen-
eralized claims, it is important to unpack the various factors
that influence manufacturing compatibility. Key aspects include
differences in electrode materials, electrolyte characteristics,
voltage windows, and thermal and mechanical behaviors.

For instance, differences in slurry rheology of cathode materials
can affect calendaring and drying, while particle size sensitivity
may necessitate adjustments in milling or coating parameters.
On the anode side, graphite is optimized for LIBs, whereas
SIBs typically use hard carbon, which differs in slurry viscosity,
particle size distribution, and binder requirements, impacting
electrode coating, drying, and calendaring processes. Besides,
hard carbon is abrasive for the coaters. Variations in voltage
windows influence cell balancing, formation protocols, and
energy density optimization. Additionally, the larger ionic radius
of sodium may require modifications to electrode and cell
stack design, including the need for thicker current collectors
or adjusted calendaring pressures to prevent cracking. Overall,
although SIBs can be conceptually considered “drop-in” in using
the same characterization techniques, equipment, and machine,
these subtle but significant differences in materials, electrolyte
handling, formation protocols, and thermal/mechanical behavior
necessitate a transitional phase [176]. During this phase, processes
must be optimized, production lines adapted, operators retrained,
and quality control (QC) tuned to sodium-specific requirements.
In short, although SIBs can conceptually leverage existing Li*
ion manufacturing lines, they are not instant plug-and-play
technologies, and practical adaptation is necessary.

12 | Conclusions

This Perspective delves into the divergences of Na* and Li* cation
chemistry by revisiting the bonding concepts and ionic solutions,
which are well established in modern chemistry. Pitfalls, myths,
and misconceptions arising from the reliance on Li* design
principles are elaborated, along with applied settings to coun-
teract these dilemmas. Building on meticulous examination of
fundamental differences in the cation chemistry, recent literature
reports, and our insights and thought-provoking accumulations
in this domain, the following conclusions and future direction can
be taken.

1. Conceptually, the chemical characteristics of Na* cations are
very relevant to those of Li* cations, but at the same time,
are endowed with several distinctions that can significantly
impact the design of Na-based active electrode materi-
als, electrolytes, polymeric binders, interphases/interfaces,
safety, and optimization of accompanying protocols. The
concept of ion radius itself conveys the coordination environ-
ment, kinetics, and compatibility of Na* cations with host
materials; thus, such a concept should be carefully evaluated
while designing highly conductive Na-based electrolytes,
electrodes, and interphases. Open-ended questions related to
this could be: are solvated Na* cations categorically smaller
than solvated Li* cations in aprotic solvents? How does ion
size affect their transport behavior in bulk electrolyte and
at the electrode-electrolyte interphases/interfaces? In this
direction, the thermodynamic concepts established in “host-
guest chemistry” can be transferred into battery electrolyte
and interfacial designs.

2. For electrode materials, the larger ionic radius, low ionic
potential, and distinct polarizability of Na* alter inter-
calation/deintercalation mechanisms, structural evolution,
and cycling stability, necessitating the development of
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FIGURE 13 | Gases released during combustion of LP30 and NP30 electrolytes under an oxygen-lean environment. Reproduced with permission
[175]. Copyright 2024, The Authors.

Na*-specific host structures rather than simple adaptations
of LIB systems. For positive electrodes, the preferred oxygen
stacking type in layered metal oxides depends on the ratio
of the A™ cation to the transition metal cation radius, in
that larger A*/M ratios favor octahedral coordination (O-
type) for Na systems. For negative electrodes, Na alloys are
limited to special hosts that can structurally and energetically
accommodate their larger size, while classic Li alloys are
versatile due to favorable thermodynamics and fast kinetics.

. The quality of electrolyte-electrode interphases (SEI/CEI) in
Na-based batteries is inherently inferior to their counterparts
in LIBs. The high solubility of Na-SEI building materials
leads to a less mechanically stable, porous, and inhomoge-
neous SEI layer, ultimately resulting in low initial coulombic
efficiency, high self-discharge, thermally unstable, energy-
intensive formation process of SIBs. Differing from the Li*
transport in SEI/CEI layers, Nat generally relies more on
vacancy-assisted diffusion and less on the knock-off mech-
anism due to its larger ionic radius and lower mobility.
Fluorinated compounds (e.g., FEC) have a huge effect in
balancing the too low or too large Pilling-Bedworth (P-B)
ratio and present a stronger effect on Na systems than in LIBs.
Thus, designing an effective fluoride-rich SEI layer is more
critical for Na systems to mitigate the anode-to-cathode and
cathode-to-anode cross-talks.

. The distinct cation chemistry of Li* and Na* governs inter-
facial behavior across dendrite formation, cell formation,
and aging, and self-discharge. Li*, with its smaller size
and higher charge density, tends to form sharp, filamentous

dendrites and a dense, inorganic-rich SEI that stabilizes
relatively quickly. In contrast, Na* promotes more mossy
dendrites and forms a more dynamic SEI, requiring extended
formation and conditioning steps to achieve stabilization,
thereby increasing overall costs. These interfacial differences
also impact performance, as the less stable SEI in Na systems
leads to higher parasitic reactions and consequently higher
self-discharge.

From a safety perspective, SIBs present both advantages
and disadvantages, demanding further appraisal. In general,
the thermal instability of the SEI and CEI layers is higher
in SIBs, and breakdown at lower temperatures than in Li-
based systems, contributing to higher self-heating. Although
the contribution of cathode materials to thermal instability
occurs at later stages relative to the anode and SEI layer, Na-
based cathodes generally display lower thermal stability than
their Li* ion counterparts. On the contrary, SIBs are generally
considered safer from a fire-induced hazard perspective.
From a safety perspective in shipment and storage, SIBs have
been shown to be safely discharged down to 0 V (true 0% state
of charge) and even beyond, including into reverse polarity
(negative voltages), providing an additional safety advantage.
Therefore, a thorough and accurate assessment of SIBs safety
is essential, accounting for both seemingly contradictory yet
complementary factors that together define the batteries’
overall safety profile.

Regarding the drop-in feasibility, although SIBs can in
principle be processed on existing Li-ion production lines,
the differences in electrode materials, electrolyte behavior,

20 of 27

Small, 2026

85UB01 SUOWIWIOD BA 181D 3|(dfedl [dde 8Ly Ag peusenob aJe Sspoile O ‘88N JO S8|nJ 10} A%Iq1T8UIUO A8]IM UO (SUONIPUOD-PUR-SULIBY WD A8 | 1M ARe.q) 18U UO//SdNL) SUONIPUOD pue SWB | 8L} 88S *[9202/20/cT] Uo Ariqiiauliuo Ae|im ‘91Bojouyos | 4 Iinsu| eunisiey Aq Gzzi. |IWS/Z00T OT/I0p/w0d"Aa |1mAkeiq i pul|uoy/sdny woy pepeojumod ‘0 ‘6289£TIT



voltage profiles, and mechanical expansion require targeted
adjustments in coating, calendaring, formation, and quality
control. As a result, SIBs are far from a true plug-and-
play technology and demand careful, conscious assessment
of the whole value-chain manufacturing processes while
attempting to scale up.

In summary, SIBs stand as promising power sources for building
more eco-friendly, cost-effective, and technologically sustainable
energy networks, thanks to extremely abundant resources and
manufacturing processes akin to today’s LIBs. This is of par-
ticular importance given the burgeoning application scenarios
of electrochemical energy storage devices, together with the
ever-expanding demands from EVs, grid storage, and humanoid
systems. However, advancing these technologies demands recog-
nizing and leveraging cation-specific characteristics and unique
differences between Li* and Na' as they play a pivotal role
in designing and optimizing electrode materials, electrolytes,
and interphases, and ultimately unlocking the full potential and
practical deployment of sodium-based batteries for large-scale
applications. Finally, yet critically, in-depth system-level consid-
erations are required while attempting to holistically comprehend
the impact of cation chemistry, as it influences every stage of the
battery development value chain, from atomic and material scales
to the fully assembled cell, module, and pack.
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