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Electrolytes for Sodium lon Batteries: The Current Transition

from Liquid to Solid and Hybrid systems

Hamideh Darjazi, Marisa Falco, Francesca Cold, Leonardo Balducci, Giulia Piana,
Federico Bella, Giuseppina Meligrana, Francesco Nobili, Giuseppe A. Elia,*

and Claudio Gerbaldi*

Sodium-ion batteries (NIBs) have recently garnered significant interest in
being employed alongside conventional lithium-ion batteries, particularly in
applications where cost and sustainability are particularly relevant. The rapid
progress in NIBs will undoubtedly expedite the commercialization process. In
this regard, tailoring and designing electrolyte formulation is a top priority, as
they profoundly influence the overall electrochemical performance and
thermal, mechanical, and dimensional stability. Moreover, electrolytes play a
critical role in determining the system’s safety level and overall lifespan. This
review delves into recent electrolyte advancements from liquid (organic and
ionic liquid) to solid and quasi-solid electrolyte (dry, hybrid, and single ion
conducting electrolyte) for NIBs, encompassing comprehensive strategies for
electrolyte design across various materials, systems, and their functional
applications. The objective is to offer strategic direction for the systematic
production of safe electrolytes and to investigate the potential applications of
these designs in real-world scenarios while thoroughly assessing the current

global energy demand.'*] This scenario
explains the progressively widespread
application of clean, carbon-neutral, and
sustainable energy systems as a feasible
strategy to face the global challenges con-
nected to the demands of our modern
society.>”7] It represents an imperative
urgency for humankind and must go
against economy-driven arguments.-1]
The implementation of renewable energy,
such as sun, waves, and wind, into energy
production is increasing yearly. However,
a more substantial penetration is limited
by the energy production from renewable
energy being diffused in space and variable
in time. The latter issues can be mitigated
by efficiently implementing large-scale
electrical energy storage (EES) systems

obstacles and forthcoming prospects within this rapidly evolving field.

1. Introduction

The current energy economy based on fossil fuels is accountable
for dramatic environmental consequences to our lives and can-
not be considered a feasible solution to guarantee the increasing

as a technology platform to smooth
the intermittency of renewable energy
harvesters/converters.! 131 The principal
EES systems are pumped-hydroelectric
storage (currently covering 90% of the energy stored), flywheels,
compressed-air energy storage, batteries, and capacitors. In re-
cent years, massive attention has been paid to electrochemical
energy storage due to its ability to combine low capital costs with
high energy density, compactness with long cycle life, and simple
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maintenance with limited self-discharge.'"*®] Lithium-ion bat-
teries (LIBs) are extensively used for portable electronic devices
and in the mobility/transportation market, both for hybrid and
electric vehicles.['®7] However, relying on a single technology
for electrochemical energy storage can constrain material sup-
ply, particularly considering critical raw materials (CRMs) such
as Li, Co, Ni, and natural graphite.'8] Moreover, energy security
concerns and geopolitical considerations in the supply chain are
prompting nations to explore alternative battery chemistries.!1%1°]

Sodium-ion batteries (NIBs) are among the most studied
electrochemical storage systems,!?>23] generally considered a
cheaper and more sustainable alternative for secondary battery
needs. Similar to LIBs, NIBs also consist of three main com-
ponents that allow their operation: a cathode, an anode, and a
Nat*-conducting electrolyte. Besides the widely distributed and
abundant natural resources (the sixth most abundant element,
2.36 versus 0.0017 wt.% for Na and Li, respectively), Na shows
similar electrochemical properties to Li, the latter having a po-
tential 0.33 V lower than Na.[?*%%] The research on Na-ion batter-
ies, motivated by sustainability, has garnered attention from the
industry. This is because the raw material Na,CO, is consider-
ably cheaper and less prone to price volatility compared to Li raw
materials like Li, CO;.[*”] Moreover, in NIBs, the Cu current col-
lector used in LIBs can be replaced by cheaper and lighter Al foil,
which benefits the overall cell cost and energy density.?8] Addi-
tionally, the utilization of NIBs in a fully discharged state or their
discharging to 0 V is considered safer when compared to LIBs.
This safety advantage arises because there is no oxidation or dis-
solution of the current collector material used in NIBs (Al) as
opposed to LIBs (Cu).[2%-31]

On the other hand, the higher ionic radius of Na* (1.02
A) compared to Li* (0.76 A) renders it incompatible with cer-
tain conventional electrode materials.[*?] This disparity also im-
pacts phase stability, transport properties, and the formation of
interphases.[**l When these issues are combined with the higher
atomic weight of Na with respect to Li, Na demonstrates a sig-
nificantly lower theoretical gravimetric/volumetric capacity com-
pared to Li, with values of 1166 mAh g~! and 1131 mAh cm~3 for
Na, in contrast to 3861 mAh g~! and 2062 mAh cm=3 for Li.3
Given these challenges, the scientific community has produced
thousands of articles on developing advanced electrode materials
and novel electrolyte formulations.’>! In this respect, the reader
can refer to several review articles covering state of the art on
electrodes based on various elements and related compounds:
antimony,**! bismuth,”] carbon,®¥*! iron,*"] manganese,!*!!
phosphorous,*?! tin,[®! titanium,!**! vanadium.*¢#’] More-
over, electrodes for NIBs have also been proposed exploit-
ing biomass-derived or cellulose-based materials,[*®! conversion-
type materials,!*% layered oxides and (di)chalcogenides,!>?]
metal oxide/carbon composites,**>* multi-electron reaction
materials,[*®! organic (carbonyl) compounds,**%’] polyanionic in-
sertion materials,®®*] polymeric electrodes,|®! Prussian blue,!°']
sulfides and selenides,[®*%3] and super ion conductors.% Is-
sues related to electrode design should also focus on elec-
trode/electrolyte interfaces, sodiation/de-sodiation phenomena,
Na metal chemical reactivity with organic solvents, etc. To
this purpose, review articles on operando X-ray diffractom-
etry and other diagnostic tools,®>%’] treatment of Na metal
anodes,®! interfaces and their engineering,!®7° modeling and
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simulation,”*7?] cost analysis’?l and large-scale fabrication

strategies!’*7] have been published in the last years to push
NIBs closer to the widespread intrusion in the market for EES
systems. Furthermore, several solvation structure-related inter-
facial models have been introduced, which integrate molecular-
scale interactions among the alkali-ion, anion, and solvents at the
electrolyte—electrode interfaces. These models serve to facilitate
the interpretation of battery performance.l’’-1]

As one of the three key components in an electrochemical cell,
the electrolyte of NIBs typically consists of a solution of salts
dissolved in aprotic solvents. Although this cell component of-
ten receives less consideration with respect to the electrodes,
its role is fundamental for the proper operation of a battery
system.

It is also responsible for safety issues in battery performance
when temperature and charge/discharge current rates change.
Thermal stability, strictly connected to flammability and explo-
siveness, remains one of the main issues of organic liquid elec-
trolytes, analogously to the LIB technology.®283] The scientific
community has recently started considering alternative concepts
and the path toward solid electrolyte systems offering high ther-
mal stability, no leakage and volatilization, low flammability, and
no risk of fire and explosion (Figure 1).18*] This scenario cov-
ers both full- and half-cells, based on Na metal anodes (strongly
enhancing the energy density), where mechanically robust solid
electrolytes restrain dendrites formation.

Compared to traditional liquid electrolytes, utilizing solid-
state electrolytes with high mechanical strength effectively
prevents dendrite propagation, enhancing the safety and per-
formance of Dbatteries. Thus, in research, emphasis should
be placed on achieving a stable solid-electrolyte interphase
(SEI) layer, controlling dendrite formation, reducing “dead
Na”, and enhancing ionic conductivity, all within the context
of electrolyte development. Some reviews were published on
electrolyte systems for NIBs, focused on structure/property
relationships!®#1 and basic concepts,®¥#] also covering
additives,[®?] ethers-based systems,!*>™! ionic liquids, 3%
inorganic solid electrolytes!!®1% and investigation of the
electrolyte effects on SEI formation.[105106]

This review highlights the progressive transition from liquid
electrolytes to solid and quasi-solid systems in NIBs, on which
we discover that although significant advancements have been
made, substantial challenges must be addressed before being
commercially viable. Initially, an introductory overview outlines
the electrolyte components and liquid systems, encompassing
sodium salts, organic solvents, and additives. Subsequently, at-
tention is directed toward the solvation structure and distinguish-
ing characteristics of various electrolyte systems, including con-
ventional liquid electrolytes, ionic liquids, polymer electrolytes,
superconcentrated electrolytes, and localized high-concentration
electrolytes. A thorough understanding is fostered through the
exploration of fundamental equations and definitions, essen-
tial for delineating transport properties and conduction mecha-
nisms across diverse Na-based battery electrolyte types. This com-
prehensive discussion elucidates the trajectory of advancements
within the domain, encompassing a spectrum of electrolyte tech-
nologies aimed at enhancing the performance and viability of
sodium-based energy storage systems. Continuing, the discus-
sion delves into the pivotal role of separators and electrolyte
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Figure 1. Schematic illustration of liquid NIB versus solid-state Na-based battery.

filling, underscoring the imperative of research endeavors
aimed at transitioning away from liquid electrolytes. Recent
advancements in ionic liquid systems are delineated, show-
casing the ongoing progress in the field. Then, an extended
elaboration is focused on the operational principles of solid-
state batteries, ranging from truly solid-state electrolytes to
hybrid polymer electrolytes, and ultimately to single sodium-
ion conductors. Each topic is individually discussed, with spe-
cific attention to design principles, functional mechanisms,
electrochemical performance, recent advancements, and re-
maining obstacles to practical exploitation, while also offer-
ing a comparative analysis of ionic conductivity across dif-
ferent solid-state electrolyte materials. This extensive overview
serves as a cornerstone in offering novel data-driven in-
sights, thereby presenting substantial value to the research
community. Through meticulous analyses and critical evalu-
ations, this review contributes fresh perspectives and invalu-
able findings, enriching the collective understanding within the
field.

2. Fundamentals: Electrolyte Components and
Liquid Systems

Liquid electrolytes have been the subject of extensive research
for Na-ion systems due to their potential for high ionic mobil-
ity in the liquid state. These electrolytes typically involve dissolv-
ing a sodium-based ionic salt in either a single organic solvent
or a mixture of organic solvents, or in water. As a result, they
are categorized into two main types based on the solvent used:
non-aqueous and aqueous electrolytes. However, this review ex-
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clusively focuses on non-aqueous electrolytes for applications in
aprotic NIBs in the upcoming sections.!*””] The practical use of
electrolytes in an electrochemical system requires a precise list
of features, which can be summarized as follows:

a) it should be ionically conductive and electronically insulating
in order to facilitate the Na* ions transportation during cell
operation and minimize the self-discharge;

b) it should be chemically stable, thus, no chemical reactions oc-
cur during cell operation within itself, with the separator and
the electrodes in use, and with the other cell components, like
packaging materials and current collectors (Al foils are typi-
cally used for NIBs);

c) it should be thermally stable, so the melting should be lower
and boiling points should be higher than the operating tem-
perature of the battery;

d) it should have a wide electrochemical stability window (ESW),
meaning no degradation occurs within the range of electrode
working potentials;

e) it mustinduce morphologically stable protective film (i.e., the
SEI layer) on the electrode’s surface.

Besides these operational requisites, an NIB electrolyte should
also be formulated in order to meet other market criteria:

a) it should be eco-friendly, with low toxicity and limited envi-
ronmental hazards;

b) it should be based on sustainable chemistries, which means
abundant elements and synthetic processes with as low im-
pact as possible;
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Figure 2. Schematic illustration of common Na salts and organic solvents.

c) it should be cheap in terms of materials and production not
to increase the final prototype’s overall cost.

The above requirements are generally valid for any electrolyte
because the specific characteristics must be considered based on
the kind of electrode chemistries involved and the final envisaged
application. Non-aqueous liquid electrolytes typically consist of
three primary components: solvent, salt, and additives. These el-
ements will be further discussed in the following sections.

2.1. Sodium Salts

Soluble sodium salts are added to the solvent(s) (see Figure 2),
and they act as charge carriers of the current passing in the
electrochemical cell during operation (charge and discharge pro-
cesses). An ideal electrolyte salt should meet the following requi-
sites:

a) high solubility in the solvent(s) used, attaining a favorable
level of ionic conductivity. In particular, the anion should be
inert to the solvent(s);

b) elevated stability against electrochemical oxidation and reduc-
tion to ensure a wide ESW. ESW is defined as the difference
between the energy levels of the lowest unoccupied molecu-
lar orbital (LUMO) and the highest occupied molecular orbital
(HOMO). In particular, anions with lower HOMO levels are
less susceptible to electron loss and decomposition;

c) elevated chemical stability against the other cell components.
Na salt anions exert dual effects on electrolyte chemical sta-
bility in NIBs. First, the HOMO level of the anions can re-
strict the upper electrochemical window of NIBs. Second, the
LUMO level of the anions can facilitate the formation of the
SEI layer, which acts to prevent further decomposition of the
electrolyte;
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The characteristics just mentioned drastically reduce the num-
ber of Na salt candidates. The role played by the anion is funda-
mental because it must have a central atom with ligands with-
drawing electron density, which delocalize the negative charge
and, thereby, to easily “free” the Na* cation mobility, e.g., [C1O,]",
[CF,S0,]7, [AIX,] (X = CI-I), [MF] (M = P, As, Sb, etc.), [BF,]",
or [MCTFSI] .18 As a result, the most commonly used Na salts
are NaClO,, NaBF,, NaPF,, NaFSI (N(SO,F),™), NaTf (CF;SO; "),
and NaTFSI ([N(CF,S0,),]").

Table 1 summarizes some examples of these salts with some
basic properties. In general, sodium salts have higher melt-
ing points than the corresponding Li salts, so they are more
thermally stable, thus improving overall safety. Na perchlorate
(NaClO,) is one of the most commonly used due to its abun-
dance (it is the most soluble among the common perchlorate
salts), which renders it very cheap. Regarding thermal stabil-
ity, it outperforms all other salts (from thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) studies,
it shows decomposition temperatures of 500 and 474 °C, re-
spectively). However, this salt use is restricted to academic re-
search because, even after drying at 80 °C under vacuum for
12 h, the water content is relatively high (>40 ppm); moreover,
it is explosive in the dry state.[®] It is more susceptible to oxi-
dation due to the high HOMO level, which restricts its anodic
stability. Na hexafluorophosphate (NaPF,) is also widely imple-
mented; it exhibits, in general, enhanced ionic conductivity with
respect to NaClO, (1 m NaPF; in PC at 25 °C shows 7.98 mS
cm™!, while NaClO, provides an ionic conductivity of 6.4 mS
cm™'). Although NaPF provides a better ionic conductivity than
other salts, it is susceptible to moisture and suddenly reacts in
the presence of water traces, evolving corrosive HF.['%] Besides,
the PF,~ ion possesses the lowest HOMO energy level, approx-
imately at —11.67 eV, making it resistant to electron loss and
decomposition.
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Table 1. Sodium salts employed in NIBs and principal characteristics (the data in brackets are available only for the corresponding Li-salt).[86:88]
Salt Chemical structure Melting point, Molecular weight lonic conductivity in HOMO level in
T, [°C] [g mol~] PC, ¢ [mS cm™] EC/DEC [eV]
NacClOo, 468 122.4 6.4 —7.89
NaBF, 384 109.8 (3.4) ~10.45
NaPFg 300 167.9 7.98 -11.67
NaTf 248 172.1 (1.7) =75
NaTFSI 257 303.1 6.2 -8.6
NaFsI| 118 203.3 - —8.66

Imide-based salts (NaFSI, NaTFSI) also show good ionic con-
ductivity and, in some reports, they were compared in different
solvent media to investigate their anodic stability and passiva-
tion/corrosion behavior towards Al.[1%]

Huang et al. synthesized the Na-difluoro(oxalate)borate
(NaC,0,BF,, labeled NaDFOB), which is an evolution of the Na-
bis(oxalate)borate (NaBOB) that has limited solubility in conven-
tional carbonate-based solvents.[''] The replacement of an ox-
alate subunit by fluorides improves the solubility, thanks to the
electron-withdrawing effect of fluorine. This new salt shows very
high anodic stability over 5.5 V versus Na*/Na in different sol-
vents. Thus, it can be potentially used in combination with a high
working voltage cathode.

Further studies were performed to find new tailored Na salts;
for example, Plewa-Marczewska and coworkers published a work
on Na 4,5-dicyano-2-(trifluoromethyl)-imidazolate (NaTDI) and
Na 4,5-dicyano-2-(pentafluoroethyl)-imidazolate (NaPDI). The
performance of both the salts were limited in terms of ionic con-
ductivity with respect to the other commonly used salts, but hav-
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ing the advantage of being fluorine free, and with a good thermal
and electrochemical stability.'!!]

When considering factors such as oxidation, reduction, ther-
mal stability, and toxicity together, our analysis suggests that
NaPF, represents the most suitable compromise.l®! In addition,
the solvation structure associated with PF,~ induces preferen-
tial decomposition of the anion, resulting in the formation of
a thin, inorganic compound-rich cathode—electrolyte interphase.
The resulting protecting layer enhances interface stability and
suppresses solvent decomposition, thereby ensuring electrode
stability and facilitating charge transfer kinetics. Thus, NaPF, is
not only more compatible with industrial processes, but also en-
hances battery performance. The adoption of commercial elec-
trolyte designs incorporating NaPF, is expected to accelerate the
industrialization of NIBs.[112]

The performance of the salts is not independent of
the solvent(s) in which they are dissolved; thus, a brief
overview of the most commonly used solvents is detailed
below.
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Table 2. List of solvents commonly used in battery electrolytes. T,,, Ty, T, #, and € stand for melting point, boiling point, flash point, dynamic viscosity,

and dielectric constant, respectively.

Solvent Chemical structure T [°C] T, [°C] Te [°C] nat 25 °C eat25°C
[cP]
Ethylene carbonate (EC) 36.4 248 160 1.9 89.78
Propylene carbonate (PC) -48.8 242 132 2.53 64.92
Dimethyl carbonate (DMC) 4.6 91 18 0.59 3.107
Diethyl carbonate (DEC) -743 126 31 0.75 2.805
Ethylmethyl carbonate (EMC) -53 110 0.65 2.958
Triethylene glycol dimethyl ether (TEGDME) -46 216 1m 3.39 7.53

2.2. Organic Solvents

The commonly used solvents in NIBs are generally derived from
the knowledge accumulated in LIBs over the years. The main
characteristics of an electrolyte solvent are listed below:

a) high dielectric constant (¢) in order to dissolve a sufficient
amount of salt(s);

b) low viscosity to facilitate ionic mobility;

c) it should remain in the liquid state in a wide temperature
range (typically, from —20 to +60 °C), meaning low melting
and high boiling points;

d) non-toxicity, elevated safety content (low vapor pressure and
flammability), and low cost.

All the above-reported features are challenging to meet with
just one solvent; thus, using a mixture of two or three solvents,
generally aprotic organic ones such as carbonates (both linear
and cyclic), esters, and ethers are often preferable. Indeed, single
cyclic carbonates (propylene carbonate (PC), ethylene carbonate
(EC)), which have high ¢ and wide ESW, exhibit a relatively high
viscosity; consequently, the ion mobility is reduced. On the other
hand, other solvents (linear carbonates), such as diethyl carbon-
ate (DEC) and dimethyl carbonate (DMC), have lower viscosity,
but their dielectric constants are very low, limiting the salt solu-
bility. Therefore, combining solvents with different characteris-
tics is common to obtain a solution with suitable properties for
high-performing batteries. The most popular solvents are listed
in Table 2 with the relative main physical characteristics.

The selection of solvent(s) is crucial and depends on the in-
trinsic features and compatibility with the other cell components.

Adv. Mater. 2024, 2313572 2313572 (6 of 52)

When a battery is designed, one should first consider its field of
application. This assessment selects electrodes to meet specific
energy requirements, power density, and working temperature.
Once the electrodes are established, the choice of the solvent is
crucial because the performances of the active materials strongly
depend upon the electrolytes. In general, polar aprotic solvents
and Na salts are reduced during the first oxidation/reduction pro-
cess in the cell, forming insoluble Na compounds, which precipi-
tate onto the surface of the electrodes, forming a passivating layer,
typically called SEI. This thin film, which acts as a protective layer
between the electrode and the electrolyte solution, is permeable
to metal ions that can cross it and avoid electron’s passage. The
formation of the SEI layer is fundamental and influences differ-
ent figures of merit, such as safety, shelflife, cycle life, and power
capability of the device. Furthermore, it is essential when using
native Na metal anode because of its high reactivity. Stable and
homogeneous SEI is particularly relevant for Na metal batteries,
where an inhomogeneous and unstable SEI can lead to uneven
Na metal deposition and dendrites formation, with detrimental
effects on the cell behavior."'*] Some studies highlight how to
prevent dendrites growth by designing an artificial passive layer
on the metal electrode.['™] Several research groups have investi-
gated the nature, composition, and thermal stability of the SEI in
half-cell systems utilizing carbonate-based electrolytes for both
LIBs and NIBs.l%115] However, the findings were not extended
to full-cell configurations, nor the impact of varying the opera-
tional electrochemical window or examining different carbonate
compositions was explored in detail. Tarascon et al. conducted
research into the effect of various NaPF-based electrolytes con-
taining different carbonates on the stability of the SEI formed
in full Na,V,(PO,),F; (NVPF)/hard carbon (HC) cells. This
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investigation utilized complementary in situ UV-vis spec-
troscopy (UV), in situ cyclic voltammetry (CV) measurements,
and galvanostatic charge-discharge tests. The results revealed the
detrimental effect of linear carbonate-based electrolytes, which
undergo reduction at the HC electrodes, leading to the release
of soluble species that adversely affect cell performance.''®! This
group has also made significant observations, discoveries, and
correlations regarding the zero-volt stability, which are valuable
for consideration by battery scientists and users, depending on
the targeted application. They found that the best performances
were achieved when either sodium-layered oxides or NVPF were
combined with PC-based electrolytes. Similarly, highly oxidized
NVPF in EC-PC-DMC-based electrolytes exhibited excellent per-
formance, with the latter being particularly attractive in terms
of system performance. However, due to the presence of linear
carbonate (DMC), known to have detrimental effects on high-
temperature performance, suitable electrolyte additives are nec-
essary to stabilize the SEI and CEI to make this solution more
practical.B!l Therefore, the incorporation of a small amount of
foreign molecules, known as additives, provides significant ben-
efits to electrolytes. Progresses made in electrolyte additives for
NIBs are outlined in the following sections.

2.3. Additives

Additives are encompassed in the electrolyte solutions to improve
the battery performance (in both LIBs and NIBs) (Figure 3a).
They are added in small amounts, usually not exceeding 5
wt% of the whole electrolyte solution.'718] In general, ad-
ditives must be affordable, easy to use, environmentally safe,
non-combustible, and with a reasonably wide operating voltage.
They often serve to improve the characteristics of the electrode—
electrolyte interface, mainly modifying the SEI by increasing the
wetting of the electrode surface and protecting it from overcharg-
ing (e.g., by redox shuttles that store the extra charge). Additives
are also occasionally employed as flame-retardants or to enhance
the physico-chemical properties of the electrolyte (e.g., decrease
the viscosity, radical scavengers, etc.).

The most frequently used additive in NIB electrolytes (widely
used also in LIBs) is fluoroethylene carbonate (FEC). It is the
most common SEI layer enhancer, particularly for fast-rate charg-
ing. FEC improves the capacity retention of anodes and miti-
gates the irreversible reactions at the interface with the Na metal
electrode.[''] However, the addition of FEC in the electrolyte so-
lution often causes anomalies in the potential versus time pro-
file, which have been recently explained. Dugas et al. demon-
strated the beneficial effect of FEC on the minimization of the
irreversible capacity of a Na half-cell. However, they found a con-
tinuous release of small quantities of gases, clearly detrimental
to the cell performances upon long-term cycling.!12]

Komaba et al. investigated several additives, including not only
FEC but also vinyl carbonate (VC), ethylene sulfite, and the dou-
bly fluorinated EC. Actually, FEC was found to be the additive
that gave the best response. In the same study, VC, widely em-
ployed in LIBs, was demonstrated to have limited improvement
in the NIBs performance.l'?) Some years later, for the first time,
Komaba’s group reported the obtainment of high capacity and
cyclability for black Phosphorus (P) electrode materials with the
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inclusion of VC in Na cells. In their work, it is demonstrated
that the SEI layers modified by FEC and VC additives contribute
to extended cycle life and enhanced reversibility during the de-
sodiation/sodiation processes of the electrode!'?!l (Figure 3b).

Shi et al. studied the impact of adding VC to the NaCF;SO;-
diglyme (DGM) electrolyte. They reported that VC, which shares
a similar HOMO level with DGM, collaboratively undergoes oxi-
dation with diglyme, leading to the beneficial formation of a cath-
ode electrolyte interface (CEI) layer on the Na;V,(PO,); @C cath-
ode. Consequently, this enhances the oxidation stability of the
ether-based electrolyte, enabling a compatible match between the
electrolyte and the cathode. Concurrently, it maintains compati-
bility with the FeS@C anode. As a result, the electrolyte contain-
ing 5 wt% VC was effectively used in FeS@C || Na,V,(PO,),@C
full cells without requiring prior cathode or anode pre-activation
in their respective preferred electrolytes. This system demon-
strates outstanding cycling performance, retaining 67% of its ca-
pacity after 1000 cycles at 0.5C (Figure 3c).[122]

Recently, Zhang and co-workers showed that N-phenyl-
bis(trifluoromethanesulfonimide) (PTFSI) as a novel film-
forming electrolyte additive improved the cycling stability of hard
carbon (HC) anode in half-cell versus Na due to passivation film
generated from the preferential reduction of PTFSI. The im-
proved stability of the SEI on the anode leads to a remarkable
52% increase in capacity retention for HC/Na,V, (PO,); full cells
after 100 cycles (Figure 3d).123]

Although liquid organic solvents are the most useful in bat-
teries, their volatile nature is one of the most significant issues
associated with the somewhat limited safety of rechargeable bat-
teries. The most recent event of a wretched failure in terms of ex-
plosion is the Samsung Note 7, in which an entire batch of mobile
phones had overheating problems and even caught fire. For this
reason, the famous brand was forced to withdraw the products
from the market. To guarantee a safe device, it is fundamental to
solve these issues for portable technologies and large-scale EES
(both electric vehicles and stationary), where explosion hazards
must be avoided. Regarding safety, room-temperature ionic lig-
uids (RTILs) have attracted much attention in the last few years;
thus, a distinct section labeled Section 6 is allocated specifically
to explore ionic liquid-based electrolytes.

3. Solvation Structure and Characteristics of
Electrolytes

Inliquid electrolyte solutions, the solvent lessens the electrostatic
attraction force F between ions with opposite charges depend-
ing on its dielectric constant & (F is inversely proportional to &
per Coulomb’s law). Common organic solvents for battery elec-
trolytes include ethers and carbonate esters containing oxygen
as the electronegative heteroatom, inducing a dipole moment.
These solvents are also Lewis bases, with oxygen conveying a hard
character compared to other heteroatoms, such as nitrogen. Their
lone-pair coordination with alkali metal cations is a strong com-
ponent of the ion-solvent interaction, besides the ion-dipole in-
teraction, resulting in highly directional solvation structures with
defined coordination numbers (CN). Since the coordination en-
vironment is dynamic, the CN is generally given as the average
of coordinating ligands to one ion, i.e., mostly Na* in electrolytes
for NIBs.
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Figure 3. a) Schematic illustrating the impact of additive moieties on interfacial layers and gas generation. Adapted with permission.['24] Copyright
2020, American Chemical Society. b) Electrochemical properties of phosphorus electrodes in Na cells in 1 mol dm=3 NaPF¢/EC/DEC/electrolyte without
additive, with FEC, and with VC. Adapted with permission.['?!] Copyright 2016, American Chemical Society. c) Cycle performance of Na;V, (PO,); @C
cathode at 0.5C (i), the schematic representation of the change of solvation Na* sheath structure with the addition of VC and the energy variation (ii),
and cycle performance of FeS@C|| Na;V, (PO,); @C full cell at 0.5C (iii). Adapted with permission.['22] Copyright 2020, Elsevier. d) Cycling performance
of the HC/Na without and with PTFSI additive (iv), resistance values of HC half-cell at desodiated sate for 150th and 500 cycles at C/2 with and without
additive, calculated by electrochemical impedance spectroscopy (EIS) (v), and cycling performance of Na3V, (PO,4);/Na half-cell (vi) and NVP/HC full
cell (vii). Adapted with permission.['] Copyright 2022, Springer Nature.
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The local structure in battery electrolytes is usually described
in terms of alkali metal CN, solvent-separated neutral ion pairs
(SSIPs), contact neutral ion pairs (CIPs), and charged aggregates
of different ions (eg. M,X*, MX,~, where M is the alkali metal
and X is the anion).'?] Nanoaggregates (n-AGG) of tens or hun-
dreds of ions (size >1 nm) can be observed at a high salt concen-
tration (see section 3.4), with multivalent ions, and when poor
solvents (having low compatibility) are employed.['?] The devel-
opment of n-AGGs is driven by ion-solvent (coordination and
ion-dipole) and ion-ion interactions, and is controlled by a com-
plex balance between many forms of interactions, including H-
bonding, electrostatic, 7—x stacking.[!2¢]

Ion speciation affects the transport properties fundamental for
battery operation, giving scope to its computational and experi-
mental characterization. Considering each aggregate as a charge
carrier having a distinct diffusion coefficient, it is possible to com-
pute the ionic conductivity. Yet, the static picture of ion speci-
ation (e.g., snapshots from molecular dynamics (MD) simula-
tions) may be inadequate as the basis to model how ion-ion cor-
relation affects the experimental transport properties. Alternative
analyses are time-dependent and take into account the flux—flux
correlation!'?’] (see section 4).

In the following sub-sections, insights from literature ad-
dressing solvation in different Na-based electrolyte systems are
overviewed, as it affects fundamental properties such as ion-
transport and SEI forming ability.

3.1. Solvation in Conventional “1M” Liquid Electrolytes

Conventional electrolytes have typical concentrations near 1 m to
ensure proper wetting of the electrode material and high ionic
conductivity, relying on vectorial ion transport (see conduction
mechanism).['5] The solvent molecules in the solvation shell (5-
6 solvent molecules per Na* ion)['2128] can move along with Na*
ion due to the attractive ion-solvent interaction, depending on
its balance with the thermal energy of the solution (this latter
drives solvent molecules away from ions and into the bulk). The
ion-solvent interaction is weaker when large soft ions with delo-
calized charge are involved, which is the case of anions in battery
electrolytes.

Semi-empirical quantum mechanical models (Hartree-Fock
based PM?7) of diluted and concentrated NaPF; and LiPF solu-
tions in PC and ACN revealed that Na* containing electrolytes
typically have more fluorine atoms in the first solvation shell,
longer cation-solvent and cation-anion distances, higher CNs,
and bigger CN variance.[1?°]

Based on density functional theory (DFT) calculations, both
Li* and Na* cations show a preference for a solvation shell rich
in cyclic carbonates over linear and fluorinated ones, in both the
gas and liquid phases. Based on the estimated binding energy,
monodentate binding is favored in Na*-PC. Different IR signals
owing to PF;~ anion interactions were observed, with Na* hav-
ing a higher tendency to form CIPs than Li* in linear DMC.
A decreased influence of Na* on C=O stretching compared
to Li* was detected by both Fourier transform infrared spec-
troscopy (FTIR) and DFT calculations, and attributed to weaker
interaction between Na* and DMC with relatively low dielec-
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tric constant.['?! PEG-NMR investigations of self-diffusivities in
NaPF; solutions in mixtures of cyclic and carbonate ester sol-
vents also evidenced better Nat/PF,~ separation in PC-rich so-
lutions over EC-rich ones, and an increase of ion-pairing with
decreasing the amount of cyclic solvents.['?®] Bidentate solvation
and stronger ion-solvent interactions were evidenced by NMR in
NaPF, solutions in DME ether solvent compared to carbonate es-
ter solvents, with a larger downfield shift of the »*Na signal in the
former.128]

Several studies recently collected in review articles ad-
dressed the influence of solvation on the SEI structure,'*]
also taking into account solvation at the electrode/electrolytes
interface,[13*131] leading to new concepts such as superconcen-
trated and locally concentrated electrolytes.['2>132]

In dilute electrolytes, where SSIP is the most abundant
species, the LUMO is dominated by solvent molecules, which are
reduced first at the negative electrode, leading to the SEI forma-
tion. Unlike the Li-based electrolytes, the organic sodium com-
ponents are more soluble in the electrolyte solution, causing self-
discharge and affecting the long-term stability of N1Bs.[13?]

Based on DFT models of NaPF, solutions in carbonate es-
ters, the HOMO levels of EC and DEC molecules coordinated
to Na* ions shift towards lower energies compared to free
solvent molecules, meaning that the complexes are oxidized
at higher potentials versus Na*/Na. Conversely, the HOMO
level of solvent-coordinated PF,~ anion shifts towards higher
energy, thus decreasing the oxidative stability. In this sys-
tem, trimethoxy(pentafluorophenyl)silane (TPFS) as dual addi-
tive (DA) was found to affect PF,~ coordination environment
according to MD simulations, supported by the NMR analysis
of F chemical shift, facilitating its desolvation at the interface
with NVPF and improving the oxidative stability (Figure 4a).
Additionally, the water-scavenging ability of TPFS evidenced by
NMR analysis is beneficial to prevent HF formation upon PF~
hydrolysis.[133]

The role of ions and solvent molecules arrangement at the
electrode/electrolyte interface has also been taken into account.
The formation of an anion-driven SEI has been proposed to ex-
plain the poor quality of the passivation layer formed on Na metal
with ClO,~ and SO,CF, ™ (triflate) anions, which can get close to
the metal interface because of low steric hindrance and strong
pairing with Na*, respectively, as opposed to PF,~, which is lo-
cated far away from the interface, based on MD simulations and
XPS analyses (Figure 4b).30 A targeted study on the solvation
structure of NaPF, in different organic carbonate ester solvents
at the interface with different electrode surfaces (NVP, NVPF,
and graphite) was carried out by MD. It was found that surface-
specific directional interactions cause the arrangement of sol-
vent molecules in a packed layer close to the electrode surface,
where the Na* ion loses part of its solvent shell upon crossing
through. In particular, because of the presence of coordination
sites, this effect is more pronounced at the NVP surface, where
the highly ordered initial solvent layer is responsible for the high-
est energy barrier preventing Na* ions from diffusing back into
the bulk. Solvent packing at the NVPF surface is less pronounced
due to non-polar fluorine atoms, and absent at the graphite sur-
face, where Na* ions may intercalate together with their solvation
sheath.['*1]
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Figure 4. a) The dynamic high-voltage resistance and self-purifying mechanism (i), LUMO and HOMO energy levels of individual molecules and Na*™
and PFg -complexes (ii), Na* (iii) and PFq (iv)—(v) RDFs g(r) acquired from MD simulations of blank (dashed lines) TPFS (iv) (solid lines) and DA
(v) (solid lines) electrolytes, LSV test (vi) of various electrolytes at a scanning rate of 2 mV s~'. Adapted with permission.['33] Copyright 2022, John
Wiley and Sons. b) Anionic interfacial model describes the interface between the electrolyte and the sodium anode in a battery system. The model for
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3.2. Solvation in Polymer Electrolytes

Polymer-based electrolytes macroscopically exhibit solid-like
properties, including the ability to act as separators, yet ions from
the salt interact with a solvation environment similarly to liquid
electrolytes on the microscopic scale.[!]

In accordance with Coulomb’s law, a polar polymeric medium
with a high dielectric constant contrasts ion association due to
attractive electrostatic interactions. Under this condition, the de-
gree of dissociation is high, and the ion-polymer coordination
strongly affects the self-diffusivity of the cations, when their mo-
tion is correlated to the segmental relaxation dynamics of the
polymer chains.['”] A relatively low cation transference number
can arise from strong coordination between the ligands and alkali
metal cations, notably evident with poly(ethylene oxide) (PEO).
Consequently, carbonyl-based polymers such as polycaprolactone
(PCL) and poly(trimethylene carbonate) (PTMC) have been inves-
tigated as alternative matrixes. This is due to their weaker coor-
dination strength with alkali metal cations!**] (see section 4 for
more information).

Ion coordination strength consists of the contribution of the
CN and that of the ion-dipole interaction between the cation
and the coordinating ligands. Bond distances, the coordination
enthalpy and the CN depend on the ligand chemistry and the
structure of polymer, as well as the size and charge of the
ion.[134]

Na* ion coordination in several NaTFSI-based systems with
PEO, PTMC, and PCL has been recently investigated by NMR,
tracking the changes in the chemical shift of the 2*Na signal oc-
curring at different polymer concentrations. Strong interactions
between Nat and the ligands result in the increase of the elec-
tron density shielding *Na nucleus, thus shifting the signal up-
field towards lower chemical shift values. A comparison with Li*
was also provided. The coordination strength for Li* follows the
order PEO >> PCL > PTMC, whereas in the case of Na* it is
PEO > >PTMC > PCL. An initial downfield shift of the 2*Na sig-
nal at low PTMC or PCL concentrations, not observed with ”Li,
was interpreted as a sign of weaker coordination in the Na-based
systems compared to their lithium counterparts.[3*] The ther-
modynamic parameters for salt dissociation were also extracted
from the FTIR analysis of salt-polymer systems at different tem-
peratures, by exploiting the different signals due to associated
and non-associated TFSI~. The free energy for salt dissociation,
which is an indicator of the ion-ligand coordination strength driv-
ing the salt dissolution, was found to be negative in all cases,

www.advmat.de

with moduli following the order PEO>PCL>PTMC. In the case
of PEO, the entropic contribution was found to be relatively more
important compared to the carbonyl-containing systems, where
dissolution seems to be more enthalpy-driven. The free energy
for salt dissociation in PEO was found to be more negative for
LiTFSI than NaTFSI, implying that Na* is more weakly coordi-
nated to the polymer matrix, and thus more prone to ion associ-
ation in pairs and aggregates.['3*]

3.3. Solvation in lonic Liquids

Ionic liquids (IL) are systems solely consisting of ions, where ion
correlation cannot be neglected, often deviating from the stan-
dard diluted solution behavior.

The ratio between the mobility measured under an applied
electric field (from electrophoretic NMR) and the mobility
derived from the apparent self-diffusion coefficient (from PFG-
NMR) quantifies the effective charge of the species containing
the nucleus under study, i.e., an apparent degree of dissociation
(see section 4). The overall apparent degree of dissociation
for a number of different ionic liquid was found to follow the
order 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (EmimTFSI) =~1-ethyl-3-methylimidazolium tetraflu-
oroborate  (EmimBF,)  ~1-butyl-3-methyl imidazolium
bis(trifluoromethylsulfonyl)imide ~ (BmimTFSI)  ~1-butyl-
1-methyl  piperidinium  bis(trifluoromethylsulfonyl)imide
(P;,TFSI)  ~1-butyl-3-methylimidazolium  hexafluorophos-
phate  (BmimPF,) >  1-butyl-l1-methyl  pyrrolidinium
bis(trifluoromethylsulfonyl)imide (Pyr,, TFSI) ~N,N,N-
trimethyl-N-butyl-ammonium bis(trifluoromethylsulfonyl)imide
(N;;14TESI). Notably, for each IL the effective charge of anions
was found be higher than that of the cation (even above 1 in
the case of BMImTFSI and BMImPF;), implying that besides
neutral pairs there are asymmetric clusters [M, X, ]*" (a # b), and
when these latter are dominated by the anions, they show higher
mobility under an applied electric field, but lower self-diffusivity,
compared to those dominated by the cations.['*]

In IL-based electrolytes for sodium batteries, the short
T, spin-spin relaxation times make it difficult to measure
Nat self-diffusion coefficient by PFG-NMR.['*¢] Nevertheless,
information on the chemical environment of Na‘* ions can be
extracted from Na chemical shift. At the relatively high NaFSI
concentrations in Pyr;;FSI, the 2*Na resonance was found to
shift upfield towards lower values, attributed to larger shielding

1.0 M DME-based electrolyte using different metal salts including A) NaClO,, C) NaCF;SOj3, and D) NaPFg, respectively. The model of NaClO,-based
electrolyte using PC (B). The model of NaPF¢-based electrolyte using different solvents: E) EC/DEC, and F) PC, respectively. The model in 1.0 m NaClO,
in PC solution. Interfacial behavior of molecules on the anode surface, G) 1.0 m NaPFg in DME, H) 1.0 M NaCF3SO; in DME, and I) 1.0 M NaClO, in
DME, respectively (The green sphere represents a Na* ion. The yellow plates and spheres represent the Na metal anode at the microscopic and atomic
scale. The dark green surface features on the Na metal anode represent products of the side reactions). Adapted with permission.!'3°] Copyright 2020,
American Chemical Society. c) lllustration of superhigh and ultralow concentration electrolytes. Solvation behavior and interface model in the electrolyte
of 5 M NaFSl in DME (J), FTIR spectra of xM NaFSI-DME (x =0, 1, 2, 3, 4, or 5) and pure NaFSI salt (K). Adapted with permission.['#¢] Copyright 2017,
American Chemical Society. d) Typical snapshots of the equilibrium trajectories (L,M) and the corresponding PDOS profiles (N,O) obtained by DFT-MD
simulations on (L,N) dilute 10 mol% (4 NaFSA/36 SN) and (M,0) superconcentrated 50 mol % (20 NaFSA/20 SN) solutions (Atom color: Na, purple;
H, white; N, blue; O, red; S, yellow; F, orange; C, light blue). Adapted with permission.['#7] Copyright 2017, American Chemical Society. e) lllustration of
the components with a Na-metal battery after long-term cycling in carbonate-based electrolyte (left) and NaFSI-NaNO;-TMP electrolyte (TMP-based
LHCE, right) (P), Flammability tests of carbonate-based electrolyte, conventional LHCE and NaFSI-NaNO;-TMP electrolyte (Q), Cycling performance
of NFM with different active-material loading (R, S). Adapted with permission.['>3] Copyright 2024, Springer Nature.
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of the Nat* cation due to strong interaction with FSI~ anions,
consistent with clustering.[!%7]

Sodium coordination in NaFSI solutions in Pyr,;FSI at differ-
ent concentrations was investigated by computational techniques
in several studies.['3-%%] In particular, MD simulations were run
at 85 °C, taking into account inter- and intra-species correlation
to analyze trajectory data, based on concentrated solution theory.
It was found that oxygen plays a major role in the coordination
of Na*, which on average includes 5-6 oxygen atoms in its pri-
mary coordination environments, with a rise of variance at high
concentrations, indicating an increase in the possible different
coordination environment. Fast exchange of the anions coordi-
nating Na* was evidenced by tracing the oxygen atoms in the
primary coordination cage over time, particularly at low NaFSI
concentration. Ion clusters were also characterized, revealing the
absence of neutral pairs, and the dominant presence of small
asymmetric agglomerates, such as [M;X;]™* and [M,X,]™° (cir-
cled by Pyr;;* compensating their charge) up to a molar fraction
of 0.2 NaFSI, above which large agglomerates including all the
Na* ions manifest frequently in alternative to the population of
small clusters.![1*]

A particular case is that of solvated ILs, where short-chain
methyl ether terminated ethylene glycols (glymes) form chelates
with alkali metal in solutions having a salt-to-solvent molar ra-
tio equal to 1. The analogy with ILs relies on a picture where
there are no free solvent molecules in the system, which is
entirely composed of anions and cations, where the cation
is chelate. These systems show extended liquid range upon
supercooling, wider electrochemical stability window, and de-
creased vapor pressure compared to dilute solutions.'*!l The
properties of different glyme-based electrolytes in combina-
tion with Li and NaPF; at different concentrations were in-
vestigated by vibrational, impedance, and PFG-NMR measure-
ments, evidencing the inverse relationship between ion asso-
ciation and glyme chain length. Interestingly, the increase in
ion association with increasing temperatures was attributed to
the simultaneous decrease in the solvent dielectric constant,
also previously observed with Na salts in polyether polymer
electrolyte.l142143]

Equimolar mixtures of Na salts and ILs and several other su-
perconcentrated systems have been explored, highlighting many
differences in fundamental properties arising from the different
coordination environment.[?]

3.4. Solvation in Superconcentrated Electrolytes

Evidences of strong ion-solvent and ion-ion interactions in su-
perconcentrated electrolytes have been reported for a number of
Na-based systems.

A comparison of LiPF; and NaPF, coordination in PC and
ACN via PM7 computational studies evidenced the increase of
F atoms in the primary coordination shell at high concentration,
with an increased variance in the CN pointing at a more flexible
coordination structure, attributed to the high charge delocaliza-
tion of the anions involved in the ion-ion interactions. High CN
variance and flexible coordination were related to an increase in
the temperature range in which the electrolyte is in the liquid
state, particularly with Na*+.[1%4]
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Solutions of NaFSI in flame retardant trimethyl phosphate
(TMP) have been investigated as non-flammable electrolytes up
to 3.3 molar concentration. Based on DFT-MD investigations, at
this high concentration, almost all TMP molecules are coordi-
nated with Na* cations, supported by the large shift towards lower
chemical shifts of both 70 and 3'P NMR signals attributed to the
shielding effect of Na* with increasing NaFSI concentration.!'*+’]
Similarly, the FTIR signal arising from the coordination between
C—0O-C moieties and Na* ions, distinct from that of the pure
solvent, was found to increase as a function of NaFSI salt con-
centration up to 5 M in DME (see Figure 4¢).'*) A shift of the
distinct Raman signal due to FSI~ towards higher wavenumber
was observed upon increasing NaFSI concentration in TMP, at-
tributed to the formation of anionic clusters. DFT-MD computa-
tions showed the extensive presence of large agglomerates shar-
ing at least 2 Na*.['¥] This system showed negligible volatility up
to 150 °C, and flash-point above the boiling temperature (>200
°C) at NaFSI 3.3 M. These effects were ascribed to the strong in-
teractions among Na*, FSI~ and TMP, leaving few free solvent
molecules, coupled with the high boiling point of TMP (197 °C).

Raman vibrational bands in the range of 720-750 cm™! were
examined for NaFSI solution in plastic crystal succinonitrile up
to 1:1 molar ratio, together with the signal due to C=N stretch-
ing. The contributions of CIPs and aggregates to the deconvo-
luted FSI~ band were found to increase up the disappearance
of the free FSI~ at 50% mol NaFSI. Similarly, the C=N stretch-
ing band was found to be dominated by the blue-shifted con-
tribution attributed to ion-solvent coordination at high NaFSI
concentration.'*] In this system, an extended liquid range was
observed from below —50 °C at NaFSI molar ratio above 20%.
Additionally, DFT-MD computations evidenced a downward shift
of the LUMO energy level of FSI~ well below that of SN in con-
centrated solutions, due to the change in the coordination envi-
ronment with respect to dilute solutions, where the LUMO de-
pends on the solvent instead (Figure 4d). The simulated reduc-
tion mechanism at 50% by moles of NaFSI, in excess of elec-
trons due to aggregation, predicts the formation of a singly oc-
cupied molecular orbital in FSI, and subsequent cleavage of the
S-F bond, with the release of F~ coordinated by Na*. Postmortem
XPS analysis of Na//HC cells revealed a remarkable increase
in NaF and inorganic sulfur-containing compounds on HC at
high NaFSI concentration, pointing at the formation of an anion-
derived SEI layer, way more effective than that formed in dilute
solutions. This latter was dominated by SN decomposition prod-
ucts up to 20% by moles of NaFSI. This aspect is particularly im-
portant for Na-based systems, where many SEI components (e.g.,
derived from EC-based solutions) are more soluble compared to
lithium-based systems.[132]

Alternatively, a shift of the redox potential to higher values (and
lower energy) has been proposed based on the Nernst equation
considering the redox reaction as follows:

host + Na(solv): + e < host: Na + n(solv) (1)
_ 0 R_T aNa
E=E"+ F ln<u;lv> (2)

where a and n are the activity and the solvation number, respec-
tively. Here, a decrease in the number of solvent molecules in
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the solvation sheath causes an increase in the equilibrium redox
potential, lessening the possible decomposition reactions upon
reduction.!1#8]

Interestingly, higher oxidation stability (measured versus Pt)
and diminished Al corrosion was observed with NaFSI 5 M in
DME during LSV experiments. The increased oxidation poten-
tial was ascribed to a decrease in the HOMO energy level of the
ether solvent due to the coordination with Na*, like in solvate
ionic liquids (see section 3.3). The suppression of Al corrosion
was ascribed to the lack of free DME molecules able to dissolve
the FSI-based passivation products (Al-FSI complexes and S-F
compounds detected by postmortem XPS analysis) formed on Al
surface upon oxidation at ~4.2 V vs Na*/Na.

As stated in section 3.3, Na* coordination environment at high
NaFSI concentration in Pyr,;FSI ionic liquid has also been in-
vestigated. It has been proposed that rapid exchanges in the
average coordination environment of Na* ions with high vari-
ance in extensive agglomerates may result in a transport mecha-
nism relying on structural rearrangement (somewhat similar to
Grotthus mechanism) superior to vehicular transport.['*”] Addi-
tional studies were dedicated to superconcentrated tetralkylphos-
phonium PF, ionic plastic crystal (P,,,,PF) and linear tetralky-
lammonium borate ([N, ;0,0:);][B(hfip),]) IL systems in combi-
nation with NaPF, and NaFSI salts, respectively. In the sys-
tem with P,,,,PF, closer packing was observed with increas-
ing the salt concentration, described as the formation of bulky
[M,[(X),]*®, which could further aggregate by sharing neighbor-
ing alkali metal ions, with the larger aggregates growing from 3
to >100 of atoms at the highest NaPF, concentration (50% by
moles). From a comparison with LiPF, the largest aggregates
were found in the Na system, which also showed less variabil-
ity in terms of size, and higher persistence over time, pointing
at a more interconnected structure.!*! The FTIR absorption sig-
nal due to C—O—C stretching in the trans conformation upon Na
coordination was detected in the presence of NaFSI, and found
to increase with increasing concentration. Several signals were
found to be compatible with those sensitive to FSI~ coordina-
tion in ether solvent and interpreted in terms of neutral ion pairs
and ion-clusters of Na*, [Ny ,0,01)3]" and FSI™. These latter were
found to increase with increasing NaFSI concentration. The anal-
ysis of YF signal linewidth evidenced a broadening indicative of
mixed coordination and increased heterogeneity only at 50% by
moles of NaFSL.[1% The electrochemical and transport proper-
ties in this latter system were found to be improved at 50 °C.
Indeed, most superconcentrated electrolytes show high viscosity,
requiring temperatures above room temperature to achieve opti-
mal electrode wetting and ionic conductivity. In this respect, it is
worth noting that the improved rate performance often observed
with superconcentrated electrolyte is mostly attributed to the im-
proved quality of the SEI layer, and the easier alkali metal desol-
vation at the interface with the electrode, due to a higher amount
of anions in its coordination environment compared to diluted
electrolytes.!132144]

A subsequent advance aimed at decreasing the viscosity and
cost, while improving the ionic conductivity and keeping the
advantages of superconcentrated electrolytes in terms of in-
terfacial chemistry and safety consisted in the introduction
of non-solvating diluents, in the localized high-concentration
approach.!'?!
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3.5. Solvation in Localized High-Concentration Electrolytes

This approach was first reported for NaFSI-based electrolytes
in DME,["*!l which showed excellent properties in superconcen-
trated solution up to NaFSI 5 M (see section 3.4). The addition of
bis(2,2,2-trifluoroethyl) ether (BTFE) diluent allowed decreasing
the concentration of costly NaFSI, while keeping the structure of
the superconcentrated electrolyte at different diluent to DME mo-
lar ratios up to 3. The Raman spectra of NaFSI 5.2 M in DME and
NaFSI2.1 M in DME/BTFE showed similar characteristics, in par-
ticular, the disappearance of the band due to free DME, and the
dominance of the blue-shifted contribution at 751 cm™~! due to ag-
gregates in the band sensitive to FSI coordination. Additionally,
the Raman band of BTFE was preserved regardless of concen-
tration. This strategy allowed decreased viscosity, increased con-
ductivity, and obtainment of excellent performance in Na metal
cells at BTFE:DME ratio equal to 2, corresponding to a decrease
in NaFSI concentration to 2.1 M compared to the reference su-
perconcentrated solution.

Other hydrofluoroethers have been proven effective in
realizing the localized high-concentration (LHCE) approach
for sodium electrolytes, e.g., 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropylether (TTE).[*>2] Hydrofluoroethers are effective
diluents in virtue of their low DN (poor Lewis basicity) and di-
electric constant, resulting in poor solvents for the sodium salt.
A maximum threshold for the electrostatic potential energy (i.e.,
a computable parameter quantifying the strength of the interac-
tion between the diluent and the anion) of 25 kcal mol~! was pro-
posed to select effective diluents for electrolyte design.[>]

Ab initio molecular dynamics (AIMD) simulations of
NaFSI/DME/TTE systems evidenced a slight preference for
FSI over DME in Na* coordination environment, with CN
analogous to those observed in superconcentrated NaFSI/DME
system devoid of diluent. The calculated CN for Na-TTE co-
ordination was found to be negligible, evidencing its role as
a non-solvating diluent. The statistical analysis evidenced the
extensive presence of aggregates in both the superconcentrated
electrolyte or solution and the LHCE, with a higher percentage
of [NaFSI,(DME), |~ with n equal to 1 and 2, respectively.['>2!

It has been proposed that a high number of small clusters
with high diffusivity in LHCE could be achieved by increasing
the free energy of solvation by decreasing the entropic contribu-
tion. In general, the segregated diluent phase is characterized by
a low entropy, thus, electrolyte engineering aimed at increasing
it (e.g., by mixing different diluent) could be an effective strategy
to improve the transport properties. Artificial intelligence may be
highly helpful in the formulation of these systems.[}>*1>4]

Besides hydrofluoroethers, other species can be used as
diluents. For example, NaNO, was found to be an effective
diluent for the superconcentrated 3 M NaFSI-TMP system,
further decreasing cost. The diluted system consists of 1.4 M
NaFSI, 0.6 m NaNO,; in TMP. The FTIR absorption signal
due to (P-O)-C vibration, sensitive to TMP conformation and
coordination, showed a blue-shifted contribution upon the
addition of the sodium salt. Its contribution was evaluated upon
deconvolution against the signal due to free TMP, yielding
very similar ratios for 3 M NaFSI-TMP and 1.4 M NaFSI, 0.6 M
NaNO, in TMP. Multiple peaks attributed to the presence of
aggregates with different coordination were observed in the
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31P NMR spectrum of the ternary system. AIMD study showed
the formation of aggregates with the presence of anions in the
primary coordination environment in both the NaFSI-TMP and
the NaFSI-NaNO,-TMP systems. Further analysis indicated that
the highest LUMO energy level is located on TMP, enabling the
formation of anion-based SEI, in analogy to the superconcen-
trated and localized high-concentration electrolytes. Together
with the decrease in cost, the ternary systems showed a doubled
ionic conductivity compared to 3 M NaFSI-TMP, and improved
electrochemical performance (Figure 4e).[>]

Lastly, the concept was extended to the dilution of ionic lig-
uid battery electrolytes (e.g., with highly viscous PP,;FSI), and
to quasi-localized high-concentration electrolytes, where weakly
solvating compounds (e.g., fluorinated organic carbonate esters)
instead of a diluent, participating to the alkali metal coordination
in the primary solvation sphere. Examples of these systems were
demonstrated for LIB application and will probably soon be re-
ported for Na-based systems.[!%3]

4. Conduction Mechanism

4.1. Metrics

Here below, a table follows, which summarizes the basic equa-
tions and definitions useful to discuss the transport properties
and conduction mechanisms in electrolytes for Na-based batter-
ies (Table 3).

4.1.1. Various Types of lon Transport

This section delves into the diverse ion transport mechanisms
found in various electrolyte systems.

Vehicular Transport:  In dilute liquid electrolyte solutions, ve-
hicular motion serves as the primary mechanism for ionic diffu-
sion. It consists of ion diffusion together with the solvation shell
as one entity.!12°]

The  liquid-like  mechanism  usually  exhibits a
Vogel-Tammann—Fulcher (VIF) temperature dependency,
following that of the fluidity ¢, viz. the reciprocal of the
viscosity #:

b=, ¢\ 77) ®)

where the pre-exponential factor ¢,, B and T, are material-
dependent parameters. The parameter B is related to the activa-
tion energy, whereas T, is related to the glass transition temper-
ature (T,). T is the “ideal glass-transition temperature” at which
the medium motion is frozen and is usually lower (30-50 de-
grees below) than the glass-transition temperature observed dur-
ing the DSC measurements.[16016316] The conventional vehicle-
type mechanism is based on the assumption that viscosity affects
ionic transport, in agreement with the Walden rule (see Table 3
and dedicated section).[*¢7]

Structural Relaxation: Structural relaxation stands out as the
most commonly observed mechanism in polymer electrolytes.
This is primarily because ion transport relies on segmental re-
laxation, making it a pivotal process in this context. Similarly to
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the vehicular mechanism, it results in a VTF-like behavior for the
ionic conductivity in compliance with the Walden rule using the
polymer segmental relaxation time 7, in the place of macroscopic
viscosity.[1¢7]

Assuming a rate of ion motion equal to the segmental relax-
ation rate, it was estimated that reaching an ionic conductiv-
ity of 1 mS cm™! (with an averaged length for a single jump
~0.1-0.2 nm, and a concentration of ~1-3 ions nm~) would
require a very high frequency per single jump 1/z, ~10°-10'
s71, which is hardly attainable for dry polymer electrolytes, con-
sidering that the segmental relaxation in amorphous PEO is in
the range 1077-107% s at room temperature. The addition of a
liquid plasticizer can increase the rate of structural relaxation in
the polymer (easily exceeding 10'° s7!) and enable ion transport
through the liquid phase (see Figure 5a).[1%’]

In gel electrolytes, ions can be transported by exchanges in
different solvation environments, depending on the interactions
between the polymer host, the alkali metal salt, and the plasti-
cizer. Strong interactions, typical of PEO-based gels, ensure high
chemical stability (particularly in terms of limited phase separa-
tion and leakage over time). Poly(methylmethacrylate) - PMMA
and, to a lower extent, poly(acrylonitrile) — PAN are also able to
form stable gels due to the polymer-solvent interactions, particu-
larly when inorganic fillers are added to the system. This is par-
ticularly important considering that these systems have generally
poor mechanical properties. On the other hand, when weak inter-
actions occur among the components, the mechanical properties
are generally improved, because the polymer host basically acts
as a porous separator loaded with a liquid electrolyte. In this lat-
ter case, the ion transport mechanism relies on the liquid phase
(vehicular transport), which is typical for PVdF-HFP and PVdF-
based gels, due to the poor coordination ability of fluorinated
moieties.[168.169]

It is generally accepted that most crystalline phases (includ-
ing salt-polymer crystalline complexes) in semi-crystalline poly-
mers, such as PEO and polycaprolactone (PCL), are poor ionic
conductors, and their presence causes a significant drop in ionic
conductivities by discontinuing the conduction pathways in the
amorphous phases. For this reason, several strategies have been
adopted to reduce the degree of crystallinity and reach higher
ionic conductivity in these systems. On the other hand, since
macromolecules above the entanglement limit do not show suf-
ficiently fast relaxation in the amorphous phase, strategies to
lower the T, have been pursued to increase the ionic conduc-
tivity, e.g., by lowering the average molecular weight of the
polymer or by the addition of plasticizers.'*-17!] Lowering the
T, and degree of crystallinity decreases the Young’s modulus
of the polymer electrolyte and its ability to act as a separator,
therefore crosslinked systems, advanced polymer architectures
and composite polymer-based electrolytes including inorganic
phases have been developed to balance the physical and trans-
port properties.[192]

Decoupled Transport: Structural motion (not to be con-
fused with structural relaxation) represents the diffusion of
ions through successive ion dissociation/association exchanges
across different coordination environments. Superionic glasses
and crystals exhibit this kind of ion transport mechanism, in
which ion motion can be 10°-10'2 times faster than expected
from the Walden rule, with ionic conductivities in the solid state
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Table 3. The fundamental equations and definitionsfor discussing transport properties and conduction mechanisms in electrolytes.
Measurement Equations Notes References
lonic conductivity (S cm™") EIS c = W R = bulk resistance?) (Q) [156-158]
. | = sample thickness (cm)
A = area (cm?)
eNMR o =Y zi¢;Fu; z; = charge of the i-th tracer
! F = Faraday’s constant (C mol™")
¢; = concentration of the i-th ion (mol cm™3)
u; = electrophoretic mobility of the i-th charged tracer
(cm? v-Ts7)
2
PFG-NMR?) c = RF—T 22¢,D; D; = apparent diffusion coefficient of the i-th tracer
‘gas ;

Hg + PFG-NMR®)

from PFG-NMR (cm? s7)
Rcas = universal gas constant () K= mol™")
T = temperature (°K)

Hg = Haven ratio

Transference number®) eNMR o; = ionic conductivity of the i-th charged tracer from [157-159]
eNMR
PFG-NMR®)
EIS + CA (Bruce-Vincent)?) TN, = m/—_llogo)) l¢s = steady state current from chronoamperometry
“lssfss
(A
lo = initial current from CA
Ry = initial SEl+charge transfer resistance from EIS
Rys = SEl+charge transfer resistance at steady state
from EIS
Haven ratio EIS + PFG-NMR®) W o5 = ionic conductivity from EIS [157,158]
Oprc.NMR = 10nic conductivity from PFG-NMR
eNMR + PFG-NMR®) M oonmr = ionic conductivity from eNMR
eNMR
Walden rule n (T +o(T) An=c A = molar conductivity (S cm? mol~") [160,161]
n = viscosity (Poise)
¢ = constant
Ap®=c a = coefficient of the fractional Walden rule (0 < a <7)
Anp=c (% + ’i,) r:r = ionic radius of the cation
' r = ionic radius of the anion
()
Activation energy o (T) o =o04e RgasT E, = Arrhenius activation energy (k] mol™') [160,162,163]
6, = pre-exponential factor (S cm™')
(- et
o =oyes Feas(=T0) Eyre = VTF activation energy (k] mol™')

6, = pre-exponential factor (S cm™')
T, = ideal glass transition temperature (30-50 °K
below T;)

3 grain boundary resistance is added to the bulk one to compute the overall ionic conductivity; ) Nominal charges (z) are used in all equations for PFG-NMR (the technique
is not sensitive to the charge of the tracers); 9 Considering Na™ transport, the transference numbers of all positively charged species containing sodium atoms should be

added up together at the numerator. The term “transport number” is referred to to systems with free-charged species and no ion association, instead;! 6] )

are reported inl1%] and.[1%]

>1 mS cm™'. This mechanism, often called hopping, demon-
strates a strong decoupling of ion diffusion from structural
relaxation and usually shows an Arrhenius-like temperature
dependency.'%’] The prefactor ¢, depends on the ionic charge,
hopping distance, activation entropy, dimensionality of the con-
ducting channels, the charge of the mobile carrier, and ion vibra-
tional attempt frequency. The activation energy E_ depends on
the energy barriers for defect formation and mobility.[62]

In polymers, ions follow the fastest route, being both the
liquid-like and the solid-like mechanism possible in principle.
The latter is controlled by the energy barrier due to electro-
static and elastic contributions.'®) Aiming at decoupling ion
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similar methods

transport from the segmental relaxation of the polymer back-
bone, side-chain solvation approach has been proposed, which
is challenging due to the absence of the secondary relaxation
effect (e.g., the motion of side chains) before reaching suffi-
cient relaxation time (e.g., 1071 s). Other strategies include us-
ing polymers with weakly coordinating repeating units, such
as poly(carbonates), and highly concentrated polymer-in-salt
systems.[7!] Poly(carbonate)-based electrolytes show decoupled
ionic conductivity in terms of relatively high conductivity near
the T,, i.e., higher mobility than expected based on the poly-
mer segmental relaxation, due to the weak coordination abil-
ity of the carbonyl oxygen in the backbone.['”] Polymer-in-salt
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poly(carbonate)-based electrolytes having carbonyl to Na* molar
ratio below 5 (e.g., 2-3) show relatively high ionic conductivity,
ascribed to ion percolation through salt aggregates. In this re-
spect, caution should be used due to the tendency of these sys-
tems to partially depolymerize (unzipping), particularly depend-
ing on the drying procedure and solvent casting procedure. Ad-
ditionally, more depolymerization was observed at higher salt
concentrations.[17?]

Walden Plot: For dilute systems relying on vehicular ion
transport, the ionic conductivity depends on the size of the
charge carrier (including the solvation sheath) and the electrolyte
viscosity.[1#4]

The original Walden rule established a direct proportionality
relation (by a constant ¢) between the equivalent ionic conductiv-
ity A and viscosity 7 (see Figure 5b).11% On a plot of log A versus
log ¢ (¢ is the fluidity, viz. the reciprocal of ), data for a 0.01 M
KClI solution provide a straight line that passes through the ori-
gin used as the ideal reference (Walden plot).['%!] Dilute aqueous
KClI solutions are used because they are assumed to be fully dis-
sociated and to have ions of equal mobility.l'®!] The use of data
for higher concentrations (e.g., KCl 1 m) is controversial, because
they significantly deviate from the ideal assumptions.'”3]

In the Walden plot, systems for which the constant ¢ differs
significantly from the ideal one are offset from the reference line.
The study of molten salts lead to the development of the ““frac-
tional” Walden rule including an exponenta (0 <a <1, a =1
for the ideal reference) affecting the slope of data in the Walden
plot.['®1 The fractional Walden rule implies that the activation
energy for conductivity is lower than that for viscosity, which is
the characteristic behaviour of “‘superionic” conductors (top left-
hand corner of the diagram), combining high conductivities with
low fluidities.

A modified version corrected for the ionic radii of the cation
(rf) and the anion (r;") was proposed by extrapolating them from
the Stokes-Einstein equation relating the viscosity to the self-
diffusion coefficients of the ions, and using these latter to com-
pute the ionic conductivity via the Nernst-Einstein equation.!1¢!]

For ionic liquids, the most favorable systems combine high
fluidities with high conductivities, with room-temperature val-
ues in the top right-hand corner of the diagram.l'®!l The lower
right-hand half of the diagram represents “poor” ionic liquids ap-
proaching the behavior of molecular liquids.['7*]

The behavior of poor ionic liquid, and in general of poor elec-
trolyte solution in this description, is generally attributed to a
low degree of dissociation, mostly due to non-conductive neutral
ion pairs. An additional contribution is given by the polarization-
induced internal field due to the counterions opposed to the exter-
nal electric field and the movement of ions along it.['%*161] The ap-
parent degree of dissociation, or “ionicity”, i.e., the reciprocal of
the Haven ratio, is often given as the ratio between the ionic con-
ductivity measured under a (small) applied electric field (mostly
measured by electrochemical impedance spectroscopy — EIS) and
the ionic conductivity derived from the apparent self-diffusivity
measured by PFG-NMR via the Nernst-Einstein relation. This lat-
ter tends to be overestimated, due to the contribution of all the
species bearing the tracer, whereas EIS only accounts for mobile
charge carriers.[13¢] Tt has been pointed out that the offset from
the ideal KCI reference is not a reliable descriptor of the degree
of dissociation.['7?]
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Correlation in Ion Transport: The correlations among ions
have been taken into account in several computed models
and simulations on Na-based battery electrolytes to describe
the transport properties of highly concentrated-, ionic liquid-,
and polymer-based electrolytes (e.g., drawing upon the theoret-
ical treatments by Onsanger, Green-Kubo, Stefan-Maxwell, and
Wheeler-Newman).[127:140.158167.175]

In general, sub-ionicity and experimental evidences yielding
a Haven ratio >1 are attributed to the presence of ion-pairs un-
able to transport charges. Besides neutral ion pairs, other types
of ion-ion correlations can reduce the ionic conductivity. In the
statistical-mechanical non-equilibrium treatment, if the total cor-
related mean-squared charge displacement related to the ionic
conductivity (arising from the description of ionic conductivity in
terms of velocity—velocity correlations of all the ions in the sys-
tem) is smaller than expected for random jumps ~NA? related to
the self-diffusion coefficient (N is the number of ions involved
in correlated motion, and 4 is the averaged jump length arising
from velocity—velocity self-correlation function), then the recip-
rocal of the Haven ratio will be smaller than 1. This might lead
to a significant (210 times) decrease in ionic conductivity relative
to the conductivity expected when there are no ion—ion correla-
tions. On the microscopic level, this may be explained by a sort of
backflow mechanism involving concerted mobile ion rearrange-
ments, which result in ion diffusion with minimal or no charge
displacement.

Cation—anion correlation is due to the electrostatic attraction
and involves the movement of ions with opposite charges in the
same direction (i.e., neutral ion pairs). It is not very important
in highly diluted systems, whereas it affects transport in sys-
tems showing aggregation (see the section dedicated to solva-
tion), where ions move together in a correlated manner for the
lifetime of the aggregate.['?’) This kind of cation—anion correla-
tion decreases the ionic conductivity. On the other hand, there
is also the case of cation-anion anticorrelation (ions moving in
opposite directions), which increases the ionic conductivity, but
can negatively affect the transference number, also depending on
the technique used to measure it. This was found to be the case
in solvate ionic liquids with long-lived metal ion-glyme chelates,
where cation-anion anticorrelation leads to an increase of the
ionic conductivity and a decrease of the steady state current under
anion-blocking conditions, resulting in a low transference num-
ber measured by the Bruce-Vincent method.[*>®]

Cation-cation and anion-anion correlations include the self-
correlation related to diffusivity (e.g., captured by PEG-NMR) and
the mutual correlation among distinct ions of the same type (in
this respect it is particularly relevant if they move in the same
or opposite directions)!'*®] (see Figure 5c). In dilute liquid elec-
trolytes, ions bearing the same charge will either interact very
little or move in an anticorrelated manner (i.e., in opposite di-
rections) because of electrostatic repulsion.['”] The correlations
among distinct ions of the same type are substantial in sys-
tems with a high degree of ion aggregation due to the use of
poor solvents with low dielectric constant, as well as in highly
concentrated systems, and in polymer electrolytes, particularly
polyanions (i.e., polymeric single ion conductors) and poly-
cations (here polyionic liquids)."?”! For example, a major de-
crease in conductivity in ionic liquids may appear as a result of
anion—anion and cation—cation anticorrelations (i.e., ions mov-
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Figure 5. a) Graphical representation of the microscopic transport of Li* ions in fully amorphous phases, wherein Li*-ion migration is closely correlated
with the segmental dynamics of polymer backbones (A), Graphical representation of the microscopic transport of Li* ions in a mixture of amorphous and
crystalline phases. In this scenario, the surface functional groups of crystalline phases facilitate the transport of ionic species (B), Graphical representation
of the microscopic transport of Lit ions in crystalline phases, where cationic species migrate via the ion-hopping mechanism (C). Adapted under terms
of the CC-BY license.['”"] Copyright 2023, Song, Z. et al., published by Springer Nature. b) Walden—Angell plot for ionic materials. Adapted under terms of
the CC-BY license.['”"] Copyright 2023, Song, Z. et al., published by Springer Nature. c) Illustration of the phenomenon of anticorrelated ion movements
in solvate ionic liquids based on the tetraglyme-LiTFSI system: cation-anion anticorrelations contribute to lowering the Haven ratio (HR) of solvate
ionic liquids (D), this effect is overcompensated by strong cation—cation and anion-anion anticorrelations, resulting in an HR value greater than 1 (E).
Adapted under terms of the CC-BY license.['8] Copyright 2019, Vargas-Barbosa, N. M., Roling John B., published by Wiley and Sons. d) lon conduction
mechanism in the solid-state, regions of enhanced Na-ion conductivities along with different microstructure scenarios Adapted with permission.[16]
Copyright 2023, John Wiley and Sons.
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ing in opposite direction) resulting in a Haven ratio > 1. This kind
of anticorrelation can be responsible for measured ionic conduc-
tivities up to ten times lower than expected based on the apparent
self-diffusivities in both polyanionic (i.e., polymeric single-ion
conductors) and polycationic (i.e., polyionic liquids) systems, due
to the covalent bonding of the ionic monomers.['81¢] [n general,
the most substantial contribution in polyionic systems is given
by anion-anion correlations, particularly within the same chain,
where anticorrelation is due to electrostatic repulsion, but posi-
tive correlation may also occur in aggregates including different
charged chains with their counter ions.['?’! Positive correlation
among ions of the same type moving in the same direction re-
sults in a Haven ratio <1.[1°8 This is the case for many superionic
glasses and crystals, where ionic conductivities can be 3-5 higher
than expected based on the apparent self-diffusivity. In these sys-
tems, the charge diffusion is actually faster than ion diffusion,
which is due to correlated cation-cation motion, drastically im-
proving the conductivity.[1¢]

It deserves special mention the case of systems rich in charged
aggregates showing fast exchange and rearrangement, e.g. highly
concentrated ionic liquid-based sodium electrolytes. In these sys-
tems, the high measured transference number(!®*] and high-
rate capability!!*”] were ascribed to decoupled ion pathways for
Na ions, relying on short residence time and fast exchanges
in the coordination environment. The high CN variance for
Na* ions, evidenced in several MD simulations of highly con-
centrated systems,[132137.140.144] hag heen ascribed to the flex-
ible character of the coordination environment at high salt
concentration, possibly resulting in a Grotthuss-like transport
mechanism, via successive jumps across different coordination
environments.!127:144]

Ion Transport in Composite Electrolytes: In general, composite
electrolytes are classified depending on the amount of dispersed
phase relative to matrix (which is low in ceramic-in-polymer sys-
tems, and high in polymer-in-ceramic ones) and the ability of the
inorganic phase to transport the alkali metal ion (often called ac-
tive filler), as opposed to the use of inert fillers (also called “inac-
tive”, or “passive”).

With inert fillers, the ceramic-in-polymer approach is the
most convenient because of its easier film processability. In gen-
eral, ceramic-in-polymer electrolytes with low ceramic loading
have room temperature conductivities higher by one order of
magnitude compared to polymer electrolytes without filler.['7®]
Composite electrolytes with an inert ceramic phase dispersed
in sodium-ion conductive polymer and components are mainly
aimed at improving the mechanical properties while hinder-
ing polymer crystallization upon cooling from the amorphous
state, similar to Li-based systems with PEO.!'””] However, the de-
crease of the polymer host crystallinity, e.g., with semi-crystalline
poly(caprolactone), is not always found to increase the ionic con-
ductivity of ceramic-in-polymer systems with inert fillers.[12] On
the other hand, an increase in conductivity has been reported
for nanocomposite systems where the polymer matrix (e.g., with
PAN) is completely amorphous regardless of the presence of par-
ticles). In this respect, many studies have stressed the importance
of Lewis acid sites on the particles’ surface, which are able to inter-
act with the anions, thus helping the dissociation of ion pairs and
improving the alkali metal ion transport properties.!'6217¢] Simu-
lations have also shown that an interface area exists between the
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bulk polymer and the ceramic particles, in which the disorder of
the polymer chains increases as well as salt dissociation, leading
to the improvement of the ionic conductivity!!%®! (see Figure 5d).
It is important to stress here that the use of the solvent casting
method to obtain the composite films can lead to misleading re-
sults due to residual solvent traces, particularly regarding the ef-
fects on the polymer crystallinity and chain arrangement at the
interface with the particles’ surface.['”®! Indeed, several studies
(including quasi-elastic neutron scattering measurements) evi-
denced that the segmental dynamics of the PEO chains near the
particle surface are hindered in both “salt-free” and “salt-doped”
systems.[162176] On the other hand, the improved retention of
the liquid phase is largely exploited in hybrid gel-composite
electrolytes.!166179]

The effective medium theory and the percolation theory are
commonly used to model the conductivity of composite elec-
trolytes. The former expresses overall conductivity as a function
of the conductivities of the constituent phases and their volume
fractions. More recent models take into account three phases, i.e.,
the host, the disperse phase (including the particle size and ge-
ometry), and the conductivity and thickness of the interfacial re-
gion among them. Additionally, they take into account the per-
colation threshold, which affects the continuity of the conductive
pathways.[180]

A percolation pathway parallel to that of the host may arise
above a critical threshold for the ceramic content. The thresh-
old depends on the conductivity of the components (conductor—
superconductor versus conductor-insulator mixtures) and the
conductivity along the interface among them. The influence of
local interfacial regions with enhanced conductivity on the over-
all transport properties depends on their (radial) extension, the
size, and the volume fraction of the ceramic particles (the in-
terfacial regions will be more important for small particles with
large surface area). Below the percolation threshold, the con-
ductive pathways along highly conductive interfacial regions are
discontinued. On the other hand, a reduced ionic conductivity
can be observed at high ceramic phase content due to particle
agglomeration.'®! In this respect, it is worth mentioning that
high heterogeneity (e.g., due to agglomeration) may lead to non-
uniform contact and uneven ionic flux at the interface with the
electrodes.['?] In this respect, surface functionalization of the
dispersed phase was demonstrated to improve the compatibil-
ity among the components and cycling ability with the metal
anode in Li-based systems.['¥!] Composite materials including
sodium ion conducting ceramic, are aimed at enhancing the Na-
ion transport properties by exploiting the highly conductive inor-
ganic phase. Several different composite systems including g”-
Al,0,,NSZP, and Na,; SbS, have been investigated in this respect,
particularly in combination with PEO. In these systems, the con-
ductivity is affected by the interfacial regions, the resistance at the
polymer/ceramic interface, and the resistance between ceramic
particles.[160]

In the case of non-percolating systems, the resistance across
the polymer/ceramic interface is the most important, because it
could enable fast transport in the ceramic phase regardless of the
discontinuous conduction pathway. In most cases, the interfacial
properties were found to hinder ion exchange across the poly-
mer/ceramic interface, in both polymer-in-ceramic and ceramic-
in-polymer systems.[!7]
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Several factors affect ion transport across the polymer/ceramic
interface, including the formation of insulating secondary inter-
phases due to side reactions, and the space-charge effect. The
former is likely due to impurities on the surface of ceramic par-
ticles, or the reactivity in contact with the polymer matrix (e.g.,
H, O traces in hygroscopic PEO may react with sulfide ceramic
conductors). The space charge effect is associated with charge
depletion and enrichment at the interface between different con-
ductive phases (e.g., grains with different orientations, and differ-
ent materials), resulting in an internal electric field and a mod-
ified concentration of charge-carrying defects close to the inter-
face. This latter affects the ionic conductivity. It is worth mention-
ing that such effect is ascribed to a confined portion of the sam-
ple near the interface and the electric field vanishes in the bulk
interior, therefore the finite size of the conductive regions must
be considered particularly in polymer-in-ceramic nanocomposite
materials.[162:180]

The polymer-in-ceramic systems contain high concentrations
of ceramics as the main ion-charge carriers, with minimal
amounts of polymer. This approach aims at exploiting the prop-
erties of the polymer in terms of improved contact with the
electrodes, ability to buffer the volume variations, and ease of
processing. Fast ion transport is limited by the low ionic con-
ductivity of the polymer matrix. In this respect, in the ab-
sence of efficient exchanges across the polymer/ceramic inter-
face, the simple dispersion of the inorganic particles easily re-
sults in lower ionic conductivities with respect to the refer-
ence ceramic pellets, which usually undergo densification to
eliminate voids and/or grain boundaries. The continuity of the
ceramic phase is found to be fundamental to form a perco-
lating ionic pathway. For example, aligned ceramic nanowires
with high aspect ratio were found to improve the ionic con-
ductivity over random particles dispersions, thanks to the long-
range ionic pathways in the former. The ion transport proper-
ties would also benefit from such alignment in the presence
of local interfacial regions with enhanced ionic conductivity.
Finally, the geometry of the continuous ceramic scaffold can
also affect the polarization overpotential and the mechanical
properties.[106:17¢]

5. Separators

In all-liquid-electrolyte based batteries, the electrolyte solution is
normally soaked in a separator, a porous membrane sandwiched
between electrodes of opposite polarity, permeable to ionic flow
but able to prevent the direct contact of the electrodes and related
short-circuit.'¥?] A good separator has to meet some minimal re-
quirements (Figure 6a):

a) it must be electronically insulating (the electron flow occurs
in the external circuit);

b) it must be chemically and electrochemically stable towards
the electrolyte and the electrode components;

) it must be mechanically robust to withstand the solicitations
occurring during battery assembly and operation;

d) it must effectively prevent the migration of particles or col-
loidal or soluble species between the two electrodes;

e) it should be thin with a sufficient and an interconnected
porous structure for soaking as much as possible electrolyte
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solution, thus assuring high ionic conductivity and proper op-
eration;

f) it should be uniform in thickness and, at the same time,
lightweight. Quantitatively speaking, the MacMullin number
(e.g., the ratio of the resistivity of the separator filled with the
electrolyte divided by the resistivity of the electrolyte alone)
should be as low as possible;!183]

g) it must be thermally stable: less than 5% shrinkage after
60 min at 90 °C under vacuum.['82! Moreover, it should be able
to close the pores when the internal temperature in the bat-
tery dramatically increases. This phenomenon is called “shut-
down”;

h) it should be low-cost and easy to fabricate. In general, the
price of a separator counts up to around 20% of the total cost
of battery materials/components at the cell levell '3 (mostly
because of the expensive fabrication process).

Separators used in batteries can be grouped into three cate-
gories: micro-porous polymeric membranes, nonwoven materi-
als, and composite membranes. Micro-porous polymeric mem-
branes are semi-crystalline materials based on polyolefins, such
as polyethylene (PE), polypropylene (PP), and their blends. They
are the most commonly used separators in batteries due to suf-
ficient porosity, good mechanical properties, high chemical sta-
bility, and low cost.['¥5] However, their low melting points com-
promise thermal stability, thereby impacting battery safety. Ad-
ditionally, when exposed to temperatures exceeding their melt-
ing points, these polyolefin membranes experience a significant
loss of mechanical integrity, leading to short circuits. Nonwo-
ven materials, either oriented or randomly arranged, bonded to-
gether by chemical or physical methods, are promising alterna-
tives due to their high porosity and excellent thermal stability.
These materials can be bio-based (e.g., cellulose), or synthetic,
such as polyamide (PA) or PVdF. However, their weak inter-fiber
interactions result in subpar mechanical strength, making these
membranes susceptible to dendrite penetration.

Thus, the separator preparation, including the modification
process, is critical to enhance thermal stability by strictly con-
trolling flame and dendrite growth. Recent years have yielded
significant progress in creating high-performance separators
by grafting, coating, or filling organic (polymers)/inorganic
(ceramics) material on the surface of traditional polyolefin
separators.['3¢] Recently, a novel PE-HEC-TiO, composite sepa-
rator (where PE = polyethylene, HEC = hydroxyethyl cellulose)
was developed by Zhu et al. by sequentially applying hydroxyethyl
cellulose (HEC) coating and in situ self-growth of TiO, nanopar-
ticles. This composite separator effectively improves electrolyte
absorption by addressing the issues of low surface energy and
poor wettability common in conventional PE separators. In a
Na|Na,;V,(PO,); battery cell using the PE-HEC-TiO, separator
and 1.0 M NaClO, in EC/PC (1:1, weight ratio) with 5.0 wt% FEC
additive as electrolyte, it demonstrates a reversible capacity of
99.0 mAh g~! and maintains an excellent capacity retention of
94.8% even after 1000 cycles at 5C, while concurrently providing
a stable Coulombic efficiency close to 100% (Figure 6b).[*%]
Mun et al. prepared composite separators based on PE by an im-
pregnation method using SiO, ceramic nanoparticle filler, thus
improving thermal stability, ionic conductivity, and cell perfor-
mance. When utilizing a nano-SiO,-impregnated PE separator
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Figure 6. a) Requirements for the separator to tackle secondary battery challenges; b) Preparation procedure and proposed mechanism of the PE- HEC-
TiO, composite separator. Adapted with permission.['®7] Copyright 2023, John Wiley and Sons. c) Schematic of the fabrication of PE/SiO, separator.
Adapted with permission.["®8] Copyright 2020, Elsevier.
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in Na full-cell systems with 1 M NaPF, in EC:PC (5:5, weight
ratio) as electrolyte, which includes Na, ,Li, s Ni, ,s Fe, ,sMn, s O,
and HC electrodes, a significant improvement in both cycle life
and rate capabilities is demonstrated (Figure 6c¢).['88]

Electrolyte filling in commercial cells is one of the most time-
consuming steps, and it needs to be overcome, as well as costly
formation, for next-generation batteries.[1¥1%] Artificial intelli-
gence will play a major role in making the process more effi-
cient, hopefully adapting fast to new materials and requirements,
depending on data availability."!] Cell filling with conventional
electrolytes is limited by the high vapor pressure of the organic
solvents, limiting the evacuation (under)pressure and time, as
well as the filling temperature.[192] All these parameters can be
increased using IL-based electrolytes without any risk of evapo-
ration or degradation. At present, benchmark commercial separa-
tors tailored for ILs are still not established, and most researchers
use thick glass fiber separators (in the order of hundreds of mi-
crons) for material characterization at the laboratory scale, which
is not compatible with large-scale production. Dedicated studies
pointed out that most polyolefine-based commercial separators
are not properly wet by ILs.!3] In particular, ILs having cations
with long side chains and TFSI anions are more compatible with
hydrophobic separators. For example, Celgard 2500 was found
to be better wet by pyrrolidinium-based ILs with TFSI compared
to those with BF,~ and FSI anions.'”*1%] With the exception of
PC, the addition of organic diluents was found to be beneficial
to decrease viscosity and improve wetting with Celgard 2500, re-
gardless of the choice of the anion.['] Dilution strategy was also
demonstrated to improve wetting of tortuous pores in commer-
cial LFP electrode tapes (%10 mg cm~2, ~53% porosity), by re-
ducing the time required to stabilize the impedance upon forma-
tion, with a threshold at which it was halved at 50% dilution. It is
worth mentioning here that the negligible vapour pressure of ILs,
coupled with their high thermal and chemical stability, allows in-
cluding them directly in the electrode slurry or in mixtures for
extrusion.!’”] Additionally, polymeric ILs have been proposed as
alternative electrode binders,['%] notably including fluorine-free
systems for aqueous electrode slurries.!']

In general, hydrophilic separators, such as polyamide and cel-
lulose, have been shown to be more compatible with ILs in terms
of wetting, compared to the hydrophobic ones. The hydrophilic
commercial Al,O,/PET (Separion) separator is compatible with
most ionic liquids,['*! but it was found to be detrimental for the
cell performance in lithium metal cells due to dendrite forma-
tion, possibly in relation with its surface roughness and high
porosity, also depending on the SEI-forming ability of the ionic
liquid, mostly relying on the choice of the anion.'**] A compara-
tive study evidenced that Celgard® 3501 is more compatible than
Separion® with both lithium metal and concentrated IL-based
electrolytes with FSI anion.?% IL-based electrolytes will be fur-
ther discussed in the following section.

Overall, both the structural design of the separator and its in-
teraction with the liquid electrolyte significantly impact the trans-
port of Na* ions and contribute to cell overpotentials.['®3] Despite
progress in finding suitable separators, there remains a press-
ing need to enhance their performance further. This challenge
stems from the requirement for separators to meet multiple per-
formance criteria simultaneously, including thermal resistance,
chemical compatibility, mechanical strength, dendritic suppres-
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sion, as well as considerations like sustainability, flexibility, and
thickness.['®] These attributes are crucial for the practical imple-
mentation of large-scale battery systems. Moreover, there exists
a significant gap in our understanding of how the properties of
separators directly influence NIB performance. Enhancing both
the safety and the electrochemical efficiency of next-generation
NIBs necessitates the advancement of innovative composite sep-
arators tailored for use with liquid electrolytes. It is imperative
to reduce reliance on toxic solvents, costly nanomaterials, and
binders, as these components are typically essential in coating
processes aimed at functionalizing inorganic materials onto PE
separators.[18]

This emphasis on sustainability and cost-effectiveness is es-
sential for driving progress in battery technology while minimiz-
ing environmental impact. Additionally, the creation of smart
separators featuring practical functionalities is going to be al-
ways more relevant in the coming future. These smart separa-
tors should be capable of responding to various conditions such
as temperature, current, and voltage fluctuations, contributing to
better battery management and safety.?’!] Furthermore, efforts
should focus on integrating separators into solid electrolytes, a
promising approach that can enhance the stability and efficiency
of next-generation batteries, including NIBs.

6. The Versatility of lonic Liquids: Toward Gel and
Composite Electrolytes

While conventional organic electrolytes offer the advantage of
ease of handling and exhibit superior properties, particularly
around room temperature, they also present significant safety
challenges that must be addressed before their widespread
use in large-scale devices. One major challenge is the volatile
and flammable nature of organic solvents, which poses safety
hazards.?*? In contrast, room temperature ionic liquids (RTILs)
present an enticing alternative to standard liquid electrolytes due
to their inherent safety characteristics.[2)] RTILs are salts with
melting points below 100 °C, generally constituted by organic
cations and anions with a highly delocalized charge. In battery
applications, the most used cations are based on organic species,
such as imidazolium (Im), pyrrolidinium (Pyr), piperidinium
(PP), phosphonium, and linear quaternary ammonium. The an-
ions can be inorganic (i.e., BF,~, PF;~) or organic (usually, FSI~
or TFSI™). Compared to organic carbonate solvents, RTILs have
low vapor pressure, high boiling points, and high thermal stabil-
ity, allowing battery operation at high temperatures, while reduc-
ing fire hazards. However, one of the main challenges of RTILs
is their cost, generally elevated for relatively expensive synthe-
sis and purification, which is a disadvantage in the framework of
NIB technology, targeting to lower the cost compared to its LIB
counterpart.[204]

The addition of metal salts to RTILs results in decreased ionic
conductivity because of increased viscosity and ion clustering.
Moreover, the transference number of the Na* ion in RTILs is
generally below 0.2. The reduced conductivity and the limited
transference number generally result in a limited rate capa-
bility in comparison with liquid electrolytes based on organic
solvents at ambient temperature. When the temperature is
increased, RTIL-based cells display improved specific capacity,
rate capability, and cycle life. This trend is shown in Table 4,
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Table 4. Electrochemical performance of different electrodes employing RTILs- or organic carbonates-based liquid electrolytes.

Electrolyte o [Sem™] Cell De-sodiation capacity Capacity retention References
[T, C-rate] [mAh g™'] [T, C-rate, cycle #] [%]
@Low T[°C] @High T[°C]
NaClO, 1M in EC/DEC - - Na/NFP 120 (25 °C, 0.05C) ~73 (25 °C, 0.3C, 100) [235]
140 (50 °C, 0.05C) 62 (50 °C, 0.3C, 100)
NaTFSI 0.5 M 1.2x 1073 (25) 3.8 % 107% (75) Na/NFP 56 (25 °C, 0.05C) 125 (50 °C, ~60 (25 °C, 0.3C, 100) [235]
in Pyr,, TFSI 0.05C) ~80 (50 °C, 0.3C, 100)
NaFSI 1 M in Pyr,5FSI Na/FeF;-CNFs ~95 (25 °C, 50 mA g") Capacity decays ~0.030% per [209]

cycle (25 °C, 50 mA g', 1000)
Capacity decays ~0.25% per
cycle (60 °C, 50 mA g~', 60)

NaFSl in Pyry;FSI (2: 8 molar - - Na/Na,Ni, TeOg ~80 (25 °C, C/20) - [236]
ratio) ~80 (50 °C, C/20)
NaClO, 1M in EC/DEC 6.3 x 1073 (25) Na/NMO 108 (25 °C, 0.05C) 84 (25 °C, 0.3C, 100) [237)]
112 (50 °C, 0.05C) ~60 (50 °C, 0.3C, 100)
NaClo, 1M 1% 1073 (25)  3.6% 1073 (75) Na/NMO 97 (25 °C, 0.05C) 65 (25 °C, 0.3C, 100) [237]
in Pyry, TFSI 109 (50 °C, 0.05C) 80 (50 °C, 0.3C, 100)
NaFS1 0.5 1.42 x 1073 (25) - Na/NCO 147 (25 °C, 50 mA g~') 100 88 (25 °C, 50 mA g~', 500) [238]
M in Pyr, TFSI (25 °C, 200 mA g71)
NaClO, 1M in EC/PC 7.38 x 1073 (25) - Na/NCO 172 (25 °C, 50 mA g~') 100 66 (25 °C, 50 mA g~', 100) [238]
(25°C,40mA g™")
NaFSI 1M in Pyry; TFSI 3.2 x 1073 (25) Na/NVP 112 (25 °C, 0.5C) 99 (25 °C, 0.5C, 100) [239]
100 (25 °C, 5C)
NaFSI 1 M in EC/PC 5.5%x 1073 Na/NVP 112 (25 °C, 0.5Q) 87 (25 °C, 0.5C,100) [239]
(25) 95 (25 °C, 5C)
NaFSI 1M in Pyiu4FSI - - Na/NVP 99 (60 °C, C/5) 98 (60 °C, C/5,60) [240]
~60 (60 °C, 4C)
NaFSI 1M in EC/PC - - Na/NVP 96 (60 °C, C/5) 87 (60 °C, C/5,60) [240]
~45 (60 °C, 4Q)
NaClO, 1M in EC/PC - - Na/HC 97 (25 °C, 50 mA g~', 500) 72 (25 °C, 300 mA g~', 100) [23]
NaFSI 1M in Pyr;;FSI 2x107% (25) 7% 107 (60) Na/HC 280 (25 °C, 30 mA g7') 51 90 (25 °C, 30 mA g~', 200) [247]
(25 °C, 8Q)
0.1 NaTFSI- 1.8+0.1x 1073 5.4+0.3 x 1073 Na/HC 175 (25 °C,30 mA g™) 98 (25 °C, 60 mA g~', 1500) [210]
0.9[N74]IFS] (20) (50) 109 (25 °C, 1C)
NaTFSI 1M in PC+3 wt.% - - Na/HC 153 (25 °C, 30 mA g~') 125 - [210]
FEC (25°C, 10)
NaPF6 1 M in EC:PC - - Na/TiO, 243.9 (25°C,0.1mAg™")  156.2 (25 °C, 0.1 mA g~', 10000) [242]
NaTFSI 10 mol% 5.6 x 1073 (25) Na/TiO, 159 (25 °C, 0.1C) 96 (25 °C, 0.1C, 80) [243]
in Pyry;FSI
NaClO, 1M in PC/FEC 6% 1073 (25) 8.4 1073 (60) Na/SbSg 710 (25 °C, 50 mA g~') 285 83 (25 °C, 100 mA g™, 100) [244]
(25°C, 1.5A¢g™)
NaFSI 1 M in Pyry3FSI 2% 1073 (25) 7 x 1073 (60) Na/SbSg 660 (25 °C, 50 mA g=') 240 96 (25 °C, 100 mA g=', 100) [244]
(25°C,1.5A g™
NaTFSI/PVDF- 1.9 x 1073 (30) Na-NMC || Na ~108 (30°C, 0.1C) 94 (30°C, 0.2 C, 200) [219]
HFP/EMIMTFSI
NaFSI/PEO/Pyr,,FSI 1.2 x 1073 (20) P2-Na, 3 140 (20 °C, 1C) 99 (20 °C, 1C, 100) [223]
Niman/}OzH Na
NaTFSI/diglyme 1.1x 1073 (25) NaCoO, || Na ~91.76 (25 °C 0.05C) 68 (25 °C, 0.1C, 100) [220]
(G2)/PVDF-HFP/SIL
NaTFSI/PY,;FSI/PVDF- 2.5 % 1073 (30) NVP || Na 110.7 (30 °C, 0.1 C) 92 (30°C, 0.1C, 300) [245]
HFP/SBA-15
NFP = NaFePO,; NMO = Naj ,4MnO,; NVP = Na,;V, (PO,);; SbSg = Sb,S;-graphene; *considering one-electron theoretical capacity; **pre-sodiated anode.
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which resumes the electrochemical performances of different
electrodes with RTILs- or organic carbonates-based electrolytes
from some recent literature reports. While the high reactivity of
Na metal with organic solvents can be detrimental to the cycling
ability of anode half-cells,?® the significant resistance at the
Na metal/electrolyte interface can affect the electrochemical
performance in the presence of RTILs. As a result, in the Na-ion
full cell configuration, where Na-metal is not present, the NaFSI
1 M in Pyr;FSI electrolyte outperforms NaClO, 1 m in EC/DEC
in terms of both specific capacity and cycling ability, even at
ambient conditions.[2%!

Some RTILs can form a beneficial SEI layer on the alu-
minium current collector, thus preventing corrosion with NaFSI
and NaTFSI salts. For instance, NaFSI salt in PC causes pitting
corrosion of Al collectors upon cyclic voltammetry tests. Con-
versely, NaFSI in Pyr,;FSI was found to stabilize the Al surface
up to 5 V versus Na*/Na, with no evidence of corrosion.?"’]
Similarly, NaTFSI 0.8 M in Pyr;TFSI electrolyte was found
to shift the corrosion potential of Al from 3.5 to 4.0 V ver-
sus Na*/Na. Interestingly, both Pyr,; TFSI and N-butyl-N-methyl-
ImTFSI (BMImTESI) electrolytes containing NaTFSI were found
to preclude Na deposition on Al during cyclic voltammetry exper-
iments in the range —0.5/3 V versus Na*/Na, even though the cy-
cling ability of Pyr,;TFSI and Pyr,, TFSI has been demonstrated
with different Na salts in half-cell configuration (Table 4).[2%8]

Recent works highlighted significant improvements in the per-
formance of FeF;-CNF cathodes when used in various RTIL-
based electrolytes, namely, 1 m NaFSI in Pyr, ;FSI, Pyr, ,FSI,
and EMIMFSI, at room temperature and above. In particular, the
Pyr, ,FSI electrolyte displayed the best cycling stability, reaching
more than 1000 cycles at room temperature. The authors linked
the elevated stability of the CEI formed in Pyr, ,, which guaran-
tees a less resistive CEI at room temperature compared to Pyr, 5
(the difference has been associated with the different alkyl chain
length). However, at higher temperatures (i.e., 35 and 60 °C), the
Pyr, ;FSI ionic liquid displayed a superior CEI and better perfor-
mance stability (Figure 7a). These findings suggest the poten-
tial of RTILs in designing a protective CEI for stable SIBs. The
CEI induced by EMIMFSI remained stable at room temperature,
but it exhibited rapid degradation and cell decay when exposed
to higher temperatures.[?””! Some studies have been done with
RTILs to investigate their applicability as HC in NIBs. Maresca
et al. concentrated on unravelling the chemical and electrochem-
ical factors contributing to the outstanding performance of HC
anodes when employing [EMI][FSI] and [N1114][FSI] electrolytes.
They exploited cyclic voltammetry, impedance spectroscopy, and
Raman spectroscopy to delineate the influence of RTILs on the
stability of the SEI, alterations in sodium ion (Na') transport
properties, and surface modifications of the HC anodes during
cycling.[210]

RTILs with polymerizable moieties, such as allyl or vinyl
groups, have been shown to form protective coatings on the
Na metal electrode.l?!!] The artificial SEI layers were obtained
by electropolymerization of the RTIL monomer added into the
PC/EC-based electrolyte. Electrolytes containing 1,3-diallyl im-
idazolium perchlorate (DAIM) exhibited improved Coulombic
efficiency (95%) during a galvanostatic plating/stripping test at
1 mA cm™ in a Na/stainless steel laboratory-scale cell. A pro-
tected sodium anode, formed after 10 h of DAIM electrodepo-
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sition, was tested in a Na/Na,V,(PO,); half-cell upon galvanos-
tatic cycling. The cell could maintain a discharge capacity of 97
mAh g™! after 160 cycles, with a Coulombic efficiency exceed-
ing 96%. In contrast, with the pristine Na electrode, a sharp de-
crease of the discharge capacity to 20 mAh g=' was observed in
30 cycles; this notwithstanding the known cathodic instability of
imidazolium-based RTILs due to the reactive acidic proton in C-2
position.[212-214]

Although this review article aims to cover the use of RTILs
as electrolytes in NIBs, it is worth mentioning that these com-
pounds have also been introduced into the material structure
during synthesis to reduce the nucleation rate and provide high-
performing electrode materials. In this regard, Jiang et al.,!?!%]
successfully synthesized a high-performance Prussian Blue (PB)
material with elevated sodium content, minimal vacancies, and
low water interaction through an ionic liquid-assisted approach.
Specifically, 1-butyl-3-methylimidazolium chloride was found to
interact with Fe?* ions, facilitating the controlled release of Fe?*
ions over time. In the other research, a novel material, nitrogen-
boron co-doped carbon-coated NVPF, was synthesized by Yu et
al. using a straightforward sol-gel method. Notably, an ionic lig-
uid, 1-vinyl-3-methyl imidazole tetrafluoroborate, was employed
as a source of nitrogen and boron, marking the first instance of
such utilization. The obtained material showed excellent capac-
ity retention at a high C-rate upon long cycling. The authors also
studied the stability of this material by in situ X-ray diffraction,
evidencing the elevated structural stability of the material upon
cycling.[216]

Polymer hosts encompassing RTIL-based electrolytes to yield
gel-polymer electrolytes (GPEs) can further improve safety and
cycle life, preventing electrolyte leakage while allowing for flex-
ibility in configuration options. In section 7.2.2, we delve into
the intricacies of GPEs with a more detailed analysis. Within this
section, instead, we will specifically focus on GPEs incorporat-
ing RTILs, providing a comprehensive discussion of their char-
acteristics, properties, and applications. In this regard, there are
several reports of Im-based RTILs in poly(vinylidene fluoride)-
hexafluoropropylene PVAE-HFP copolymer matrix with different
sodium salts.!®>?17:218] The resulting GPEs can achieve high room
temperature ionic conductivity and thermal stability up to 150 °C,
with good electrochemical stability window in the range of 1.5 V
to 5.0 V versus Na/Na*. Free-standing, translucent, and flexible
GPEs have been produced by Mishra et al. by employing the poly-
mer PVAF-HFP as a host matrix with varying weight percentages
of a salt-ionic liquid (SIL) solution (Figure 7b). The GPE contain-
ing 70 wt% SIL exhibits outstanding characteristics. It demon-
strates excellent thermal stability and a high ionic conductivity
of 1.9 X 103 S cm™! at 30 °C. The optimized electrolyte perfor-
mance was evaluated using a Na-NMC cathode and a Na-metal
anode to assemble Na-metal cells. The charge-discharge results
revealed a specific discharge capacity of 108 mAh g! at 0.1 C.
The cell maintained a capacity retention rate of 94% over 200
charge-discharge cycles at 0.2 C, showcasing both high capacity
and excellent capacity retention for sodium batteries.?!?] A GPE
based on solvate ILs has been also developed by Parveen et al.
using a solvate IL, where an equimolar complex of sodium salt
NaTFSI and diglyme (G2) is immobilized within a PVdF-HFP
copolymer matrix as the host. These GPEs are produced as free-
standing, flexible, and transparent films, making them suitable
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Figure7. a) Cycling stability of FeF3-CNF cathodes when used in various RTIL-based electrolytes, namely, 1 M NaFSl in Pyr; 3 FSI, Pyr; 4FSI, and EMIMFSI,
both at room temperature and elevated temperatures. Adapted with permission.[29°] Copyright 2022, American Chemical Society. b) A sequential visual
depiction outlining the synthesis method for the GPE. Adapted with permission.[21°] Copyright 2021, American Chemical Society. c) Images of the solvate
jonic liquid-incorporated GPE film subjected to various deformative forces, such as folding, twisting, and stretching. Adapted with permission.[22°]
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for integration into quasi-solid-state NIBs. Electrochemical inves-
tigations have shown that this GPE possesses notable character-
istics, including high ionic conductivity (~1.1 X 1073 S cm™), a
wide oxidative stability window (around 5.2 V versus Na*/Na), a
high sodium transference number (0.58), which contributes to el-
evated sodium-ion conductivity, stable sodium stripping/plating
behavior, and thermal stability up to 100 °C. The GPE was evalu-
ated with a Na,,CoO, cathode by galvanostatic charge—discharge
cycling, exhibiting an initial discharge capacity of 91.76 mAh g*
ata 0.05C rate (Figure 7¢).[2% Gao and colleagues/??!! combined
SBA-15 with a sodium salt, Pyr,;FSI, and PVDF-HFP, aiming at
the attainment of GPE with improved mechanical stability and
enhanced ionic conductivity. Their protocol resulted in the for-
mation of an iongel characterized by exceptional thermal stabil-
ity, as shown in Figure 7d. Notably, the optimized version of this
electrolyte can endure exposure to a flame gun with tempera-
tures reaching ~1500 °C. When paired with an NVP cathode and
a metallic Na, it exhibited an initial specific discharge capacity
0f 110.7 mAh g~! at room temperature, maintaining 92% of the
initial capacity after 300 cycles (Figure 7d). The study evidenced
that by controlled regulation of ionic electrolytes and their inter-
actions, enhanced safety and electrochemical performance can
be obtained, thereby promoting their practical applications in
NIBs.

Over the past decade, persistent endeavors have been di-
rected towards impeding the crystallization of PEO through
the use of RTIL plasticizers. Chen et al. integrated Pyr ;FSI
into a PEO-NaClO, electrolyte to explore the plasticizing impact
through infrared spectroscopy characterizations and DFT calcu-
lations. The findings suggest that FSI~ anions exhibit a propen-
sity to adhere to the PEO backbone, thereby engendering en-
hanced coordination ability and a greater number of coordination
sites.[222]

Recently, Passerini et al. created solvent-free ternary quasi-
solid electrolytes using cross-linked PEO, NaFSI or NaTFSI, and
RTILs. An elevated concentration of ILs plasticizer is anticipated
to yield favorable room temperature ionic conductivity, while the
cross-linking of polymer chains serves to uphold mechanical sta-
bility. The obtained electrolyte shows promise for use in sodium-
based batteries. The synthesis process is entirely solvent-free,
making it easily scalable. Extensive characterization revealed ex-
cellent thermal and electrochemical stability up to 3.8 V, along
with high amorphicity and low glass transition temperatures, in-
dicating high mobility within the polymer matrix. This high mo-
bility leads to impressive ionic conductivities up to 1 mS cm™!
even at 20 °C (Figure 7e).12]

Poly(ionic liquid)s (PILs), an innovative subclass of functional
polymers, have garnered significant interest in recent years.
These polymers feature ionic species covalently bonded to the
polymer backbones. PILs have attracted attention due to their
ability to retain the favorable properties of ILs, such as ionic
conduction, non-flammability, and high electrochemical stability,

www.advmat.de

while offering supplementary advantages over ILs, such as excel-
lent mechanical performance and favorable processability. The
first report of electrolytes based on PILs for NIB application in-
cluded a free radical polymerisation step directly on the electrode
surface (see Figure 7f).1224]

In the first stage, the electrolyte is fabricated by filling the pores
of a PIL membrane made of poly(diallyldimethylammonium)
(PDDA) TFSI with a solution containing a dicationic polymer-
izable RTIL based on ImTESI (C1-4TFSI) and NaTFSI dis-
solved in N-ethyl-N- methyl-ImTFSI (EMImTFSI) together with
a photoinitiator. The polymerizable RTIL contains two acry-
loyloxyethyl moieties available for the thermally activated free
radical polymerization of the first membrane on top of the
Nay o[Cuy », Fej 30Mng 4]0, (NCFMNO) cathode. In half-cell con-
figuration at room temperature, the delivered specific capacity is
101.0 and 59.9 mAh g~! at 0.05 and 1C, respectively, and the ca-
pacity retention is 85.5% after 100 cycles at 0.1 C, with Coulombic
efficiency near 100%.

RTILs have also been used to decrease the interfacial resis-
tance between cathode and ceramic ion-conductors. Zhang et al.
reported a study of four different NASICON-derived ceramic syn-
theses used as sodium ion conductors.[??! In half-cell configura-
tion with the pristine pellet and NVP as the cathode, the total
resistance was found to be in the order of 1 kQ, and the spe-
cific discharge capacity at room temperature decreased from 85
to 44 mAh g~! in 10 cycles. The addition of ~5 uL of either 0.8 m
NaPF, in EC/DMC or with 1-mehyl-3-propyl-PPFSI (PP,,FSI)
as a wetting agent decreased the cell resistance by one order of
magnitude. An improved initial specific discharge capacity of
107 mAh g~! at 0.2C was observed employing the carbonate-
based electrolyte. However, a drop in the delivered capacity
was observed after 250 cycles, attributed to the possible liquid
electrolyte degradation/evaporation. Substituting the liquid elec-
trolyte with the RTIL yielded specific discharge capacities as high
as113mAh g~ at0.2 Cand 86 mAh g~ at 10C, with an outstand-
ing cycling ability (10 000 cycles with negligible capacity fading).
It is worth mentioning that the poor performance of the pristine
ceramic electrolyte (without the wetting agent) was observed de-
spite the cathode slurry having been spin-coated and directly sin-
tered on top of the pellet, highlighting the challenges of obtaining
an optimal electrode/electrolyte interface with ceramic pellets.

An attempt to circumvent the pelletization process of ce-
ramic NASICON by preparing a composite hybrid electrolyte
with a RTIL has been reported by de la Torre-Gamarra et al.,[?2!
Pyr,, TFSI was mixed with NASICON powder (filler loading
>90 wt%) with and without NaTFSI, and the resulting mixture
was processed into a membrane by solvent casting in acetoni-
trile. The ionic conductivity values displayed by the hybrid elec-
trolytes are lower as compared to the sintered NASICON pel-
let and to Pyr,,TFSI or the Pyr,, TFSI-NaTFSI electrolyte, but
they are higher with respect to a non-sintered NASICON pellet.
Among the hybrids, those containing NaTFSI displayed higher

Copyright 2022, American Chemical Society. d) Flammability test of prepared 2.7/0.2@SBA-15 electrolyte membrane using a flame gun, and cycle
stability of Na|2.7/0.2@SBA-15|NVP at 0.1 C. Adapted with permission.[?21l Copyright 2020, American Chemical Society. e) Temperature-dependent
jonic conductivity and VTF fit, and Pseudo activation energy (B) for ion conduction in the SPE bulk determined by the fit. Adapted under terms of the
CC-BY license.[?2%] Copyright 2023, Roscher D., Kim Y., et al. published by John Wiley and Sons. f) Schematic illustration for the in situ synthesis route
of nesting doll-like HPILSE. Adapted with permission.[?24] Copyright 2017, Elsevier.
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ionic conductivities despite the liquid Pyr,, TFSI-NaTFSI elec-
trolyte being less conductive than Pyr,,TFSI. Significant grain
boundary resistance and a high energy barrier for Na* ions trans-
fer at the ceramic/RTIL interface have been proposed to explain
the lack of a fast conduction mechanism. A similar approach was
previously experimented for LIBs application by mixing 80 wt.%
of garnet-type Li* ions conductor Li;La;Zr,0,, (LLZO) powder
with Pyr,, TFSI-LiTFSI electrolyte.[??’] Even in this case, the non-
sintered ceramic pellet displayed an inferior room temperature
ionic conductivity with respect to the hybrid and the Pyr,, TFSI-
LiTFSI electrolytes, which was also nearly two orders of mag-
nitude lower than that of sintered LLZO pellets reported in the
literature.[?28] Functionalization of the ceramic electrolyte or the
RTIL has been proposed as a possible strategy to achieve a syn-
ergistic effect on ionic conductivity. Alternatively, sintered nanos-
tructured ceramic conductor networks can enhance the contribu-
tion of the ceramic electrolyte to the composite transport prop-
erties, compared to the simple dispersion of the ion-conductive
particles.??-21] Martinez-Cisnero et al. successfully developed
hybrid quasi-solid sodium conducting electrolytes by integrat-
ing porous NASICON layers with ionic liquids. Their primary
goal was to create electrolytes with improved room tempera-
ture conductivity, utilizing porous ceramic electrolyte layers in-
fused with ionic liquids. This approach resulted in various mi-
crostructures and porous morphologies, leading to a significant
enhancement in conductivity (ranging from 0.45 to 0.96 x 1073
S cm™! at 30 °C) for the infiltrated samples compared to pore-
free samples.[?*?] These findings suggest that the porous NASI-
CON material can be used as a functional macroporous inorganic
separator.

High cost is still one of the main drawbacks of RTILs, which
could be overcome by new synthetic methods!?33! and production
at scale, similarly to the case of FSI-based alkali metal salts.[23]
Employing lower energy consumption processes and implement-
ing recycling methods for RTILs may emerge as viable alterna-
tives essential for reducing the overall cost and mitigating envi-
ronmental challenges associated with the synthesis of RTILs.

7. Polymer Electrolytes: the Current Challenge

Conventional NIBs, employing organic liquid electrolytes akin
to commercial LIBs, likely encounter safety concerns stemming
from the propensity for leakage and flammability inherent in the
organic phase.l?*¢] Polymer electrolytes (PEs) offer a prospective
solution to alleviate these challenges and foster the development
of high-energy-density electrical devices. Moreover, they afford
ease of processing, flexibility, softness, and enhanced resilience
to vibrational forces, stress, and mechanical deformation.!**’] PEs
can be prepared by introducing metal salts into a solid poly-
mer host. Since the host polymer represents the matrix where
ions move, it must be able to form complexes with salt Na*
cations. Amongst others, the following key factors are chiefly
required for the formation of these complexes: i) high con-
centration of sequential polar solvating groups (—O—, —NH—,
—CN, etc.), ii) elevated donor number and polarizability of the
solvating groups that should have a high dielectric constant
to facilitate salt dissociation, iii) low lattice energy of the salt,
and iv) low lattice energy of the polymer. The solvation abil-
ity of the polymer chains depends upon the number of repeti-
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tive units (e.g., the cation solvation in CH,O(CH,CH,0),CH,
is better with higher »n values). A plenitude of polymers have
been investigated for their prospective application as PEs. Ex-
amples include poly(ethylene oxide) (PEO), poly(acrylonitrile)
(PAN), polyvinyl alcohol (PVA), poly(vinyl pyrrolidone) (PVP),
poly(methylmethacrylate) (PMMA), poly(vinylchloride) (PVC),
poly(vinylidene difluoride) (PVDEF), poly(vinylidene fluoride hex-
afluoropropylene) (PVDF-HFP), along with several others. Here,
we point at providing an overview of the latest advancements in
PEs for NIBs. In the context provided, the PEs utilized in NIBs
are classified into two main groups: the first category encom-
passes solid (dry) polymer electrolytes (SPEs) where only sodium
salts are dissolved within polymer matrices, and the second cat-
egory consists of hybrid polymer-based electrolytes, which in-
cludes composite polymer electrolytes (CPEs) and quasi-solid-
state electrolytes or gel polymer electrolytes (GPEs).

7.1. Truly (Dry) Solid Polymer Electrolytes

SPEs offer several benefits over inorganic solid electrolytes, in-
cluding elasticity, pliability, adaptability to promote intimate con-
tact between the electrolyte and electrodes, thus enhanced ma-
terials utilization, and simplified manufacturing processes. Con-
sequently, SPEs are considered highly promising candidates for
next-generation solid-state battery applications.['?] In this sec-
tion, the current advancements in SPE for NIBs are summarized
in Table 5.

Based on NMR studies conducted above the T, by Berthier
et al.,[>*8] the transport mechanism was ascribed to the amor-
phous phase region in the polymer, where the local segmen-
tal motion of the polymer chains facilitates ionic conduction.
In the elastomeric region, the polymer chains have fast inter-
nal modes in which bond rotations cause segmental motion. As
a result, although the viscosity is very high at the macroscopic
level, the local relaxation processes at the microscopic level can
be seen as liquid-like, where the degrees of freedom are compa-
rable to the molecular liquid situation. For these reasons, PEO
has been one of the most studied polymer matrices in the bat-
tery field. In this respect, Souquet et al. suggested an elegant
model for PEO in which ionic transport occurs along the or-
dered helix that this polymer forms upon the complexation of the
salt.24]

As ion transport was considered to occur only in the amor-
phous region, the research community investigated only
polymers having a low T,, to improve ionic conductivity at the
standard cell operating temperature. However, Bruce et al.,[2]
later demonstrated the ionic conductivity in a crystalline poly-
mer, first with PEO:LiXF, (where X = As, P, Sb) and then for
other alkali metals, such as Na and K. These studies revealed
that ions transport could occur above the T, as well, by ion
hopping mechanism taking place along fixed pathways in the
crystal lattice (Figure 8a). The crystalline polymer electrolyte
PEO4:NaAsF,, containing methoxy-terminated PEO with an
average molar mass of 1000 Da and a sodium salt, showed
a conductivity of 5 x 107° S cm™ at 25 °C. Remarkably, this
value is 1.5 orders of magnitude higher than the corresponding
electrolyte based on a lithium salt, i.e., PEO,:LiAsF. This study
also suggested that it was possible to raise the conductivity in the
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Figure 8. a) Structure of PEO8:NaAsFg, from the single-crystal data collected at 25 °C (A) and —180 °C (B). Left: view of the complete structure (hydrogens
are not shown). Right: fragment of the structure showing neighboring tunnels with dedicated anions (only hydrogens closest to the leftmost AsF¢~ anion
are shown). The circular insets show the immediate environment of the anion and the cation, with the numbers indicating selected F-H and Na-O
distances. Colors legend: purple = Na, red = O, green = C, magenta = F, white small circle = As, white large circle = H. Adapted with permission.[2°0]
Copyright 2009, Springer Nature. b) Chemical structures of TFSI=, FNFSI~ and FSI~ anions used in Na-based SPEs. Adapted with permission.[266]
Copyright 2017, American Chemical Society. ¢) The photograph and SEM image for the membrane of the NaFNFSI/PEO (EO/Na* = 15) blended
polymer electrolyte, Electrochemical performances of the Na/SPE/NaCuy gNi; gFeq ;3Mny 30, cell with NaFNFSI/PEO (EO/Na* = 15) blended polymer
electrolyte at 80 °C. Adapted with permission.[26°] Copyright 2017, The Royal Society of Chemistry.
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Table 5. The electrochemical performance of laboratory-scale sodium-ion battery cells assembled with SPE and CPE.

Composition Na salt Cell system lonic conductivity De-sodiation capacity Capacity retention References
[Scm™] [C-rate, T] [mAh g7'] [C-rate, cycle #, T] [%]
PEO NaFsI NNM || Na 4.1%107* at 80 °C ~70 (0.2C, 80 °C) ~95 (0.2, 50, 80 °C) [262]
PEO NaFNFSI  NaCuygNiyeFe;sMn 50, [Na  3.36 x 107 at 80 °C 122.4 (0.1C, 80 °C) ~70 (1C, 150, 80 °C) [265]
89.7 (2C, 80 °C)
PEO/Na-CMC) NaClo, NaFePO, || Na 1% 1073 at 60 °C ~90 (0.2C, 60 °C) ~90 (0.2€, 20, 60 °C) [270]
PTMC NaTFs| PB || Na 106 at 60 °C ~120 (0.1C, 60 °C) ~81(0.1C, 8, 60 °C) [276]
PCL-PTMC NaFSlI PB || HC 223x107°at40°C  ~80 (10 pAcm™2,22°C)  ~44 (10 pAcm~2, 125, [277]
22 °C)
PEO/NZSP NaTFSI NVP || Na 2.8 x 107 at 80 °C 115.9 (0.1C, 80 °C) ~100 (0.2C, 80, 80 °C) [293]
PEO/NZSP Naclo, Na,MnFe(CN)g || Na 2.1% 1075 at 30 °C 109.3 (0.5C, 60 °C) 83 (0.5C, 300, 60 °C) [294]
PEO/NZSP NaTFS| NVP || NVP 1.4 % 10~ at 23 °C 41.2 (0.1C, 23 °C) 83.7 (0.1C, 100, 23 °C) [299]
PEO/TiO, NaClo, Nay/3Coy3Mny 50, || Na 2.62 X 107* at 60 °C ~49.2 (0.1C, 60 °C) ~91.4 (0.1C, 25, 60 °C) [300]
PEO-SN-/PAN- NZSP NaClo, PB || Na 1.36 X 10 at 25 °C 124 (0.05C, 25 °C) 83.3 (0.2C, 200, 25 °C) [297]
59 (1C, 25 °C)
PEO/PAN/NZSP NVPF || Na 4.13 x 107 at 30 °C 116 (0.2C, 25 °C) 81(0.2C, 460, 25 °C) [298]
88 (5C, 25 °C)
PMA/PEG/a-Al,0, NaClo, NVP || Na 1.46 x 10~ at 70 °C 110 (0.1C, 70 °C) 94.1 (0.5C, 350, 70 °C) [307]
85 (1C, 70 °C)
p-CD/PMMA-b-PPEGMA  NaSO;CF; NaNiy3Fe; 3Mn; 50, || Na 1.3x 10~* at 60 °C 102.4 (0.1C, 60 °C) 87.8 (0.1C, 80, 60 °C) [302]

Nag 67 Nig33Mng 670, (NNM); NASICON-type Na; Zr,Si,PO,, (NZSP); Na;V, (PO,),F; (NVPF).

crystalline phase by doping, modifying chain ends and EO/salt
ratio.

As previously stated, PEO is one of the most popular polymer
electrolytes for LIBs, which was already demonstrated in “real
application” by Blue Solutions, part of the Bolloré Group, with
its LMP technology, viz. a lithium metal polymer battery based
on a LFP catholyte coupled with a Li metal anode and a dual
solid polymer electrolyte chiefly based on PEO with dissolved
lithium salt. Due to the crystalline nature of the polymer, a com-
mon salt-in-PEO electrolyte does not allow sufficient lithium ion
conductivity at room temperature; indeed, the LMP cells are gen-
erally operated up to 80 °C. PEO is also widely studied for ap-
plication in NIBs, thanks to its ability to make complexes and
solvate ions. PEO is a solid, semi-crystalline polymer at room
temperature, with ethylene oxide (C,H,O) as a repeating unit
and with a molecular weight higher than 20 000 g mol~!, as op-
posed to liquid poly(ethylene glycol) (PEG) the molecular weight
of which is lower. The most common approach to prepare PEO-
based electrolytes is by solvent casting in acetonitrile or methanol
solvents.[2172%] As detailed in the following paragraphs, several
sodium salts were used for electrolytes formulation, depending
on the specific characteristics required.

The first reports on sodium-based SPEs date back to 1985
by West et al., who fabricated an all solid-state Na/PEO-Nal
(10:1)/MoS; cell.I%] Later on, the use of NaClO, led to improved
electrochemical performance.[?”] PEO:NaClO, electrolytes dis-
played a conductivity that could reach 6.5 x 10™* S cm™" at 80 °C
with a EO:Na* molar ratio of 12:1. This concentration was also
tested in a Na/PEO:NaClO, /a-V,Os configuration, that showed a
reasonably high cycling stability. However, the study revealed the
formation of a corrosion layer on the sodium electrode during
open circuit and cycling conditions.

Adv. Mater. 2024, 2313572 2313572 (28 of 52)

In 1993, Doeff et al. overcame the corrosion problem men-
tioned above by using a P(EO)g:NaCF,;SO, blend as both the
electrolyte and the “active” electrode binder in full and half cells
with Na,CoO,/P(EO)4:NaCF;SO,/Na,sPb, and Na configura-
tions, respectively.[2°$2> In fact, monitoring internal resistances
with a four-probe electrode demonstrated that the PEO/Na inter-
facial resistance was stable and not affected by corrosion or other
side-reactions. The cell displayed a reversible electrochemical in-
sertion of Na* ions and was cycled for over 200 cycles at 90 °C
with 50% capacity retention.

A few years later, Chandra et al. prepared PEO:NaPF, films
with different EO/Na™ ratios.[?*"] The highest room-temperature
conductivity (i.e., 5 X 107° S cm™! at room temperature and 1 X
1073 S cm™! at 80 °C) was reported for EO:Na*™ molar ratio of
15:1 (EO/Na* = 0.065). This study investigated the formation of
polymer:salt complexes by optical microscopy, IR and XRD stud-
ies. Indeed, the addition of sodium salt decreased the amount of
the PEO crystalline phase, also affecting transport properties. The
sodium transport number in these electrolytes was around 0.45,
which is relatively high compared to that of lithium salt LiPF, in
PEO, usually comprised between 0.2 and 0.4. Zhang et al. syn-
thesized PEO,-NaPF, (where n = 10, 12, 14, 16, 18) SPEs using
a traditional solution casting method, where “n” represents the
molar ratio of EO to Na*. The resulting SPEs exhibited a relatively
high ionic conductivity of 6.3 X 10~* S cm ™! at 80 °C, along with a
sizeable Na* transference number of 0.58. Moreover, these elec-
trolytes demonstrated adequate thermal stability up to 200 °C,
making them suitable for use in solid-state NIBs.[261]

Research has been also focused on sodium
bis(trifluoromethylsulfonyl)imide (NaTFSI or NaNTf,)) and
sodium Dbis(fluorosulfonyl)imide (NaFSI) based SPEs.[262:263]
These salts are promising because they guarantee good ionic
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conductivity at low temperatures with a wide electrochemical
stability window, up to 4.7 V vs Na*/Na. In particular, Boschin
et al. extensively studied ionic transport and inter-molecular
interactions in PEO with different concentrations and found
that NaTFSI salt leads to better ionic conductivity;?®! indeed,
PEO,:NaTFSI conductivity values were 1 x 10~ and 2 X 107* S
cm~! at 25 and 80 °C, respectively. As observed in LIBs with LiX
(X = TFSI or FSI) salts,!?%*] TFSI~ anion tends to reduce PEO
crystallinity and dissociate better from Na* cations, thus improv-
ing ionic transport. Despite these attributes, NaTFSI exhibited
a relatively low corrosion potential (i.e., voltage < 4 V versus
Na*/Na) of the Al current collector, while NaFSI displayed lower
interfacial resistances when tested in NIBs.?%2] PEO,,:NaFSI
cycled with good stability in cells employing Na, ., Ni, ;;Mn, ., O,
(NNM) and NASICON Na,V,(PO,),@C (NVP@C) cathode
materials.

Corrosion and thermal stability were improved by using a
combination of the latter two anions, TFSI” and FSI-, that
is [(FSO,)(n-C,FySO,)N]~ (abbreviated as FNFSI"), for appli-
cations in LIBs and NIBs (see the chemical structures in
Figure 8b).2%5] The decomposition of these salts is assumed to
form stable SEI films and thus improve their stability when
in contact with metals.?%®] Despite exhibiting no improvement
in ionic conductivity, PEO,;:NaFNFSI SPEs had excellent an-
odic electrochemical stability (~4.87 V versus Na*/Na) and
displayed good cycling and current-rate performances for the
Na/SPE/NaCu, 4 Ni, o Fe, ;Mn, ;0, cell (Figure 8c).

Since fluorinated salts may negatively affect electrolyte
safety, cost, and environmental friendliness, alternative
fluorine-free options have also been considered. Sodium
4,5-dicyano-2-trifluoromethylimidazolate (NaTDI), sodium 4,5-
dicyano-2 pentafluoroethylimidazolate (NaPDI), sodium penta-
cyanopropenide (NaPCPI), sodium 2,3,4,5-tetracyanopyrrolate
(NaTCP), and sodium 2,4,5-tricyanoimidazolate (NaTIM) exhib-
ited promising characteristics from an application standpoint,
including good thermal stability, high electrolyte conductiv-
ities, and electrochemical stability higher than 4.5 V versus
Na*/Na.[267268] Bitner-Michalska et al. in 20172 reported
all-solid-state electrolytes with percyano-substituted organic salts
NaPCPI, NaTCP, NaTIM and PEO. Liquid-like ionic conduc-
tivity of over 1 mS cm™! for PEO,:NaTCP above 70 °C and a
wide electrochemical stability window (up to 5 V) were found.
The remarkably high ionic conductivity was attributed to low
cation-anion (Na*-TCP~) interaction energy, thus facilitating
a more efficient charge transport. Additionally, anions (TCP")
form larger tetrameric units through z—z stacking, effectively
softening PEO and enhancing charge mobility.

Carboxymethyl cellulose (CMC) is an ionic ether derivative
of cellulose synthesized from alkaline cellulose and chloroacetic
acid through etherification. Typically utilized in its sodium
salt form (Na-CMC), it finds widespread use across various
industrial sectors. Na-CMC is preferred for its ability to en-
hance the mechanical stability of resultant films while preserv-
ing ionic mobility and the interfacial characteristics of elec-
trodes/electrolytes. Furthermore, it exhibits favorable water sol-
ubility, cost-effectiveness, biodegradability, biocompatibility, and
non-toxicity. To improve the mechanical properties of PEO-based
electrolytes, Colo et al. firstly demonstrated the possibility of us-
ing sodium carboxymethyl cellulose (Na-CMC) without hamper-
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ing the ionic conductivity and thermal stability.?’%! The optimal
PEO:NaClO,:Na-CMC blend composition was 82:9:9 by weight.
At the same time, Na-CMC as a binder improved the interface be-
tween the electrode and electrolyte and displayed a lower charge
transfer resistance than bare PEO electrolyte. The obtained SPE
showed an ionic conductivity of 4 x 107 S ecm™ at 25 °C, but
values above PEO melting temperature at 60 °C, around 107 S
cm™!, proved to be sufficient for good operation in Na/SPE/TiO,
and Na/SPE/NaFePO, laboratory-scale cells.

SPE with controlled network structure were de-
signed by Zheng et al, who polymerized octakis(3-
glycidyloxypropyldimethylsiloxy) octasilsesquioxane (octa-POSS)
and amine-terminated PEG in the presence of NaClO,.[?!] The
goal of this recipe was to inhibit Na dendrites growth, and
plating/stripping experiments demonstrated excellent stability
of the SPEs (the symmetrical Na/Na cell was stably cycled for at
5150 h at 0.1 mA cm™2). After having optimized the formulation
to achieve a conductivity of 2.56 x 10™* S cm™! at 80 °C, SPEs
were sandwiched between metallic Na and §-Na,V,O; nanobelts:
the initial capacity was over 300 mAh g=! at 15 mA g™' current
and 80 °C.

Despite all the research efforts described in the previous para-
graphs, polyether-based polymer electrolytes are still limited in
performance for NIBs. Their low oxidation potential (generally <
4.0 V) restricts the choice of positive electrode materials. Differ-
ent polymeric host matrices have been investigated to overcome
some of these limitations.

PAN is a polymer commonly used with liquid solvents in gel-
polymer electrolytes. Osman et al. obtained an excellent ionic
conductivity at room temperature of 7.1 x 107* S cm™! for the
solid PAN:NaCF,SO, (containing 24 wt% of the salt), however,
without reporting information on the electrochemical behavior
of the proposed system in Na cells.[?7?]

Mindemark et al. developed different polycarbonate-based
SPEs, such as the aliphatic polycarbonate poly(trimethylene car-
bonate) (PTMC), and also copolymers of trimethylene carbon-
ate (TMC) and e-caprolactone (CL), as polymer electrolytes for
LIBs.[23-27°] Subsequently, these matrices were employed for
NIBs. Compared to PEO, they present a higher T,, negatively
affecting the cell performance for high-power applications. How-
ever, by properly combining plasticizing and cross-linkable moi-
eties, the ionic conductivity can be significantly enhanced by low-
ering T, values.

A fundamental choice in the preparation of PEs is the sodium
salt. Brandell’s group investigated the use of NaTFSI and NaClO,
in combination with a PTMC polymeric host.’*! PE membranes
were prepared by solvent casting, and the ionic conductivity was
similar to the Li-based counterparts (107° and 10~® S cm™! at
60 and 25 °C, respectively). Since the best ionic conductivity
was found for the sample based on PTMC;:NaTFSI, this elec-
trolyte was used for assembly a Na-metal cell with Prussian
blue as the working electrode, granting a high specific capac-
ity of about 120 mAh g~!, with limited polarization at C/10
and 60 °C. Later, the same research group investigated an in-
novative electrolyte system combining polyester-polycarbonate
(PCL-PTMC) copolymers with NaFSI, which resulted in room
temperature conductivity of 10 S cm™ for 35 wt.% salt
content and a cationic transference number of ca. 0.5 at
80 °C.[277]
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PVP, a water-soluble polymer well known for its use as a
binder in pharmaceutical tablets and as an adhesive in glue sticks
and hot-melt adhesives, was proposed more than ten years ago
in combination with sodium salts. Subba Reddy et al. studied
100 um-thick polymer electrolytes based on PVP complexed with
NaClO, (10-30 wt%) prepared by solution-cast technique.[?’®]
DMF was chosen as the solvent, the preparation process took 10—
12 h, and samples were vacuum-dried at 353 K. The activation
energy values for the sodium ion transport in PVP, PVP:NaClO,
(90:10), PVP:NaClO, (80:20) and PVP:NaClO, (70:30) were 0.72,
0.54, 0.38 and 0.26 eV, respectively. The observed lowering of ac-
tivation energy values was correlated with the increased amor-
phous nature of the SPEs for elevated salt concentration, thus fa-
cilitating the Na* ions motion in the polymer network. The trans-
ference number of Nat was evaluated to be around 0.27, imply-
ing a higher mobility of the anions (ClO,~). Electrochemical cells
Na/(PVP:NaClO,)/V,0s, with a V, O xerogel electrode modified
with PVP, were fabricated, and their discharge profiles were stud-
ied. The discharge capacity of the modified xerogel film is lower
than that of the unmodified counterpart, i.e., 186 versus 125 mAh
g1, respectively.

A new solid polymer electrolyte has been created by combin-
ing the polymers PEO and PVP with NaNO, through the conven-
tional solution-casting method. The authors assessed changes
in the mobility, viscosity, and diffusion coefficient of charge car-
riers with varying salt concentrations (Figure 9a,b). The blend
polymer matrix with salt ratio O/Na = 14 showed the highest
ionic conductivity of 2.92 x 10 S cm™ at RT.?”l To delve
deeper into the current system, they investigated ion-ion in-
teractions by examining the infrared (IR) active anion vibra-
tion mode (NOJ), whereas the cation (Na*) remains IR inactive
(Figure 9c).

PVA, a polymer with a carbon chain backbone with hydroxyl
groups attached to methane carbons, is another possible choice
for SPEs. Hydroxyl groups characterize PVA as a source of hy-
drogen bonding, able to assist the formation of polymer blends
and high tensile strength: these features justify its wide use for
supercapacitors, solar cells and batteries.[?#*2%7] Duraikkan and
colleagues fabricated blend electrolytes utilizing PVA and PVP
mixed with NaNO, via the solution casting technique. Remark-
ably, the blend containing 50% PVA, 50% PVP, and 2 wt% NaNO,
exhibited the highest conductivity, reaching 1.25 X 107> S cm™!
at room temperature.[?®®] As a general analysis, SPEs show sev-
eral advantages over inorganic counterparts, such as lightweight,
low cost, improved mechanical flexibility, ease of fabrication pro-
cess, and tolerance towards electrode volume changes during
charge/discharge. Thus, various polymer frameworks have been
explored in the development of SPEs. Despite these efforts, none
have demonstrated ionic conductivity at a practical level exceed-
ing 107* Scm™L.

7.2. Hybrid Polymer-Based Electrolytes

Truly solid PEs maintain rather limited ionic conductivity, while
inorganic ones exhibit limited mechanical properties and pro-
cessability, and are difficult to integrate into large-scale battery
production processes.[?®] Most of the existing research aimed
at enhancing the ionic conductivity of SPEs focuses on maxi-
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mizing their amorphous nature. However, despite these efforts,
their ionic conductivity remains below 10™* S cm™ at room tem-
perature, the sodium transference number hardly approaches
0.5, and their mechanical stability is poor above the melting
temperature.!?°) For addressing these shortcomings of SPEs, nu-
merous strategies have been investigated. One strategy involves
the utilization of inorganic fillers, which prove advantageous by
promoting enhanced amorphous characteristics within the poly-
mer chains. Additionally, ion-conductive inorganic materials may
be employed as substitutes for inorganic fillers aiming at further
enhancing ionic conductivity. Furthermore, supplementary com-
ponents such as metal-organic frameworks (MOFs) have been
integrated into PEs. Collectively, these variations are referred to
as composite polymer electrolytes (CPEs). Another approach en-
tails the adoption of organic liquid electrolytes, which can be in-
troduced to generate quasi-solid-state electrolytes or gel polymer
electrolytes (GPEs).[!]

7.2.1. Composite Polymer Electrolytes

Among the strategies mentioned in the previous paragraph, con-
siderable research efforts aimed at demonstrating that incorpo-
rating inorganic fillers into SPEs to form CPEs is an effective ap-
proach for comprehensively enhancing various electrolyte prop-
erties. Typically, these inorganic fillers are classified into two
main groups: active and passive fillers, contingent upon their
possession of intrinsic ion conductivity. Active fillers include di-
verse types of inorganic solid electrolytes, such as NASICON
(sodium super ionic conductor)-type. On the other hand, pas-
sive fillers typically lack inherent ion conductivity and commonly
comprise oxide ceramics, including Al,O,, SiO,, and TiO,, etc.
Active fillers denote ceramics containing Na* ions, which
possess the capability to enhance both the physical and elec-
trochemical properties of the host polymer. Na,;Zr,Si,PO,,,
Na,Zr, ;Mg ,Si,PO,,, and Na,Zn,TeO, are commonly utilized
as active inorganic fillers due to their high ionic conductivity,
rigidity, and wide electrochemical stability window. The intrin-
sic bulk ionic conductivity arises from continuous defects, re-
sulting in low activation energy for multiple ions hopping rather
than single ion movement. These active fillers play a vital role in
facilitating ion migration and conductivity in CPEs, offering nu-
merous pathways for ion transport.[**”) In this section, the cur-
rent advancements in CPE for NIBs are summarized in Table 5.
Zhang et al. introduced a flexible CPE comprising NASICON-
structured Na,,Zr, (Mg,,Si,PO,, (50 wt %) and NaTFSI-PEO
through a solution cast method. Remarkably, this electrolyte
demonstrated a high ionic conductivity of 2.8 x 102 S cm™
at 80 °C, while additionally exhibiting favorable thermal and
electrochemical stabilities. Furthermore, when incorporated into
NVP/CPE/Na solid-state cells, this CPE exhibited high reversible
capacity and maintained excellent capacity retention at 80 °C.[23]
Yu et al. presented the fabrication of a CPE comprising a
PEO matrix, NaClO, salt, and a ceramic Na*-ion conductor
(Na;Zr,Si,PO,,, 25 wt %) dispersed within, using a straight-
forward slurry-casting method. The resulting CPE exhibited en-
hanced Na*-ion conductivity (2.1 x 107 S cm™ at 30 °C),
improved dendrite suppression, reduced interfacial issues,
and good elasticity. Utilizing the CPE, all-solid-state batteries
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Figure 9. a) Schematic representation of proposed ion-transport mechanism in the solid polymer electrolyte. b) the diffusion coefficient, charge carrier
mobility, and charge carrier number density at different NaNO; salt concentrations (O/Na) within the PEO/PVP/NaNOj; electrolyte system using three
distinct methods: FTIR, EIS, and B-M techniques. c) Deconvolution of the NO; vibration mode for PEO/PVP/NaNO; (O = Na*) a) 2, b) 4, ¢) 6, d) 8,
e) 10, f) 14, g) 16, h) 20, and f) variation of fraction of free anion and fraction of ion pair against salt content. Adapted with permission.[2°] Copyright
2019, Springer Nature.
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featuring a sodium-metal anode and a Na,MnFe(CN), cathode
demonstrated stable long-term cycling performance.[?*] Hiraoka
et al. developed a flexible and self-supporting polyether-based
CPE with a 30 wt% Na,Zr, Si,PO,,, which achieved an ionic con-
ductivity of 1.03 X 1075 S cm™ at 25 °C.[2%]

CPEs comprising more than 50 vol% of inorganic particles are
categorized as inorganic-rich CPEs. The likelihood of these inor-
ganic particles forming a three-dimensional percolation network
is considerably high, contingent upon various factors including
particle size and distribution. Should such a percolation network
be established, an additional pathway for Na* ions through inter-
connections within the inorganic conductor becomes available.
Conversely, for polymer-rich CPEs where the inorganic content is
less than 50 vol%, the probability of pathways through inorganic
particles is notably low. In a broader context, the movement of
Na* ions within these CPEs can occur through multiple avenues,
including: i) pathways formed by a combination of polymer elec-
trolyte and inorganic particles, ii) migration along the boundaries
between polymer and inorganic particles, iii) exclusively through
the polymer electrolyte phase in polymer-rich hybrids, and iv)
solely through the inorganic electrolyte phase in inorganic-rich
hybrids.[?2] Lim et al. presented a study employing a method-
ology for fabricating a polymer-in-ceramic electrolyte. Initially, a
NASICON solid electrolyte was sintered to establish ion trans-
port channels. Subsequently, the as-sintered electrolyte was im-
pregnated with epoxy polymer, resulting in the development of
epoxy-NASICON CPE. This hybrid material exhibited a doubling
of physical strength while maintaining consistent thermal and
electrochemical performance (Figure 10a).12%%]

A laminated by-layer composite electrolyte was created by Yu
et al., consisting of an anodic-friendly PEO-SN-NaClO, layer and
a cathodic-friendly PAN-Na,Zr, Si,PO,,-NaClO, layer. This com-
posite provided a Na*-ion conductivity of 1.36 x 10™* S cm™! at
RT, and it had an electrochemical window spanning from 0 to
4.8 V versus Na*/Na. The laminated solid electrolyte, together
with a Na-metal negative electrode and a Na,MnFe(CN), posi-
tive electrode, demonstrated remarkable cycling stability at RT
(Figure 10b).2"] In a similar fashion, a sandwiched NASICON
framework comprising a PAN layer, designed to be stable in ox-
idation, and a PEO layer designed to be stable in reduction, was
proposed by Ran et al. The PEO layer on the negative side helps in
preventing decomposition, allowing the realization of a CPE with
a wide electrochemical window of up to 5.0 V. This solid com-
posite electrolyte with Na,V, (PO,),F; demonstrated an excellent
rate performance with a long cycle life (Figure 10c).[2%!] Wang et
al. developed a CPE by combining PEO and NaTFSI, along with
a nanostructured framework of NASICON-type Na,Zr,Si,PO,,
(NZSP). This innovative approach provided enhanced ionic con-
ductivity (1.4 X 10~ S cm™" at 25 °C) and improved mechanical
strength, particularly by employing filler particles.[?*!

Passive fillers, referred to the Na* free ceramics, have been
also widely utilized in NIBs to modify the chemical and phys-
ical properties of SPEs, albeit at the expense of their re-
duced crystallinity and glass transition temperature. The con-
ductivity of PEO:NaClO,-based PEs was improved by Ni'Mah
et al, who introduced nanosized TiO, fillers (3-4 nm, 5
wt%) and achieved 2.62 x 107 S cm™ at 60 °C.3% The
Na/SPE/Na,;Co,;;Mn, ;0, half-cell showed a discharge capacity
of 49.2 mAh g1, half compared to that of the liquid counterpart;
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mainly ascribed to the elevated thickness (~0.18 mm) of the solid
electrolyte.

Poly(methacrylate) -PMA is another suitable matrix for PEs, as
demonstrated by Zhang et al.,’%!l Their CPE consisted of PMA,
PEG, a-Al, O, with acidic surface sites and NaClO,, and exhibited
reasonably high conductivity (1.46 X 10~* S cm™ at 70 °C), wide
ESW (4.5 V versus Na*/Na) and good mechanical strength. The
TGA results indicated no mass loss before 250 °C, highlighting
outstanding thermal stability. When tested with a Na;V,(PO,),
cathode, the all-solid-state sodium ion cells showed good cycling
performance, with a reversible capacity of 85 mAh g=! when op-
erated at 0.5C and 94.1% capacity retention after 350 cycles at
70 °C.

Natural macrocyclic compounds can represent a possible al-
ternative to PEO-based polymer networks. For example, Chen
et al. synthesized a star-like hyperbranched polymer by grafting
p-cyclodextrin (f-CD) with multiple oligo(methyl methacrylate)-
block-oligo(ethylene glycol) methyl ether methacrylate (PMMA-
b-PPEGMA) short chains via atom transfer radical polymer-
ization (ATRP).3%2] This architecture presented several advan-
tages: i) as a star-like hyperbranched polymer, it had many short
oligomeric chains radiating from the core and an amorphous
phase structure, favouring the ionic conduction; ii) it had 7 glu-
cose units head-to-end linked into a ring through oxygen atoms;
iii) -CD had an inner cavity structure providing additional free-
volume for the movement of the polymeric segments. A con-
ductivity of 1.3 X 10™*Scm~'at 60°C and a ESW of 5.2V ver-
sus Na*/Na were obtained. Moreover, the hybrid SPE formed a
stable, protective interfacial layer on the surface of the Na metal
electrode. Na/SPE/NaNi, ;Fe, ;Mn, 50, half-cells were cycled at
60 °C for over 80 cycles, exhibiting a capacity retention of 87.8%
(88.9mAh g ).

Despite the considerable research efforts invested, scientists
continue to encounter practical limitations in the utilization of
CPEs in NIBs. New paradigms and endeavors are imperative to
bridge the disparity between experimental findings and commer-
cial viability. One of the primary challenges that persist is the low
ionic conductivity, which impedes achieving performance levels
comparable to highly conductive liquid electrolytes.

7.2.2. Quasi-Solid-State Electrolytes (Gel) -Polymer Electrolytes: A
Compromise Between Performances and Processability

Compared to SPEs, GPEs are generally characterized by a higher
ionic conductivity due to the enhanced ionic mobility guaranteed
by the liquid electrolyte solution trapped in (usually) a polymer
matrix. The salt and organic solvent can be selected from the
common Na salts and solvents used in liquid electrolytes. The
solvent acts as a plasticizer, and its addition results in the swelling
of the polymer matrix, the physical aspect of which changes
from a solid to a gel. The gelling of the membrane facilitates
the interfacial interaction with the solid electrodes, generally
guaranteeing better performance than SPEs. The most common
polymers used to prepare GPEs are PAN,33-3%] PMMA, [306-308]
PVC,2%] and PVDF.?! The current advancements in GPE for
NIBs are summarized in Table 6.

The room temperature ionic conductivity of GPEs generally
ranges from 107 to 10~ S cm™!. Polymers with an amorphous
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Figure 10. a) Assessing the impact of varying ceramic ratios on ionic conductivity within a ceramic-polymer composite state. Adapted with
permission.12%¢l Copyright 2020, The Royal Society of Chemistry. b) E versus Q galvanostatic profiles at various C-rates (A) and cycling performance
(B) of Na || PEO-SN-NaClO,/PAN-Na;Zr,Si,PO,-NaClO, || PB cells at RT. Adapted with permission.[?%”l Copyright 2020, John Wiley and Sons.
) Schematic representation of scattered fillers, 3D framework, solid electrolyte framework, and CPE structure; Schematic representation of the solid-
state NIB combining NVPF with PAN/PEO/NASICON CPE (C-G), E versus Q galvanostatic profiles at various C-rates (H), rate capability (1), cycling
performance (J). Adapted with permission.[28] Copyright 2021, Elsevier.
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Table 6. The electrochemical performance of laboratory-scale sodium-ion battery cells assembled with GPEs.

GPE Composition Plasticizers Cell system lonic conductivity De-sodiation capacity ~ Capacity retention [%] References
[Scm™] [mAh g™ (C-rate, cycle #)
@C-rate/current
density
PVDF-HFP NaClo, /PC/FEC NVPOF@FCC||FCC - 111 (@1C) ~89.7 (1C, 1000) [336]
74.1 (@10Q) 78.14 (10C, 1000)
PVDF-HFP/AI, O, NaPFg/EC-DMC-EMC graphite || Sn 1.3 x 1073 at 25 °C 96.8 (@5C) 97.5 (5C, 600) [337]
PVDF-HFP/GF Naclo,/PC Na,MnFe(CN)¢ [[Na 4.6 x 1073 at 25 °C ~120 (@1C) 84.1 (1C, 100) [320]
PVDF-HFP/GO NaClO,/EC+PC NVP || Na 2.3 %1073 at 25 °C 107 (@1C) 93.5 (1C, 1100) 1338]
87 (@5C)
PVDF-HFP/NASICON NaClO,/(EC+DMC) NVP/C || Na 2.2 % 1073 at 25 °C 98 (@0.2C) 85 (0.5 C, 175) [323]
PVDF- NaClO, /EC+PC NVP/C || Na 1.1% 1073 at 25 °C 136 (@0.1C) 71.7 (1C, 500) 1327]
HFP/PBMA/hydroxyapatite 17 (@1Q)
PVDF-HFP/PEO/PMMA/SiO, NaPF/PC NVP || Na 0.88 x 1073 at 25°C  106.7 (@0.1 mAcm=2) 93 (0.1 mAcm~2, 100) [324]
101.5 (@1 mAcm™2)
PVDF-HFP/PMMA/g-alumina NaClO,/EC+DMC NVP || Na 2.4x107% at 25 °C 94.1 (@0.5C) 85 (0.5 C, 300) [325]
nanoparticles
PVDF NaPF/EC+ PC NaggsFepsMngsO, || Na 1.1 1073 at 25 °C 118.49 (@0.1C) ~85 (0.1C, 30) [329]
PEO/PMMA/phosphonate NaClO, /EC+PC+FEC NVP || Na 6.3 x 1073 at 25 °C 110.7 (@1CQ) 81.8 (5C, 4500) [326]
69.2 (5C, 10 000)
PAN NaClO,/EC+PC+DME PI/MWCNT || Na 3.0x 1073 at 25 °C ~100 (@5C) 84 (5C, 3000) 1330]
98.3 (@10C)
PEO (XPE) NaClO,+PC TiO, || Na 1% 1073 at 25 °C ~250 (0.04C, 25°C)  ~60 (0.2C, 1000, 25 °C) [334]

~100 (0.2C, 25 °C)

[Nig.60Mng 35C0g 05]0, (Na-NMC); Glass fiber (GF); Graphene oxide (GO); Na;V, (PO,); (NVP); solvate ionic liquid (SIL); polyimide/multiwalled carbon nanotube nanocom-

posite (PIMWCNT); PEO-based crosslinked polymer electrolyte (XPE).

character like PMMA provide high ionic conductivities, but
their mechanical properties are usually poor due to the lack of
rigidity in their matrix. PAN and PVDF provide good mechanical
properties due to a high degree of crystallinity, but this also
implies reduced ionic mobility. The development of copolymers,
such as poly(vinylidene fluoride hexafluoropropylene) (PVDF-
HFP),3113121 can help in overcoming the loss of mechanical
properties while keeping a sufficient ionic conductivity.[3!3-31]
The presence of CF; groups in the HFP monomer increases
the amorphocity of the copolymer compared to PVDF, which is
more prone to crystallization. Thus, PVDF-HFP is one of the
most popular and widely used polymer hosts in GPE systems.
The higher ratio of the amorphous phase enhances the ionic
conductivity of the pure PVDF-based GPE up to 7.5 x 1073
S cm™', while the crystallinity provided by PVDF eases film
cohesion and its processability.*'®] However, PVDF-HFP suffers
from poor interfacial characteristics when paired with Li or
Na metal anodes, often forming undesirable side products.
Researchers have undertaken various approaches to enhance
electrolyte conduction and electrochemical properties, including
the cross-linking of the polymer network and the inclusion of
ceramic additives (Figure 11).

The strong interest in GPEs is reflected by the increasing
number of research articles published in recent years, with the
number of manuscripts having sodium-ion and GPEs in their
keywords almost doubled. An original approach was designed
by Kim et al., who developed structural GPEs in order to over-
come the most typical issues of the conventional Glass Fiber
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(GF)/PVdF-HEFP systems, i.e., the poor pathways for ion transfer
because of unsuitable pore size.’!?] Controllable pore generation
and positioning were achieved via a nonsolvent-induced phase
separation (NIPS) method (Figure 12a), leading to micropores
generation ordered in a uniform pathway for Na* ions transfer.
This structure was preserved even after liquid electrolyte injec-
tion for the formation of the GPE, and NIPS technique allowed
the positioning of the porous polymeric film on the top of the
GF surface, thus further strengthening the separator/electrode
interfacial adhesion. In the first 100 cycles, pristine GF exhibited
a27.9% retention of discharge capacity, whereas the GF/GPE sep-
arator exhibited a 91.0% retention, with specific capacity decreas-
ing from 296.2 to 269.4 mAh g1, also thanks to the decreased in-
terfacial resistance associated with the SEI layer and charge trans-
fer. In this research area, Goodenough and co-workers presented
a hybrid GPE prepared by integrating PVDF-HFP with glass fiber
paper, which acts as reinforcement.??) The glass fiber tuned
the mechanical and surface properties of the PVDF-HFP. The
hybrid polymer matrix so conceived exhibited good mechanical
strength and thermal stability up to 200 °C. The GPE was tested
in a laboratory-scale sodium half-cell using Na,MnFe(CN), as
cathode, obtaining an improvement of the rate capability, cycling
performance, and Coulombic efficiency compared with a conven-
tional glass fiber soaked in a liquid electrolyte. The strategy of
using a fiber reinforcement on the classical PVDF-HFP copoly-
mer was also used by Zhu et al.,*?!l which employed polypropy-
lene nonwoven (NW) as reinforcement. The NW/P(VDF-HFP)
GPE gellified with NaClO, organic liquid electrolyte showed very
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Figure 11. Schematic illustration of the polymer cross-linking and the inclusion of ceramic additives.

interesting Na*t ion conduction at room temperature, actually
four times higher compared to the conductivity of the commer-
cial separator saturated with the same electrolyte. Electrochemi-
cal tests performed using coin cell configuration with Na,Mn, O,
as cathode, Na as both the counter and the reference electrodes
and NW/P(VDF-HFP) GPE as electrolyte gave promising insights
on using this GPE in NIBs.

Moreover, in developing GPEs, researchers have used pas-
sive fillers such as SiO,, TiO,, ZrO,, and BaTiO;, but have
also incorporated active fillers like, amongst others, NASICON-
type ceramics and ionic liquids.3?? This approach combines the
strengths of both inorganic ceramic electrolytes and organic poly-
mer electrolytes, resulting in a composite GPE with simultane-
ously improved ionic conductivity, good mechanical properties,
and high chemical/thermal stability. Incorporating ceramic par-
ticles or plasticizers can enhance the transference number; how-
ever, a substantial amount of ceramic filler may compromise the
mechanical properties of the GPE.[1%2] Cheng et al. reported a
straightforward solution casting method for PVDF-HFP polymer
matrix combined with Na,;Zr,Si,PO;, (NASICON) ceramic parti-
cles, then activated using a liquid electrolyte. The resulting hybrid
polymer electrolyte demonstrates several positive characteristics,
including good flexibility, a high ionic conductivity of 2.25 x 1073
S cm™! at room temperature, and excellent interface stability. The
authors propose that the NASICON particles serve a dual role:
they act as a physical barrier, inhibiting the growth of sodium
dendrites, and simultaneously function as pathways facilitating
the transfer of sodium ions.?’]

Shi et al. proposed a GPE based on a porous composite poly-
mer membrane formed by blending of PEO, PMMA, PVDE-
HFP (Figure 12b) and different nanosized oxide fillers (AL O;,
TiO,, Si0,).??*l Ceramic fillers promoted pore formation and the
polymer chain’s segmental motion, enhancing electrochemical
properties. Liu et al. reported the synthesis of a GPE membrane
using a blend of PVDF-HFP/PMMA, enriched with sodium-
conductive f-alumina nanoparticles. The incorporation of these
nanoparticles notably enhances the performance of the elec-
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trolyte membrane. This improvement is attributed to the re-
duction in crystallinity degree and the enhancement of Na-
ion transference number, ultimately leading to increased ion
mobility.??]

A different polymeric matrix was proposed by Zheng et
al., who designed a novel phosphonate-based porous cross-
linked GPE (PEO/PMMA /phosphonate) by in situ thermal poly-
merization on a GF separator used to guarantee mechanical
integrity.32] The system showed a high conductivity of 6.29 x
1073 S cm™! and an excellent ESW of 4.9 V versus Na*/Na. When
cycled in half-cells with a Na,V, (PO,); cathode, it provided a ca-
pacity of 110.7 mAh g~' at 1C. Moreover, the long-term cycling
at 5C showed that the GPE retained 81.8 and 69.2% capacity af-
ter 4500 and 10 000 cycles, respectively, even outperforming the
liquid electrolyte when measured at 60 °C. Vijaya Kumar Saroja
et al. have focused on creating a gel polymer by incorporating hy-
droxyapatite, a calcium phosphate-based compound, into a blend
membrane composed of PVDF-HFP and poly(butyl methacry-
late) (PBMA). The resulting membrane exhibits a suitable ionic
conductivity approaching 1.1 X 107 S cm™, ascribed to its good
porosity and electrolyte uptake, and an electrochemical stability
up to 4.9 V versus Nat/Na.[3%]

Another approach was published by Janakiraman et al,,
who prepared an electrospun fibrous membrane consisting of
PVDEF-HFP swelled by a solution of NaClO, 1 M in EC/DEC.[?%8]
A high ionic conductivity of 1.13 X 107 S cm™' was obtained at
ambient temperature, outperforming the commercial Celgard
membrane, with an ESW above 4.8 V versus Na*/Na. The
Na-metal/NaNi, sMn, 5O, cell tested employing the prepared
electrolyte retained 97% of the initial capacity after 50 cycles at
0.1C rate. Successively, they reported an electrospun electroactive
PVDEF-based fibrous polymer electrolyte with a high ionic con-
ductivity of 1.08 x 10 S cm™! at room temperature and an
electrochemical stability window of 5.0 V versus Na*/Na.??
Electrospinning was also employed by Manuel et al., who pre-
pared a 3D fiber network PAN membrane demonstrating a high
electrolyte uptake.*% This electrolyte was used in combination
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Figure 12. a) Schematic diagram of the NIPS-based fabrication method for a GF-based separator with a PVDF-HFP matrix. Adapted with permission.[31°]

Copyright 2017, John Wiley and Sons. b) Schematic illustration of the procedure for the preparation of the composite membrane. Adapted with
permission.[324] Copyright 2018, Elsevier. c) Schematic representation of an expected reaction mechanism of light-induced crosslinking starting from
NaClO,:PC:PEO and a photoinitiator. Adapted with permission.[33*] Copyright 2017, Elsevier.
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with a polyimide/multiwalled carbon nanotube (PI/MWCNT)
nanocomposite cathode material and employed in organic NIBs,
leading to an ultralong life span of 3000 cycles and stable cycle
performance at 5C rate. PAN was also used by Vignarooban
et al. to fabricate a GPE including NaClO,, EC and PC in the
formulation (11PAN-12NaClO,-40EC-37 PC, wt.%), obtaining
a room temperature conductivity of 4.5 x 1073 S cm~L.[31
Thermo-gravimetric analysis revealed that the electrolyte was
thermally stable up to 100 °C, which is sufficient for standard
operating temperatures in battery cells. Gabryelczyk et al
presented a study on optimising sodium-ion conductive GPE
composition by testing different polymer matrix-plasticizer
combinations, and evaluating the compatibility of the selected
GPEs with hard carbons, commonly used as anodes in sodium-
ion batteries. The polymer matrix was composed of PAN and
PMMA in different mass ratios, and the plasticizer was a blend
of sulfolane and an imidazolium-based ionic liquid with either
BF,™ or NTf,~ anions. They reported that, when utilizing this
system in combination with a HC anode, the activation energy
for the charge transfer process closely resembles that of Li-based
chemistries.[**%]

Gao et al. fabricated a NIB consisting of an antimony anode,
a Na,V,(PO,), cathode and a GPE made of methyl methacry-
late (MMA) and tetraethylene glycol dimethacrylate (TEGDMA)
crosslinked by 2,2’-azobis(2-methylpropionitrile) (AIBN).[33I
Two relatively hydrophilic monomers were used to be eas-
ily dissolved in a NaClO,/PC/FEC solution; the mixture was
then heated and drop-casted onto a porous cellulose membrane
(0.1 mm thick). A transparent GPE was obtained, and the authors
linked the transparency to the chemical compatibility between
the GPE and the cellulose polysaccharide chains, causing the seg-
regation of their bundles. The authors evaluated the electrochem-
ical behaviour of the prepared membrane using an antimony-
based anode, revealing limited interfacial and charge transfer re-
sistances, enabling a reduced polarization, outperforming the lig-
uid counterpart at 60 °C (95 vs 70 mAh g~! after 100 cycles at 1C).

Colo et al. proposed a UV light-induced free-radical polymer-
ization (UV curing) process to transform a starting liquid reactive
mixture (NaClO,:PC:PEO = 5:50:45 by wt%) into a crosslinked
quasi-solid polymer electrolyte in just 3 min,?3* highlighting
the simplicity and scalability of the proposed methodology, being
solvent and catalyst free, in view of the upscaling of PEO-based
solid systems for NIBs. Their approach (Figure 12c) led to excel-
lent thermal properties (T, = =63 °C, first TGA peak > 100 °C)
and electrochemical behavior (ionic conductivity exceeding 1 mS
cm~! at 25 °C, ESW up to 4.7 V vs Na*/Na). When assembled in
TiO,-based half-cells, the UV-cured electrolyte delivered a stable
specific capacity of about 250 mAh g=! at ambient temperature
upon constant current cycling at 0.1 mA cm™2 (0.04C). Later on,
a crosslinked PEO polymer electrolyte was reported by Lehmann
etal., demonstrating impressive ionic conductivities of 7.1 X 107*
and 2.0 x 10™* S cm™" at 70 and 20 °C, respectively, and robust
mechanical properties across a broad temperature range.>*!

8. Single lon Conductors

In theory, perfect Na* single ion conductors are characterized
by an immobile anionic framework resulting in a unity cationic
transport number. Consequently, in the case of ceramic Na* sin-
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gle ion conductors, the transport number is given as the ratio of
the Na* ionic conductivity and the electronic conductivity, which
is negligible in battery electrolytes. In polymeric Na* single ion
conductors, the motion of anions attached to the polymer back-
bone is restricted so that the cation transference number ap-
proaches unity (see section 4 for more details).

In these systems, bulk polarization should be negligible, po-
tentially enabling improved power capability and mitigating den-
drite propagation (see Figure 13). As highlighted in several recent
excellent studies and reviews, 125339341 metal dendrite formation
in polymer-based electrolytes with dissolved salts is mostly at-
tributed to the ineffective passivation of the anode similarly to
liquid electrolytes (e.g., porous, resistive, inhomogeneous, thick,
soluble, unstable layers), low lithium ion diffusivity, and insuffi-
cient Young’s modulus. Nevertheless, dendrite growth has been
observed with ceramic electrolytes with single-ion alkali metal
ionic conductivity up 1-10 mS cm™!, and Young’s modulus in the
order of 100 GPa. This phenomenon can be traced back to mul-
tiple factors, including polarization at the electrode/electrolyte
interface, the presence of insulating phases at this latter, and
grain arrangement and boundaries. Insulating phases include
voids and side products with low ionic conductivity, which arise
from the synthesis/densification procedure or operation below
the cathodic stability window of the electrolyte. In this respect,
mixed ionic-electronic conducting phases can also segregate at
the metal/electrolyte interface, possibly causing the propagation
of detrimental side reactions towards the electrolyte bulk.

All these aspects contribute to generating inhomogeneities
at the metal/electrolyte interface-interphases, resulting in high
local current densities upon cycling, well above the critical
threshold above which metal dendrites can form and propa-
gate. In most cases, propagation occurs at the boundaries be-
tween crystallites with different orientations, where secondary
insulating phases often segregate. This phenomenon is more
frequent with polycrystalline ceramic oxide-type electrolytes
due to the high temperature required for their synthesis and
densification.

The prospect of dendrite-free cycling is particularly important
in connection to the gain in energy density, which would result
from the use of a metal anode (estimated to be 70% when using
a metal anode in the place of graphite.l'®"] The operative temper-
ature range of solid state cells with Na metal may be somewhat
limited by its relatively low melting point (=98 °C),13* yet the
solid state technology can offer several advantages towards im-
proved energy density regardless of using a metal anode. Notably,
high-voltage bipolar stacks (coating the anode and the cathode
of adjacent cells on the same current collector) could be imple-
mented without internal short circuits in the absence of exter-
nal separators, thus reducing the packaging volume and weight.
Similarly, all the countermeasures used to keep the temperature
below 60 °C, prevent leakages, and contain fire/explosion haz-
ards in conventional batteries could be eliminated in solid-state
batteries,[125,190,339,342,346]

Finally, finding effective materials and processes to build
solid-state batteries could effectively mitigate the impact of
safety issues during transport, storage, and dismantling of bat-
tery packs at the end-of-life prior to recycling or second-use,
while possibly leading to a simplification of the design and
packaging.347]
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Figure 13. Schematic illustrating the dendrite growth mechanism in conventional batteries with liquid electrolyte (a) and in solid-state batteries with

polycrystalline electrolyte (b).

8.1. Inorganic Single lon Conductors

The first prototype of a sodium-based solid-state cell dates back
to 1972. The cell featured sodium metal as the negative elec-
trode, Na-g-alumina as the solid electrolyte, and an intercalation
chromium oxide/graphite positive electrode. Several inorganic
Li-ion conductors were known by then, as well as the main chal-
lenges related to their use in secondary battery cells, namely the
poor physical contact at the electrode/electrolyte interface, and
the inability to accommodate the mechanical stresses resulting
from volume changes upon cycling, due to their high (in the or-
der of 100 GPa) Young’s modulus.34]

Adv. Mater. 2024, 2313572 2313572 (38 of 52)

Despite the electrolyte flammability/leakage, as well as
sources of capacity fading such as transition metal disso-
lution, are negated with ceramic ion-conductors, gas evolu-
tion, side reactions, and dendrite formation have been ob-
served with these latter, posing safety issues, and limit-
ing the rate capability and cycle-life.[190339.344348] Thege is-
sues, together with the difficulties and current high costs
of production at scale,’! are still major obstacles pre-
venting from “leapfrogging” the current technology,'®! even
though this latter is affected by manufacturing problems
as well, such as impractical electrolyte filling and costly
formation.['")

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UBD17 SUOLLILLIOD SAIERID 3ol dde 3y} Aq paueA0b 88 s3I YO ‘SN J0 S3INI 104 ARIG1T 3UIIUO AB|IM UO (SUOHIPUOD-PUR-SWLR}W0D A8 | 1M ARR1q 1 U1 |UO//SARY) SUORIPUOD PUe SWid | 84} 83S *[7202/20/€0] U0 Areiqi8uliuo A8|IM eI} eLI00D AQ 2/SETEZ0Z BWPR/Z00T OT/I0P/W0D A8 M ARIq 1 BU1IUO//SANY WO} papeo|umoq ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Here follows an overview of the systems most relevant for sec-
ondary solid-state Na-based battery technology based on interca-
lation chemistry, and the strategies adopted towards their future
practical application.

8.1.1. Chalcogenides

Many recent reports of Na* single ion conductors from this
family have been developed based on metastable cubic Na,PS,
(2012),3¥1 showing an ionic conductivity of ~0.1 mS cm™.
The mechanochemical synthesis route led to high ionic
conductivity due to the particle size reduction, favoring the
densification and the introduction of mobile sodium defects
enhancing ion transport in the metastable cubic phase. This
latter could also be obtained by the application of high (>2 GPa)
external pressure on the material in the low-conductivity
tetragonal phase synthesized by conventional solid-state
synthesis.[3%]

This material, as most members of the chalcogenide family,
has high compressibility, allowing densification by cold pressing,
which is particularly attractive for battery cell manufacturing.

On the other hand, Na,PS, is air and moisture-sensitive, re-
leasing toxic and corrosive H,S.*®!l Additionally, the reductive
decomposition of Na;PS, resulted in the formation of Na,S
and Na;P, which cannot passivate the interface with the nega-
tive electrodes; in addition, the latter is a mixed ionic electronic
conductor.>?]

Chlorine doping of Na;PS, was found to improve the
ionic conductivity of the tetragonal phase, while resulting
in the formation of Cl-based decomposition products at the
interface with the anode able to slightly delay the severe
capacity fading due to the high impedance increase (see
Table 7).33*3*] On the other hand, oxygen doping to yield
Na,PS, O, oxysulfide glass by mechanochemical milling
demonstrated improved compatibility with Na metal anode and
cycling performance in Na/S cells at 60 °C.3%] Reversible cy-
cling in sodium-sulfur cells was also demonstrated at room
temperature.[>¢]

Tetragonal Na,SbS, (2016)**7] is another important reference
of the Na* conducting chalcogenide family. It shows an ionic con-
ductivity > 1mS cm™, thanks to the presence of multiple chan-
nels orthogonal to each other for Na* diffusion arranged in a 3D
pathway. This material undergoes reversible hydration in con-
tact with moisture, and is compatible with the solution synthe-
sis route. Similarly to Na,PS,, it has a narrow electrochemical
stability window (see Figure 14a) resulting in the formation of
secondary phases upon reduction, unable to form a stable and
functional passivation layer.’>* Subsequently, the sodium coun-
terpart of highly conductive lithium-ion conducting LGPS, i.e.,
Li;,,MP,S;, (M = Ge, Si, Sn) was developed. Differently from
Na,PS,, Na,,SnSb,S,, shows an improved chemical and electro-
chemical stability attributed to the absence of P. Na,,SnSb,S,,
shows a room temperature ionic conductivity of 0.5 mS cm™;
it is compatible with the solution synthesis route, and densifica-
tion by cold-pressing. Small Na,,SnSb,S,, particles with an even
size distribution, derived from a liquid phase synthesis, improved
densification upon cold pressing, resulting in a conformal inter-
face with electrodes.3%®!
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8.1.2. Hydroborate

Similarly to chalcogenides, Na-hydroborates (in particular closo-
borate compounds) show high ionic conductivity and attractive
mechanical properties associated with high compressibility,
which allows for buffering the volume changes upon battery
cycling and densification by simple cold-pressing. These com-
pounds are also compatible with the solution synthesis route
and stable in contact with Na metal, yet their soft character
facilitates dendrite propagation, requiring high applied pressure
to contrast it.[>*"]

Anion mixing in closo-borates and related compounds was
found to stabilize the highly conductive high-temperature face-
centered cubic phase observed with Na,B;,H,, above 100 °C. For
example, the equimolar mixture of Na, B, H,, and Na,B,H,, re-
sults in a highly conductive (ImS cm™! at 20 °C) face-centered
cubic Na, (B}, Hy, ), (B1oHig)14 Stable from —170 to 450 °C.

Among the different B H, >~ species with n = 6-12,
(ByoHyo)> and (B,Hy,)*~ with increased aromaticity show
the highest oxidative stability, which can be further improved
upon C and halogen doping. Careful electrochemical evalua-
tion of Na, (CB;;Hy,),(B,Hy,)p, oxidative stability using elec-
trolyte/carbon mixtures to increase the surface area at the work-
ing electrode allowed the detection of an oxidation current at
~4.1 V.35

An all-solid-state sodium battery cell, using a sodium metal
anode and NaCrO, as the cathode, was first demonstrated us-
ing Na,(B;,H;,)(B1gHy) as solid electrolyte. The cathode par-
ticles were coated in situ using an electrolyte solution in
methanol, which enabled intimate and stable contact at the elec-
trode/electrolyte interface; it allowed for stable cycling at 60 °C,
with an upper cutoff voltage of 3.25 V (capacity retention of 85%
after hundreds of cycles at C/5) (see Table 7).3%] Room tempera-
ture cycling was also demonstrated, yet dendrite formation com-
promised long-term cycling.

By applying 3.2 MPa to inhibit dendrite formation, ex-
cellent room temperature cycling was demonstrated using
Na,(CB;;Hy,),(B1,Hyy) in a 4 V Na//NVP cell at relatively high
(8 mg cm™2) active material loading (see Figure 14b). This com-
pound includes [CB,;H;,] ~ anions with high oxidative stability
and has a high ionic conductivity (>1 mS cm™" at RT), thermal
(>350 °C) and chemical stability (see Table 7).[361]

The main drawback of these systems consists in the high cost
and low availability of pure precursors, as well as hazards related
to hydrogen release following thermal decomposition at high
temperatures. 3]

8.1.3. Oxides

Oxide-type ceramic electrolytes, notably Na-p”Al,0, and
NASICON-type Na-conductors, are more stable than sulfides (in
terms of chemical stability in ambient atmosphere, and elec-
trochemical stability window), but generally show significantly
lower ionic conductivity.!125:339,341,344.362,363]

Na-p”Al,0, has traditionally been employed in high-
temperature battery systems,>*4] yet operation at room tempera-
ture has been demonstrated, particularly in virtue of its excellent
compatibility with Na metal. Indeed, it has also been exploited
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Table 7. The electrochemical performance of laboratory-scale sodium-ion battery cells assembled with single-ion conducting solid electrolytes.

Electrolyte Cathode (AM/SE/C) Anode Loading (tot). Capacity (rate) Capacity Temperature  References
retention
(cycles); rate
L-NaoSnSb, S, TiS, Na 2.5 mgcm™2 163.4 mAh g~! 73% (100); 25 °C [358]
(40/50/10) (100 mAg™) 100 mAg™~!
134 mAhg™!
(200 mAg™")
Na;_,PS,_,Cl,, (x = 6.25%) TiS, Na-Sn 7.5 mg cm™2 80 mAhg=" (C/10) 100% (10); C/10 25 °C [353]
(33/67/0)
Nay (B12H12)2 (B1oH1o) NaCrO, Na 1.8 mg cm™2 88 mAhg~! (C/20) 85% (250); C/5 60 °C [360]
(70/20/10)
Nay (CBy1H1,)5 (B1oHy,) NVPF Na 8.0 mgcm=2 117 mAh g1 (C/10)  94% (150); C/5 25 °C [367]
(70/20/10) 40 mAhg™! (2C)
Pip13FSI?) | Naj 3Zr, ;Lag;3Si, PO, NVP?) (65/15/10) Na 1.7 mg cm™? 113 mAhg™" (C/5) 100% (10 000); 25°C [379]
86 mAh g~! (10C) 10C
Liq®) |NasYSi, Oy, NVP Na 0.8-1.2 mg cm™ 115 mAh g~ (C/2) 95% (300); C/2 25°C [378]
98 mAhg™' (1C)
Naj,Cag1Zr 4PSi, Oy, NVP<) (60/30/10) Na-SnO, 8.9 mgem=2 103 mAhg=" (C/5) 98% (500); 1C 25 °C [376]
95 mAh g71 (1C)
81 mAhg~" (4C)
Na-p"Al,0, NNMY) Na 2.0 mgcm—2 80 mAhg~! (C/10) 90% (10000); 70 °C [380]
(40/13.3/46.7) 51 mAhg™" (8C) 6C
Na-p"Al,0, NFP®) Na 4.4 mgcm™? 95 mAhg=" (C/50)  87% (600); C/10 30°C [372,373]
(83.4/12.4/4.2) 0.8 mg cm™2 56 mAhg™' (1C) Loading 0.8 mg
15 mAhg~" (10C) cm™?
PEO/Na(FSl-ethylcellulose) HC Na n.d. 178 mAhg=' (C/10)  56% (17); C/10 70 °C [386]
(61/35/4)
PVdF/NaPA + EC/DMC NVP (50/20/30) Na n.d. 81 mAhg™" (C/5) ~90% (35); C/2 20°C [387]
48 mAhg™' (1C)
Sodiated Nafion + EC/PC®) a-NaMnO,8) Na n.d. ~100 mAhg™! ~50% (100); 30°C [388]
(76/12/12) (10mAg™") 10 mAg™!
~30 mAhg~!
(20mAg™")
PSP10 + EC/PCM NVPh) Na 89 mAhg=" (C/5) 99 (200); C/2 25 °C [389]
(80/10/10) 72 mAhg™! (4C)
NaPTAB-SGPE") NVP) Na 1.56 mg cm~2 90 mAhg~" (C/20) ~92% (500); 25°C [390]
(80/10/10) 49 mAhg™! (C/2) c/2
P|p13 FSI =5 uLem™2 of N-methyl-N-propyl piperidium bls(ﬂuorosulfonyl)lmlde SE = Naj37r, ;Lay3Si, PO, /PVdF (15/10) treated at 700 °C to remove PVdF; & Lig=20puL

NaCIO4 1M in PC/EC (1/1v/v) + FEC 5 wt% at the interface with the cathode;

benzenesulfomc acid); PVdF/NaPA blend 2/1 w/w. EC/DMC 1/1 v/v;

JSE= PEO/succinonitrile/NaClO, (5/15/10);
I NFP = Na,FeP,0;; 4.4 mg cm~2 rate capability test. 0.8 mg cm~2 long term cycling test;
® Membrane swelled in EC/PC (71.4/28.6) (64 wt.% uptake); SE = PVdF without any Na* ion source;

'NNM = Nag 6 Nig 33Mng ¢,0,; SE = Pyr,FSI;
NaPA = Sodiated poly(bis(4-carbonyl benzene sulfonyl)imide-co-2,4-diamino

" psp10 = SEMI-IPN con5|st|ng of polymeric sodium tartaric acid borate (10 wt.%) and poly(VC) (90 wt.%) supported on nonwoven PET and swelled in EC/PC (1/1 w/w);

SE = unspecified “LA-133”;
without any Na* ion source.

as an interlayer between compressible Na, (B,,H,,)(B;,H;,) and
Na metal, to allow cycling in Na//NaCrO, cells,*%5! which would
otherwise need higher temperature to avoid Na metal dendrite
formation®® (see Table 7), or the use of Na-Sn alloy.**®! The
removal of surface impurities was found to further improve its
cyclability against Na metal.l’®?] The X-ray tomography study of
the Na/Na-g”AlL O, interface upon plating/stripping revealed
that the number and size of interfacial voids increase on strip-
ping, decrease during the subsequent plating, but ultimately
accumulate upon cycling as a function of cycle number and
the current density applied on stripping. Severe contact losses
resulting from this latter above a critical value cause dendrite
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) NaPTAB-SGPE = PVdF- HFP/sodium salt of poly(tartaric acid)borate blend (1/1 w/w) swelled in PC (polymer/solvent > 1/2 w/w); SE = PVdF

growth when the current is reversed, due to high local plating
currents. The critical stripping current density was found to
be a function of the applied external pressure, which con-
trasts voids formation (e.g., it increased to 2.5 mA cm~2 under
>9 MPa).[37]

NASICON-type Na,, Zr,P;,Si O,, (NZPS, typically x = 2-3)
commonly shows a room temperature ionic conductivity in the
order of 0.1-1 mS cm™!, and high grain boundary resistance in
the order of kQ. This latter arises from voids, poor cohesion
among grains, along with segregated insulating phases at the
grain boundaries. The large interfacial impedance at the anode
side can cause metal dendrites to form and rapidly propagate
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through grain boundaries. The calculated thermodynamic elec-
trochemical stability window of NZPS is in the range from 1.1 to
3.6 Vvs Na*/Na (see Figure 14a), meaning that passivation layers
consisting of secondary phases form at the interfaces with most
electrode materials upon cycling. Insulating NaO, is formed at
the interface with Na-metal, particularly at high temperature. Be-
sides the use of Na-Sn alloy as the anode in the place of Na metal,
the use of coatings and interlayers has been experimented, to
avoid side reactions and improve the interfacial contact with the
electrodes at the same time.[341:344:362.363]

Differently from chalcogenides and hydroborate Na-
conductors, oxide-type ceramic electrolytes require high tem-
peratures for densification (e.g., 1200-1500 °C for Na-f”-Al, O,
and 1250 °C for NZPS),[3¢+3%8] and insulating secondary phases
detrimental for the electrochemical performance can segregate
in the system, particularly in mixtures with carbon as the active
material used to prepare the composite electrodes.!362363]

All-ceramic monolithic systems have recently demonstrated
stable cycling in Na metal cells for ~100 cycles at relatively
low current densities and room temperature, enabled by the
use of sintering aids to decrease the synthesis/densification
temperature, while improving the conductivity of the grain
boundaries.[3%-37% In situ synthesis of the electrode active ma-
terial from liquid precursors on top of the ceramic pellet has
also been adopted as a strategy to improve contact while mini-
mizing possible side reactions.>”!] Direct synthesis of crystalline
Na,FeP,0, (NFP) was carried out via a glass-ceramic route from
a melt-quenched precursor glass at 550 °C on the surface of Na-
B’Al, O, roughened by the use of a pore forming agent to increase
the contact area. The sintering step did not require external pres-
sure application, and allowed building pouch cells with a 25 cm?
area. Na//NFP cells with an NFP areal loading up to ~4.5 mg
cm~? demonstrated reversible cycling up to 5 C at 30 °C.1*2] Long
term cycling was demonstrated at much lower NFP loading (0.6
mg cm~2)373] (see Table 7).

Monolithic ceramic assembly may require thick composite
electrode layer with relatively high amounts of solid electrolyte
to ensure ionic percolation, external pressure control to contrast
volume variations upon cycling, and ultimately undergo capac-
ity fading due to the induced mechanical stress.[33374373] Alter-
natively, hybrid strategies have been experimented to build bat-
tery cells with improved contact and compatibility among the
components. Polymer-based electrolytes are often used as the
ionically conductive binder in the composite electrode to build
cells with oxide-type ceramic pellets as the electrolyte. Notably,
the polymer-based electrolyte improves the contact among the
components, and buffers the volume changes of the active elec-
trode material upon cycling. Polymeric interlayers have also been
experimented.[339.341.344362363]

The impregnation with SnO, particles into a tailored porous
structure (=100 um thick) on the surface of a dense Ca-doped
NZPS pellet (%300 pm thick) was experimented to form a so-
diophilic layer, allowing for the direct infiltration of melt Na
metal. Calcium doping in NZSP was found to improve the bulk
ionic conductivity and decrease the required densification tem-
perature, thereby limiting the formation of insulating ZrO, sec-
ondary phases at grain boundaries. This strategy enabled stable
cycling in Na//NVP cells at room temperature, using a compos-
ite cathode encompassing a polymer electrolyte as the binder!’¢]
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(see Table 7 and Figure 14c). For example, a polyether-based
crosslinked polymer electrolyte doped with NaTFSI was used
as both the binder to prepare a composite NaTi,(PO,); elec-
trode, and the interlayer at the NZPS/Na metal interface. Re-
versible cycling at C/5 with a delivered capacity 100 mAh g~!
and Coulombic efficiency of 99.7 + 0.3% was demonstrated at
60 OC.[377]

Among the sodium rare-earth silicates with 3D structure
framework similar to NASICON, lots of studies were conducted
on NagYSi,O,, since the discovery of its high ionic conductivity.
Stable room temperature cycling in a Na//NVP cell was recently
demonstrated, using 20 pL of liquid electrolyte (NaClO, in a mix-
ture of flammable PC, EC, and FEC) to wet the surface of the
positive electrode (see Table 7).378]

Ionic liquids have also been implemented in ceramic solid
state cells. For example, a rapid capacity decay (from 85 to 44
mAh g7 in 10 cycles) was observed cycling Na//NVP cells at
room temperature, built with an electrode/electrolyte assembly
obtained by spin-coating and annealing an NVP-based slurry
onto a La-doped NZPS pellet. The use of a relatively small amount
(5 ml cm™2) of liquid electrolyte to wet the positive electrode side
decreased the polarization improving the cycling performance.
With NaPF,/EC-DMC, after more than 200 cycles, a rapid capac-
ity fade (from 100 to #0 mAh g~! in about 20 cycles) was observed,
attributed to the volatilization/decomposition of the liquid elec-
trolyte. On the other hand, the use of a piperidinium-based ionic
liquid resulted in an improved rate performance (up to 10C, see
Table 7), and stable operation (%100% of capacity retention over
thousands of cycles), even when the areal loading of the positive
electrode was doubled from ~1.7 to 3.3 mg cm~2.*°] Similarly,
a toothpaste-like Na, ((Nij 3Mn, ;O, (NNM) electrode was de-
signed, including carbon particles as the electronically conduc-
tive additive, and Pyr,,FSIionic liquid. The electrode paste could
adhere onto the p”-Al, O, pellet and keep the interface wet upon
cycling. Na//NNM cells demonstrated stable (capacity decay of
0.04% per cycle) reversible operation at room temperature for 100
cycles (> 60 mAhg™! at C/2) and good cycling performance (74%
capacity retention after 650 cycles at 2C) at 70 °C at the relatively
high areal loading of 6 mg cm =238 (see also Table 7).

8.2. Polymeric Single lon Conductors

As stated in the previous section, the use of polymer-based ion
conductors tackles several key-issues for the solid state battery
technology, namely the interfacial contact optimization, the
ability to buffer volume variations, and the possibility to fabricate
thin film under mild condition. The advantages brought about
by unity transport number in ceramic electrolytes in terms of
improved rate capability and mitigation of dendritic growth are
targeted by the research in the field of polymeric Na* single ion
conductors.

Polymeric single-ion conductors often display lower ionic con-
ductivity compared to their dual-ion counterparts. By now, this
issue has mostly been addressed by adding organic carbonate
ester solvents in a bid to increase Na* ion mobility, which is oth-
erwise affected by strong ion-ion and ion-polymer correlation.
This approach limits the potential to build battery cells with
high safety and energy density. Alternative strategies have been
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Figure 14. a) Thermodynamically calculated electrochemical stability windows of Na-ion conducting solid-state electrolytes, error bars on the right of
the stability regions (thick bars) represent their calculated kinetic upper limit for oxidation. Adapted under terms of the CC-BY license.[343] Copyright
2020, Tietz, F. Ma, Q., published by John Wiley and Sons. b) Cycling performance of Na; (VOPO,),F|Na,(CBy,H1,),(By2H12)|Na all-solid-state cells at
two different potential windows, 2.50 V and 4.15 V (green) or 4.30 V (yellow) at C/5 following two formation cycles at C/10 at room temperature (i),
corresponding voltage profiles at C/10 (solid) and at C/5 (dashed) with the upper cutoff voltage of (ii) 4.15 V and (iii) 4.30 V. Adapted under terms of the
Creative Commons Attribution 3.0 Unported Licence.[*¢'] Copyright 2020, Asakura R. et. al., published by The Royal Society of Chemistry. c) Schematic
of the trilayer NZSP solid-state electrolyte (iv), Full schematic of the SSSB (v), EIS plots showing the solid-state battery’s performance after various cycles
(vi), Voltage profiles recorded at different current densities (vii), Cycling profile illustrating the behavior of the solid-state battery under varying current
densities (viii). Adapted with permission.[376] Copyright 2019, John Wiley and Sons. d) Synthetic route of NaPTAB gel polymer electrolyte (ix), cycling
performance of NVP/Na cell using NaPTAB gel polymer electrolyte at current densities of 0.5C at 60 °C (x). Adapted with permission.[3*°] Copyright
2020, American Chemical Society.

Adv. Mater. 2024, 2313572 2313572 (42 of 52) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UBD17 SUOLLILLIOD SAIERID 3ol dde 3y} Aq paueA0b 88 s3I YO ‘SN J0 S3INI 104 ARIG1T 3UIIUO AB|IM UO (SUOHIPUOD-PUR-SWLR}W0D A8 | 1M ARR1q 1 U1 |UO//SARY) SUORIPUOD PUe SWid | 84} 83S *[7202/20/€0] U0 Areiqi8uliuo A8|IM eI} eLI00D AQ 2/SETEZ0Z BWPR/Z00T OT/I0P/W0D A8 M ARIq 1 BU1IUO//SANY WO} papeo|umoq ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

proposed to improve the ionic conductivity. The first one involves
the design of systems with a low T, and increased polymer seg-
mental mobility, e.g. by copolymerization. The second “mixed”
co-cation approach decouples the ionic conductivity from the
dynamics of the polymer backbone, e.g. by introducing bulky
quaternary ammonium cations in the system.*¢! Significant
advances in the understanding of these single-ion conducting
systems, and possible viable approaches to increase their ionic
conductivity have been proposed in the field of lithium-based
batteries, and will probably be mirrored by their sodium coun-
terparts soon. Here below follows an overview of polymer-based
systems proposed as Na* single ion conductors, with particular
attention to the ones that enabled operation in sodium battery
cells.

Organic—inorganic composite materials consisting in SiO,
nanoparticles functionalized with sodium salt-terminated chains
dispersed in a polymer matrix have been investigated as sin-
gle Na-ion conducting films. Systems with phosphonatel®8!]
and tri(fluoromethanesulfonyl)imide anionic*®?] moieties in a
poly(ether)-based polymer matrix were characterized, demon-
strating room temperature ionic conductivities > 0.01 mS cm™!
and transference number of 0.9, determined by the Bruce-
Vincent method. Standard PFG-NMR measurements could not
be performed for 2*Na, due to the short spin-lattice relaxation
times (typically less than 1 ms) characteristic of strong nuclear
quadrupole coupling in the presence of a dynamic environment.

Blends of PEO and poly(sodium 1-[3-
(methacryloyloxy)propylsulfonyl]—1-(trifluoromethanesulfonyl)
imide) (PNaMTFSI) with different ratios were investigated as
single-ion conducting polymer electrolytes for sodium batter-
ies. NaMTFSI methacrylate monomer®®3! was polymerized by
reversible addition-fragmentation chain-transfer (RAFT). The
blends with PEO were obtained by casting from an aqueous
solution followed by hot-pressing at 70 °C. PNaMTFSI and PEO
were found to be miscible (single T,) in the whole range of
compositions. The highest ionic conductivity values observed
at 85 °C were ~0.06 and 0.08 mScm™! with 15 and 30 wt %
PNaMTESI, respectively. Higher amounts of PNaMTEFSI re-
sulted in amorphous systems with lower ionic conductivity.
PNaMTFSI was found to reduce the crystal growth rate and
dimension of PEO crystalline spherulites, while increasing
their nucleation. The blends demonstrated high sodium-ion
transference numbers in the range 0.8-0.9 and electrochemical
stability window up to 4.5 V versus Na*/Na, depending on the
composition.?84]

Kuray et al. investigated the effect of several organic plasti-
cizers on the conductivity and polymer dynamics of single-ion
Na* conducting films obtained by photopolymerization of differ-
ent oligomers, i.e., poly(ether)-based diacrylate and diurethane-
based dimethacrylate, the sodium salt of 2-acrylamido-2-methyl-
1-propanesulfonic acid sodium salt as the Na* ion source, and
pentaerythritol-based crosslinker with 5-6 acrylate units per
monomer. The highest ionic conductivity (2-107® S cm~!) was ob-
served at 100 °C using glycerol as plasticizer, possibly too low for
practical operation in NIB cells.[3%]

A cost-effective and simple strategy to synthesize single-ion
conducting polymer electrolytes has been recently proposed by
M. Armand’s group. Sodiated ethylcellulose was functionalized
with NaFSIupon reacting with fluorosulfonyl isocyanate. The for-
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mer was previously synthesized by reacting the residual ethoxyl
group in commercial ethylcellulose with an excess of NaOH in an
aqueous solution. The PEO/Na(FSI ethylcellulose) blend (65/35
by weight, EO:Na ~15 mol/mol) demonstrated a sodium ion
transference number of 0.6 (by the Bruce-Vincent method) and
ionic conductivity of 0.1 mSecm™ at 70 °C. A large increase of
the ionic conductivity was observed above the melting tempera-
ture of PEO. The addition of Na(FSI ethylcellulose) increases the
film stiffness, possibly contributing to contrast dendrite growth.
The polymer electrolyte demonstrated reversible operation in
laboratory-scale Na-metal cells with a HC (see Table 7).138¢]

Sodiated poly(bis(4-carbonyl benzene sulfonyl)imide-co-2,4-
diamino benzenesulfonic acid) (NaPA) single-ion conductor was
blended with PVAF and used as the electrolyte and electrode
(NVP) binder for NIB. The blend (wet with a mixture of EC/DEC)
demonstrated an ionic conductivity of 0.09 mS cm~' at 20 °C, and
a sodium ion transference number of 0.83 (by the Bruce-Vincent
method). Reversible cycling in Na//NVP cells was demonstrated
at 20 and 80 °C, showing a performance similar to that observed
using a standard binder and a separator drenched in 1 M NaClO,
in EC/DEC (see Table 7).3%7]

A NAFION membrane, sodiated by ion exchange in an
aqueous NaOH solution, was investigated as Na* single ion-
conducting polymer. The film (swelled in mixture of EC/PC up
to 64 wt.% uptake) demonstrated an ionic conductivity of 0.5
mS cm™' at 20 °C, and a sodium ion transference number of
~0.8 (by PFG-NMR) or 0.5-0.6 (by the Bruce-Vincent method).
Such difference was attributed to the large resistance at the Na
metal/electrolyte interface. Reversible cycling was demonstrated
in Na//a-NaMnO, cells built with the Na* single ion conducting
film. (see Table 7) Na//a-NaMnO, cells built using a standard
separator drenched in 1 M NaTFSI in PC showed better rate-
capability performance and similar capacity fading upon long-
term cycling!®*®! (see Table 7).

The sodium salt of poly(tartaric acid)borate from a synthesis
in aqueous medium was used to prepare single Na-ion conduct-
ing gels, which demonstrated improved room temperature long-
term cycling performances in Na//NVP cells compared to a stan-
dard liquid electrolyte (1 M NaClO, in EC/DEC). The synthesis of
a SEMI-IPN (PSP10) including poly(VC) supported on nonwo-
ven poly(ethylene terephtalate) (PET),**?) and the preparation of
blends with PVAF-HFP (NaPTAB)3%! were investigated. PSP10
and NaPTAB were swelled in EC/PC and PC, respectively. These
gels demonstrated an ionic conductivity in the order of ~0.1
mS cm™! at 30 °C, transference number of ~0.9 (by the Bruce-
Vincent method), and reversible cycling in Na//NVP cells at 25
and 60 °C (see Table 7 and Figure 14d).

9. General Overview and Future Perspectives

The continuous advancement in terms of high energy/power
density and the widespread practical applications of NIBs bring
about an escalating importance and challenges in ensuring
battery sustainable development and production. Enhancing the
competitiveness of NIBs is at the forefront, and a key frontier
in this pursuit involves substituting liquid electrolytes with
polymer electrolytes.?!] These alternatives, devoid of free-
flowing solvents, aim at improving safety and greenness while
concurrently enhancing the overall energy density and reduce
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operating/capital costs. The European SET-Plan Action 7 for
2030 outlines a targeted objective to advance the development
of solid-state batteries. The primary goal is to achieve a specific
energy density surpassing 400 Wh kg™' while maintaining
durability for a substantial 2000 cycles. This initiative reflects
a commitment to enhancing energy storage technologies for a
more sustainable and efficient future society. In this context, we
have provided detailed insights into the fundamental aspects
and progress in the development of NIB electrolytes. Despite
the considerable progress achieved thus far, there remains a
significant distance to traverse in the successful realization
of industrially viable solid-state system that boast competitive
energy density and inherent safety. Consequently, we summarise
here the prevailing challenges related to advanced electrolytes,
focusing on several key aspects:

1) Regarding the imperative of achieving high energy density,
it is crucial to note that the energy density of solid-state bat-
teries is directly impacted by the mass-loadings of cathodes.
However, many reported works on solid-state batteries have
demonstrated relatively low areal mass loadings.3%?! This is
primarily due to the challenges associated with increased
resistance in cathodes and the interface resistance between
solid-state electrolytes and cathodes, and the challenges asso-
ciated with the engineering of high loading electrodes grant-
ing good ion percolation. Future research endeavours should
prioritize the enhancement of cathode mass-loadings with-
out jeopardizing the electrochemical performance of batter-
ies. This strategic focus is essential for propelling the overall
effectiveness and viability of solid-state batteries in the forth-
coming future.

2) Advancing the development of polymer-based solid elec-
trolytes by achieving sufficiently high ionic conductivity for
practical room temperature operation. Currently, the conduc-
tivity of most solid electrolytes is limited to around 107* S
cm~! at room temperature, creating a disparity with the 102
107 S em™' ionic conductivity typical of conventional lig-
uid electrolytes. The research should focus more on creat-
ing advanced polymer networks, through crosslinking for in-
stance, or novel polymer matrices. The T, can be reduced by
either utilizing new polymers and/or polymer blends having
low crystallinity, high segmental mobility, and reduced chain
entanglement or by incorporating flexible chain segments
through grafting onto the backbone. Additionally, emphasis
has to be placed on obtaining highly conducting compos-
ite polymers, including active or inactive fillers, by finely ad-
justing the filler-polymer interface without filler aggregation.
This strategy aims to establish a well-connected ion trans-
portation network, addressing the current gap and ultimately
improving room temperature conductivity in polymer-based
solid electrolytes. In general, ion doping and substitution have
the potential to improve the ionic conductivity of solid elec-
trolytes by altering the bonding energy between mobile ions
and their neighbouring atoms.

3) Significant initiatives are currently in progress to boost sus-
tainability by substituting synthetic polymers with natural
polymers.[322] This shift not only streamlines the utilization
of less hazardous solvents and processing techniques but also
harmonizes with the overarching objective of creating envi-
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ronmentally friendly energy storage solutions. In addition,
there’s a growing awareness in the market that value can be
derived from reusing and recycling products in a closed loop.
This approach transforms materials and products into valu-
able resources rather than letting them become waste to be
just disposed. However, the existing literature in this field
is still in the early stages of development and lacks compre-
hensive results pertaining to battery performance under these
sustainable and low-cost solid-state configurations.

4) In-depth exploration of interfacial behaviour and compatibil-
ity between polymer electrolytes and electrodes is essential
and can be accomplished through advanced characterization
techniques, including in situ/operando analyses, as well as
modelling studies both ab initio on the materials as well as
multiscale on both materials and complex structures/devices.
The establishment of stable electrolyte/electrode interphases
is crucial to ensuring the long-term cycling stability of elec-
trochemical energy storage devices, including NIB. Thus, in-
vestigating and understanding these interphase dynamics is
pivotal for addressing and enhancing the overall performance
and durability of next-generation battery system to intrude the
market.

10. Summary

After a decade of dedicated endeavors, NIBs have emerged as the
most promising battery technology following LIBs in terms of
commercial viability. Yet, akin to other batteries utilizing alkali
metal ions, the principle of electrolyte compatibility in NIBs re-
mains a puzzle yet to be completely unraveled. This complexity
arises from the intricate interactions among the diverse compo-
nents within the electrolyte. In this overview of electrolyte tran-
sition towards solid-state NIBs, we highlighted how the selec-
tion of salts, solvents, polymeric matrices, and electrolyte addi-
tives strongly govern the electrochemical behavior of NIBs. As
the resurgence of the “solvation theory” offers valuable insights,
it directs our attention towards examining the solvation struc-
ture and inherent characteristics in various electrolyte systems
for NIBs. These encompass conventional liquid electrolytes, ionic
liquids, polymer electrolytes, superconcentrated electrolytes, and
localized high-concentration electrolytes. Drawing from litera-
ture, we delve into the solvation within different Na-based elec-
trolyte systems, illuminating their impact on critical properties
like ion transport and the formation of SEI. Furthermore, es-
sential fundamental equations and definitions crucial for delin-
eating transport properties and elucidating conduction mecha-
nisms across diverse Na-based battery electrolyte types are also
thoroughly discussed. A particular focus is dedicated to the use
of solid electrolytes. The main driving force pushing the replace-
ment of the flammable and explosive liquid electrolyte with a
solid one is the expected improvement in the safety and stabil-
ity of the battery. However, one of the main challenges in us-
ing solid electrolytes is obtaining an efficient solid-to-solid in-
teraction at the electrode/electrolyte interphase. Implementing
systems based on ionic liquids or hybrid polymer electrolytes
can guarantee an increased safety level of the system, decreasing
the problem associated with solid/solid elevated interfacial resis-
tances and, consequently, poor battery performances. The design
of novel solid polymeric systems can guarantee an improvement
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in the performance of NIB in terms of energy density, cycle life,
and safety. In particular, PEO and alternative polymeric matrices
can guarantee conductivity values exceeding 10™* S cm™! at room
temperature and, with proper formulation engineering, lead to
systems characterized by long cycle life and relatively good met-
rics in terms of energy and power density. The obtainment of a
good electrode/electrolyte interface is fundamental to guarantee
good performance. Processes involving the direct cast onto the
electrode surface and in situ cross-linking allow an increase in the
quality of electrochemical interfaces. Most of the report analyzed
in the review reports cell evaluation at lab scale level, with coin
cell or similar. If the scientific community aims to make these bat-
teries available on a large scale in a few years (and not decades),
greater efforts in the technology transfer from academia to indus-
try and the validation of the system in large-scale devices (pouch
cell or similar) will be pivotal to achieving stable, cheap, solid-
state and efficient EES systems.
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