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technologies. Unlike lithium, whose 
market is already very tight, sodium min-
eral deposits are almost infinite, evenly 
distributed worldwide, much easier to 
extract and thereby attainable at low 
cost.[1–4] If the realization of Na-recharge-
able batteries could be practically pos-
sible, there will be nearly three orders of 
magnitude relaxation in the constraints 
on lithium-based resources, accompanied 
by sustainability, improved environmental 
benevolence, and cost reduction (Table 1). 
Even more appealing is the possible use 
of the widely available and lighter alu-
minum, rather than copper, as negative 
current collector and hard carbon from 
renewable sources instead of graphite for 
the negative electrode. Finally, the sta-
bility of sodium-ion batteries (SIBs) in the 
fully discharged state would significantly 
enhance the safety associated with the 
shipment of large-format SIBs worldwide.

These beneficial features of sodium-
based cells revived the research work on Na-based rechargeable 
batteries and accordingly captured the attention of both the aca-
demic research and industry sectors. However, similar to LIB, 
most of the research work in Na-based batteries have focused 
on the development and elaboration of negative and positive 

For sodium (Na)-rechargeable batteries to compete, and go beyond the cur-
rently prevailing Li-ion technologies, mastering the chemistry and accompa-
nying phenomena is of supreme importance. Among the crucial components 
of the battery system, the electrolyte, which bridges the highly polarized 
positive and negative electrode materials, is arguably the most critical and 
indispensable of all. The electrolyte dictates the interfacial chemistry of the 
battery and the overall performance, having an influence over the prac-
tical capacity, rate capability (power), chemical/thermal stress (safety), and 
lifetime. In-depth knowledge of electrolyte properties provides invaluable 
information to improve the design, assembly, and operation of the battery. 
Thus, the full-scale appraisal of both tailored electrolytes and the concomitant 
interphases generated at the electrodes need to be prioritized. The deploy-
ment of large-format Na-based rechargeable batteries also necessitates 
systematic evaluation and detailed appraisal of the safety-related hazards of 
Na-based batteries. Hence, this review presents a comprehensive account of 
the progress, status, and prospect of various Na+-ion electrolytes, including 
solvents, salts and additives, their interphases and potential hazards.
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1. Introduction

Among the post-lithium (Li) electrochemical energy storage 
devices, room temperature (RT) sodium (Na)-based recharge-
able batteries appear to be one most appealing and viable 

© 2020 Karlsruher Institut für Technologie. Published by WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. This is an open access article 
under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial 
and no modifications or adaptations are made.

Dr. G. G. Eshetu
Institute for Power Electronics and Electrical Drives (ISEA)
RWTH Aachen University
Jägerstraße 17/19, Aachen 52066, Germany
Dr. G. G. Eshetu
Department of Chemistry
College of Natural and Computational Sciences
Mekelle University
P.O. Box-231, Mekelle 07000, Ethiopia
Prof. M. Forsyth
Institute for Frontier Materials
Deakin University
Burwood, Victoria 03217, Australia
Prof. S. Komaba
Department of Applied Chemistry
Tokyo University of Science
1-3 Kagurazaka, Shinjuku, Tokyo 162-8061, Japan
Prof. T. Rojo
Department of Inorganic Chemistry
Faculty of Science and Technology
University of the Basque Country (UPV/EHU)
P.O. Box. 644, Bilbao 48080, Spain

10th Anniversary Article

Adv. Energy Mater. 2020, 10, 2000093



www.advenergymat.dewww.advancedsciencenews.com

2000093 (2 of 41) © 2020 Karlsruher Institut für Technologie. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

electrode materials, with only a relatively small activity dedi-
cated to electrolytes and their interphases with the electrodes. 
In fact, being sandwiched between the highly reducing nega-
tive and highly oxidizing positive electrodes, the electrolyte is 
in close interaction with both electrodes and the corresponding 
electrified interfaces. Indeed, stable electrolytes and interphases 
are the most indispensable elements for the proper functioning 
of the emerging Na-based batteries. Hence, the viable future 
deployment of SIB technology will profoundly depend on 
the further discovery and development of tailored electrolytes 
and full-scale mastering of their interphases with both active 
electrodes.

A bibliometric analysis of the research progress on SIBs, 
SIBs electrolytes, and SIBs interphases was carried out using 
the Scopus database utilizing titles, abstracts or keywords as 
searching inputs for the period from 2010–2019 (2nd September 
2019). The results reported in Figure  1 shows an exponential 
growth of research papers. The experiences and knowhow stock-
piled from LIBs provide insights into the development of electro-
lytes and understanding of their interphases. On the other hand, 
there is no guarantee that the direct transition of behaviors 
from Li- to Na-based battery chemistries is appropriate. Peculiar 
characteristics of sodium versus lithium, like the less negative 
redox potential (≈0.33 V), the milder Lewis acidity resulting in 
higher solubility of Na-based SEI/CEI compounds (e.g., Na2CO3 

vs Li2CO3), the lower desolvation energy of Na+ (by ≈25–30%), 
the larger ionic radii (>30%), the larger coordination shell, the 
higher reactivity of Na metal, and the lower equivalent volume 
of most Na-based SEI species, certainly affect the evolving inter-
phases differently, requiring the screening of varying electrolyte 
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Table 1. Comparison of the physical properties of lithium and sodium 
relevant to their use in rechargeable batteries.[1,3]

Characteristics Chemistry

11Na 3Li

Atomic weight [g mol−1] 23 6.94

Mass to electron ratio 23 6.94

Ionic volume [Å3] 4.44 1.84

Shannon’s ionic radius [Å] 0.76 1.02

Melting point [°C] 98 182

Voltage [V] vs SHEa) −2.714 −3.045

Ratio of reserves (ppm in the earth crust) 2830 6.5

Distribution Everywhere 70% in 
S. Americac)

Material abundance in earth’s crust [ppm] 23 000 20

Material abundance in water [mg L−1] 11 000 0.18

Price of carbonates [$ per ton] 150 5000

Price of anode current collector [$ per metric ton.] 1885 (Al) 5719 (Cu)

Metal electrode theoretical capacity [mAh g−1]b) 1165 3829

Metal electrode theoretical capacity [mAh cm−3] 1131 2062

Desolvation energy [kJ mol−1] in ≈40–70 kJ mol−1 higher than Li

DEC 148 208

EC 152 211

PC 158 218

Coordination preference Octahedral and 
prismatic

Octahedral and 
tetrahedral

Reactivity/flammability of the metal Highly 
flammable

Less reactive

a)Standard hydrogen electrode; b)Metal; c)South America.
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chemistries. So, to assess the viability and potential deployment 
of SIBs, a new paradigm of thinking, including the screening 
of electrolytes and optimization of each electrolyte’s constituent 
and their interphases, is necessary.

The purpose of this review is to consolidate and provide 
a comprehensive account of the progress, status, and pros-
pects of various Na+ ion conductive electrolytes (including 
solvents, salts, and additives), the interphases they form with 
SIB electrodes and potential hazards. We anticipate that this 
comprehensive review will spur new concepts, ideas and 
research directions, eventually enabling the deployment of 
rechargeable SIBs operating at RT.

For the sake of clarity, the review is divided into three broad 
sections dealing with electrolytes, interphases, and the safety 
of Na-based rechargeable batteries. These sections are further 
organized into different sub-headings. Also, the definition 
“half-cell” refers to cells employing Na metal as the anode while 
“sodium-ion” or “Na-ion” or “full-cell” refers to cells using two 
non-Na metal electrodes.

2. Electrolytes for Na-Based Rechargeable Batteries

The electrolyte electronically insulates the negative (anode) and 
positive (cathode) electrodes, acting, under ideal condition, as a 
medium for solely the ion charge transfer while the electrons 
pass through the external circuit. As it is placed between the 
highly reducing and oxidizing active materials (electrodes), 

its stability or metastability is of supreme significance. That 
is to say that a given electrolyte must satisfy the needs of 
both electrodes. Upon interaction with the electrodes, it sup-
plies the chemistry for the formation of interphases at both 
the electrodes, which govern the overall performance of the 
battery system.

Adopting from the properties of the optimized electrolytes 
for LIBs, the generic list of required characteristics for a SIB 
electrolyte includes:

i) Chemical inertness: the electrolyte should stay inert toward 
all inactive and active battery components (e.g., separator, 
binder, current collectors, packaging materials, etc.) during 
operation;

ii) Wider liquidus range and thermal stability: low melting and 
high boiling temperatures extend the operative range of the 
SIB cell;

iii) Wide electrochemical stability window: the large separation 
of high and low onset potentials for decomposition by oxida-
tion and reduction, respectively, enables a high cell voltage;

iv) High ionic and no electronic conductivity: to enable fac-
ile Na+ transport and minimize the cell self-discharge, 
respectively;

v) Environmentally benign and nontoxic: to enable limited 
environmental hazards and thereby safer batteries;

vi) Sustainable chemistry: based on abundant chemicals, and 
low impact and simple synthesis, preparation and scaling 
processes (e.g., energy, pollution, etc.);

Adv. Energy Mater. 2020, 10, 2000093

Figure 1. Number of publications dealing with Na-based rechargeable batteries, their electrolytes and interphases (last updated on 2nd September 
2019). The key words used for the search in scopus were “sodium battery,” “sodium battery + electrode,” “sodium battery + electrolyte,” “sodium 
battery + solid electrolyte interphase,” “sodium battery + electrolyte additive,” and “sodium battery + safety.”



www.advenergymat.dewww.advancedsciencenews.com

2000093 (4 of 41) © 2020 Karlsruher Institut für Technologie. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vii) Cost reduction: to enable low total cost, including materials, 
production, and others;

viii) Tunable interphase property: formation of stable, electroni-
cally insulating but ionically highly conductive interphases 
layers on both electrodes.

In principle, the electrolyte component should be inert in 
the battery and act only as a medium for the ion transfer, but 
in practice, the inertness is only kinetically granted by the for-
mation of the passive layer at the electrode/electrolyte inter-
phases (EEI). The chemistry and morphology of these interfa-
cial layers are fundamental parameters influencing the battery 
performance. In fact, besides the optimization of the electrolyte 
composition to improve the bulk properties (e.g., ionic mobility, 
stability, etc.), the composition of the electrolyte dictates the 
composition and quality of the interphase layer(s), and thereby 
severely impacts the cell performance. Although the research 
on electrolyte development for SIBs is still in its infancy, 

various electrolyte systems, mostly derived from those of LIBs, 
have been investigated, and the relevant research results and 
progress are discussed below.

2.1. Nonaqueous Liquid Electrolytes

Following the historical development of electrolytes for LIBs, 
most of the nonaqueous electrolytes fall into the following 
families: organic esters and ethers (Table 2), ionic liquids, and 
concentrated electrolytes.

2.1.1. Carbonate Ester-Based Electrolytes

Analogous to LIBs, carbonate esters have been the primarily 
adopted solvents for SIBs, thanks to their higher electrochem-
ical stability and ability to dissolve alkali metal (Li+, Na+, etc.) 

Adv. Energy Mater. 2020, 10, 2000093

Table 2. Physicochemical and electrochemical properties of frequently utilized organic solvents/co-solvents in SIBs.

Solvent–cosolvent Chemical structure Tm [°C] Tb [°C] Tf [°C] η (25 °C) [cP] ε/25 °C D.M debye AN/DN ELumo [eV]

EC 36.4 248 160 1.9 (40 °C) 89.78 4.61 –/16.4 1.175

DMC 4.6 91 18 0.59 (20 °C) 3.1 0.76 –/17.2 1.054

DEC −74.3 126 31 0.75 2.8 0.96 −/16 1.288

EMC -53 110 0.65 2.96 0.89 – 1.248

PC 48.8 242 132 2.53 64.92 4.81 18.3/15.1 1.235

BC
GBL

−53
−43.5

240
204

97 3.2
1.73

53
39

4.23 – 1.049

DME −58 84 0 0.46 7.2 1.15 10.2/18.6 –

EA −84 102 −3 0.45 6 – – –

DEGDME −64 162 57 1.06 7.18 – 9.9/19.2 –

TEGDME −46 216 111 3.39 7.53 – 10.5/16.6 –

DMF −60.4 153 67 0.8 37 – –/26.6 –

ACN −44 81.6 2 0.35 38 – –/14.1 –

DMSO 18.4 189 95 1.99 46.7 – 19.3/29.8 –
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salts. The most widely used are the cyclic propylene carbonate 
(PC) and ethylene carbonate (EC), and the linear ethyl methyl 
carbonate (EMC), dimethyl carbonate (DMC), and diethyl car-
bonate (DEC). Most sodium ion electrolytes employ one or 
more Na-salts dissolved (Table  3) in mixtures of two or more 
solvents, while single solvent formulations are very rare, except 
a few using PC.[5] The impetus behind the use of multiple sol-
vents (and sometimes salts) originates from the various and 
often contradicting requirements of battery electrolytes, which 
can hardly be met by a single compound/molecule. The recent 
review of Bommier and Ji,[6] reporting a statistical analysis of 
electrolyte compositions, revealed that the EC:DEC is the most 
used followed by the EC:PC and PC based systems and after-
ward by the EC:DMC mixture. Regarding the salt, NaClO4 is 
the most used, followed by NaPF6; NaCF3SO3; NaTFSI and the 
other salts are less reported.

Interaction of the Na+ Ions with Carbonate Ester Solvents: 
The interaction of the Na+ ions with carbonate ester solvents 
has been extensively investigated. Jónsson and Johansson[7] 

evaluated the cation–anion interaction using DFT methods 
to evaluate the ion-pair dissociation reaction for sodium and 
lithium salts, evidencing that the sodium salts are character-
ized by a lower ion-pair dissociation energy (≈15–20% lower 
than lithium salts). The results were later confirmed by Okoshi 
et  al.[8] also proving, using DFT calculations, that the desolva-
tion energy of Na ions is commonly smaller than that of Li 
ions in similar electrolytes, due to the weaker Lewis acidity of 
Na+. Cresce et  al.[9] measured the weaker Na+ interaction with 
solvents using electrospray mass spectrometry, infrared and 
Raman spectroscopy, 17O, 23Na pulse field gradient double-
stimulated-echo pulse sequence nuclear magnetic resonance 
(NMR), and conductivity measurements. These results have 
been confirmed by Pham et  al.[10] using first-principles mole-
cular dynamics simulations. Kamath et  al.[11] employed an 
in silico strategy based on both thermodynamic and kinetic 
descriptors derived from molecular dynamics simulations to  
rationally derive optimal electrolytes for Na-ion batteries. Thermo -
dynamic considerations based on free energy evaluation  

Adv. Energy Mater. 2020, 10, 2000093

Table 3. Physicochemical and electrochemical properties of salts for SIBs.

Salt Anion-chemical-
structure

Tm  [°C] Na(Li) Al-corrosion σ in 1 m solution 
[mS cm−1] (solvent)

Anodic stability/V vs. Na/Na+ Refs.

NaClO4 468 (236) No 6.4 (PC)
8 (EC:PC)

5 (EC:DMC)

4.7 [3,369]

NaPF6 dec 300 (dec) No 7.98 (PC)
6.8 (EC:DMC)

5 [3,339]

NaBF4 384 (293) No – 5 [3,369]

NaTFSI 257 (234) High 6.2 (PC) Limited to 3.4 V by Al dissolution, but up to 
5 V with 5% NaPF6

[3]

NaFSI 118 (130) High – Limited to 3.4 V by Al dissolution, but up to 
5 V with 5% NaPF6

[3]

NaFTFSI 160 (94.5) High – Limited to 3.4 V by Al dissolution [3]

NaOTf 248 (≥300) High 3.7 (EC:DMC) – [3]

NaBOB 345(302) No 0.07–0.26 (PC) – [370]

NaDFOB – No 4.27/PC
5.32/EC:DEC
7.74/EC:DMC
5.36 (EC:PC)

5.51
5.76

–
5.79

[371]
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indicated EC:PC as the preferred electrolyte formulation under 
equilibrium conditions, while kinetic descriptors indicated 
EC:DMC and EC:EMC to be the best formulations. Experi-
mental tests in sodium cells employing TiO2 nanotubes as the 
working electrode demonstrated the best rate capability with 
the EC:EMC solvent mixture, while the EC:DMC formulation 
resulted in higher delivered capacity at low current rate. The 
same research group[12] further investigated the trends in sol-
vation behavior of various carbonate solvents and mixtures 
showing that the formation of Na carbonate complexes is exo-
thermic and proceeds favorably. The values for the interaction 
of Na+ ion with carbonate solvents indicate that pure EC and 
binary mixture of (EC:PC) are the best electrolytes for sodium-
ion based batteries. The use of the EC has been criticized by 
Kumar et al.[13] indicating, by quantum chemistry simulations, 

that the high reduction potential and low barrier for the ring-
opening of EC are the main causes for the continuous growth 
of SEI observed in SIBs.

Electrolyte Composition Dependence of Electrochemical Sta-
bility against Different Electrode Chemistries: Besides to the 
investigations on the interaction of Na+ ions with organic sol-
vents, it is of fundamental importance to evaluate the electro-
lyte stability against electrodes active material (Table  4). Pon-
rouch et  al.[14] reported a detailed investigation of electrolyte 
formulations with different sodium salts (NaClO4, NaPF6, and 
NaTFSI) and solvents (PC, EC, DMC, DME, DEC, THF, and 
triglyme) or solvent mixtures (EC:DMC, EC:DME, EC:PC and 
EC:triglyme), including viscosity, ionic conductivity, and electro-
chemical and thermal stabilities. The reported results evidence 
relatively similar conductivities for NaPF6 (7.98  ×  10−3 S cm−1),  

Adv. Energy Mater. 2020, 10, 2000093

Table 4. Summary of the Na-batteries employing carbonate-based electrolyte.

Electrolyte 
formulation

Ionic conductivity 
@ RT [mS cm−1]

Electrodes Electrode capacity 
[mAh g−1]

Life cycles Capacity 
retention [%]

Notes Refs.

1 m NaPF6 in EC:PC 6.2 Na/hard carbon 200 180 ≥99% Major influence of solvent than 
the salt on the electrochemical 

performance

[14]

1 m NaPF6 in 
EC0.45:PC0.45:DMC0.1

10.0 Na/hard carbon 320 100 ≥99% DMC as co-solvent to decrease 
viscosity and improve ionic 

conductivity

[15]

Na/ Na3V2(PO4)2F3 120 80 ≥99%

Hard carbon/Na3V2(PO4)2F3 97 (with respect to 
the cathode mass)

120 90%

1 m NaClO4 EC:PC 
(1/1, vol)

6.0 Na/Na4Fe3(PO4)2(P2O7) 110 100 90% Superior performance of EC:PC 
with respect to EC:DEC

[17]

0.6 m NaPF6 in 
EC:DMC (3:7 wt)

6.8 Na/Na0.7CoO2 80 Only 1 cycle 
reported

The electrolyte favors electrode 
kinetics due to the formation of an 
electrochemically stable SEI layer

[19]

1 m NaClO4 /EC:PC 
(1:1 vol) and 1 m 
NaClO4/PC

– Na/NaTi2(PO4)3 – – – Nonreliability of the Na electrode, 
resulting in the continuous 

increase of the SEI layer

[20]

NaPF6 and NaTFSI 
in PC and EC:DEC 
(1:2 vol) electrolytes

– Na/NaCrO2 and symmetrical 
NaCrO2 cell

90 50 90% Sodium metal counter electrode 
instability. Use of symmetrical cell 

to improve reliability of tests.

[22]

1 m LiPF6 in EC: PC: 
FEC (49:49:2)

– Na/Na0.75Fe2.08(CN)6∤3.4H2O 130 40 87% Influence of the binder has been 
investigated. PVDF has been 

selected as the best choice for the 
Na/Na0.75Fe2.08(CN)6∤3.4H2O cell

[40]

0.5 m NaPF6 EC:EMC – Na/graphite (anion intercalation) 86.2 140 ≥99% [369]

1.5 m NaPF6 in EC – HC/Na3V2(PO4)2F3 100 500 ≥80% [24]

1 m NaClO4 in EMS + 
2 vol% FEC

6.2 Na/Fe3O4 200 50 ≥99% [41]

Na/Na[Ni0.25Fe0.5Mn0.25]O2 125 50 90%

Fe3O4/Na[Ni0.25Fe0.5Mn0.25]O2 130 (referred to the 
mass of the cathode)

150 80%

0.8 m NaPF6 in 
TMP + 10 vol% FEC

5.5 Na/Sb 500 80 95% [42]

Na/NaNi0.35Mn0.35Fe0.3O2 120 50 95%

Sb/NaNi0.35Mn0.35Fe0.3O2 450 (referred to the 
mass of the anode)

50 75%
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NaClO4 (6.35  ×  10−3 S cm−1) and NaTFSI (6.2  ×  10−3 S cm−1), 
indicating that the anion does not remarkably influence the 
conductivity value (Figure  2a). In contrast, larger variations 
are found changing the solvent/s. Considering, e.g., 1 m solu-
tions of NaClO4, the conductivity follows the trend EC:DME > 
EC:DMC > EC:PC > EC:triglyme > EC:DEC > PC > triglyme, 
DME, DMC, DEC (Figure 2b), indicating that the proper selec-
tion of the solvent/s can enhance the electrolyte conductivity by 
increasing the dissociation of the salt (high dielectric constant) 
and/or lowering the viscosity of the solution, thus improving 
the ionic mobility. The investigation of the electrochemical 
stability window indicates that the anion choice does not influ-
ence the stability except for the TFSI anion, which does not 
protect the anodic aluminum dissolution (Figure  2c). On the 
contrary, the selection of the solvent/s have a major influence 
for the electrochemical stability window, as revealed by the 
highest stabilities being obtained with PC, DEC, and their mix-
ture and the EC:DMC mixture (Figure  2d). However, the ther-
modynamic stability is not the final indication as the electrode 
materials may induce catalytic electrolyte decomposition reac-
tions. Rather than by thermodynamics, the electrolyte inertness 
with the electrodes, especially the negative one, is usually ruled 
by kinetic limitations and the formation of passivation layers 
(SEI). To evaluate the suitability of the investigated electrolytes 
for SIB application, their behavior was investigated in sodium 
cells using hard carbon electrodes. The investigation identified 
the NaPF6 in EC:PC composition as the best choice. The same 
research group[15] explored the effect of DME, DMC, and DEC 
as additional cosolvents to NaPF6 in EC:PC, confirming that 
the addition of a third co-solvent decreases the viscosity thus 
enhancing the ionic conductivity following the trend: DME >  
DMC > DEC. These electrolytes were tested in sodium cells 
employing hard carbon electrode, showing large polarization 
and insufficient capacity retention when DME was used, while 
EC:PC:DMC (4.5:4.5:1, mol) was found to be the optimum com-
position resulting in good rate capability and high capacity upon 
cycling. This latter electrolyte was found to be compatible with 
Na3V2(PO4)2F3 (NVPF) cathode material, allowing the assembly 

of a full Na-ion cells displaying the operative voltage of 3.65 V, 
very low polarization, excellent capacity retention upon cycling, 
i.e., 97 mAh g−1 (of NVPF) after more than 120 cycles, satisfac-
tory coulombic efficiency (>98.5%) and very good power perfor-
mance. In a following work,[16] the 1 m NaPF6 in EC:PC:DMC 
(4.5:4.5:1, mol) electrolyte was investigated in a wide tempera-
ture range, i.e., from −15  °C up to 75  °C, employing carbon-
coated hard carbon characterized by a reduced surface area with 
respect to conventional hard carbon. The use of the carbon-
coated electrode material led to significant improvements, espe-
cially in terms of the first cycle coulombic efficiency, but also 
showing good electrochemical stability in the investigated tem-
perature range.

Jang et  al.[17] evaluated the electrochemical performance of 
1 m NaClO4 in EC:DEC (1:1, vol) and EC:PC (1:1, vol) in sodium 
cells employing a Na4Fe3(PO4)2(P2O7) cathode as working elec-
trode. Using 13CNMR spectroscopy, the authors evidenced 
that the electrolytes containing DEC were unstable in contact 
with Na metal. Lee et  al.[18] tested Na2Zn3[Fe(CN)6]2∤xH2O as 
cathode material in sodium cells, evincing an improved capacity 
retention for 1 m NaPF6/EC:DMC (1:1, vol) with respect to 1 
m NaClO4/PC and 1M NaClO4/EC:DMC (1:1:). Bhide et  al.[19] 
investigated the effect of salt concentration in nonaqueous 
electrolytes based on NaPF6, NaClO4, and NaCF3SO3 salts in 
EC:DMC (30/70 w/w), the best conductivities were achieved by 
0.6 m NaPF6, 1 m NaClO4 and 0.8 m NaCF3SO3. The various 
electrolytes were also studied in sodium cells employing a 
Na0.7CoO2 cathode material, proving that the NaPF6-based elec-
trolytes improved electrode kinetics due to the formation of an 
electrochemically stable SEI layer.

Effect of Electrolyte Composition on Electrode Performance—
Reliability of Na Metal Counter Electrode: Rudola and co-
workers[20] evaluated the effect of the electrolyte solvent on 
NaTi2(PO4)3 (NTP) cathode material, comparing its electrochem-
ical behavior in 1 m NaClO4 /EC:PC (1:1 vol) and 1 m NaClO4/PC. 
The results showed a difference in the voltage profile, which was 
attributed to increased polarization of the sodium metal anode 
for the latter electrolyte resulting from the different SEI formed 
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Figure 2. Conductivity (black bars and left hand side Y axis) and viscosity (green bars and right hand side Y axis) of a) PC-based electrolytes with 1 m of 
various Na salts, b) electrolytes based on 1 m NaClO4 dissolved in various solvents and solvent mixtures. c,d) Electrochemical potential window stability 
(black bars and upper y axis) and thermal range (green bars and lower y axis) values of c) PC based electrolytes with 1 m of various Na salts and d) elec-
trolytes based on 1 m NaClO4 dissolved in various solvents and solvent mixtures. Reproduced with permission.[2] Copyright 2015, RSC Publishing group.
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on the Na metal surface in presence of only PC or EC:PC mix-
tures. As suggested by the authors, special care should be taken 
in the evaluation of electrode materials for sodium-ion batteries 
in half cells because of the pronounced effects related to the 
sodium metal electrode; similar issue has been also recently 
reported by Komaba and co-workers for potassium metal.[21] 
Hatchard et  al.[22] studied the NaCrO2 cathode material using 
NaPF6 and NaTFSI in PC and EC:DEC (1/2 vol) electrolytes in 
sodium half-cells and symmetric cells, confirming that half-cell 
tests were not useful for evaluating the cycling performance due 
to a high impedance increase at the Na metal electrode. Using 
symmetric cells, the authors achieved a columbic efficiency of 
99.97% for the cell employing 1 m NaTFSI in EC:DEC electro-
lyte, suggesting this as a more reliable method for the character-
ization of a given cathode material, i.e., excluding the influence 
of the counter Na metal electrode. The reliability of the Na metal 
counter electrode has been investigated in detail by Conder and 
Villevieille[23] evaluating the EIS response of symmetric Na/Na 
cells. The report evidenced the importance of the thickness of 
the Na metal and its uniformity, as well as the absence of sur-
face pollutants. The reliability of the Na metal counter electrode 
was improved by simply scratching the surface impurity (mainly 
sodium oxide) and by calendering the Na metal, thus obtaining 
a uniform thickness on a renewed surface.

A recent paper from Tarascon’s group[24] explored the effect 
of various NaPF6-based electrolytes containing either single 
linear carbonates DMC, EMC, DEC, or single cyclic carbonates 
PC, EC, on the stability of the SEI formed in full Na3V2(PO4)2F3 
(NVPF) or Na3V2(PO4)3 (NVP)/HC cells via complementary in-
situ UV–Vis spectroscopy and in situ cyclic voltammetry (CV) 
measurements together with galvanostatic charge–discharge 
tests. In this case, only full cell systems were investigated to 

avoid any influence of the sodium metal counter electrode. Fur-
thermore, a high electrode loading was used being, hard carbon 
(HC, 6.0 mg cm−2), Na3V2(PO4)3 (NVP, 13.5 and 16.0 mg cm−2), 
and Na3V2(PO4)2F3 (NVPF, 12.0  mg cm−2). The investigation 
demonstrated that linear carbonates are not stable under low 
potential, forming highly soluble decomposition products, evi-
dencing their inability to build an efficient SEI layer. On the 
contrary, cyclic carbonates can achieve an outstanding cycle 
capability under similar conditions (Figure 3).

Effect of Additive in Carbonate-Based Electrolyte: Another 
strategy to improve the bulk properties of electrolytes and 
the accompanying electrochemical performance lies in the 
incorporation of functional additives in the electrolyte. In fact, 
additives can serve as sacrificial components for the formation 
of highly regulated interphases in the initial activation cycles of 
the battery. However, the additives properties in SIBs are quite 
different in comparison to LIBs due to the difference in the two 
chemistries. Komaba et  al.[25] screened various additives, i.e., 
FEC, DFEC, VC, and ES, finding that only FEC boosted the 
electrochemical performance of hard carbon or NaNi1/2Mn1/2O2 
half-cells. However, the improved cycling performance of both 
materials was assigned to the influence of FEC on the revers-
ibility of the Na metal anode and not to a beneficial effect on 
the investigated electrodes. As it can be seen in Figure 4, FEC 
clearly enhances the electroplating rate and reversibility of the 
Na metal anode.

Darwiche et  al.[26] investigated the effect of FEC as an 
electrolyte additive in half-cells employing Sb as alloying 
anode material. An outstanding capacity retention of 100% 
was reported for the cell with FEC, while only 2% of the ini-
tial capacity was retained in the FEC-free electrolyte after 
100 cycles. The same behavior was reported by several other 
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Figure 3. The cycling performance of a) DMC, EMC, DEC, PC, and EC electrolyte in NVP/HC, b) NVPF/HC, c) NVP/NVP and d) NVPF/NVP full cells 
at C/10 under room temperature. Reproduced with permission.[24] Copyright 2018, Electrochemical Society.
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research groups,[27–30] emphasizing the importance of the use 
of this additive to stabilize the alloy-based anode material. Such 
a striking improvement was associated with the formation of 
a very thin and stable protective film on the Sn- or Sb-based 
electrodes, resulting from the FEC ring opening polymeriza-
tion upon reduction.[26,31,32] This protective film prevented the 
further decomposition of the electrolyte. The formed SEI low-
ered the electrode/electrolyte interphase resistance facilitating 
the transport of Na ions and thus improving the capacity reten-
tion and rate performance.[30] Hasa et al.[33] evidenced the ben-
eficial effect of FEC as additive in half- and full-cells employing 
P2-Na0.6Ni0.22Fe0.11Mn0.66O2 layered oxide cathode and nano-
structured Sb–C alloying anode. The full cell showed a working 
voltage of about 2.7  V and delivered a reversible capacity of 
about 120 mAh g−1 (with respect to active cathode material). 
Darwiche et  al.[34] investigated the influence of the electrolyte 
formulations on the performance of the Sb alloy anode making 
use of NaClO4 and NaPF6 salts in PC or EC:DMC as solvents, 
including 5 wt% FEC as additive. The results showed a higher 
first cycle irreversible capacity for PC relative to EC:DMC. On 
the other hand, NaClO4/PC showed excellent capacity reten-
tion, ascribed to the formation of a homogeneous, electro-
chemically stable and mechanically robust SEI due to the pres-
ence of FEC. Dall’Asta et  al.[35] evaluated various nonaqueous 
electrolytes in sodium cells employing Na0.44MnO2 (NMO) as 
cathode material showing the poor performance of PC-based 
electrolyte, which was later found to be greatly improved by the 
addition of FEC. The authors also reported a weighty influence 
of the salt, in contrast with previous reports,[14] on the electro-
chemical performance, indicating 1 m NaPF6/EC:DEC (3:7, v:v) 
with 2 wt% FEC as the electrolyte of choice for the tested cell. 
In contrast to the above reports showing favorable effects of 
FEC, Ponrouch[36] inspected the electrochemical behavior of 
hard carbon prepared from sugar pyrolysis, proving its better 
performance when using the additive-free 1 m NaClO4/EC:PC 
based electrolyte with respect to the one containing FEC (2%) 
as additive. Similarly, Wu et  al.[37] showed that FEC did not 
improve the performance of half-cells employing the anatase 
TiO2 (nanoparticles) electrode. The effect of FEC as elec-
trolyte additive in half-cells employing HC electrodes made 
using either PVDF or CMC binders was further evaluated by 

Komaba’s group.[38] The results indicated that FEC affects posi-
tively the performance of the HC electrodes using PVDF and 
negatively those based on CMC binder. Dugas et  al.[39] evalu-
ated the use of FEC as additive in 1 m NaPF6/EC:DMC electro-
lyte, showing a reduction of the irreversible capacity of Na-half 
cells when NVPF is used as the positive electrode. However, a 
continuous release of small quantities of gases was reported, 
which in the long term could be detrimental to cell perfor-
mance. Piernas-Muñoz et  al.[40] explored several electrolytes 
containing NaClO4 or NaPF6 as salts and EC:PC, EC:DMC, 
EC:DEC solvent mixtures, with and without a small amount 
of FEC as additive (2%) in cells employing sodium Prussian 
blue, Na0.75Fe2.08(CN)6∧3.4H2O as cathode material. The results 
showed that the use of NaPF6 salt in EC:PC solvent mixture 
is the best choice in terms of delivered capacity, columbic effi-
ciency, capacity retention, and rate capability, in agreement 
with previous work.[14] The addition of FEC to the electrolyte 
stabilizes the interfacial resistance at lower values, improving 
the columbic efficiency of the cell. On the contrary, the effect 
on the delivered capacity and stability is limited. It appears 
from the literature results summarized above that there is 
inconsistent and contrasting behavior when FEC additive is 
used in SIBs. A more detailed overview of the use of additives 
in SIBs will be reported in Section 3.

Alternative Solvents: Besides the use of conventional carbon-
ates, other organic solvents have been proposed for the fur-
ther realization of SIBs. Oh et  al.[41] reported the use of ethyl 
methanesulfonate (EMS) as electrolyte solvent. The comparison 
between 1M NaClO4/PC + 2 vol% FEC and 1 m NaClO4/EMS + 
2 vol% FEC evidenced the slightly higher ionic conductivity and 
very large improvement (ca. by over 1 V) in the electrochemical 
window stability of the latter electrolyte (4.5 V vs Na/Na+ with 
PC, 5.6  V vs Na/Na+ with EMS). The electrolyte was success-
fully tested in SIBs using Fe3O4 as conversion anode material 
and layered Na[Ni0.25Fe0.5Mn0.25]O2 as cathode material. The 
full cell delivered a capacity of 130 mAh g−1 with respect to the 
cathode weight at 13 mA g−1 with a working voltage of 2 V. Zeng 
et al.[42] proposed the use of a non-flammable phosphate ester 
(trimethyl phosphate, TMP) as electrolyte solvent. The 0.8 m 
NaPF6/TMP electrolyte, including FEC (10 vol%), showed com-
parable conductivity with 1 m NaPF6/EC:DEC (1:1 vol) selected 
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Figure 4. (Left) cyclic voltammograms on Al foil electrodes at a rate of 3 mV min−1 and (right) Coulombic efficiency during the voltammetry tested 
in a) FEC free and b) 2 vol% FEC added 1 m NaClO4/PC solutions in coin-type Na cells. Reproduced with permission.[25] Copyright 2011, American 
Chemical Society.
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as the benchmark, yielding good stability against sodium metal 
and most importantly, no flammability issues. The electrolyte 
was successfully employed in SIB cells using Sb alloy anode 
and NaNi0.35Mn0.35Fe0.3O2 cathode, which showed good capacity 
retention for 50 cycles. Yu et  al.[43] investigated the use of tri-
methyl phosphate (TMP) and 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (F-EPE) as nonflammable solvents 
and fluoroethylene carbonate (FEC) as additive with different 
concentration of Na salts. The electrolyte, tested in full cells 
employing NaNi1/3Fe1/3Mn1/3O2 (NFM) cathode and hard 
carbon (HC) anode, showed superior performance (70.8% 
retention after 500 cycles) with respect to the standard EC-DEC-
FEC electrolyte used as the benchmark.

2.1.2. Ether-Based Electrolytes

Glyme-based electrolytes have received attention in the field of 
SIBs because of their ability to enable the Na+-solvent cointer-
calation in graphite electrodes and build stable SEI (Table 5).[44]

Ether-Based Electrolyte Enabling Na-Solvent Cointercalation: 
Graphite, the most widely used anode material for LIBs, cannot 
be used for SIBs due to the inability of Na+ ion to intercalate 
in graphite.[44,45] Nobuhara et  al.[46] evaluated, by using first-
principle calculations, the formation energies of graphite inter-
calation compounds (GICs) with Li, Na, and K, revealing that 
while the Li and K intercalated GICs are energetically stable, 
Na GICs are not, even for rather limited intercalation levels. 
However, Jache and Adelhelm[47] demonstrated the possibility 
to cointercalate[Na+-diglyme] complex ions into graphite using 
a diglyme-based electrolyte. Figure  5a compares the voltage 
profiles of Li/graphite and Na/graphite cells in conventional 
carbonate-based electrolyte, revealing the electrochemical 

inactivity of the graphite electrode towards sodium. On the con-
trary, Figure 5b shows that the graphite half-cell employing 1 m 
NaCF3SO3/diglyme electrolyte delivers a capacity approaching 
100 mAh g−1 with good coulombic efficiency, exceeding 99%, 
and an extremely good cycle life (Figure 5c).

Kang’s group[48] evaluated the electrochemical behavior 
of graphite electrodes using various glymes, i.e., TEGDME, 
DEGDME, and DME, as solvents and NaPF6, NaClO4, and 
NaCF3SO3 salts. The results clearly highlighted that, while the 
salt has negligible influence, the solvent plays a key role on 
both intercalation potential and rate capability. An increase of 
the glyme molecular weight was found to increase the intercala-
tion potential but decreasing the rate capability. The NaPF6 in 
DEGDME electrolyte was selected for the realization of a full 
cell in combination with Na1.5VPO4.8F0.7 cathode, character-
ized by a working voltage of 3 V, capacity of 45 mAh g−1 (with 
respect to the mass of both the electrodes), good rate capability 
and promising capacity retention (80% after 250 cycles).[48] The 
correlation between the glyme molecular weight with the inter-
calation potential and the rate capability was later confirmed 
by Jache and co-workers.[49] Kang’s group[50] investigated the 
solvated Na+ intercalation mechanism using operando X-ray 
diffraction analysis, electrochemical titration, real-time optical 
observation, and density functional theory (DFT) calculations. 
The reported results revealed that Na intercalation occurs 
through multiple staging reactions, finally forming a stage-1 
graphite intercalated compound, identifying the [Na-ether]+ as 
intercalated species in the form of complexes double stacked 
in parallel with graphene layers in the graphite galleries. The 
same group[51] also examined the influence of [Na-solvent]+ 
intercalation into graphite by DFT calculations, and indicated 
that a solvation energy >1.75  eV is required to achieve the co-
intercalation process (Figure 5d). A second condition required 
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Table 5. Summary of the Na-batteries employing glyme based electrolyte.

Electrolyte formulation Cell chemistry Electrode capacity [mAh g−1] Cycle life/ 
cycles

Capacity 
retention [%]

Details Refs.

1 m NaCF3SO3 in 
diglyme

Na/graphite Na+ cointercalation with 
the solvent

100 1000 ≥99% Na+ ion cannot be intercalated in the 
graphite, the glyme solvent coordinated 
to the Na+ ion enable the intercalation 

process

[47]

NaPF6 in DEGDME Na/graphite Na+ cointercalation with 
the solvent

150 300 ≥99% An increase of the glyme molecular 
weight was found to increase the inter-
calation potential and decrease the rate 

capability.

[48]

Na/Na1.5VPO4.8F0.7 120 20 ≥99%

Graphite/Na1.5VPO4.8F0.7 100 (in respect to the 
cathode mass)

250 80%

1 m NaCF3SO3/diglyme Na/graphite Na+ cointercalation 
with the solvent

110 6000 ≥99% [55]

Graphite/Na3V2(PO4)3@C 90 (in respect to the cathode 
weight)

400 80%

1 m NaClO4 in TEGDME Na/graphite Na+ 
cointercalation with the solvent

100 500 ≥99% [57]

Na/Na0.7CoO2 90 100 ≥99%

Graphite//Na0.7CoO2 80 mAh g−1 (in respect to 
the cathode weight)

1250 ≥99%
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for the cointercalation process is the stability of Na-solvent 
complexes in the graphite galleries for the reversible Na-sol-
vent co-intercalation. In this regard, the lowest unoccupied 
molecular orbital (LUMO) levels of the [Na-solvent]+ molecules 
must be higher with respect to the Fermi level of the graphite. 
In that condition, will be difficult for electrons to be injected 
into these complexes (i.e. for complexes to be reduced). Gotoh 
et  al.[52] explored the dynamics and coordination structure of 
[Na-diglymex]+ intercalated in graphite by 2H solid-state NMR, 
finding that two diglyme molecules coordinate each sodium ion 
rigidly, except for rotation of the methyl groups at low tempera-
tures below 233 K. The active motion of sodium−diglyme com-
plexes is favorable for Na diffusion between graphene layers 
in the graphite intercalated compound. Yu and co-workers[53] 
used ab initio calculations to study the atomistic structure and 
the electrochemical properties of intercalated graphite [Na-
diglyme]+Cn, revealing that the graphite intercalated compound 
has the lowest energy at n ≈ 21, and in that case, [Na-diglyme]+ 
complex diffuses relatively fast in the interlayer space, and the 
electronic conductivity can be enhanced upon the cointercala-
tion compared to the initial graphite. Maibach et al.[54] investi-
gated the surface layer evolution of graphite in a sodium cell 
employing 1 m NaFSI in TEGDME electrolyte using soft X-ray 
photoelectron spectroscopy and confirmed the formation of a 
thin (≈3–8 nm) SEI layer. However, owing to the large volume 
expansion upon intercalation, the formed SEI breaks up leading 
to an irreversible phenomenon during the electrochemical pro-
cess. Zhu et al.[55] scrutinized the electrochemical performances 
of various graphite anodes in different electrolyte systems 
for SIBs. The tests revealed that the best performance can be 
obtained employing natural graphite as electrode material and 
1 m NaCF3SO3/diglyme as electrolyte, demonstrating a cycling 

stability of 6000 cycles and an extraordinary rate capability up 
to current rates of 10 A g−1. Moreover, a SIB cell using natural 
graphite and Na3V2(PO4)3 as anode and cathode, respectively, 
and 1 m NaCF3SO3/diglyme as electrolyte, provided a capacity 
of about 100 mAh g−1 (on the basis of the cathode mass) at a 
working voltage of 2  V, and an extremely good rate capability 
until 2 A g−1. Liu et al.[56] investigated in detail the irreversible 
capacity loss phenomena associated to the co-intercalation pro-
cess, evaluating the solvation structures, desolvation process, 
and the corresponding electrochemical reduction stability of 
ether-based solvated Na+ ions. The study indicated the reduc-
tive decomposition of a small fraction of PF6

− in the Na+ solva-
tion sheath as partially responsible for the initial capacity loss, 
linked to the formation of an incomplete SEI on graphite. The 
PVDF binder, however, is identified as the main contributor to 
the initial capacity loss, because it immobilizes Na+ ions via a 
physical trapping mechanism. These are no longer accessible 
even at low discharging current density. Replacing PVDF with 
SA, i.e., a binder with less electronegative groups, significantly 
decreases the population of the “physically immobilized” Na+, 
bringing the initial coulombic efficiency to an unprecedented 
level of 95%. Hasa et  al.[57] reported a SIB cell assembled by 
coupling a layered P2-Na0.7CoO2 cathode, a graphite anode and 
a 1 m NaClO4 TEGDME electrolyte, characterized by a capacity 
of 80 mAh g−1 (in respect to the cathode mass), extremely good 
cycle life of 1250 cycles and an excellent rate capability until 
10C, i.e., 1.75 A g−1. Glymes therefore enable the use of graphite 
as an effective anode material and are found to be extremely 
promising solvents for Na-based rechargeable batteries. On the 
other hand, the cointercalated solvent molecules depleted by 
the electrolyte solution requires an elevated amount of electro-
lyte that must be considered as an active material in the battery, 
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Figure 5. Voltage profiles of lithium/graphite and sodium/graphite half-cells cycled using a current of 37.2 mA g−1 in different electrolytes. a) 1 m 
LiPF6/EC:DMC and 1 m NaPF6 /EC:DMC, b) 1 m NaCF3SO3/diglyme. Reproduced with permission.[47] Copyright 2014, Wiley. c,d) The long-term cycling 
performance and the mechanism of Na+-solvent cointercalation in graphite is depicted in panel d, respectively, for the latter half-cell. Reproduced with 
permission.[51] Copyright 2017, Wiley.
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similar to dual-ion systems,[58,59] thus reducing the practical 
energy density attainable from such systems.

Ether Based Electrolyte for Efficient Na Plating-Stripping Process: 
Besides their use to activate the Na+ intercalation in the graphite, 
glyme-based solvents revealed excellent reversibility for the 
sodium metal stripping/deposition process. Cui group[60] dem-
onstrated that NaPF6 in glymes (mono-, di-, and tetraglyme), 
can enable highly reversible and non-dendritic plating−strip-
ping of sodium metal anodes at RT. High average coulombic 
efficiencies of 99.9% were achieved over 300 plating−stripping 
cycles at 0.5 mA cm−2. The long-term reversibility was found to 
arise from the formation of a uniform and, inorganic rich SEI 
layer, which is highly impermeable to electrolyte solvent and 
helpful to nondendritic growth. Westman et  al.[61] investigated 
in detail the physicochemical and electrochemical properties of 
NaPF6 in diglyme. The authors evidenced the suitability of the 
Na metal as counter/reference electrode in the NaPF6-diglyme 
electrolyte. The electrolyte showed an excellent ESW with no 
major reductive or oxidative decomposition within 0−4.4  V 
versus Na+/Na. The elevated ESW was associated to the absence 
of side reactions, which was supported by DFT calculations 
of oxidation and reduction potentials for various complexes 
of diglyme with Na+ and PF6

−, as also evidenced with GC/MS 
analyses.

2.1.3. Ionic Liquids-Based Electrolytes

Ionic liquids (ILs) are RT molten salts formed by the com-
bination of large organic cations such as imidazolium or 
pyrrolidinium and high-charge delocalized anions such as 
bis(trifluoromethanesulfonyl)imide (TFSI) (Figure  6).[62] This 
class of electrolyte offers unique characteristics including high 
conductivity, environmental compatibility and, especially, high 
thermal stability.[63–66] In contrast to organic carbonate-based 
electrolytes, which are highly volatile and flammable, IL-based 
solutions are generally stable up to 300–400 °C.[67] Furthermore, 
ILs are basically composed of organic ions allowing unlimited 
structural variation with the possibility to tune the properties of 
the IL to satisfy specific requirements.[68]

Pure IL-Based Electrolytes: Even if more than 106 pos-
sible ILs can be available, the research on lithium batteries 
as well as for sodium is mainly focused on imidazolium or 
pyrrolidinium based IL electrolytes. In 2010, Yamaki and co-
workers[69] employed a 1-ethyl-3-methyl imidazolium tetrafluor-
oborate, (EMIMBF4) NaBF4, in a symmetric Na full cell using 
Na3V2(PO4)3 both as cathode and anode material. The authors 
demonstrated an improved thermal stability and cyclability at 
elevated temperatures compared with the cell employing the 

conventional flammable carbonate-based electrolyte. The same 
IL-based electrolyte was recently characterized by Wu et  al.,[70] 
reporting excellent ionic conductivity of 9.8  ×  10−3 S cm−1 at 
20  °C, nonflammability and good thermal resistance. Monti 
et  al.[71] reported a systematic investigation of imidazolium-
based electrolyte using 1-ethyl-3-methylimidazolium (EMIM) 
and 1-butyl-3-methylimidazolium (BMIM) cations with TFSI 
anion doped with NaTFSI at different concentrations. The inves-
tigation evidences an increase of the viscosity and a decrease 
of the ionic conductivity with increased Na salt concentration, 
which was associated with the formation of ionic aggregates, 
thus limiting the mobility of the ionic species, due to the intro-
duction of high charge density alkali metal ions. The use of imi-
dazolium for LIBs or SIBs is limited by its low cathodic stability. 
The proton positioned at C2 can be reduced at cathodic redox 
potentials higher than that needed for lithiation/sodiation. 
This causes an irreversible decomposition of the RTIL, which 
results in poor reversibility at the negative electrode. However, 
Hosokawa and co-workers[72] recently demonstrated that the 
use of FSI anion, in place of TFSI, can greatly improve the 
stability of the imidazolium ionic liquid against sodium metal 
(Figure 7a). Figure 7b,c shows the comparison of the cyclic vol-
tammetry performed using a Cu disk as working electrode and 
EMIMFSI (Figure 7b) or EMIMTFSI (Figure 7c) as electrolytes, 
demonstrating that the Na stripping/deposition can be effi-
ciently performed in the electrolyte containing FSI anion.

Thanks to the widened electrochemical stability, pyrroli-
dinium-based ILs are the most widely investigated for LIBs as 
well as for SIBs applications.[63–65] One of the first attempts of 
using pyrrolidinium based ILs in SIBs was reported by Hagi-
wara’s group,[73] describing the physicochemical properties of 
Pyr13FSI–NaFSI mixtures in different molar ratio. The study 
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Figure 6. Chemical structure of the 1-butyl-1-methylpyrrolidinium 
[Pyr14]+ and 1-ethyl-3-methylimidazolium [EMIM]+ cations and of the 
bis(trifluoromethylsulfonyl)imide [TFSI]− anion.

Figure 7. a) Photographic images of the EMIMFSI–NaFSI and of the 
EMIMTFSI–NaTFSI ionic liquids before Na metal immersion and after 
Na metal immersion for 4 weeks. Cyclic voltammograms of a Cu disk 
electrode in b) EMIMFSI-NaFSI c) EMIMTFSI-NaTFSI. Reproduced with 
permission.[72] Copyright 2016, American Chemical Society.
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verified the conventional decrease of the ionic conductivity 
with increasing Na salt concentration, reporting a conductivity 
of 3.2 ×  10−3 S cm−1 at 25 °C for the 8:2 IL:Na salt mole ratio, 
however, the electrolyte showed a good stability against sodium 
metal, and an electrochemical window stability extended up to 
5.2 V versus Na/Na+. Finally, the IL was successfully employed 
in a sodium cell using NaCrO2 cathode, which exhibited a 
stable charge–discharge behavior, delivering capacities of 92 
and 106 mAh g−1 at 25 and 80 °C, respectively, using a current 
of 20  mA g−1. The coulombic efficiency was higher than 99% 
during the (dis-)charge tests except for the initial few cycles. 
The same research group tested the Pyr13FSI–NaFSI electro-
lyte with several cathode and anode materials, such as hard 
carbon,[74–76] Na2FeP2O7,[77,78] Na1.56Fe1.22P2O7,[79] Na2MnSiO4,[80] 
TiO2,[81] NaFeO4,[82] Na2Ti3O7,[83] Na2/3Fe1/3Mn2/3O2,[84] demon-
strating the suitability of the electrolyte for SIBs applications, 
evidencing that the SIBs employing the IL electrolyte perform 
well in the mid-high temperature range (60–80  °C). However, 
the performance at RT suffers because of the lower conductivity 
and higher viscosity of the IL-based electrolyte in comparison to 
the conventional carbonate-based systems. Extensive research 
on IL-based electrolytes for application in SIBs has been con-
ducted by Forsyth’s group. In 2013,[85] the group investigated the 
physicochemical and electrochemical properties of Pyr14TFSI–
NaTFSI mixtures indicating that the addition of sodium salt 
leads to an increase of the glass transition (Tg) value, and the 
disappearance of the crystallization (Tcry) and melting (Tm) 
temperatures. The viscosities and conductivities were well 
described by the Vogel–Tammann–Fulcher (VTF) equation. 
The detailed study was later extended to Pyr13FSI–NaTFSI 
mixtures,[86] revealing similar behavior in respect to the previ-
ously reported system, in addition to a good stability against 
sodium metal. Temperature-dependent PFG-NMR diffusion 
measurements showed that both FSI and TFSI have a compa-
rable behavior although the smaller FSI anion is more diffusive. 
Lately, the group reported an unexpected elevated solubility of 
NaFSI salt in the Pyr13FSI IL, up to 3.2  mol kg−1 (50  mol %) 
at RT.[87] Despite the decrease of the ion diffusivity and lower 
conductivity with increasing Na-salt concentration, the authors 
demonstrated that the high Na+ content electrolytes can sup-
port high current densities (1 mA cm−2) and prolonged stability 
upon continued cycling. Impedance measurements indicated 
that the interfacial resistance decreases at high salt concentra-
tion, resulting in faster charge transfer at the interface. The 
same group further investigated the effect of EC addition to the 
Pyr14FSI–NaFSI mixture,[88] reporting that a 30 wt% EC addition 
to the 3.2  mol kg−1 NaFSI Pyr14FSI greatly increases the ionic 
conductivity value. The suitability of the prepared electrolyte for 
sodium battery applications was tested in half-cells at RT using 
Na3V2(PO4)3 as cathode material. High concentration of Na 
salt in phosphonium-based ILs for SIBs have also been inves-
tigated.[89] Both Forsyth and Hagiwara groups suggest that the 
reason for the improved performance at higher concentration of 
ILs in SIBs, despite the lower conductivity, is the higher trans-
ference number for the alkali cation.[90–92] Recently, this was also 
demonstrated by an in depth theoretical study of ion dynamics 
of concentrated IL (NaFSI:Pyr13FSI) focusing on how the solva-
tion structure of a Na ion changes with salt concentration and 
how this affects its dynamics. The reported results evidenced a 

decoupled motion for Na+ ions facilitated by a structural rear-
rangement in the IL structure with increasing salt addition. For 
elevated concentrations large Na-anion aggregate domains are 
formed, which gradually become interconnected when the frac-
tion of salt is more than that of the IL. This can create prefer-
ential conduction pathways improving the mobility of the Na+ 
ion. Triisobutylmethylphosphonium bis(fluorosulfonyl)amide 
(P1i444FSI) in mixtures with NaFSI or NaTFSI or NaPF6 salts was 
investigated. The ionic conductivities of FSI and FTSI mixtures 
were very similar at RT, both higher in respect to PF6 mixture. 
The highest Na+ transference number was reported for NaFSI 
mixture, being slightly higher in respect to TFSI mixture and 
double that of the NaPF6 sample. This suggests that the mecha-
nism of Na+ diffusion is different in PF6 mixtures compared to 
that of FSI and TFSI mixtures and could be attributed to the dif-
ferent strength of speciation and the complex phases formed in 
the PF6 case. The applicability of P111i4FSI:NaFSI (2.3 m) electro-
lyte solution was demonstrated employing O3-Na2/3[Fe2/3Mn1/3]
O2 and P2-Na2/3[Fe2/3Mn1/3]O2 cathodes in sodium cells.[93] 
Intensive investigation on the use of ILs based electrolytes for 
SIBs application has also been conducted by Passerini’s group. 
The electrochemical performance of Na0.45Ni0.22Co0.11Mn0.66O2 
was evaluated in 10 mol% NaTFSI (or 0.45 m) in Pyr14FSI elec-
trolyte and compared with a 0.5 m NaPF6 in PC, showing an 
improved stability in the IL-based electrolyte due to a lower 
solubility of manganese into the ionic liquid-based electrolyte 
(Figure 8).[94] Recently, Pyr14TFSI-NaTFSI was tested in Na full 
cell, employing a nanostructured Sb–C composite anode and 
P2-Na0.6Ni0.22Fe0.11Mn0.66O2 cathode. A capacity ranging from 
100 to 120 mAh g−1 and a working voltage of about 2.7  V was 
demonstrated, once again showing the suitability of the IL 
for the realization of advanced SIBs.[95] The improved electro-
chemical performance of IL-based electrolyte in comparison 
to conventional carbonate electrolytes was also reported for 
a Na4Ni3(PO4)2(P2O7) high voltage cathode, which further 
evidenced an improvement by more than 60% in delivered 
capacity with Pyr13FSI:NaTFSI (9:1 mole ratio) compared to the 
1 m NaPF6/EC:DEC (1:1 w:w) electrolyte, thanks to the superior 
electrochemical stability of the IL electrolyte, allowing the use 
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Figure 8. Cycling behavior of Na/Na0.45Ni0.22Co0.11Mn0.66O2 cells 
employing NaPF6-PC electrolyte (circles) or Pyr14FSI–NaTFSI electrolyte 
(squares). Current 12 mA g−1, cutoff voltage limits: 4.6–1.5 V, and tempera-
ture at 20 °C. Reproduced with permission.[94] Copyright 2013, Elsevier.
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of a higher cutoff voltage.[96] The beneficial effect of IL-based 
electrolyte in SIBs has been also verified by Wang et  al.[97] 
reporting improved electrochemical performances of quinone 
cathodes for organic SIBs employing IL-based electrolyte (0.3 m 
NaTFSI in Pyr13TFSI). The authors evidenced lower solubility 
of quinone cathodes in the IL based electrolyte, thus granting a 
superior cycle life of the organic cathode in Na-cells.

Chang’s group investigated the electrochemical performance of 
NaFePO4 in Pyr14TFSI–NaTFSI mixture ranging from 0.1 to 1 m,  
and reported that the best rate capability and capacity retention 
can be obtained at 0.5 and 1 m concentrations respectively.[98] 
The group explored the influence of sodium salt anion by testing 
NaBF4, NaClO4, NaPF6, and NaN(CN)2 as conducting salts.[99] 
Pyr14TFSI–NaBF4 showed the highest ionic conductivity and the 
best electrochemical behavior in Na/NaFePO4 cell configura-
tion at 50 °C, in terms of delivered capacity, rate capability and 
cycling stability. A similar investigation was performed using 
Na0.44MnO2 as cathode material, but in this case, the best perfor-
mances were achieved for NaClO4 salt.[100] The electrochemical 
properties of Pyr13FSI–NaFSI electrolyte in a full cell configu-
ration using hard carbon as anode and Na0.44MnO2 as cathode 
materials was also reported.[101] The same electrolyte composi-
tion was employed in sodium cells in combination with a Sb2S3/
graphene anode material, showing superior performance com-
pared to conventional carbonate-based electrolyte.[102] Owing 
to its superior properties, Pyr13FSI–NaFSI has been applied for 
SIBs by several other research groups in different cell configura-
tions,[103–107] nevertheless it is interesting to note the effects that 
the salt anion has on the performance and accordingly there 
is certainly much room to improve these IL-based electrolytes 
for future applications. Furthermore, while there has been sig-
nificant investigation of the behavior of the electrode/electrolyte 
interphase in organic electrolytes, as discussed above, there is a 
lesser understanding of the interphase in the IL-based systems.

IL + Cosolvent Electrolyte: One of the main drawbacks of IL-
based electrolytes is their high viscosity and limited ionic conduc-
tivity at RT. A possible solution to overcome this issue, already 
widely explored in lithium based systems,[108–112] is to mix the 
IL electrolyte with a (co)solvent(s) to improve electrochemical 
performances while maintaining a sufficient safety level and a 
limited flammability of the electrolyte. Monti et  al.[113] reported 
a systematic study of physico-chemical properties and electro-
chemical performance of hybrid electrolytes for SIBs using both 
IL and organic electrolytes as references. Similar approach has 
been employed by Manohar et al.[114] reporting good electrochem-
ical performances of sodium cells using a Na3V2(PO4)3/carbon 
(NVP@C) cathode and an electrolyte comprising a 1 m NaFSI in 
the mixture of xEC:PC (1:1 vol) + (1 − x)Pyr13TFSI (with x volume 
fraction x = 0, 0.25, 0.5, 0.75, 1). The best electrochemical perfor-
mances have been reported for x = 0.5. Stettner et al.[115] studied 
mixtures of IL and glyme solvents for Na-battery systems. Further 
investigation of such mixed electrolyte systems is believed to play 
a key role in improving the performance of future SIBs.

2.1.4. Concentrated Electrolytes

Conventionally, the salt concentration in the electrolyte system 
ranges between 1 and 1.2 m (molar) solutions. Recently, Chen 

and co-workers[116] introduced a new class of high concentration 
electrolyte, named as “Solvent-in-Salt” electrolyte system  
(Table 6). The investigated ultrahigh salt concentration revealed 
a high lithium-ion transference number (0.73), an effective sup-
pression of lithium dendrite/mossy growth and morphology 
change on the metallic lithium anode. The formation mecha-
nism and the nature of the SEI layers derived from concentrated 
electrolytes could be fundamentally distinct from those of the 
traditional SEI and thus enable unusual functions that cannot 
be realized using regular (i.e., diluted) electrolytes. The use of 
glyme for the realization of “solvate ILs,” proposed for lithium 
system[117,118] has been also investigated for SIBs. Terada et al.[119] 
investigated the physicochemical properties of tetraethylene 
glycol dimethyl ether (tetraglyme/TEGDME) and NaTFSI mix-
tures. The authors revealed the formation of a “solvate ILs” in 
which [Na(tetraglyme)]+ cationic charge carriers are formed for 
equimolar ratio of NaTFSI:tetraglyme. The prepared electro-
lyte is characterized by an ionic conductivity of 0.61 mS cm−1 
(30  °C) and with an anodic electrochemical window stability 
of 4 V versus Na/Na+. The same group[120] further investigated 
the NaTFSI:tetraglyme (1:1, mol) complex comparing the elec-
trochemical properties with the NaTFSI:pentaglyme, showing 
that the population of contact ion-pair and/or ion aggregates 
is smaller for the pentaglyme system than for the tetraglyme, 
and that the pentaglyme-based electrolyte has higher ionic con-
ductivity. The electrochemical properties of the two electrolytes 
were investigated in sodium cells employing a Na0.44MnO2 
cathode, revealing superior performances for the pentaglyme-
based electrolyte in terms of delivered capacity and rate capa-
bility. Guo et  al.[121] examined the performance of sodium 
batteries assembled using 9,10-anthraquinone (AQ), Na metal 
and a high-concentration NaFSI/triglyme as cathode, anode 
and electrolyte respectively. The authors evidenced that use of  
4 m NaFSI electrolyte solution resulted in superior performance 
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Table 6. Comparison of dilute and concentrated electrolyte systems.

Physicochemical 
property

Na+-electrolyte system

Dilute Concentrated

Representative 
bulk components

Solvent-separated ion pairs 
and free solvent molecules

Contact ion pairs and cation–
anion aggregates

Representative 
SEI species

Organic (solvent reduction) 
and inorganic (anion reduction)

Dominated by salt anion decom-
posed products (inorganic rich)

Thermal stability Poor Good

Flammability High Low

Oxidative stability Low High

Reductive stability Low High

Viscosity Low High

Ionic conductivity High Slightly low

Wettability Good Relatively poor

Electrode reaction 
kinetics

Slow Fast

Power density High High

Energy density High High

Cost Low High
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enlisting higher capacity retention, delivered capacity and 
columbic efficiency. Cao et  al.[122] employed the same electro-
lyte composition (i.e., 4 m NaFSI/ triglyme) obtaining a highly 
reversible Na plating/stripping at ambient temperature with an 
extremely high coulombic efficiency. The highly concentrated 
ether–NaFSI mixtures enable the formation of an exceptionally 
stable SEI and thereby minimizing side degradation reactions 
during cycling. Schafzahl et al.[123] reported the electrochemical 
properties of a highly concentrated NaFSI in diglyme electrolytes 
against Na metal, hard carbon anodes and intercalation cathodes. 
The study proved that DME:NaFSI at a mole ratio of 2:1 grants a 
stable passivation of anode materials thanks to the formation of 
a stable SEI. Furthermore, the investigated electrolyte revealed 
a nondendritic Na metal cycling with approximately 98% cou-
lombic efficiency up to 300 cycles. Lee et  al.[124] investigated a 
similar system, using diglyme as solvent and NaFSI as salt in a 
5.5 m concentration. The investigated electrolyte showed a very 
high Na plating/stripping coulombic efficiency (99.3%) on a 
stainless steel (SS) working electrode. Furthermore, the electro-
lyte displayed extremely good electrochemical window stability 
up to 4.9 V versus Na/Na+. The ultraconcentrated electrolyte was 
employed for the realization of sodium cells using high-voltage 
Na4Fe3(PO4)2(P2O7) and Na0.7(Fe0.5Mn0.5)O2 cathodes, resulting 
in a remarkable cycling stability (delivered capacity of 109 mAh 
g−1 for over 300 cycles for the Na4Fe3(PO4)2(P2O7) half-cell), 
revealing improved performances in respect to the conventional 
1 m NaPF6/EC:PC electrolyte. He et al.[125] reported the electro-
chemical characteristics of a highly concentrated NaTFSI in 
DMSO (>3  mol kg−1). Raman spectra of NaTFSI/DMSO elec-
trolytes in combination with the ab initio molecular dynamics 
simulation showed the formation of Na(DMSO)3(TFSI)-like 
solvation structure. The authors demonstrated an improved 
reversibility for Na-O2 battery using the above mentioned con-
centrated electrolyte. Takada and co-workers[126] investigated a 
5.86 m NaFSI in succinonitrile (SN) electrolyte, reporting excel-
lent performance of sodium cell using hard carbon as working 
electrode. The improvement is attributed to the formation 
of a very stable SEI, mainly originated from the decomposi-
tion of the anion. Wang et al.[127] examined the use of a highly 
concentrated electrolyte using trimethyl phosphate (TMP) as 
solvent and NaFSI salt in a 3.3 m concentration, in a sodium 
cell employing HC negative electrode. The system showed excel-
lent stability up to 1200 cycles, much higher in comparison to 
the conventional 1 m NaPF6 /EC:DMC (Figure 9a). The reason 
behind the improved electrochemical behavior was addressed to 
the formation of a thinner, more adhesive and stable SEI (rich in 
NaSON, Na2S2O5, Na2S2O3, Na2S…) in the presence of a highly 
concentrated electrolyte (Figure 9b,c).

2.2. Aqueous Electrolytes

The use of water (H2O) instead of organic solvents in the elec-
trolyte formulation offers many advantages, such as lower cost, 
elevated inherent safety, and environmentally friendliness. 
This, in combination with the elevated abundance and low cost 
of sodium, make the aqueous sodium-ion batteries (ASIBs) 
extremely appealing and promising. However, due to the elec-
trochemical decomposition of H2O, the proper selection of the 

electrode materials could be one of the most critical challenges 
in practical ASIBs. An aqueous electrolyte is further compli-
cated because of: i) needs to eliminate residual O2 in electrolyte, 
ii) protection of the electrode stability in aqueous electrolyte, 
iii) inhibition of H3O+ cointercalation into the electrode, and 
iv) efficient internal consumption of O2 and H2 produced 
at cathode and anode sides after over (charge/discharge) 
(Figure 10).[128] These issues are of paramount importance for 
the realization of an aqueous battery system.

One of the first demonstration of ASIBs has been reported 
by Whitacre et  al., assembling an 80 V, 2.4 kW h battery pack 
employing λ-MnO2 as cathode and activated carbon as anode 
in 1 m Na2SO4 aqueous electrolyte.[129] Employing the same 
electrolyte, Wu et al.[130] coupled NaTi2(PO4)3 and Na2NiFe(CN)6 
as cathode and anode respectively, obtaining a battery system 
with an average output voltage of 1.27 V, an energy density of 
42.5  Wh kg−1 and a capacity retention of 88% after 250 cycles 
at 5 C rate. Park et al.[131] evidenced better performance of the 
2 m Na2SO4 in respect to 4 m NaOH in an ASIB employing 
NASICON-type NaTi2(PO4)3 cathode material, obtaining a 
reversible capacity of 124 mAh g−1 at 2.0  mA cm−2 current, 
with a plateau voltage of 2.1  V versus Na/Na+. Surprisingly 
Minakshi and Meyrick reported good performances of maricite 
NaMn1/3Co1/3Ni1/3PO4 in aqueous NaOH based electrolyte, as 
maricite is not favorable to ion diffusion.[132] Li et  al. reported 
excellent performance of a NaTi2(PO4)3/Na0.44MnO2 system 
employing 1 m Na2SO4 electrolyte. The authors demonstrated 
an exceptionally high rate capability and excellent stability of 
more than 1000 cycles, evidencing extremely interesting values 
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Figure 9. a) Cycling performance and Coulombic efficiency of the 
hard carbon half-cells using concentrated 3.3 m NaFSI/TMP elec-
trolyte and conventional 1.0 m NaPF6/EC:DEC (1:1, vol) electrolyte.  
b,c) Schematic illustrations of passivation films derived from EC solvent 
in b) a conventional dilute electrolyte and c) from NaFSI salt in the con-
centrated electrolyte. The former has a typical organic– inorganic hybrid 
structure with the organic compounds (for example, sodium ethylene dicar-
bonate, NEDC) as the main component, while the latter shows a single 
inorganic structure. Reproduced with permission.[126] Copyright 2017, 
American Chemical Society.
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of energy and power densities.[133] Several other systems based 
on 1 m Na2SO4 aqueous electrolyte has been developed such as 
NASICON-type Na3V2(PO4)3,[134] Na2FeP2O7,[135] NaFePO4,[136] 
Na2CuFe(CN)6,[137] NaFe2(CN)6,[138] Na3MnTi(PO4)3,[139] Na2VT
i(PO4)3.[140] Whitacre and co-workers performed a detailed study 
on the effect of the electrolyte concentration on a NaTi2(PO4)3/
Na0.44MnO2 ASIB in NaClO4 based electrolyte with molari-
ties ranging from 1 to 5. The study showed an improved cell 
rate capability when employing high concentration electrolyte. 
Furthermore, the concentration of the electrolyte affects the 
self-discharge rate of the cell due to the lower oxygen solubility 
in the high concentration electrolytes.[141] Nakamoto et  al.[142] 
studied the effect of various Na-salts (i.e., Na2SO4, NaNO3, and 
NaClO4) at different concentration on Na2FeP2O7/NaTi2(PO4)3 
rechargeable aqueous sodium-ion battery. NaNO3-based elec-
trolyte exhibited a large irreversible capacity due to H2 gas evo-
lution and corrosive side reactions, while good performances 
have been reported for Na2SO4, and NaClO4 based aqueous 
electrolytes, with slightly superior performance for 4 m NaClO4. 
However, due to the explosiveness and oxidizing abilities of 
NaClO4, the 2 m Na2SO4 has been selected as the best electro-
lyte candidate for the investigated aqueous sodium-ion battery 
system.[142] Investigations on different electrolyte composition 
for ASIBs, and in particular on the so called “water in salt” elec-
trolyte has been conducted by Xu and co-workers.[143] Similar 
investigation has been reported by the same authors previously 
on lithium system,[144] presenting an operating electrochemical 
stability window of 3  V obtained by increasing the salt con-
centration to form “water-in-salt” electrolytes.[144] For aqueous 
solution with concentration below 5 m, the number of water 
molecules is much higher with respect to the salt, and in this 
condition, it is generally accepted that the solvation shell con-
sists at least of two layers: the more tightly associated primary 
and the relatively loose secondary solvation shell (Figure  11a), 
with the first Na+ solvation shell typically containing 6 oxygens. 
However, when salt concentration is higher than 9.00 m, the 
number of available water molecules is not enough to form 
the second solvation shell, and this leads to the formation of 
a “water-in-salt” solution that can be visualized as a liquefied 
salt (Figure 11a). With this new concept (i.e., water–in-salt solu-
tion), a series of new transport and interfacial properties are 

acquired. Employing a “water-in-salt” solution based on sodium 
trifluoromethane sulfonate (NaCF3SO3), Xu and co-workers[143] 
demonstrated a superior electrochemical window stability up to 
2.5 V (Figure 11b). The improvement is associated with the for-
mation of a Na+ conducting SEI on the NaTi2(PO4)3 anode sur-
face that effectively suppress H2 evolution and to the reduced 
electrochemical activity of water, leading to hindered oxygen 
evolution on the Na0.66[Mn0.66Ti0.34]O2 cathode. The assembled 
cell showed an excellent reversibility, and extraordinarily high 
coulombic efficiency (>99.2%) even at a low rate of 0.2 C for 
>350 cycles. At a high rate of 1 C, superior stability of >1200 
cycles were also achieved, with negligible capacity losses 
(0.006% per cycle). One of the main issues of this concentrated 
“water-in-salt” electrolyte (WiSE) is the elevated cost of Na salt 
employed; generally, NaTFSI or NaCF3SO3 are employed. Pas-
serini’s group[145] recently proposed the use of a much cheaper 
potassium acetate (KAc) to prepare a dual cation highly concen-
trated electrolyte including sodium acetate (NaAc) as a charge 
carrier. The WiSE with composition 32 m KAc and 8 m NaAc 
is characterized by an elevated electrochemical stability window 
and a good compatibility with low-cost aluminum current 
collector.

2.3. Solid-State or Quasi-Solid-State Electrolytes

Though liquid electrolyte-based batteries possess excellent elec-
trochemical performances, they pose serious safety hazards, 
resulting from the use of highly flammable/volatile organic sol-
vents. This includes electrolyte leakage, possibly fire or explo-
sion, dendrite formation, and side reactions between electrolytes 
and electrodes. The safety issue of Na-based rechargeable bat-
teries is even expected to be more severe than that of LIBs, due 
to the higher reactivity of sodium, if any formed, with moisture 
and oxygen. As a result, the use of solid electrolytes (SEs) for 
applications in SIBs has drawn increasing attention from the 
scientific community. SEs grants intrinsically elevated safety 
level, high thermal stability, wider electrochemical stability 
window, longer cycle life, excellent mechanical properties, flex-
ibility, and simple assembly processes because SEs serve both 
as ion transport pathway and the separator with no liquid/fluid 
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Figure 10. Electrochemical window of aqueous solution and the intercalation potential of some electrode materials that could be employed for aqueous 
Na-ion batteries. (AC: activated carbon; PVAQ: poly (2-vinylanthraquinone); PI: polyimides; PTVE: poly-2,2, 6,6-tetramethylpiperidine-oxy-4-vinyl ether. 
Reproduced with permission.[128] Copyright 2018, Wiley.
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component. Hence, the development of solid-state batteries can 
lead to a breakthrough of the electrochemical storage systems 
for applications in mobility, stationary and utility/grid storage. 
However, the main drawbacks related to the use of SEs are their 
poor ionic conductivity compared to the liquid ones, harsh-
to control interfaces between the electrodes/electrolytes (i.e., 
elevated interface resistance), and engineering process-related 
issues. In SEs, electrode wetting and the electrode/electrolyte 
interphase formation take place between two solids, which 
result in an extremely elevated interfacial resistance, being 
the main obstacle hindering their practical applications.[146,147] 
The field of solid electrolytes for Na-based rechargeable battery 
application mainly includes (solid) polymer electrolytes (SPEs), 
conductive inorganic solid electrolytes (ISEs) and their com-
posite/hybrid versions.

2.3.1. Polymer Electrolytes

Dry Polymer Electrolytes: The discovery of ionically conducting 
polymers dates back four decades when the conductivity in com-
plexes formed by alkali metal salts (i.e., Li, Na, K, Rb, and Cs) 
with poly (ethylene) oxide (PEO) was reported by Wright[148] and 
Armand[149] thus proposed for use in electrochemical devices. 
Polymer electrolytes (PEs) combine the ionic conductivity in 
the solid state with mechanical flexibility, making them ideal 
replacements for liquid electrolytes in electrochemical cells, 
thanks to their ability to form good interphases with solid elec-
trodes. In addition, SPEs offer cost-effectiveness, light-weight 
(i.e., high energy density), improved safety, good processability 

(shaping, patterning, and integration), highly flexible battery 
design, easier manipulation (including fabrication of ultrathin 
films) and strengthened resistance to volume change of the elec-
trodes during the charge/discharge process. However, they are 
generally characterized by a limited conductivity at RT (10−5–10−7 
S cm−1) and for this reason, batteries employing SPEs gener-
ally operate at moderate temperatures (60–90  °C).[150,151] This 
temperature could be extremely critical for Na metal batteries 
as the melting point of Na metal (i.e., 98  °C) is very close to 
the operating temperature of SPEs. PEO, with CH2CH2O, 
EO repeating units, is the most extensively studied polymer for 
SPEs preparation, due to its elevated solvation power (DN = 22), 
and ion dissociating capacity. Besides PEO-based electrolytes, 
several other polymers have been investigated for SIB electro-
lyte application, such as the poly(vinyl pyrrolidone) (PVP),[152–154] 
polyvinyl chloride (PVC),[155] poly(vinyl alcohol) (PVA),[156,157] 
polyacrylonitrile (PAN),[158] and polycarbonates[159] (Table 7). The 
properties of PEO mixed with NaClO4 salt was reported by West 
et  al.[160] in 1987, showing an ionic conductivity for the PEO/
NaClO4 with EO/Na = 12 of 0.65 mS cm−1 at 80 °C. Hashmi and 
Chandra[161] investigated PEO/NaPF6 mixture reporting a con-
ductivity of 5 ×  10−6 S cm−1 at RT and 10−3 S cm−1 at 70 °C for 
EO/Na = 15. Following the initial studies, several other groups 
reported the properties of PEO with different Na salts such as 
NaClO3,[162] NaLaF4,[163] NaClO4,[162] NaFSI,[164,165] NaFNFSI,[166] 
and NaTFSI.[165,167] In particular, the latter fluorinated anions, 
proposed by Armand and co-workers,[168] act as a plasticizer 
for PEO based electrolytes, decreasing the crystallinity of the 
polymer and thereby enhancing its ionic conductivity at RT. 
The effect is mainly related to the possibility of rotations around 
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Figure 11. a) Scheme of the cation–anion and ion–solvent interactions in “salt in water” electrolyte. b) Trend of the weight ratio and of the molar 
ratio of solvent to salt as function of the molarity. c) Scheme of the cation-anion and ion–solvent interactions in “water in salt” electrolyte. d) The CV 
curves measured on inert electrodes at the scanning rate of 10 mV s−1 (black line), which is overlaid with the first CV traces obtained on active anode 
(NaTi2(PO4)3) and cathode (Na0.66[Mn0.66Ti0.34]O2) materials at the scanning rate of 0.1 mV s−1. Reproduced with permission.[143] Copyright 2017, Wiley.
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the two central SN bonds providing mechanical flexibility, 
resulting in a plasticizing effect in the polymer electrolyte. 
Furthermore, the negative charge is delocalized over several 
atoms resulting in a weak coordinating power. This is of vital 
importance in applications where the formation of ion pairs 
would reduce the number of charge carriers and hence the ionic 
conductivity.

Inclusion of Ceramic Additive to Polymer Electrolyte: Besides 
the selection of Na salt, other methods can be used to improve 
the polymer electrolyte performances, such as the inclusion 
of nanometric ceramic powders (called fillers) that act as solid 
plasticizers, kinetically inhibiting crystallization and greatly 
improving the ionic conductivity at RT. The approach is well 
known since the first report by Scrosati and co-workers[169] in 
1998, lately intensively studied for application in polymeric 
lithium batteries.[170–174] The same group[167] investigated the 
effect of nanometric SiO2 to a PEO/NaTFSI mixture. They dem-
onstrated best performances with an EO/Na ratio of 20, and 
using the 5% wt SiO2, giving an ionic conductivity of 10−5 S cm−1 
and a Na transference number (tNa+) of 0.51. Further improve-
ment in the performances of PEs can be obtained by proper 
functionalization of the metal oxide additives, for example, SiO2 
nanoparticles covalently bonded to a dense brush of oligo-PEG 
chains, which outperform that of bare SiO2 nanoparticles.[175,176] 
Xu et  al.[177] investigated the use of Na3PS4–polyethylene oxide 
synthesized by a solution-phase reaction method, obtaining an 
improved ionic conductivity up to 9.4 × 10−5 S cm−1 at room 
temperature. The electrolyte has been used to realize SnS2/Na 
solid-state batteries, delivering enhanced electrochemical per-
formance with 230 mAh g−1 after 40 cycles. The good stability of 
the system was associated to the capacity of PEO to isolate the 
NPS solid electrolyte and Na metal, alleviating the side reaction 
between NPS and Na foil.

Na Polymer Single Ion Conductors: The use of single ion-con-
ductive polymers (so-called “ionomers”), generally composed 
by (block co-)polymers with the anion covalently tethered to 
the essentially immobile polymer backbone, possesses unique 
features in which the only mobile species is the cation. In such 
ionomers, no concentration gradients occur allowing the use 
of high charge/discharge current rates. Additionally, dendrite 
growth is limited.[178–182] Furthermore, with a cation transfer-
ence equal to 1, it is possible to have comparable performances 
to an ambipolar electrolyte even with a tenfold reduction 

in conductivity. Bronstein et  al.[183] developed a composite 
polymer electrolyte consisting of a dispersion of poly(ethylene 
glycol) (PEG) and SiO2 nanoparticles, characterized by a RT 
conductivity of 10−4 S cm−1 and a cation transference number 
of 0.9. Similar approach has been followed by Armand and 
co-workers[184] reporting a solid polymer hybrid electrolyte 
based on PEO (Mw ≈ 5  ×  106) and PEGDME (Mw ≈ 250)  
(1:1, wt) mixture, including SiO2 functionalized nanoparticles. 
Two different functionalized systems were tested, the first 
one employing sodium 2-[(trifluoromethane-sulfonylimido)-
N-4-sulfonylphenyl]-ethyl trimethoxysilane anion (SiO2-anion) 
surface functional group and a second one using SiO2-anion 
with a polyethyleneglycol chain (SiO2-PEG-anion) (Figure 12a). 
Both systems reached a conductivity of 2 × 10−5 S cm−1 at RT 
with EO/Na = 40 for the SiO2-anion and a ratio of 20:1 for the 
SiO2-PEG-anion system. 23Na and 19F NMR were used to eval-
uate the mobility of the cation and the anion in the system. 
Unfortunately, the very short spin-lattice relaxation times 
(typically less than 1 ms) of the 23Na make the diffusion meas-
urement problematic. However, 19F NMR measurements of 
anion evidenced that it is effectively not mobile, most likely 
indicating that the ionic conductivity of the polymer electro-
lyte can be associated solely with Na+ cation diffusion.

A similar approach has been proposed by Forsyth and co-
workers,[185–187] by preparing a “polyelectrolyte” with a back-
bone functionalized by sulfonyl(tri-fluoromethanesulfonyl)
imide anion groups, and quaternary ammonium counter-ions 
(Figure 12c), obtaining a conductivity of ≈10−6 S cm−1 at 90 °C 
(Figure 12d). The immobilization of the anion on the polymer 
chain makes the cation the only ionic mobile species in this 
class of electrolytes, thus minimizing the concentration gra-
dient effect since the ion transference number can approach 
unity. The utilization of quaternary ammonium cations in iono-
mers leads to reduced association of counter-ions with sulfonic 
groups. The bulky ammonium counter-ions have weak ion–ion 
interactions and additionally, thanks to the mobility of the alkyl 
chain, act as plasticizers. However, these systems generate an 
additional problem as a result of the anion tethering, the inter-
actions between the cation and the immobilized anion reduces 
the cation mobility, typically leading to low conductivity values. 
Several potential approaches exist to reduce this ion association 
and promote the mobility of the cation. Zhang et  al. recently 
published a detailed review dedicated to single lithium-ion  
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Table 7. Commonly used polymer solid electrolytes and their physicochemical properties.

Polymer matrix Polymeric unit Tg [°C] Tm [°C] Remark

PEO (CH2CH2O)n −64 65 (CH2CH2O)n participates in the solvation of Na+ cations

PPO (CH(CH3)CH2O)n −60 (CH(CH3)CH2O)n participates in the solvation of Na+ cations

PAN (CH2CH(CN))n 125 217 CN participates in the solvation of Na+ cations through dipole interactions, elevated 
chemical stability

PMMA (CH2C(CH3)(CO2CH3))n 120 CO participates in the solvation of Na+ cations through dipole interactions, widely 
used for cross-linked GPE

PVDF (CF2CH2)n −30 171 CF bond contributes to the anodic stability, but does not solvate Na+ cations, used 
preferentially for the preparation of GPE

PVdF-HFP (CF2CH2)n(CF2CF(CF3))m −90 135 CF bond contributes to the anodic stability, but does not solvate Na+ cations, used 
preferentially for the preparation of GPE

PVC (CH2CHCl)n 80 220
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conducting solid polymer electrolytes whose approaches can 
also be considered for future Na electrolytes.[188]

Gel-Polymer Electrolytes: Gel polymer electrolytes (GPE) dif-
ferentiate from “dry polymer electrolytes” because they incor-
porate a liquid component serving as plasticizer. Thus, the GPE 
has intermediate properties between liquid and dry-polymer 
electrolytes. They are generally characterized by higher conduc-
tivity with respect dry polymer electrolytes, being in the range 
of 10−3 S cm−1, whereas dry polymer and liquid possess conduc-
tivities of ≈10−4 S cm−1 and ≈10−2 S cm−1 respectively. GPEs are 
characterized by a reduced flammability and limited electrolyte 
leakage issues, and in general by higher safety level compared to 
liquid-based but lower than that of dry polymer electrolytes.[189] 
These characteristics make them extremely appealing as next-
generation electrolytes for practical battery applications. This 
topic has been extensively explored for lithium batteries.[189] 
In SIBs, several polymers have been investigated for the reali-
zation of GPEs, including polyethylene oxide (PEO),[190–193]  
perfluorinated sulfonic membranes (NAFION type),[194–196]  
polyacrylonitrile (PAN),[197,198] poly(methyl methacrylate) 
(PMMA),[199–201] and polyvinylidene fluoride (PVDF).[202–210] 
The mixture of PEO with short-chain length glyme leads to a 
homogeneous gel polymer electrolyte with highly isotropic 
properties. For sodium system, Bhide and Hariharan[190] 
reported the preparation of a PEO:NaPO3 polymer electrolyte 
plasticized with PEG400, using an EO:Na ratio of 6:1, investi-
gating the effect of the plasticizer in the range of 30 to 70 wt%, 

obtaining conductivity values of 8.9 × 10−7 S cm−1 at 40  °C. 
The developed GPE was tested in a sodium battery employing 
NaCoO2 as cathode material.[192] Superior conductivity values 
of 1.1 × 10−4 S cm−1 have been reported by Patel et al.[191] using 
PEO–NaCF3SO3 mixture with succinonitrile (SN) as plasticizer. 
Kreuer et  al.[211] proposed the use of perfluorinated sulfonic 
membranes (fully and half sulfonated poly phenylene-sulfone) 
for the realization of polyelectrolytes.[188] The GPE was prepared 
by an ion exchange of the membrane in aqueous NaOH or 
LiOH solution, obtaining exchange levels close to 100%. After 
water removal and drying, the polymer was swollen with dime-
thyl sulfoxide (DMSO). The same group has also investigated 
poly-vinyl phosphonic acid (PVPA2), sulfonated poly-ether 
ketone (SPEEK) and the n-ethyl- pyrrolidone (NEP) polymers, 
evidencing that the best conductivity of 1.1  ×  10−3 S cm−1 can 
be obtained using the full and half sulfonated poly phenylene-
sulfone and pyrrolidone as swelling agents.[211] Lately, Li’s 
group[194] employed a perfluorinated sulfonic membranes 
in Na-form (PSFA-Na) and a Nafion 115 swollen with EC–PC 
(1:1 v:v), solvent, obtaining transparent homogeneous mem-
branes. The group showed that Nafion-based GPE is character-
ized by a conductivity of 3 × 10−4 S cm−1 at RT, higher than that 
of PSFA-Na. The Nafion-based GPE was successfully tested in 
a sodium battery employing Na0.44MnO2 cathode at 45 °C deliv-
ering superior capacity with better capacity retention in respect 
to the conventional liquid electrolyte. A perfluorinated sulfonic 
membrane, (PFSA-Na), swollen with EC-PC solvents has been 
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Figure 12. a) Schematic representation of the synthesis of inorganic–organic hybrid SiO2 nanoparticles. b) Ionic conductivity of the polymer electro-
lytes prepared with SiO2–anion nanoparticles and SiO2–PEG–anion nanoparticles. Reproduced with permission.[184] Copyright 2013, Royal Society of 
Chemistry. c) Synthetic routes of the ionomers, the initial input molar percentage is listed. d) Ion conductivity of the ionomers log(σ) versus T and 
log(σ) versus Tg/T. Reproduced with permission.[187] Copyright 2015, Royal Society of Chemistry.
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recently reported by Hou et  al.[196] in a solid-state sodium bat-
tery employing a Na0.67Ni0.23Mg0.1Mn0.67O2 cathode displaying 
excellent cyclic performance up to 1000 cycles with a capacity 
retention of about 85% at a current density of 48  mA g−1.  
PAN-based GPE have been extensively investigated for lithium 
battery applications, thanks to the possibility to make homoge-
neous, hybrid electrolyte films in which the salt and the plasti-
cizer were molecularly dispersed.[189] In sodium systems, one 
of the first attempt of using PAN for GPE has been reported by 
Osman et  al.,[158] comparing Li and Na PAN-based GPEs pre-
pared with different salt concentrations. A RT conductivity of 
7.13 × 10−4 S cm−1 was reported for the GPE prepared from PAN +  
24 wt% NaCF3SO3. PMMA is also one of the most widely inves-
tigated polymer host for lithium battery applications[212,213] 
because of its good affinity with organic electrolytes, its amor-
phous nature, and ability to exhibit a high RT ionic conductivity 
values. A PMMA-based GPE for sodium battery application with 
ionic conductivity of 3.4 × 10−3 S cm−1 was reported by Kumar 
and Hashmi[199] using a 1 m NaClO4/EC:PC (1:1 v:v) solution as 
swelling agent and 4  wt% of SiO2 nanoparticles. PVdF is one 
of the most widely investigated polymers for GPEs prepara-
tion because it is highly anodically stable due to the presence 
of a strong electron-withdrawing functional group (CF) and 
possess an high dielectric constant (ε  = 8.4), which helps the 
dissolution of lithium/sodium salts granting high concentra-
tion of charge carriers.[189] Park et al.[214] reported a PVDF-based 
GPE with a conductivity of 5.1 × 10−4 S cm−1 at 25  °C using 
tetraglyme and NaCF3SO3 as plasticizer and salt respectively. 

The GPE was successfully employed for the realization of a 
Na/GPE/S cell operating at RT. Lately, a similar system was 
reported by Kim et al.[202] showing a continuous increase of the 
Na/GPE/Na cell resistance with increasing storage time due to 
unstable passivation layer formation.

Inclusion of Ceramics in GPE: One of the main drawbacks 
of GPE is their poor mechanical properties. To overcome this 
issue, the inclusion of ceramic additive in the GPE is a widely 
explored approach to improve the GPE mechanical properties. 
Aravindan et  al.[203] investigated the effect of nanosized Sb2O3 
as ceramic filler for GPE obtained by a blend of PVdF and 
PEMA, reporting a great improvement in the electrolyte con-
ductivity and a decrease of the activation energy. This could be 
ascribed to the decrease of the crystallinity of the PVdF. The 
best performance was reported for the composition (in wt%) 
23PVDF:10PEMA:27.5EC:27.5DMC:10Sb2O3 which resulted in 
a conductivity of 5.69 × 10−4 S cm−1 at ambient temperature. 
Goodenough’s group[205] reported a PVDF-HFP blended with 
polyvinylpyrrolidone (PVP) in a 65:35 weight ratio and uti-
lizing micrometric Sb2O3 ceramic additive in 30 wt%. The use 
of micrometric powder instead to the nanometric ones greatly 
reduce the cost of the GPE. The obtained polymeric film was 
swollen with a 1 m NaClO4 /EC:DEC solution resulting in a 
conductivity of 6 × 10−3 S cm−1. Furthermore, the GPE was able 
to block Na metal dendrites from penetrating the membrane 
as evidenced by the symmetric Na/Na stripping deposition test 
(Figure 13a,b). The GPE was successfully employed for the real-
ization of sodium cell using a Berlin-green Fe[Fe(CN)6] cathode 
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Figure 13. Voltage profiles for symmetric cells with sodium metal on both side with: a) pristine polymer electrolyte/separator (PVDF-HFP/PVP)/ 
1 m NaClO4/EC:DEC); and b) polymer-composite electrolyte/separator (PVDF-HFP/PVP/Sb2O3/1 m NaClO4/EC:DEC), at constant current density of 
0.1 mA cm−2. Reproduced with permission.[205] Copyright 2014, Electrochemical Society. c,d) Electrochemical characterization of cells with Na2MnFe(CN)6 
as cathode and glass–fiber paper, GF/PVDF–HFP and GF/PVDF–HFP/PDA as separators. Reproduced with permission.[206] Copyright 2015, Wiley.
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material. The developed cell delivered 115 and 65 mAh g−1 at a 
current of 24 and 600 mA g−1 respectively.

Lately, the same research group[206] reported the fabrication 
of a gel–polymer/glass–fiber electrolyte employing PVDF-HFP 
supported by a glass–fiber paper and modified by a polydopa-
mine coating, soaked in a 1 m NaClO4/PC electrolyte solution. 
The prepared membrane has a conductivity of 5.9 × 10−3 S cm−1, 
good mechanical strength, excellent thermal stability and a wide 
electrochemical window stability (stable up to 4.8 V vs Na/Na+). 
The GPE was tested in a sodium cell employing Na2MnFe(CN)6 
as cathode material, and revealed superior electrochemical 
properties compared to the one employing the bare glass fiber 
separator [(Figure 13c,d)].

Cross-Linked GPEs: The poor mechanical stability is gener-
ally a problem for the GPE, and this can be alleviated by the 
inclusion of ceramic compound in the membrane as described 
previously. An alternative strategy is to cross-link the polymer 
used to prepare the GPE greatly improving the mechanical 
properties. This method is widely explored for lithium bat-
tery application.[189] Bella et  al.[200] reported a photopolymer-
ized electrolyte for a sodium-ion battery employing bisphenol 
A ethoxylate dimethacrylate (BEMA) and poly(ethylene glycol) 
methyl ether methacrylate (PEGMA) oligomers in a 35:65 
weight ratio. The homogeneous transparent polymeric film 
obtained after UV curing was swollen in a 1 m NaClO4/ PC 
electrolyte solution, obtaining a GPE with a RT conductivity 
of 5 × 10−3 S cm−1. The GPE was finally successfully tested in 
sodium battery using TiO2 as working electrode. The cell pre-
sented relatively low columbic efficiency in the initial cycles 
most likely due to residual of reaction products or of the Irga-
cure 1173 initiator used. A similar preparation process was 
described by Goodenough’s group,[201] reporting the prepara-
tion of a GPE synthesized by a radical polymerization of methyl 
methacrylate (MMA) and tetraethylene glycol dimethacrylate 
(TEGDMA), with 2,2′-azobis(2-methylpropionitrile) (AIBN) ini-
tiator. After heating the precursor, the solution was drop-casted 
onto a porous cellulose membrane (0.1 mm thick) resulting in 
a transparent polymeric film. The obtained film was swollen 
in the 1 m NaClO4/ PC:FEC (9:1, vol) electrolyte, resulting in 
an ionic conductivity of 6.2 × 10−3 S cm−1 at RT. The prepared 
GPE was tested in a sodium-ion battery utilizing a Sb-based 

anode and a Na3V2(PO4)3 cathode. The cell employing the GPE 
showed superior electrochemical performances in comparison 
to conventional liquid electrolyte (Figure 14a,b).

IL-Based GPE Ionogels: In general, GPEs are characterized by 
a higher conductivity in respect to “dry polymer electrolyte,” but 
the inclusion of organic solvent as plasticizer (EC, PC, DMC, 
DEC, etc.) lowers their safety level, compared with “dry polymer 
electrolytes.” The liquid organic electrolyte is confined by the 
polymer matrix; however, for volatile solvents, the problems 
of flammability and electrochemical instability (particularly, at 
elevated temperatures) exist, limiting the scope of applicability 
of the corresponding devices. The use of nonvolatile and non-
flammable ionic liquids (ILs), instead of organic solvents, is a 
valuable alternative. Kumar and Hashmi[215] reported in 2010 
a GPE with an ionic conductivity of 5 × 10−3 S cm−1, obtained 
by a mixture of PVdF-HFP, 1-ethyl 3-methyl imidazolium 
trifluoromethanesulfonate (EMIMTf) and sodium triflate 
(NaTf). Hashmi and co-workers[216] described a similar GPE 
composition (PVdF-HFP:EMIMTf:NaTf) while incorporating 
Al2O3 and NaAlO2 particles as ceramic fillers reporting a con-
ductivity of 6.3–6.8 × 10−3 S cm−1 and 5.5–6.5 × 10−3 S cm−1 
for Al2O3 and NaAlO2 dispersed GPEs respectively. The use of 
ceramic filler greatly improved the mechanical stability of the 
GPE. Kumar[217] studied the effect of ethylene carbonate and 
propylene carbonate addition to the PVdF-HFP:EMIMTf:NaTf 
GPE, and revealed a slightly higher conductivity of 
8.4 × 10−3 S cm−1 at RT. Singh et  al.[218] investigated the 
PEO mixture with 1-butyl-3-methylimidazolium methylsul-
fate (BMIM-MS) and NaCH3OSO3 salt (NaMS), exploring 
the compositions PEO + x wt% BMIM-MS for x  = 0 and 20 
and (PEO + 10  wt% of NaMS) + x wt% BMIM-MS for x  = 0, 
20, and 60. The polymer electrolyte membrane containing 
60  wt% BMIM-MS showed the higher ionic conductivity of 
1.05 × 10−4 S cm−1 at RT. The obtained GPE was characterized 
by limited electrochemical window stability, most likely due 
to the CH3OSO3

− decomposition, thus limiting its application 
in Na-ion batteries. Ionic liquids characterized by higher elec-
trochemical stability, namely N-methyl-N-propylpyrrolidinium 
(Pyr13) with bis(trifluoromethanesulfonyl)imide (TFSI) and 
bis(fluorosulfonyl)imide (FSI) anion in combination with the 
PEO, and NaTFSI or NaFSI salts have been reported by Boschin 
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Figure 14. Electrochemical properties of the sodium-ion full-cell Sb/Na3V2(PO4)3 with liquid electrolyte or gel-polymer electrolyte at 60 °C. a) Cycling 
performance of the sodium-ion full-cells at a constant current density of 1 C. b) Galvanostatic charge/discharge profiles of the sodium-ion full-cell with 
the gel-polymer electrolyte at a constant current density of 1 C. Reproduced with permission.[201] Copyright 2016, Wiley.
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and Johansson.[219] Ternary electrolytes, NaTFSI(PEO)n–
Pyr13TFSI and NaFSI(PEO)n–Pyr13FSI, with different ratio of 
EO:Na (n), i.e., 6, 9, and 20 containing different wt% of IL (5, 
10, and 20) were tested. The study evidenced a general increase 
of the conductivity value with the increase of the IL content, 
attributed to the increased number of ionic species, to the role 
of the IL in enhancing the relative amount of conduction path-
ways and improving the polymer chain dynamics via a plasti-
cizing effect. The conductivity at RT was lower than 10−5 S cm−1, 
limiting the applicability of this system. A particular approach 
for obtaining a gel electrolyte for sodium batteries by simply 
mixing an IL with SiO2 nanoparticles has been reported by 
Forsyth and co-workers;[220] the silica-gel type electrolyte (SiO2-
GE) was compared with a PMMA-gel electrolyte. The latter one 
was prepared by polymerization of MMA–TEGDA mixture 
in Pyr14TFSI–NaTFSI ionic liquid electrolyte; while the SiO2–
GE was obtained by mixing of SiO2 nanoparticles (0.007  µm, 
5  wt%) with Pyr14TFSI-NaTFSI (95  wt%), evaluating different 
salt concentration (from 0.1–0.5 m). Both GEs showed good 
ionic conductivity, i.e., 1.6 × 10−3 S cm−1 for the silica-gel elec-
trolyte and 1.1 × 10−3 S cm−1 for the PMMA-based GPE but 
decreasing for increased Na salt concentrations. This behavior 
is common also in pure IL-based electrolytes.[221] It is associ-
ated with the higher charge density of the alkali metal cation, 
leading to the formation of ionic aggregates, thereby reducing 
the overall ion conductivity, although alkali metal ion transport 
numbers can actually increase.

2.3.2. Inorganic Solid Electrolytes

The research on inorganic compounds for solid-state electro-
lytes to be used in RT SIBs is mainly focused on glassy materials 
while NASICON and sodium β″-alumina are conventionally 
investigated for mid-high temperature application (Table 8).

Na-β Alumina: Na-β alumina can be obtained with two 
distinct crystal structures: β-Al2O3 (hexagonal: P63/mmc; 
a0 = 0.559, c0 = 2.261 mm) and β″-Al2O3 (rhombohedral: R3m; 
a0 = 0.560, c0 = 3.395 mm). The β″-Al2O3 phase was found to 
give better ionic conductivity than the β-Al2O3 phase. In terms 
of conductivity, β″-Al2O3 single crystals can reach 0.1 S cm−1 

at RT, and 1 S cm−1 at 300  °C. The conductivity decreases by 
almost five times for polycrystalline β″-Al2O3 (0.2–0.4 S cm−1). 
Furthermore it is hard to get a uniform product because the 
synthesized β″-Al2O3 is usually mixed with β-Al2O3 which fur-
ther decrease the conductivity values.[222] For these reasons, 
sodium β″-alumina is generally used in high-temperature bat-
teries such as the high-T Na/S batteries.

NASICON: Sodium super ionic conductor (NASICON) is 
generally characterized by elevated ionic conductivity and can 
be used as solid-state electrolytes for SIBs. NASICON has a 
general formula Na1+2x+y+zMx

(II)My
(II)M2−x−y

(IV)SizR3-zO12 where 
M is replaced by divalent, trivalent, or tetravalent cations, and 
R can be Si or As. NASICON structure was firstly studied by 
Hagman et  al.[223] in 1960, and afterward by Goodenough[224] 
and Hong.[225] This initial investigation evidenced that the 
NASICON ionic conductivity can be higher than 10−3 S cm−1. 
Thanks to its good conduction properties NASICON was pro-
posed as an alternative to the β″-alumina for high-temperature 
Na/S batteries, in fact the 3D conduction pathways of the 
NASICON is expected to guarantee superior performance in 
respect to the β″-alumina, which is characterized by 2D con-
duction pathways. The conductivity of NASICON is strongly 
related to the Na concentration and crystallographic structure, 
which is influenced by the size of the M cations. It has been 
concluded from literature survey[226] that the average ionic 
radius of M cations should be close to the ionic radius of Zr, 
i.e., Zr = 0.72 Å[227] to obtain highly conductive materials, com-
parable to β- and β″-alumina.[228,229] In addition, NASICON 
materials with the highest sodium ion conductivity contain 
3–3.5  mol Na per formula unit showing a monoclinic distor-
tion of the crystallographic lattice.[226] One of the first attempt 
of a RT sodium solid-state batteries employing NASICON elec-
trolyte was reported by Noguchi et  al.,[230] fabricating an all-
solid-state sodium-ion symmetrical battery via combined screen 
printing and hot pressing using Na3Zr2Si2PO12 (NASICON) 
as solid electrolyte and Na3V2(PO4)3 (NVP) as active electrode 
materials. The NVP active material was characterized in solid-
state sodium half-cells at 80  °C demonstrating its capability 
to reversibly intercalate sodium at potentials of 1.6 and 3.4  V 
versus Na/Na+. These insertion properties allow the use of NVP 
as active material for both positive and negative electrodes. The 
authors reported the electrochemical behavior of the sodium-
ion cells cycled at RT within the voltage range of 0.01 and 
1.9 V at a current density of 1.2 µA cm−2. They showed a first 
discharge capacity of 68 mAh g−1, validating the suitability of 
NASICON solid-state electrolyte for application in RT SIB. A 
similar approach has been followed by Lalère et al.[231] by devel-
oping a symmetrical Na3V2(PO4)3/Na3Zr2Si2PO12/Na3V2(PO4)3 
full battery characterized by an elevated electrode thickness 
(300  µm cathode and 130  µm anode thickness) which was 
assembled by spark plasma sintering at 900 °C. The solid-state 
cell was tested at 200 °C delivering the 85% of the theoretical 
capacity (Na3V2(PO4)3 theoretical capacity 117.6 mAh g−1) at 
C/10 with a working voltage of 1.8 V and good capacity reten-
tion, for an overall energy density of 1.87 × 10−3 Wh cm−2 and 
a capacity of 1.04 mAh cm−2. Based on these initial works, sev-
eral studies focused on the development of NASICON-based 
electrolyte characterized by elevated conductivity values have 
been reported. Ma et al.[232] evidenced that the partial substitu-
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Table 8. Composition, conductivity, and activation energy of selected Na 
solid electrolytes.

Na-solid-electrolyte Conductivity Ea Refs.

β-Al2O3 1.0 S cm−1 (300 °C) [222]

β″-Al2O3 0.2-0.4 S cm−1 (300 °C) [222]

Na3Zr2Si2PO12 
(NASICON)

9.4 × 10−4 S cm−1 (25 °C) [230]

Na3PS4 2.0 × 10−4 S cm−1 (25 °C) 0.280 eV [246]

Na2.375PS3.375Cl0.675 1.0 × 10−3 S cm−1 (25 °C) 0.249 eV [250]

Na3PSe4 1.16 × 10−3 S cm−1 (25 °C) 0.210 eV [252]

Na3SbS4 3.0 × 10−3 S cm−1 (25 °C) 0.250 eV [253]

Na2(Ga0.1Ge0.9)2Se4.95 1.0 × 10−5 S cm−1 (25 °C) 0.630 eV [256]

Na3P0.62As0.38S4 1.46 × 10−3 S cm−1 (25 °C) 0.256 eV [258]
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tion of zirconium with scandium can improve the ionic con-
ductivity of the solid electrolyte, with an optimal composition 
of Na3Sc0.4Zr1.6Si2PO12. Park et al.[233] evidenced improved ionic 
conductivity value for Na3.3Zr2Si2PO12 with a 10% Na excess. 
Song et  al.[234] reported a Na3.1Zr1.95Mg0.05Si2PO12 NASICON 
electrolyte exhibiting a RT conductivity of 3.5 × 10−3 S cm−1, that 
was successfully employed for the fabrication of a RT solid-state 
Na–S cell.

NASICON Ceramic–Glass Composites: Nevertheless, one of 
the main challenges for the application of NASICON in bat-
teries is the elevated sintering temperature, usually as high 
as 1200  °C, which is needed to interconnect the particles and 
reduce the grain boundary resistance. This limits the possible 
scaling up of such system for cost issues; furthermore, the high 
temperature leads to problem-related to volatilization of light 
elements and undesirable side reactions with electrode mate-
rials. Honma et al.[235] proposed the use of glass–ceramic mix-
tures composed of Na3Zr2Si2PO12 and 60Li2O–10Nb2O5–30P2O5 
glass. It was found that the mixture of 90  wt.% 
Na3Zr2Si2PO12–10 wt.% 60Li2O–10Nb2O5–30P2O5 glass calcined 
at 900 °C for 10 min is characterized by a σ = 1.2 × 10−4 S cm−1 
at RT. A similar approach has been proposed by Noi et  al.[236] 
successfully reducing the sintering temperature at 900  °C 
using a 4.8% Na3BO3 additive to Na3Zr2Si2PO12 NASICON 
electrolyte, resulting in a conductivity of ≈1.9 × 10−3 S cm−1 at 
RT. Suzuki et  al.[237] lowered the sintering temperature of a 
Na1+xZr2SixP3−xO12 (NASICON)-based solid electrolytes with a 
Na3BO3 additive at 700 °C.

Glassy Materials: Glassy materials are extremely interesting 
candidates for solid-state electrolytes, offering several advan-
tages with respect to the crystalline ones such as wide range 
selection of compositions, isotropic properties, reduced grain 
boundaries issue, and easy film formation. They are generally 
characterized by a low melting temperature (Tm) and/or glass 
transition temperature (Tg), and for that reason can be molded 
to a desired shape providing a good contact to the entire sur-
face area of small-particle cathodes.[238] Furthermore, they 
generally do not require high-temperature sintering process 
like β″-alumina or NASICON; instead isostatic pressure at RT 
is generally sufficient to ensure a good interphase interaction 
between electrode and electrolyte especially with sulfide-based 
materials. Because of the so-called open structure, the ionic 

conductivity of amorphous materials is also generally higher. In 
addition, single-ion conduction can be realized because glassy 
materials belong to the so-called decoupled systems in which 
the mode of ion conduction relaxation is decoupled from the 
mode of structural relaxation. Amorphous or glassy materials 
are thus the most promising solid electrolytes candidates with 
single-ion conduction and high ionic conductivities.[239] Electro-
lytes of glassy systems denoted by the formula Li2O–MOx

[240–242] 
(M could be Si, P, B, etc.) have a high degree of disorder in the 
network structure. In 1966[242] an Li2O–SiO2–B2O3 mixture was 
investigated showing an ionic conductivity of 4 × 10−4 S cm−1 at 
350  °C, revealing that the glassy structure could provide high 
ionic conductivity. However, to be practically applied at ambient 
temperature, extensive improvements are required. The sulfide 
glass-ceramic electrolytes were proposed to enhance the ionic 
conductivity at lower temperature. Sulfide glass-ceramic elec-
trolytes for lithium batteries application have been studied 
comprehensively due to their outstanding ionic conductivity, 
wide electrochemical window and good mechanical character-
istics.[243–245] In contrast, the research on Na analogues is in 
its infancy. In fact, only in 2012, Hayashi’s group inspired by 
the research on Li2S–P2S5 system, produced for the first time a 
sulfide glass-ceramic electrolyte for a sodium battery. The cubic 
Na3PS4 phase was obtained from the glassy state by crystalliza-
tion at high temperature (270  °C);[246] the glass component of 
the compound does not completely vanish by crystallization, 
and thus the remaining glass part have an important role in sta-
bilizing a high-temperature phase, cubic Na3PS4, for that reason 
the material has been called glass ceramic. The study showed 
that the obtainment of a cubic phase upon thermal treatment 
(Figure 15a) is fundamental to obtain high conductivity values 
whereas the pure glassy state had a lower conductivity value. 
The glass ceramic containing the cubic Na3PS4 phase has a 
conductivity of 2 × 10−4 S cm−1 at RT and an activation energy 
of 27 kJ mol−1, whereas purely amorphous Na3PS4 glass pellet 
has a conductivity of 6 × 10−6 S cm−1 and an activation energy 
of 47  kJ mol−1 under the same conditions. Furthermore, the 
electrolyte showed a good electrochemical stability against 
sodium metal and a wide electrochemical voltage window up 
to 5 V (Figure 15b). Hayashi’s group also demonstrated the suit-
ability of Na3PS4 glass–ceramic electrolyte in an all-solid-state 
rechargeable sodium ion cell employing a sodiated tin anode 
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Figure 15. a) XRD patterns of the Na3PS4 glass, b) glass-ceramic sample heated at 270 °C, c) and glass-ceramic sample heated at 420 °C. Closed circles 
and diamonds, respectively, denote the diffraction peaks attributable to the cubic Na3PS4 phase and the tetragonal Na3PS4 phase (JCPDS #081-1472). 
b) Cyclic voltammogram of the Na/Na3PS4/SS cell. Scan rate 5 mV s−1, 25 °C. c) Charge–discharge curves of the all-solid-state rechargeable sodium 
cell Na-Sn/Na3PS4/TiS2. 25 °C current density 0.013 mA cm−2. Reproduced with permission.[246] Copyright 2012, Springer Nature.
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(Na–Sn), Na3PS4 glass–ceramic electrolyte and a TiS2 cathode 
material. The Na–Sn/Na3PS4/TiS2 cell was able to deliver a 
reversible capacity of about 90 mAh g−1 with a cycling stability 
of 10 cycles (Figure  15c). Subsequently, the same research 
group verified a higher conductivity of the Na3PS4 electrolyte[247] 
(4.6 × 10−4 S cm−1, 56% improvement with respect to the previ-
ously reported result) can be obtained using high purity Na2S 
(99.1 wt% compared to 95.1 wt% used previously), optimizing 
the ball milling time (1.5 h) and thermal treatment time (1 h 
at 270  °C). More recently, Hayashi’s group reported that, by 
using amorphous TiS3

[248] at the cathode, instead of the TiS2 
used in the previous study, higher capacity can be obtained 
(300 mAh g−1 three times higher than the initial report) for the 
Na15Sn4/Na3PS4/a-TiS3 cell configuration.

Yu et  al.[249] performed a detailed DFT-based MD simula-
tions indicating that an electrolyte characterized by elevated Na 
vacancies, possesses superior Na-ion mobility in both cubic and 
tetragonal phases; this was further confirmed by 23Na solid-state 
NMR. The synthesis of Na3-δPS5 materials with higher vacancy 
concentrations, for instance by halogen replacement of sulfur, 
may lead to even larger bulk Na-ion conductivities. The hypoth-
esis was experimentally verified by Chu et  al.[250] preparing a 
Cl-doped tetragonal Na3PS4 (Na3−xPS4−xClx) solid electrolyte 
with a RT Na+ conductivity exceeding 1 mS cm−1. The inter-
face stability of the Na3PS4 electrolyte against sodium metal 
was studied in detail by Janek’s group[251] using time-resolved 
impedance and polarization resistance measurements together 
with in situ X-ray photoemission spectroscopy. The study evi-
denced that Na3PS4 is unstable against Na metal, resulting in 
continuous growth of the solid electrolyte interphase layer with 
the formation of electronically insulating sodium sulfide and 
sodium phosphide, increasing the cell resistance and strongly 
deteriorating the cell performance. Besides the Na3PS4, several 
other sodium solid glassy-electrolytes have been proposed and 
investigated. Zhang et al.[252] investigated the Na3PSe4 selenium 
chalcogenide (cubic phase, I-43 m space group) obtaining an 
ionic conductivity of 1.16 mS cm−1 at RT and a low activation 
energy of 0.21  eV. The excellent properties of the compound 
were assigned to the large unit cell and the high polarizability 
of the Se ion providing fast Na+ transport pathways in the 
3D channels. The same group synthesized a new tetragonal 
Na3SbS4 phase [(Figure  16a–c)], characterized by a high ionic 
conductivity of 3 mS cm−1 at RT.[253] The same material was 
concurrently described by Liang and co-workers,[254] and Hong 
and co-workers[255] reporting a ionic conductivity of 1 mS cm−1 
and 1.1 mS cm−1 respectively at RT. Hong and co-workers[255] 
reported scalable solution processes utilizing methanol or water 
to solubilize the Na3SbS4 that, upon solvent elimination, still 
exhibits high conductivities of 0.1–0.3 mS cm−1. The proposed 
solution process was successfully employed to coat a NaCrO2 
cathode material, dramatically improving the electrochemical 
performance in all-solid-state batteries (Figure 16d).

Besides the studies on single pure phases, much effort has 
been dedicated to the investigation of binary or ternary systems. 
Kim et al.[256] proposed a ternary system of Na2Se−Ga2Se3−GeSe2 
providing a conductivity higher than 10−5 S cm−1 for the Na2(Ga0.1
Ge0.9)2Se4.95 composition. Tanibata et al.[257] investigated the mix-
ture of (100-x) Na3PS4-xNa4SiS4 (mol%) glass-ceramics between 
the 0 to 8% of Na4SiS4, showing that the 94Na3PS4·6Na4SiS4 

composition has an ionic conductivity value two times higher 
compared to the neat Na3PS4·electrolyte. The Rietveld analysis 
of the cubic Na3PS4 in the 94Na3PS4·6Na4SiS4 evidenced a larger 
site-occupancy of Na2 sites than that in the pure Na3PS4 glass-
ceramic, indicated as the parameter for the improved Na+ con-
ductivity. Yu et al.[258] studied the Na3P1−xAsxS4 (0 ≤ x ≤ 1) binary 
compounds obtaining a conductivity of 1.46 mS cm−1 at RT for 
x  = 0.38 (i.e., Na3P0.62As0.38S4), which is higher than the pure 
Na3PS4·and Na3SeS4 compounds. The behavior of the conduc-
tivity with respect to Na3PS4:Na3SeS4 ratio is influenced by vari-
ations in the NaS bond length and the Na migration energy. 
In this regard, Na3PS4 is characterized by a lower Na migration 
energy while Na3SeS4 by a longer NaS bond allowing an easier 
diffusion path for the Na+ ion, and the ratio x = 0.38 was found 
to be the best compromise between these two parameters. Mois-
ture stability of Na3P1-xAsxS4 binary compounds was also inves-
tigated[259] demonstrating that the inclusion of arsenic greatly 
enhances the moisture stability of Na3P1−xAsxS4, shifting the 
reaction products from the easy-forming oxysulfides (such as 
Na3POS3 and Na3PO2S2 with H2S release) to the difficult-forming 
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Figure 16. a) X-ray Rietveld refinement profile for the Na3SbS4 powder.  
b) Crystal structure of Na3SbS4 with the unit cell outlined. c) 3D bond 
valence map isosurfaces for Na3SbS4 with an isovalue of ±0.3 v.u. d) Com-
parison of the initial charge–discharge voltage profiles (50 µA cm−2, 30 °C) 
of the Na–Sn/Na3SbS4/NaCrO2 all-solid-state cells employing the mixed 
electrode (gray dash line) and the Na3SbS4-coated NaCrO2 electrode (blue 
line). Reproduced with permission.[255] Copyright 2016, Wiley.
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hydrates (such as Na3P1−xAsxS4·nH2O with n = 8 and/or 9). This 
effect is attributed to the weaker As−O affinity compared to that 
of P−O. Adams and co-workers[260] systematically studied the 
doping of Na3PS4 with Ge4+, Ti4+, Sn4+ and thereby optimizing 
the processing of these phases. The reported DFT calculation 
indicated that larger dopant ions increase the overcrowding of 
Na sites, rising the Na site energy, which has the beneficial effect 
of lowering the effective migration barrier for interstitialcy like 
motion, while it will also tend to slightly destabilize the doped 
phases. Hence, from the calculations, Sn-doping appeared to 
be particularly promising. In agreement with the calculation, 
the highest ionic conductivity value of 2.5 × 10−4 S cm−1 was 
achieved for the Na3.1Sn0.1P0.9S4 compound.

Solid Electrolyte Interphase Optimization Approaches: A dif-
ferent approach to optimize the interphase for solid-state 
sodium-ion batteries has been proposed by Liu et  al.,[261] 
reporting the use of a “toothpaste-like electrode” composed by 
a layered oxide Na0.66Ni0.33Mn0.67O2, super P carbon additive 
and Pyr14FSI ionic liquid. The prepared composite was directly 
cast on a Na-β″- Al2O3 ceramic pellet without the need of sin-
tering because the ionic conduction is granted by the pres-
ence of the ionic liquid in the “toothpaste-like electrode”. The 
assembled battery, tested at 70 °C temperature, showed a supe-
rior stability and high reversibility, with a capacity retention of 
90% after 10 000 cycles at 6C (528 mA g−1) rate. Furthermore, 
the cell configuration has been tested with high active material 
mass loading (6  mg cm−2) and once again proved a capacity 
retention of 73.6% (initial delivered capacity of 72 mAh g−1)  
at a current rate of 2C (176 mA g−1) over 650 cycles. A similar 
approach has been used by Passerini and co-workers[262] com-
bining a Na3Si2Y0.16Zr1.84PO12 NASICON solid electrolyte with a 
NaTFSI-Py14TFSI ionic liquid electrolyte revealing that coating 
the ceramic conductor surface with an ionic liquid does not 
lead to any practical synergistic behavior between the solid and 
IL electrolyte. The authors suggested that a functionalization of 
the ceramic surface and/or ionic liquid, aiming to largely pro-
mote the Na+ cation transferring at the NASICON/Py14TFSI 
interphase can lead to a beneficial effect. Another inter-
esting approach has been suggested by Goodenough and co-
workers,[263] proposing the inclusion of an interfacial polymeric 
interlayer between the metallic-sodium anode and the ceramic 
electrolyte, thus improving the wettability of the sodium on 
the interfacial interlayer. This in turn suppresses the Na den-
drite formation and growth. The same polymer, a cross-linked 
poly(ethylene glycol) methyl ether acrylate (CPMEA)[264] was 
previously successfully used in lithium solid-state batteries.

3. Electrode/Electrolyte Interphases 
in Sodium Batteries
Interphases are extremely important in high-energy SIBs, as well 
as LIBs, which electrodes operates outside the stability window of 
the electrolytes. As a matter of fact, the success of LIBs is bound 
to the development of electrode/electrolyte interphases—the 
SEI on the negative electrode is the most famous—which pre-
vent the reduction and/or oxidation of the electrolyte by avoiding 
electron transfer across them. The use of additives to the elec-
trolyte solution is a well-established method to tune the inter-

phase properties and improve the battery performance.[265,266] In 
this section, the electrode/electrolyte interphases in SIBs and the 
effect of additives will be discussed. Because there is not a clear 
delineation between an additive and a cosolvent/salt in the litera-
ture, an arbitrary threshold of 10% (by wt% or vol%) is adopted.

3.1. Negative Electrodes

The building blocks for the negative electrode/electrolyte inter-
phase layer are usually obtained from reduction processes. Thus, 
the selection of the electrolyte composition, being the main 
source of the SEI building blocks, is of fundamental importance. 
The inclusion of additives is a widely used method to tune the 
SEI composition. Additives for negative electrodes usually fea-
ture higher reduction potential compared to the electrolyte com-
ponents (solvents and salts). Accordingly, they preferentially get 
reduced into insoluble solids, covering the anode active mate-
rials and thereby deactivating further side reactions of the elec-
trolyte constituents. As for Li-based additives, the LUMO energy, 
electron affinity (EA), ionization potential (IP) and chemical 
hardness (η) could be considered as trustworthy descriptors 
to predict as well as screen these types of additives.[267] For 
instance, LUMO and EA describe the thermodynamic ability to 
accept a new electron and are utilized to evaluate the reduction 
potential, whereas η is a measure of reaction resistance and can 
serve as an indicator of the kinetics.[267] Dipole moment (μ), and 
the binding energy with a Li cation (BE) were also introduced, 
showing a higher μ leads to a stronger nonbonding interaction 
with Li+, whereas weak binding between the additive and the 
lithium cation ensures the rapid formation of the SEI.[268] In 
the following, the investigations on the SEI formation on Na°, 
carbonaceous, and other negative electrodes for Na-batteries are 
reviewed, with particular regards to the electrolyte composition, 
including additives (Table 9).

3.1.1. Sodium

The use of sodium metal as the negative electrode grants high 
theoretical specific capacity (1166 mAh g−1) and low redox 
potential (−2.714 V vs SHE),[269–273] yielding to high energy bat-
teries. In order to exploit these benefits in Na-metal batteries 
such as Na–O2,[274–276] Na–S,[277,278] and Na–CO2,[279] the chal-
lenges related to dendritic metal growth and unwanted para-
sitic reactions at the electrode/electrolyte interphase need to 
be addressed. Similarly to Li metal batteries, the formation 
of a compact solid electrolyte interphase (SEI) layer, offering 
high mechanical stability, high ionic conductivity, and high 
impermeability to the electrolyte solvent, is a prerequisite for 
the long-term cycling of sodium metal batteries (SMBs).[280] In 
1998, Peled proposed that for the spontaneously formed SEI on 
alkali metal electrodes to be protective, the molar volume of the 
SEI compounds must be larger than that of the metal.[281–283] In 
such a case, the corrosion products can, in fact, cover entirely 
the metal surface to form a continuous passivation layer disa-
bling the further reaction. However, it must be considered that 
the electrolyte decomposition, and the associated SEI forma-
tion, may also occur upon battery operation.
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Though the research account so far recorded is limited, sev-
eral efforts have been made to understand the SEI layer in 
SMBs, including the formation and growth mechanisms, chem-
istry, characteristics, and functions. Palacin and co-workers[280] 
have compared the stripping/plating performance of Li/Li and 
Na/Na symmetric cells using 1 m LiPF6 in EC0.5DMC0.5 (LP30) 
and 1 m NaPF6 in EC0.5DMC0.5 and EC0.45PC0.45DMC0.1, respec-
tively. While the Li/Li cells demonstrated low polarization and 
smooth charge/discharge profiles at current densities of 0.1 and 
1  mA cm−2, large overpotential values were recorded for the 
Na/Na cells regardless of the nature of the electrolyte even at 
0.1 mA cm−2. FTIR analysis confirmed the presence of a stable 
SEI on Li, while for the Na electrode a huge variation in the 
composition after polarization was evidenced. This finding was 
further corroborated by ex situ SEM images of the cycled elec-
trode reported in the same work.[269] Due to the intrinsic high 
resistance towards reduction, ether-based solvents are among the 
most favored components of electrolytes for alkali-metal batteries.

Cui et  al.[60] reported the use of 1 m NaPF6 salt in various 
glymes (mono-, di-, and tetraglyme), EC:DEC and EC:DMC. 
Very high coulombic efficiencies for the Na stripping-depo-
sition process, i.e., greater than 99.9%, were obtained with 
all glymes. In the same work, various salts (NaPF6, NaTFSI, 
NaFSI, NaOTf, NaClO4) dissolved in diglyme were evaluated, 
evidencing that NaPF6 offers the best performance, i.e., the 
stable cycling of Na metal for over 300 cycles at 0.5 mA cm−2. 
The chemical composition of the SEIs on Na electrodes upon 
cycling in NaPF6 in diglyme and EC:DEC was examined by 
XPS (Figure  17a,b). The detailed depth profile and elemental 
analysis evidenced that the SEI layer formed in diglyme is 
thinner (but enough accumulated volume to cover the Na sur-
face) and uniform, composed mainly of inorganic Na2O and 
NaF species, while the one formed in EC:DEC is thicker and 
composed by mixed inorganic–organic compounds, making 
it more permeable towards the electrolyte, i.e., more prone 
to continuous breaking and formation. On the contrary the 
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Table 9. Summary of investigated electrolytes employing additives, and their effects on the electrochemical performance of SIBs (RT, room tem-
perature; N-HCSs, nitrogen-doped hollow carbon nanospheres; AB, acetylene black; CB, carbon black; C, carbon; P, phosphorus; a-P, amorphous 
phosphorus; VGCF, vapor ground carbon fibers; CNF, carbon nanofiber).

Additive Electrolyte formulation Anode material Voltage [V] Capacity [mAh g−1] 
(specific current or rate)

Cycle / # T  [°C] Capacity retention [%]a) Refs.

FEC 1 m NaClO4/PC + 2 vol% FEC HC 0–2 210 (25 mA g−1) 50 (RT) +46 [372]

1 m NaPF6/PC + 0.5% FEC 217 (25 mA g−1) 80 (RT) +43 [303]

1 m NaClO4/PC + 2 vol% FEC N-HCSs 0.01–2 136 (200 mA g−1) 2600 (RT) +60 [373]

1 m NaPF6/PC + 5 wt% FEC AlSb 0.005–1.3 300 (0.13 C) 20 (RT) +67 [28]

1 m NaPF6/EC:DEC (1:1, wt) +5 vol% FEC Sn3N4/AB 0.001–3 270 (50 mA g−1) 50 (RT) +35 [374]

1 m NaClO4/EC:PC (1:1, vol) + 5 vol% FEC Mo3Sb7/AB 0-2 240 (100 mA g−1) 70 (RT) +37 [375]

1 m NaClO4/EC:DEC (1:1, vol) + 5 vol% FEC Sn4+xP3 0–1.5 600 (100 mA g−1) 50 (RT) +88 [376]

1 m NaClO4/EC:DEC (1:1, vol) +5 wt% FEC Sn4P3 0–1.5 718 (0.15C) 50 (RT) +97 [328]

1 m NaPF6/EC:DMC (1:2, vol) +5 vol% FEC Sn–S–C 0.01–2 415 (100 mA g−1) 50 (RT) +78 [377]

1 m NaClO4/EC:DEC (1:1, vol) + 5 vol% FEC SiC–Sb–C 0.01–2 492 (mA g−1) 70 (RT) +50 [378]

1 m NaPF6/EC:DEC (1:1, wt) + 5 wt% FEC SnSb–CNF 0-2 345 (0.2C) 205 (RT) +57 [379]

1 m NaPF6/EC:DMC (1:1, vol) + 5 vol% FEC SnCNF 0.01–0.8 189 (85 mA g−1) 45 (25) +43 [380]

1 m NaPF6/EC:DEC +5% FEC Sb/C 0–2 575 (100 mA g−1) 80 (RT) +94 [27]

1 m NaClO4/PC + 5 wt% FEC Mo3Sb7 0–2 150 (3.5 C) 100 (RT) +12 [381]

1 m NaClO4/PC + 5 wt% FEC Ge 0–1 280 (1 C) 50 (RT) +94 [382]

1 m NaClO4/PC + 5% FEC Sb/CB/VGCF-S 0.02–1.5 576 (0.5 C) 150 (25) +18 [26]

1 m NaPF6/EC:DEC + 10% FEC a-P/CB 0–2 1200 (250 mA g−1) 60 (RT) +11 [383]

1 m NaClO4/EC:PC (1:1, vol) + 2 wt% FEC Sb/Cu2Sb–TiC–C 0–2 240 (100 mA g−1) 50 (RT) +27 [374]

1 m NaClO4/EC:PC (1:1, vol) + 2 vol% FEC SnSb–TiC–AB 0–1.5 183 (100 mA g−1) 70 (RT) +14 [384]

1 m NaClO4/EC:PC (1:1, vol) + 2 vol% FEC Cu6Sn5–TiC–C 0–2 150 (0.2 C) 100 (RT) +60 [385]

1 m NaClO4/EC:PC (1:1, vol) + 2 vol% FEC FeSb-TiC-AB 0–2 210 (100 mA g−1) 100 (RT) +52 [386]

FEC+CsPF6 0.8 m NaPF6 +0.05 m RbPF6/EC:PC 
(1:4, vol) + 2 wt% FEC

HC 0.01–2 293 (0.1 C) 100 (25) +17 [387]

FEC+RbFP6 0.8 m NaPF6 +0.05 m RbPF6/EC:PC (1:4 
vol) + 2 wt% FEC

HC 0.01–2 283 (0.1 C) +15

FEC+TMSP 1 m NaClO4/EC:PC (1:1, vol) + 5 wt% 
FEC + 0.5 wt% TMSP

Sn4P3/C 0–1.5 500 (0.1 C) 50 (RT) +64 [388]

VC 1 m NaPF6/EC:DEC (1:1, vol) + 1 vol% VC Black P/AB 0–2 1484 (125 mA g−1) 23 (RT) +27 [389]

a)Capacity retention change after the addition of the additive.
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thinner Na2O and NaF based SEI, granted a stable Na stripping 
deposition process.

As highlighted in Section 2.1.4, the use of concentrated elec-
trolytes is a suitable strategy to modify the passivation layer on 
Na metal. In these electrolytes, the passivation layer is mostly 
formed by the decomposition products of the anion, frequently 
belonging to the bis-imide family.[126] This grants the formation 
of sulfidic compounds such as Na2S2O4 and Na2S2O3 expected 
to form SEI with superior properties.[283] Choi et  al. reported 
5 m NaFSI in DME to offer superior reversibility for Na strip-
ping/plating in Na/SS as well as Na/Na cells.[284] Moreover, 
this formulation showed high oxidation stability (>4.9  V vs 
Na/Na+) without corrosion of the Al cathode current collector. 
Such an electrolyte was employed for the realization of sodium 
cells using high voltage cathodes materials, Na4Fe3(PO4)2(P2O7) 
and Na0.7(Fe0.5Mn0.5)O2, offering outstanding cycling stability. 
The reversible capacity of 109 mAh g−1 for over 300 cycles was 
obtained with the Na/ Na4Fe3(PO4)2(P2O7) cell.

An approach to stabilize the Na metal electrode also relies in 
engineering its surface, i.e., build an artificial SEI layer, prior 
to exposing it to the electrolyte. Sun and co-workers[285] depos-
ited an ultrathin layer of Al2O3 on Na metal using atomic layer 
deposition (ALD), which resulted in the suppression of den-
drite/mossy Na formation upon cycling. At high current density 
(5 mA cm−2) the Al2O3-coated Na metal electrode showed much 
lower overpotential (≈40  mV) than bare Na (≈300  mV) along 
with improved stability for 75 h cycling (Figure  17c,d). By fur-
ther optimization of the Al2O3 coating, Na/Na symmetric cells 
were realized delivering stable stripping/plating for 500 cycles 
without drastic increase of overpotential or short-circuiting.

The reversible plating of Na would allow the realization 
of metal-free “Na-batteries,” in which the Na metal is in situ 
deposited during the first battery charge.[286] An example of this 
approach has been reported by Mazzali et al.[286] employing 1 m 
NaPF6 in diglyme as electrolyte and carbon-coated aluminum 
foil for the in situ plating of Na, showing very small voltage hys-
teresis up to an applied current of 2 mA cm−2. Zhao et  al.[287] 
proposed an in situ solution-based methods to synthesize an 
artificial protective layer of Na3PS4 (NaPS) on the surface of Na 
metal. Symmetric Na/Na cell, employed to verify the stripping 
deposition efficiency of the modified Na electrode, evidenced 
the superior cycling stability of the Na@NaPS with respect to 
the bare Na electrode.

The implementation of functional additives is also actively 
pursued since it is sought to be the simplest and most advanta-
geous approach. As mentioned above, additives for SMBs must 
provide SEI-building materials offering high surface coverage 
(i.e., large molar volume) in addition to good ionic conductivity 
and elevated electrochemical and chemical stabilities.

Wang and co-workers introduced KTFSI as a bifunctional 
additive to 1 m NaOTf/TEGDME electrolyte for stabilizing Na 
metal electrodes.[288] The addition of KTFSI improves both the 
efficiency and cyclability of Na/Na symmetric cells, resulting 
in extended cycle life (more than 2700 h) with an average 
overpotential of only 14  mV. Moreover, this additive offered 
unprecedented cycling stability (>400 h) at high capacity 
(≈10 mAh cm−2). The enhanced performance is attributed 
to the TFSI decomposition which, by providing highly con-
ductive and electrochemically stable Na3N and oxynitrides, 
builds up a robust SEI layer, and the preferential adsorption 
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Figure 17. a) Schematic illustration of stripping/plating process of Na°-metal anode. b) XPS analysis of SEI layers on Na°-metal in diglyme 
and EC:DEC electrolytes. Reproduced with permission.[60] Copyright 2015, American Chemical Society. c,d) Cycling performance of symmetric 
cells using Al2O3-coated Na metal and bare Na metal at a current density of c) 0.25  mA cm−2 and d) 0.5  mA cm−2 with a total capacity of  
1.0 mAh cm−2. The cycling stability of Na metal electrode is much improved by the Al2O3 coating. Reproduced with permission.[285] Copyright 
2017, Wiley.
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of K+ on Na protrusions providing an electrostatic shielding 
effect to suppress dendrite growth. Howlett and co-workers 
recently investigated the effect of water as additive to an ionic 
liquid electrolyte on the stripping/plating performance of Na 
metal.[289] The addition of ≈500  ppm of water to N-methyl-
N-propylpyrrolidinium bis(fluorosulfonyl)imide was found 
promote the breakdown of the FSI− anion, thereby resulting 
in the formation of a smooth SEI layer on Na metal rich in 
inorganic compound.

Very recently, Li and co-workers evaluated sodium poly-
sulfide (Na2S6) as standalone and as coadditive with sodium 
nitrate (NaNO3) in ether-based electrolyte. Na2S6 was found to 
boost the electrochemical performance of the Na electrode for 
over 100 cycles at high current density (10 mA cm−2) and cycled 
capacity (5 mAh cm−2).[290] However, while the combination 
of Li2S6 and LiNO3 is reported to enhance the performance 
of Li–S battery via a synergistic effect, the use of only Na2S6 
is preferred with Na. In fact, XPS analysis revealed that the 
SEI layer contains Na2O, Na2S2, and Na2O, which provide a 
mechanically stable SEI capable of suppressing (reducing) 
Na dendrite growth when only Na2S6 is present (Figure  18a). 
In contrast, the SEI layer in the presence of both Na2S6 and 
NaNO3 contains RCH2ONa and Na2S, resulting in Na dendrite/

mossy growth (Figure 18b–d). Zheng et al.[291] proposed the use 
of a small amount of SnCl2 additive (50 × 10−3 m) to the 1.0 M 
NaClO4 EC:PC electrolyte. This leads to the formation, by the 
spontaneous reaction between SnCl2 and Na metal, of a Na−Sn 
alloy layer and a compact NaCl-rich SEI. Na/Na symmetric cells 
with stable cycling of over 500 h with low voltage hysteresis 
were obtained using the SnCl2 additive.

3.1.2. Carbon-Based Electrodes

Unlike to Li cells, graphite is inactive in Na cells, due to the 
inability of graphite to accommodate Na+ ions.[292,293] Only 
recently, the possibility to insert Na+ ions into graphite was 
demonstrated by using glyme-based electrolytes, thanks to 
the cointercalation of the solvent molecules together with the 
Na+ ion.[47] The SEI in SIBs employing graphite is subjected to 
huge stress.[294,295] In fact, a large volume expansion occur upon 
the cointercalation of the Na+ solvated complex, as evidenced 
by Adelhelm and co-workers reporting a ≈346% increase of 
graphite interlayer distance upon intercalation.[47] Goktas 
et al.[294] proposed that no SEI is formed at the graphite surface, 
supporting this hypothesis with TEM images. In contrast, Mai-
bach et al. conducted a detailed study of the SEI properties on 
graphite using Na-TEGDME. The authors found that NaFSI salt 
decomposes below 0.5 V versus Na/Na+ playing a key role in the 
formation of a stable SEI.[54] The FSI leads to the formation of a 
SEI mainly composed of inorganic products and hydrocarbons, 
granting superior performances.[296] Hard carbon (HC) is the 
negative electrode material of choice for SIBs.[1,297–299] The prop-
erties of the SEI layer formed at the HC/electrolyte interphase 
have been at first studied by Komaba et al.[297] Combined XPS, 
and ToF-SIMS experiments with fully sodiated or lithiated HC 
in analogous electrolytes (i.e., LiClO4 or NaClO4 in PC) revealed 
similar species for both cells (i.e., M2CO3, ROCO2M, CH2, 
COO, ester linkages, MF, MOH, MCl, M2O, where M = Li 
or Na). However, the SEI formed in SIB is richer in inorganic 
species (i.e., Na2O, NaCl, and Na2CO3), while the SEI in LIBs is 
dominated by organic compounds. SEM and TEM images fur-
ther evidence that the SEI layer in SIBs is less homogeneous 
and thinner than the one in LIBs. Ponrouch et al. performed a 
comparative study on HC SEI layer composition employing 1 m  
NaPF6 or NaClO4 in EC(1-x/2):PC(1-x/2):DMCx solvent mixtures 
with x varying from 0 to 0.5.[15] The authors evidenced, from 
the XPS C1s spectra, an increase in the amount of CO groups 
when EC is present, thus associated to the EC ring-opening 
upon reduction, which leads to the formation of PEO oligo-
meric/polymeric species like for lithium. Passerini co-workers 
conducted FTIR analysis on the SEI layer formed on sodiated 
Nax-HC in contact with 1 m NaPF6 in EC:DMC, EC:DEC, and 
EC:PC.[3] They evidenced the existence of sodium double alkyl 
carbonate (NEDC), a 1 e− reduction product of EC, as the main 
component of the SEI layer and of Na2CO3, but in lower quan-
tity. The same group investigated in detail the SEI composition 
at the HC surface employing different Na salts, i.e., NaPF6, 
NaClO4, NaTFSI, NaFSI, and NaFTFSI, all dissolved in EC:DEC 
(1:1, wt).[300] The authors evidenced the key role of the Na salt 
in determining the overall SEI layer composition, including 
its depth evolution and thickness. The SEI building species 
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Figure 18. The role of Na2S6 and Na2S6–NaNO3 on the Na Plating/Strip-
ping stability in 1 m NaPF6/diglyme-based electrolyte. The Na surface 
morphology difference with a) PS alone and b) P-N co-additives. Gal-
vanostatic cycling of symmetric cells at c) 2 mA cm−2 and 1 mAh cm−2 
and d) 5 mA cm−2 and 1 mAh cm−2. SEM images of the Na surface after  
30 cycles at 2 mA cm−2 and 1 mAh cm−2 with e) 0.033m PS alone,  
f) P-N co-additives, and g) 0m PS (no additives). Scale bars in (e)–(g) are  
10 mm. Reproduced with permission.[290] Copyright 2018, Wiley.
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formed on HC by the solvent reduction were found to decrease 
with the various salts in the order: NaPF6 > NaClO4 ≈ NaTFSI 
> NaFTFSI > NaFSI. Yang and co-workers compared the pas-
sivation layers on reduced graphene oxide (rGO) anode cycled 
in 1 m NaOTf in carbonate ester (EC:DEC) and ether (diglyme)-
based electrolytes.[301] The study shows a dramatic increase in 
the initial coulombic efficiency utilizing, as the solvent, diglyme 
instead of EC:DEC (i.e., 74.6%  vs 39%). The improved perfor-
mance is associated with the formation of a stable, thin and 
compact SEI in the ether-based electrolyte. On the contrary, in 
ester-based electrolytes, thicker SEI layer with poor protective 
properties are formed (Figure 19), in agreement with the results 
of glyme-based electrolyte and Na metal anode.[60]

Xu and co-workers conducted a detailed investigation on 
the SEI layer on HC, employing ester and ether-based electro-
lytes.[302] The study evidenced a larger gap between cathodic/
anodic peaks for EC:DEC compared to DEGDME, indicating 
faster kinetics and more conductive/thinner SEI layer for the 
ether solvent. In fact, the SEM and XPS analyses showed that 
the ether-based electrolyte resulted in a compact, smooth and 
thinner SEI layer compared to the one in ester-based electro-
lyte. Also, the SEI formed in EC:DEC consists of more organic 
or polymeric species reduced from the ester solvents compared 
to the inorganic dominated DEGDME-derived SEI. Finally, the 
Young’s modulus of the formed SEI, evaluated using AFM 
nanoindentation technique, is much higher in the presence of 
DEGDME (16280 MPa) than EC:DEC (1113 MPa). This implies 
that a stiffer SEI layer may be beneficial for the cycling of HC 
in SIBs.

Komaba et al. investigated and compared the electrochemical 
performance of Na cells in several well-known LIB additives, 
such as fluoroethylene carbonate (FEC), trans difluoroethylene 
carbonate (DFEC), ethylene sulfite (ES), and vinylene carbonate 
(VC), in 1 m NaClO4/PC, electrolyte solution.[25] All are known 
as anode film-forming additives for Li-ion batteries. Among 
the tested additives, FEC was found to be the most efficient 
in improving the reversibility Na half-cells employing HC and 

NaNi0.5Mn0.5O2 electrodes. On the contrary, the other tested 
additives revealed none or even negative effect on sodium 
cells. Later the same group extended their initial work, with a 
detailed study on the effect of FEC on HC when added to elec-
trolytes solution of different compositions, i.e., 1 m NaClO4 or 
NaPF6 in PC or EC:PC electrolytes.[303] The study evidenced 
that NaPF6-based electrolytes provide superior reversibility and 
cyclability of sodium insertion into hard carbon compared with 
NaClO4-based ones. In agreement with the Komaba’s group 
finding, Ponrouch and co-workers reported a negative effect of 
FEC both on the specific and coulombic efficiency of HC elec-
trode, upon its addition into 1 m NaClO4 in EC:PC.[304] Apart 
from FEC, Ma et al. recently proposed the use of rubidium (Rb+) 
and cesium (Cs+) ions as electrolyte additives for improving the 
performance of HC anode in SIBs.[305] The addition of 0.05 m  
MPF6 (M = Rb or Cs) into EC:PC (4:1, vol%) + 2  wt% FEC 
reference electrolyte was reported to increase the cycling perfor-
mance and capacity retention of the Na/HC cells up to 95.3% 
and 97.1% for Rb+ and Cs+ respectively, compared to the refer-
ence cell which showed ≈80.6% after 100 cycles. The improve-
ment is attributed to the involvement of Rb+, and Cs+ ions in 
the formation of a highly conductive and more stable SEI layer 
in respect to the one formed using the reference electrolyte.

3.1.3. Additional Negative Electrodes

Ti-Based Materials: Because of its low cost, environmental 
friendliness, intrinsic safety, and negligible volume expansion, 
nanoparticulated TiO2 has been investigated as anode com-
pound for rechargeable SIBs.[306–310] However, the high surface 
of such materials leads to excessive electrolyte’s consumption 
for the SEI formation, negatively affecting the long-term per-
formance of the battery. Lee et  al. performed a detailed sur-
face analysis using TEM and XPS on porous carbon/TiO2 
evidencing that the SEI layer formation increases on the anode 
having larger surface area, but the nature of the SEI appears to 
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Figure 19. i) XPS spectra of SEI composition of pristine and cycled rGO electrodes in ether and carbonate ester-based electrolytes. ii) Schematic illustra-
tion of SEI components and configurations in carbonate and ether electrolytes. Reproduced with permission.[301] Copyright 2017, RSC Publishing group.
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depend on minor perturbations in the anode composition.[311] 
Xu et  al. compared the SEI layers formed on anatase TiO2 
employing ether and carbonate-based electrolytes. Similarly 
to HC electrode,[302] the use of glyme-based electrolytes result 
in the formation of thinner and inorganic compounds-richer 
SEI layers, offering superior electrochemical performance in 
comparison to carbonate-based electrolytes.[308] This has been 
confirmed by Yang et al.[312] employing mesocrystal hollow TiO2 
spheres, demonstrating an improvement of 20% of the initial 
columbic efficiency and of 30% on the delivered capacity using 
glyme-based electrolytes. Li et al.[313] performed a detailed inves-
tigation of the electrochemical interface of TiO2 electrodes in 
diglyme-based electrolyte in comparison with ester electrolytes, 
showing that the charge transfer energy barrier (172 meV) is  
1.4 times lower than that of EC:DEC-based electrolyte. This 
results in a much faster charge transfer across the electrolyte/
TiO2 electrode interphase.

Na2Ti3O7 has also attracted large interest due to its elevated 
stability, low cost, and non-toxicity. With the capability to 
exchange up to 3.5 Na ions per formula unit, a capacity of 
310 mAh g−1 can be obtained at a rather low insertion poten-
tial (≈0.3  V versus Na/Na+), leading to promising energy 
densities for the corresponding batteries.[314] However, the 
instability of the SEI layer upon cycling is one of the main 
drawbacks of this material.[315,316] Munoz-Marquez co-workers 
conducted a detailed study on the interfacial chemistry of 
Na2Ti3O7 electrode demonstrating the interface resistance’s 
increase to be linked with the unstable SEI upon cycling.[316] 
Their XPS surface analysis evidenced that the SEI on the 
electrodes is composed of carbonates and semicarbonates 
(Na2CO3, NaCO3R), halides (NaF, NaCl), and poly(ethylene 
oxide) (PEO), but is unstable upon cycling, due to its partial 
dissolution upon each charge.

Organic Materials: The use of organic compounds as elec-
trode material in SIB has the great advantages to avoid the 
use of transition metal elements, possibly resulting into lower 
costs and boosting environmental friendliness.[317–319] How-
ever, these compounds are prone to suffer from the dissolu-
tion of the active material in the electrolyte, which affects the 
cycling stability. A properly designed SEI can mitigate this 
drawback. Brandell and co-workers compared the SEI layers 
on benzene-diacrylate-based electrodes for LIB and SIBs in 1 
m LiTFSI/EC:DMC (1:1) and 1 m NaFSI/EC:DEC (1:1.5) electro-
lytes, respectively.[320] The investigation by HAXPES analysis 
evidenced that salt-derived inorganic compounds dominate 
the SEI layer in SIBs, while organic species are the main SEI 
building materials in LIBs; however, the obtained results might 
be misleading as different salts, solvents mixtures, and their 
relative amounts were employed.

Zhao et  al.[321] investigated the effect of an artificial layer 
of Al2O3 deposited on the surface of Na2C8H4O4 terephta-
late electrodes by atomic layer deposition (ALD). Being Al2O3 
insulating, it reduces the SEI growth while limiting the active 
material solubility. In fact, the artificial layer significantly 
improved the initial coulombic efficiency (up to 91.1%), rate 
capability, and cycling performance.

Alloying Materials: Thanks to their elevated specific capacity, 
alloying-based compounds are considered extremely promising 
electrode materials for SIBs.[322,323] However, the mechanical 
stress caused by the volume variation upon charge/discharge 

affects the stability of the SEI causing a further decomposi-
tion of the electrolyte constituents. This results in fast capacity 
fading and inferior coulombic and energy efficiency. Thus, 
a better understanding of the structure, composition, evolu-
tion, and function of the SEI layer is of utmost importance in 
alloying-type and their composite anode electrodes.

Baggetto et  al. evidenced by XPS studies that the SEI layer 
on cycled Na–Sn electrodes is rich in carbonates (Na2CO3 and 
NaCO3R) originating from the electrolyte (1 m NaClO4 in PC) 
reduction.[324] However, the Sn4+ formed upon de-sodiation 
(i.e., at 2  V) catalytically enhances the electrolyte’s degrada-
tion. Komaba and co-workers systematically investigated the 
effect of cut-off voltage on the cyclability (and the SEI quality) 
of Sn–polyacrylate composite electrodes[325] showing that the 
electrolyte decomposition can be avoided limiting the deso-
diation potential to 0.65  V. Accordingly, the capacity retention 
and coulombic efficiency of the Sn-based composite electrode 
were enhanced. Tarascon et  al. compared the performance of 
Sn electrodes in 1 m NaPF6 in DEGDME and carbonate-based 
solvents.[326] The study evidenced that the glyme-based electro-
lyte enables high reversible capacity of the Sn electrodes via 
the formation of a stable SEI, in turns avoiding the isolation of 
active material’s domains. The XPS investigation revealed that 
the SEI film contains both organic (RCH2ONa) and inorganic 
(NaF, NaPF6, Na2O, Na2CO3, and phosphates) components. In 
the PC-based electrolyte the SEI composition is similar, but dif-
ferent in relative proportions due to the high solubility of the 
sodium oxides and carbonates in PC.

Sn4P3 is also an appealing alloying material for SIBs applica-
tion thanks to elevated practical capacity (≈550–750 mAh g−1), and 
good volumetric capacity (700 vs 465 mAh cm−3 of HC).[327,328] 
However, the volume expansion, reaching up to 100%, limits 
the stability of the electrode and its cycle life. Mogensen et al. 
conducted a detailed study on the quality of the SEI layer on 
Na/Sn4P3 in contact with 1 m NaFSI in EC:DEC (1:1, wt) + 5% 
FEC (vol%).[329] The study indicated that the SEI formed at the 
Sn4P3 electrode surface undergoes thickness and composi-
tion changes during the charge/discharge process, negatively 
affecting the cycling behavior of the electrode. Further electro-
lyte optimization is required to circumvent the stability issue of 
the Sn4P3.

Sb-based materials are also considered promising candidates 
for SIBs because of the high capacity (660 mAh g−1), good cycle 
stability and rate performance when incorporated in a carbon 
matrices, reducing the negative effects linked to the large 
volume expansion.[27,29,330] The investigation conducted on the 
effect of electrolyte salts and solvents on the SEI formed on Sb 
reveals a main contribution of carbonates and alkyl carbonates, 
identifying the role of the solvent in dictating the passivation 
in such types of anode systems.[34] XPS analysis on thin film 
of Cu2Sb confirmed that the SEI layer is mainly made of car-
bonates, with minor contribution from ethers and alkoxides.[331] 
However, similarly to Sn, the SEI layer is found to be dynamic, 
varying both electrochemically and mechanically during the cell 
expansion/contraction process.

Conversion Materials: Na-conversion electrodes also promise 
high specific capacity and, consequently, are considered a 
valid alternative to intercalation and alloying based systems. 
However, they are also affected by large volume variations 
during the electrochemical processes, hindering their efficient 
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Na-storage operation. Several strategies have been proposed 
to mitigate the negative effects of volume-changing such as 
the electrode optimization in term of composition, structure, 
and morphology, or the use of matrixes buffering the volume 
variation.[332]

Due to its abundance, low cost, and non-toxic nature, Fe2O3 
represents an appealing conversion-type anode material for 
SIBs. The conversion reaction

Fe O 6Na 2Fe 3Na O2 3
0

2+ ↔ +  (1)

promises a capacity of 1007 mAh g−1, however, the poor ini-
tial reversibility, energy efficiency, and cycle life, limit the 
practical application of this conversion-type anode material. 
The limited performance is also caused by the poor stability 
of the electrode/electrolyte interphase. Studies on the SEI 
formed on Fe2O3 in LIBs show that the passivation layer is 
stable in composition, however, it varies in thickness upon 
cycling, which means, it continuously consumes the elec-
trolyte.[333] Edström et  al. conducted a comparative study of 
the SEI layers formed on Fe2O3 using Li and Na perchlorate 
in EC:DEC[334] showing that the nature of the SEI layers in 
the presence of Li or Na differs. In the Na system the SEI 
is thicker and richer in inorganic species. Furthermore, in 
Na cells, a layer composed of salt and solvent degradation 
byproducts forms by simple contact of the electrode with 
electrolyte.

Cupric oxide (CuO) has attracted attention as negative 
electrode for SIBs.[335,336] Adelhelm et al.[337] investigated thin 
film electrodes (without carbon additive or polymer binder) 
to study the conversion reaction of CuO upon sodiation and 
lithiation. Beside the differences in the CuO conversion pro-
cesses, the study evidenced as the SEI formed in the pres-
ence of Na is thicker and richer in inorganic components. 
In a following work, the same group investigated the inter-
facial chemistry of CuO composite electrodes employing 1 m  
LiPF6 in EC:DMC (1:1, vol) and 0.5 m NaFSI in EC:DMC 
(3:7, vol),[338] showing clear differences in the SEI morphology 
and chemical composition. Once more, the SEI layer formed 
in the presence of Na is significantly thicker (6 µm vs 1 µm), 

more homogeneous, and principally composed of inorganic 
species (Na2CO3 and NaF). On the other hand, a heteroge-
neous, thinner, and richer in organic species SEI layer was 
obtained on CuO in the presence of Li. In spite of the appar-
ently better morphology, in situ pressure monitoring cycling 
galvanostatic (PMCG) and differential electrochemical mass 
spectroscopy (DEMS) reveal the release of gaseous side prod-
ucts upon sodiation of CuO, indicating a continuous SEI 
formation and dissolution during cycling.

Overall, the formation of an SEI rich in inorganic species 
appears not to be appropriate for those electrode materials 
showing large volume changes, since the rigidity of the SEI 
cannot easily match with the volumetric expansion of the active 
materials’ particles.

3.2. Positive Electrodes

Oxidative decomposition occurs at the positive electrode/
electrolyte interphase when the cathode potential goes beyond 
the electrolyte’s LUMO level. Unless a passivation layer, usu-
ally called cathode–electrolyte interphase or CEI, is formed, 
the electrolyte oxidation progresses continuously, negatively 
affecting the cell performance (Table 10).[146,339,340]

Hu et  al. evaluated the effect of FEC on binder-free, 
Na2/3Fe1/2Mn1/2O2@graphene composite electrodes. The 
1.0 m NaPF6 PC + 2% FEC electrolyte enabled the charge cut-
off voltage to be set at 4.3 V (vs 3.9 V without FEC), resulting 
in a rather high reversible capacity (156 mAh g−1).[341] Choi 
and co-workers evidenced by ex situ XPS analyses of cycled 
Na4Fe3(PO4)2(P2O7) cathodes that the FEC additive forms an 
NaF-rich resistive layer on the cathode surface leading to the 
excellent cycling performance of cathodes.[342] In agreement 
with the work of Hu and Choi, Passerini and co-workers 
showed the influence of FEC on Na half-cell employing a lay-
ered P2-Na0.7CoO2 cathode, revealing enhanced cycle life, 
efficiency in the cell using the additive in carbonate based 
electrolyte.[57] Manohar et  al.[343] investigated the use of 
Pyr13TFSI as additive to a 1 m NaClO4 in PC electrolyte solu-
tion in sodium cells employing Na3V2(PO4)3/C (NVP/C) as 
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Table 10. Additives for improving the cathode/electrolyte interphase and their effect on the electrochemical performance of SIBs.

Additive Electrolyte formulation Cathode material Charging 
voltage [V]

Capacity [mAh g−1] 
(specific current or rate)

Cycle # T [°C] Capacity 
retentiona) [%]

Refs.

FEC 1 m NaClO4/PC + 2 vol% FEC NaNi1/2Mn1/2O4 4.5 110 (0.1C) 20, (25) +24 [390]

1 m NaClO4/PC + 10 vol% FEC 3.8 80 (24 mA g−1) 50 (25) +37 [372]

1 m NaClO4/EC:PC (1:1, vol) + 5 vol% FEC Na3.32F22.34(P2O7)2 4.0 65 (5C) 1100 (25) +7 [391]

1 m NaPF6/EC:DEC (3:7, vol) + 2 wt% FEC Na0.44MnO2 3.8 110 (0.2C) 40 (20) +3 [35]

1 m NaPF6/EC:PC (1:1, wt) + 2 wt% FEC 112 (0.2 C) +8

1 m NaClO4/PC:FEC (8:2, wt) Na0.6Ni0.22Fe0.11Mn0.66O2 4.6 157 (15 mA g−1) 10 (25) +9 [33]

1 m NaPF6/EC:DEC (1/1, vol) + 5 vol% FEC Na1.95Fe2.08[Fe(CN6)]0.87ϒ0.07  
(ϒ represents a [Fe(CN)6]4− vacancy)

4.2 105 (100 mA g−1) 280 (25) +4 [392]

1 m NaPF6/EC:PC (1:1) + 2 vol% FEC Na0.75Fe2.08(CN)6. 3.4H2O 115 (92 mA g−1) 40 (RT) +3 [40]

0.5 m NaClO4/EC:PC:DEC (5:3:2, vol) + 5 wt% FEC Na4Fe3(PO4)(P2O7) 4.2 94 (50 mA g−1) 100 (NA) +4 [342]

VC 10 m NaClO4/H2O + 2 vol% VC Na3V2O2x(PO4)2F3−2x 1.8 42 (1 C) 100 (NA) +25 [393]

1 m NaPF6/EC-PC (1/1, v/v) + 5 vol% FEC Na2MnSiO4 4.3 210 (0.1 C) 10 (NA) +61 [394]

a)Improvement with respect to the additive free electrolyte.
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cathode. The results showed that the IL-containing electrolyte 
exhibited high discharge capacity of 107 mAh g−1, with capacity 
retention around 99.7%, and an average coulombic efficiency 
of 99.4% for the 50 cycles of the test, significantly improved in 
respect the performance of the IL-free electrolyte. The analysis 
of the composition of the CEI revealed the presence of sulfur 
in the surface film of the electrode cycled with IL-containing 
electrolyte. The presence of sulfur-based compound in the CEI 
composition was indicated as a responsible for the superior 
performances. Song et al.[344] reported the effect of adiponitrile 
(ADN) as additive to improve the performance of sodium ion 
battery using Na0.76Ni0.3Fe0.4Mn0.3O2 as cathode and HC anode. 
The ADN can promote the formation of highly conductive and 
stable CEI film on the cathode material surface, as evidenced by 
TEM measurements, effectively improving the high/low tem-
perature performance and cycling stability of the SIB.

Further investigations are required to understand the 
electrode/electrolyte interphase reactions. In particular, the 
investigation on gas evolution, being a significant hazard in 
high energy density systems, is not well explored in Na-systems 
as in conventional LIBs. The implementation of investigation 
methods such as DEMS is of fundamental importance to shed 
light on this topic.[338,345–350]

4. Safety of Na-Based Electrolytes

Safety is a stringent requirement for batteries characterized by 
high energy density. However, safety-related studies of Na-bat-
teries and their components are still rather limited.

4.1. Thermal Reactivity of Na-Based Electrolytes

Okada and co-workers studied several electrolytes containing 
NaPF6 or NaClO4 dissolved in PC and EC:DMC, revealing 
that their thermal stability is dominated by the solvent.[351] 
The PC-based electrolytes are characterized by higher onset 
temperatures, but also higher heat generation compared to 
EC:DMC-based ones. Ponrouch et al.[14] studied the thermal sta-
bility of various pure solvents (DME, DMC, DEC, and PC), sol-
vent blends (EC:DME, EC:DMC, EC:DEC, and EC:PC), Na-salts 
(NaPF6, NaTFSI, and NaClO4), and their corresponding electro-
lytes (NaPF6/EC:PC, NaClO4/EC:PC, NaClO4/PC, and NaClO4/
EC:DEC). EC:PC showed the highest thermal stability among 
all tested solvent blends. The salts showed elevated thermal sta-
bilities, following the order NaClO4 (310 °C) > NaPF6 (280 °C) >  
NaTFSI (250  °C). While outperforming all other salts, dry 
NaClO4 cannot be employed in commercial applications 
because of explosion hazards. The trend for the first exothermic 
onset temperature of the four types of electrolytes is found 
to be as: NaClO4/EC:DEC < NaClO4/PC < NaClO4/EC:PC < 
NaPF6/EC:PC. Thus, considering the high first exothermic onset 
temperature and low total heat generated, the NaPF6/EC:PC is 
proposed as the optimal choice. Passerini and co-workers[3] eval-
uated additional Na-salts revealing their thermal stability to be 
in the order NaClO4  > NaPF6  > NaTFSI > NaFTFSI > NaFSI. 
The comparison with the same Li-salts revealed the higher 
stability of the Na-analogues (NaPF6 have higher stability than 

LiPF6 by ≈200 °C), which is very promising for practical applica-
tions. The higher thermal stability of the Na salts can be associ-
ated to the higher Madelung energy of the Na salts, a parameter 
linked to the electrostatic energy in ionic crystals.

Wang et al.[352] reported for the first time a screening of a large 
family of flame retardants (FRs) for LIBs, including trimethyl 
phosphate. Following, several studies have focused on organoh-
alogen, organophosphorus, and phosphazene compounds.

Feng et  al. investigated the flame retardant characteristics 
of four well-known compounds, namely trimethyl phosphate 
(TMP), tri (2,2,2-trifluoroethyl) phosphite (TFEP), dime-
thyl methylphosphonate (DMMP), methyl nonafluorobutyl 
ether (MFE) in SIBs.[353] Among these, MFE is found to be 
stable against Na metal. The 0.3 m NaPF6 in MFE:DEC:FEC 
(50:40:10  vol) electrolyte showed good electrochemical com-
patibility with both the Prussian blue (positive) and carbon 
nanotubes (negative) electrodes thus leading to good cell perfor-
mance. However, the practical application of the tested FRs is 
limited by the relatively low ionic conductivity (5 × 10−4 S cm−1) 
associated with the low dipole moment (2.37) and dielectric 
constant of MFE.

A more accurate approach to evaluate the thermal stability of 
an electrolyte consists of performing the measurements in the 
presence of the sodiated negative electrode or desodiated positive 
electrodes, including their interphase layers. In fact, the thermal 
stability of any electrolyte is influenced by the presence and the 
interaction with a polarized interface at the electrodes. In the fol-
lowing section, the thermal reactivity of electrolytes in contact 
with negative and positive electrodes is described in detail.

4.1.1. Negative Electrode/Electrolyte Thermal Reactivity

A comparative study on the thermal reactivity of various elec-
trolytes in the presence of lithiated (Lix-HC) or sodiated HC 
(Nax-HC) electrodes was conducted by Xia and Dahn using an 
accelerating rate calorimetry (ARC).[354] The results indicated 
higher reactivity of Nax-HC in NaPF6/EC:DEC and NaPF6/
EC:DMC compared to EC:DEC and EC:DMC solvent mix-
ture. Furthermore, the comparison shows that the electrolytes 
are more stable toward Lix-HC than Nax-HC. However, Zhao 
et  al. compared the thermal stability of Na(Li)PF6 or Na(Li)
ClO4 in EC:DMC or PC, in the presence of sodiated/lithiated 
HC C1600 (Sumitomo Chemical Co.).[351] The reported results 
showed that the Na-based electrolytes displayed similar or even 
better thermal stability than the Li-based one, in disagreement 
with the results reported by Xia and Dahn.[354] In particular, 
the DSC experiments demonstrated that NaPF6/EC:PC in con-
tact with the fully sodiated Nax-HC electrode material exhib-
ited the highest exothermic onset temperature and the lowest 
enthalpy of reaction amongst all tested electrolytes. This 
makes such an electrolyte very attractive for the development 
of SIBs.[14] Passerini et  al. carried out a comprehensive study 
on the thermal stability of various electrolytes in contact with 
sodiated hard carbon (Nax-HC) electrodes. For a fixed solvent 
blend (e.g., EC:PC), the thermal reactivity was found to be in 
the order NaFSI > NaTFSI > NaPF6 > NaFTFSI > NaClO4 with 
respect to the onset temperature of the exothermal process, 
and NaFTFSI > NaPF6 > NaClO4 > NaTFSI > NaFSI in terms 
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of the global heat generated. If the Na-salt is fixed, the thermal 
stability of the solvent mixtures follows the order EC:PC > 
EC:DEC > EC:DMC, implying that the salt and solvent mix-
ture greatly influence the thermal behavior of the electrolyte 
in SIBs. To further understand the mechanism behind the 
thermal reactivity of electrolytes on Nax-HC anode electrodes, 
Passerini and co-workers investigated the thermal/chemical 
stability of the SEI layer decomposition (i.e., the onset reac-
tion for all the cascading thermal phenomenon leading to run 
away in a given battery system) using the SEI layer’s major/
functional components, such as Na2CO3. Mixtures of Na2CO3 
and Na-salts or Na-based electrolytes were heated and analyzed 
using DSC. No noticeable heat release was observed below 
90  °C for the mixtures of Na2CO3 with dry NaPF6 salt or the 
NaPF6/EC:DEC electrolyte (notice that similar experiments for 
LIBs showed that Li2CO3 exothermically react with LiPF6 and 
LiPF6 in EC:DMC at temperature even below 90 °C). The pre-
sumably better thermal stability of Na-SEI layer is ascribed to 
the better stability of NaPF6 salt compared to LiPF6 and the 
weaker solvation of Na+ than Li+ with EC. In fact, NaPF6 has 
good chemical and thermal stability, which is not the case of 
LiPF6. As a result, less of the acidic species, such as PF5 and 
HF, are formed, mitigating the exothermic acid–base reaction 
with Na2CO3. Very recently, Mukai and Inoue[355] investigated 
the thermal stability of Na- and Li-HC electrodes, showing 
that they generate similar heat, ≈1200 J g−1. Although the 
onset temperature is nearly same, the maximum exothermic 
peak temperature differed between the two systems (i.e., 
184   °C for C6Na0.65 and 264   °C for C6Li0.65), indicating that 
Na-ion batteries are less thermally stable.[355] Additionally, 
similarly to Li,[356,357] Na metal plating might play an impor-
tant role in the thermal runaway process during overcharge, 
causing a decrease of the onset temperature of the chemical 
reactions for the negative electrodes. Kondou et  al. compared 
the thermal reactivity of plated Na on Ni substrates (using 1 m 
NaPF6 in EC:DEC (1:1, wt)) with that of plated Li.[358] The heat 
flow measured in the presence of plated Na was found to be 
lower than with Li, which was ascribed to lower efficiency of 
the Na deposition in respect to Li. This is not an advantage for 
SMBs, but the low plating efficiency of Na can be considered a 
plus for SIBs.

4.1.2. Positive Electrode/Electrolyte Thermal Reactivity

Only a limited number of studies addressing the thermal reac-
tivity of electrolytes with charged positive electrode materials 
are available, made by accelerated rate calorimeter (ARC) and 
TGA-DSC.[359–366] Sodium-based positive materials share the 
same behavior of Li-based materials such as LiCoO2. Upon 
heating, the charged active material decomposes releasing 
oxygen, which can further react with the electrolyte and the car-
bonaceous anode.

However, the thermal behavior of Na-based cathodes is 
found to be comparable and/or even better to their analo-
gous Li-based material. Xia and Dahn studied the thermal 
stability of desodiated Na0.5CrO2 in the presence of 1 m 
NaClO4/PC reporting virtually no reactivity up to 350 °C,[360] 
which is even higher than that of delithiated LiFePO4 in the 
corresponding electrolyte. Na0.5CrO2 also demonstrated high 

thermal stability in NaPF6-based electrolyte, which is better 
than that of Li0.5CoO2 or LixNi1/3Mn1/3Co1/3O2 under similar 
condition. From XRD study, the thermal decomposition of 
Na0.5CrO2 was found to follow Reaction 2, evidencing that 
only small amount of oxygen (δ) will be released, explaining 
the low reactivity of the material towards the electrolyte 
solvents.

Na Cr 1/2 NaCrO 1/2 CrO 1/2 O0.5 2 2 2 2O ∆→ + +δ−  (2)

The same authors investigated the thermal stability of 
desodiated Na0.35CoO2 in contact with the EC:DEC solvent 
mixture and the 1 m NaPF6/EC:DEC electrolyte using ARC 
under adiabatic condition.[362] The exothermic reactions were 
tracked when the sample self-heating-rate (SHR) exceeded 
0.03  °C min−1. The Na0.35CoO2 in contact with the electrolyte 
showed reactivity at a lower temperature than that of the sol-
vent mixture alone (115 °C vs 140 °C). Based on XRD analysis, 
the authors attributed the exothermic phenomena observed in 
their ARC measurements to the following reactions

Na CoO 1/2 Na CoO 1/6 Co O 1/2 O0.37 2 0.7 2 3 4 2
∆→ + +  (3)

1/2 Na CoO 1/6 Co O Na compounds 1/2 O0.7 2 3 4 2
∆→ + − +  (4)

1/3 Co O Co or CoO3 4
∆→  (5)

The total heat released by the first exothermic process (Reac-
tion 3) was found to be roughly proportional to the molarity 
of the electrolyte. Lim et al. evaluated the thermal stability of 
1 m NaClO4 in PC electrolyte in contact with the Na3V2(PO4)3 
electrode material using TGA, DSC, and in situ XRD meas-
urements.[363] The material maintained good thermal sta-
bility up to 450  °C, with no exothermic event, thanks to the 
intrinsic stability of the PO bonding.[364] Zhao et  al.[361] 
investigated the thermal stability of 1 m NaClO4/EC:DMC with 
charged NaFeO2 electrodes. DSC thermograms showed that 
the charged material, Na0.58FeO2, powder in contact with the 
electrolyte displays exothermic heat at relatively high tempera-
tures (220–300 °C).

4.2. Effect of Additives

4.2.1. Flame Retarding Additives

The increase of the SIBs energy density implies a rise of the 
risk associated with thermal runaway and consequent fire and 
explosion. The use of nonflammable electrolytes is the best 
solution to build safer devices. However, the design of such 
electrolytes has always been accompanied by detrimental 
compromises such as low ionic conductivities and/or failure 
to protect the electrodes resulting in continuous degradation. 
The incorporation of flame-retarding (FR) compounds in the 
electrolyte as additives or, even, co-solvents is among the most 
efficient strategies to mitigate fire-induced hazards with lim-
ited effect to the electrochemical battery performance.[265] The 
action of flame retardants is generally based on the catalytic 
removal of highly reactive radical species formed during the 
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thermal decomposition of organic solvents.[265] The radical 
species are responsible for initiating and maintaining the gas-
phase combustion reactions via a cascading chain propaga-
tion reaction mechanism. Thus, FR additives must mitigate/
stop the catalytic action of these reactive species by either 
chemically interacting and/or creating an insulator barrier 
via mechanical or physical means. It is known that FRs con-
taining phosphorus, halogen and their combination, taking 
advantage of synergistic effects, are among the most effective. 
Feng et al.[367] studied ethoxy(pentafluoro)cyclotriphosphazene 
(EFPN) as potential FR utilizing self-extinguishing time (SET). 
By adding 5% EFPN to 1 m NaPF6/EC: DEC (1:1, vol%), the 
flammability of the carbonate-based electrolyte was signifi-
cantly inhibited. Moreover, the EFPN-based electrolyte is stable 
toward Na metal and evidenced improved cyclability of acety-
lene black (negative) and Na0.44MnO2 (positive) electrodes.

4.2.2. Overcharge Protecting Additives

Overcharge is a major safety issue of batteries,[265,368] which can 
lead to the formation of flammable gases and eventually fire 
and/or explosion of the cell. To avoid this issue, considerable 
efforts have been dedicated towards designing overcharge inhib-
itors, such as redox shuttles and shutdown-type electrolyte addi-
tives, among others.[1] Shutdown-type additives polymerize at a 
characteristic potential to form insulating polymeric species on 
the electrode surface, avoiding any further degradation reaction. 
Their use is among the most promising, common and cost-
efficient approaches proposed so far. Biphenyl (BP), the well-
known overcharge protection additive for the 4 V-class positive 
electrode materials in commercial LIBs, has also been investi-
gated for SIBs.[368] Electro-polymerizing at 4.3  V (vs Na/Na+), 
it has been shown capable of protecting the Na0.44MnO2/1 m  
NaPF6 EC:DEC (1:1, vol) + 3% BP/Na battery cell from thermal 
runaway upon overcharge (Figure 20).

5. Conclusive Remarks and Outlook

The years between 2014 and 2019 beheld an exciting growth in 
the development of SIBs, where the number of publications has 
exponentially increased year by year. Based on our deep litera-
ture assessment, the research community seems to realize grad-
ually that the key issue to the practical advancement of SIBs is 
the electrolyte along with the interfacial phenomena and safety-
related issues. This is because the electrolyte and its electrodes 
interfaces affect the overall performance of the Na cells, enlisting 
the rate capability, energy density, power density, coulombic effi-
ciency, long-term cycling life, self-discharge rate & fire-induced 
hazards. Herein, we surveyed the current status and future per-
spectives of the electrolytes for Na-based rechargeable batteries. 
The main summaries are presented as follows:

i) Electrolyte development: The electrolyte formulation is the key 
enabling high-performance SIBs. An in-depth understanding 
of the electrolyte components influences on the electrochem-
ical behavior of SIBs, will allow the design of electrolytes 
leading to superior electrochemical performance in SIBs. 
Of fundamental importance is the investigation of full cells 
configuration, since the electrolyte optimized for the nega-
tive electrode is usually incompatible with the positive one 
and vice versa. In terms of electrolyte composition, several 
studies suggested that linear carbonate should be avoided in 
the formulation due to their instability in SIBs. The use of 
high-throughput screening analysis methods of large num-
bers of electrolyte formulations via combined theoretical, 
electrochemical, and spectroscopic methods will speed up 
the search and optimization consistently. A systematic way 
of designing electrolytes is needed for future Na-based re-
chargeable batteries.

ii) Interphases in SIBs: The detailed literature survey in this re-
view clearly evidenced fundamental dissimilarities between 
the chemistries of the passivation layers formed on Li and Na. 
The larger size of Na metal, lower Lewis acidity, high solubil-
ity of Na-based SEI compounds, large equivalent volume of 
Na metal, higher reduction potential of Na, lower desolvation 
energy of Na etc. does undoubtedly affect the nature, com-
position and quality of the passivation layers and a detailed 
study considering all the underlying differences is urgently 
needed. Glyme-based electrolyte results are extremely prom-
ising, capable to originate SEI characterized by reduced thick-
ness and higher mechanical and electrochemical stability. On 
the other hand, the limited stability upon oxidation of this 
class of electrolyte is a handicap. The achievement of deep 
understanding of the electrode/electrolyte interphase phe-
nomena is extremely limited by the available experimental 
methods. The development of advanced characterization 
tools capable to shed light on this few nanometers region is 
the key for its comprehension.

iii) Safety: Lastly, but not least, the large-scale deployment of 
large-format Na-based rechargeable batteries requires 
the systematic evaluation and detailed appraisal of the 
safety-related hazards. From the surveyed data, while the 
desodiated cathodes seem to be much safer than their Li 
counterparts, the anode proved to be less thermally stable. 
As most of the cascading thermal reactions start from the 
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Figure 20. CV curves of 1 m NaPF6/ EC: DEC (1:1, v:v) with and without 
3% BP and the overcharge protection mechanism of BP (inner graph). 
Reproduced with permission.[368] Copyright 2017, RSC Publishing group.
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anode side, the safety issue of Na-based batteries could be 
among the most detrimental factor for their future integra-
tion. Moreover, most of the safety tests are focused on ther-
mal stability studies. However, fire-induced hazards such 
flammability and fire tests at cell level need to be systemati-
cally investigated.
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