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Abstract: Intermittent renewable energy requires a powerful energy storage system to smoothen the
relationship between power generation and power consumption. Due to the rapidly rising price
of Li resources, the development of Li-ion batteries (LIBs) has been severely limited. Therefore,
developing high-efficiency and low-cost Na-ion batteries has become an alternative to energy storage
systems. The high potential plateau of most anode materials urges the exploration of the ultimate
anode, the Na metal anode. However, three big dilemmas regarding Na metal anodes, including the
formation of Na dendrites, the formation of dead Na, and the continuous appearance of bare Na
lead to the degradation of the performance of Na metal batteries (NMBs). In this review, we mainly
summarize the recent progress to address these dilemmas for NMBs by electrolyte optimization.
We firstly discuss the liquid electrolyte progresses to improve the Na metal anode’s electrochemical
performance by solvent chemistry, salt chemistry, and additive. In addition, considering the ultimate
goal of NMBs is solid-state batteries, we also discuss the recent progress of polymer electrolytes
and all-solid-state electrolytes for Na metal anodes and summarize the enhancement of Na-ion
transport mechanisms and interface engineering mechanisms of different solid-state electrolytes.
Furthermore, the critical challenges and new perspectives of NMBs using electrolyte optimization are
also emphasized. We believe that our review will provide insight to conduct more comprehensive
and effective electrolyte engineering for high-performance NMBs.
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1. Introduction

Recently, energy shortage has become a major challenge faced by today’s society. The
development of alternative renewable energy including wind energy and solar energy has
become the current mainstream [1-3]. However, most of the alternative renewable energy
appears as intermittent energy due to natural conditions, resulting in efficient energy
storage systems being required to store and integrate this energy into the grid [4-7]. The
lithium (Li) ion battery (LIB) has become the choice of the current energy storage system
due to its high efficiency and stability [8-10]. However, with the rapid expansion of the
energy storage market, the price of Li resources has also risen rapidly, indicating that LIBs
will not be able to meet the demand for large-scale electrical energy storage applications in
the future [11-14]. Therefore, exploring low-cost electrochemical energy storage systems
has become the goal of future grid energy storage.

Due to the similar operating principle to LIB and low-cost sodium (Na) resource, the
Na ion battery (NIB) also receives lots of attention and is supposed to be the next generation
low-cost battery for the large-scale energy storage system [15-17]. However, the NIBs
practical applications are severely limited by the development of anode materials because
graphite as the most successful commercial anode for LIBs presented poor Na-storage
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performance due to the mismatch between the large ion radius of Na* and the relatively
narrow interlayer distance (<0.37 nm) [18-21]. The development of high-performance NIB
anodes becomes an urgent issue. At present, researchers have developed a series of anodes
for NIBs, including hard carbon, oxides, sulfides, etc. [22-25]. However, consideration of the
high electrochemical redox potential and high redox potential will result in the low energy
density in the Na-ion full battery. Thus, it is urgent to develop an anode with a low potential
for NIBs. Compared with current conventional NIB anodes, Na metal anodes can present
extremely low working potential and higher theoretical specific capacity, which become
the best choice of NIB anodes [26,27]. Therefore, the development of Na metal anodes with
high stability and safety is of great significance for realizing high energy density NIBs.
Nevertheless, the practical application of Na metal anodes faces enormous challenges
in terms of stability, safety, and reversibility [21,28]. Firstly, the organic electrolyte will
decompose to a certain extent, and the solid electrolyte interface (SEI) layer will be formed
on the Na metal surface when the organic electrolyte contacts the Na metal anodes [29-31].
Since the SEI layer exhibits a porous and loose structure and unstable composition, Na
metal penetrates the SEI layer and deposits beneath the SEI layer during the Na plating
process. With the continuous plating/stripping process, the Na metal will arise in a series
of deposition and dissolution courses. This behavior leads to the fracture of the loose SEI
layer, resulting in the appearance of bare Na metal in the anode [32,33]. A new SEI layer
will be formed in the bare Na metal, aggravating the consumption of organic electrolytes.
Secondly, the non-uniform electric field exists due to the rough electrodes during the plating
process, resulting in the non-uniform Na metal deposition, which facilitates the formation
of Na dendrites [34-36]. The dendrite growth increases the surface area of the Na metal and
aggravates side reactions between the Na metal and the electrolyte. With the continuous
growth of Na dendrites, the separator is eventually pierced, which leads to the short circuit
of the NIBs and causes serious safety hazards [37,38]. Short circuits are often accompanied
by thermal runaway of the batteries, which can even result in battery combustion and
explosion. Thirdly, after the Na dendrites grow during the plating process, part of the
Na metal is easily dissolved from the roots of the dendrites first in the subsequent Na
stripping process [39,40]. This behavior causes the separation of stem ends of the Na
dendrites and Na metal anodes, triggering the loss of electron transfer channels, which
is regarded as “dead Na” [41,42]. With the continuous increase in dead Na, the Na metal
anode is severely depleted, which causes a sharp decrease in diffusion kinetics [43,44].
This dead Na leads to high resistance, resulting in increased polarization and reduced
energy efficiency. In addition, the volume change for Na metal anodes is infinitely higher
than that of conventional anodes during the Na plating/stripping process. The problem
of volume change is exacerbated by dendrite growth. The corresponding schemes are
shown in Figure la. These dilemmas all lead to the degradation of the performance
of Na metal anodes.

To solve these issues, researchers have developed various strategies for the stabiliza-
tion of Na metal anodes. To sum up, it mainly includes three parts (Figure 1b). Firstly,
by modifying the deposition substrate of the Na metal anodes, the homogeneous host
deposition sites can increase for Na metal, which suppresses Na dendrite formation and
alleviates Na metal anode volume undulation [45,46]. Secondly, with the construction of
the artificial SEI layer with high mechanical strength and ionic conductivity, it can be tuned
to the diffusion kinetics of Na ions, which can avoid the corrosion of the roots of Na metal
from the electrolyte and guide the uniform Na metal plating—stripping [47,48]. Thirdly,
optimization of the electrolyte formulation, including the design of liquid electrolytes and
solid-state electrolytes, can adjust the reactivity of Na metal and improve the migration
path of Na ions, which is beneficial to the suppression of Na dendrites [49-53]. In the above
method, modifying the Na metal deposition substrate will raise the preparation process
and increase the volume of the battery, which restricts the large-scale production of the bat-
tery [54]. The process of constructing the artificial SEI layer is equally complicated, and its
composition also changes dynamically during the cycle, which eventually makes it unable
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to withstand the Na mechanical deformation caused by the growth of Na dendrites [55].
Compared with the first two types of complex processes, electrolyte optimization is simpler
and more feasible to improve the electrochemical performance of the Na metal anodes due
to the change only in the composition of the electrolytes. Therefore, the optimization of the
Na metal anode electrolyte is selected as the main topic in this review.
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Figure 1. (a) Scheme of dilemmas for the Na metal anode. (b) Three main strategies to resolve the
dilemmas for the Na metal anode.

At present, many researchers have reviewed the research progress of Na metal anodes.
However, previous progress has focused more on the modification strategy of host materi-
als and artificial SEI layers [56-58]. With the increase in research on electrolyte optimization
in the field of Na metal anodes, scientists have found that the method of electrolyte opti-
mization is equally effective and easier to popularize and apply on a large scale. Therefore,
it is very necessary to conduct a timely review and summary of some progress in the opti-
mization of electrolytes for Na-metal-based anodes. In this review, we discuss the current
Na-metal-based anode electrolytes in three parts: liquid electrolytes, polymer electrolytes,
and all-solid-state electrolytes. Firstly, according to the current progress of Na metal anode
liquid electrolytes, the effects of electrolyte solvents, solutes, and additives on Na metal
anodes are discussed, and their effects on inhibiting Na dendrite growth and improving the
electrochemical performance of Na metal anodes are discussed. Secondly, we analyze and
discuss the optimization strategies of polymer electrolytes in Na metal anodes and sum-
marize the current progress of polymer electrolytes. In addition, the current preparation
method of Na metal anode all-solid-state electrolytes is described to optimize the electro-
chemical mechanism of Na metal anodes, and the influence of the preparation method of
all-solid-state electrolytes on the migration of Na ions is discussed. Finally, we summarize
and classify some recent technological advances and research strategies for Na metal anode
electrolytes and propose some perspectives and prospects. With the recent increase in
the research on Na metal anode electrolytes by scientists, we believe that this review can
provide some guidance for the further development of Na metal anode electrolytes.
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At present, many researchers have reviewed the research progress of Na metal an-
odes [57,59]. However, previous progress mainly focused on the modification strategy
of host materials and artificial SEI layers [32,60,61]. Although those strategies had some
positive effects on the construction of uniform and stable SEI, the complex preparation
process made it difficult to popularize on a large scale. With the increase in research on
electrolyte optimization for Na metal anodes, scientists found that the method of electrolyte
optimization is equally effective and easier to popularize on a large scale [62,63]. Therefore,
it is very necessary to conduct a timely review of the progress in the Na metal anode
electrolyte optimization. In this review, we mainly discuss the current Na metal anode
electrolytes progress in three parts, including liquid electrolytes, polymer electrolytes, and
all-solid-state electrolytes. Firstly, we discuss the effects of electrolyte solvents, solutes, and
additives in liquid electrolytes for the Na metal anodes and debate how to inhibit the Na
dendrite growth and improve the Na metal anode’s electrochemical performance. Secondly,
we also analyze the optimization strategy of polymer electrolytes in the Na metal anodes
and summarize the current progress of polymer electrolytes. Thirdly, the preparation
method of Na metal anode all-solid-state electrolytes and expounds on the influence of
the electrolyte preparation method for the Na ions migration is described. After the above
discussion, we also classify some recent technological advances and research strategies of
Na metal anode electrolytes and propose some perspectives. With the recent increase in
the research on Na metal anode electrolytes by scientists, we believe that this review can
provide some guidance for the further development of Na metal anode electrolytes.

2. Liquid Electrolytes for Na Metal Anodes

The development of Na metal anodes referred to traditional Li metal batteries
(LMBs) [50,64]. Therefore, the liquid electrolyte was also applied to the Na metal anodes.
However, the conventional LMB electrolyte easily caused the heterogeneous migration and
dissolution of Na ions, resulting in the increase in Na dendrites and dead Na. Modification
of the electrolyte became necessary. Since 2014, Yoon et al. firstly optimized NaTFSI salt
concentrations in N-propyl-nmethylpyrrolidinium bis(fluorosulfonyl)imide ionic liquid to
improve the Na metal anodes in the battery [65]. According to the 2>Na nuclear magnetic
resonance (NMR) spectra, it was found that the chemical shifts and spectral linewidths
changed as a function of both salt concentrations, indicating the complex coordination of
the Na ion, which was dependent on the salt concentration. The high concentration salt
triggered an up-field chemical shift, resulting in the increase in the magnetic shielding.
This behavior seemed to facilitate the Na deposition reaction. After the optimization, this
high salt concentration in ionic-liquid-based electrolyte presented a stable Na metal plating
behavior, with a current of 5 mA cm~2 at 25 °C to 20 mA cm~2 at 100 °C. Inspired by this
work, many scientists began to devote themselves to the electrolyte engineering research of
Na metal batteries (NMBs).

Firstly, it was found that the Na dendrites and dead Na were closely related to the SEI
layer, and the SEI layer constituent was partly composed of the decomposition of salts in
the electrolyte. Therefore, salt chemistry in electrolyte engineering gained much attention.
Seh et al. reported a simple liquid electrolyte, with hexafluorophosphate in glyme (mono-
, di-, and tetraglyme) electrolytes for Na metal anodes, which enabled a nondendritic
plating-stripping of the Na metal anode with highly reversible performance [62]. They
found that NaTFSI salt in the electrolyte caused more exposure of Na metal with the
electrolyte solvent, resulting in the trigger of undesirable side reactions. This behavior
resulted in the formation of more organic reduction products in the SEI layer and caused a
decrease in Coulombic efficiency (CE). Compared with NaTFSI salt, NaPFg in electrolyte
presented a higher reduction potential than that of glyme solvents, contributing to the
formation of a uniform, inorganic SEI layer, which could protect the Na metal surface. Shi
et al. introduced potassium bis(trifluoromethylsulfonyl)imide (KTFSI) salt as a bifunctional
electrolyte additive [66]. They found that the TFSI™ anions in electrolyte assisted in the
formation of a stable SEI layer with N-containing species including NazN, NaNxOy, NaNO,,
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and RNO; during the Na plating/striping process. These N-containing species possessed
good Na-ion conductors, which contributed to the mitigation of nonuniform Na dendrite
formation. In addition, considering the lower REDOX potential of K/K* compared with
that of Na/Na™, K ions should be adsorbed onto Na protrusions nearby, resulting in
the occurrence of electrostatic shielding to suppress Na dendritic deposition. After the
optimization, the Na | | Na symmetric battery in this type of electrolyte presented an average
overpotential of 14 mV after cycling for 2700 h. Cao et al. found that highly concentrated
ether-based electrolytes exhibited extremely high CEs. The high CEs should be due to the
passivation of Na metal surface by the highly concentrated ether-NaFSI mixtures, resulting
in the minimizing side degradation reactions during the plating/stripping process [67].

In addition, solvent chemistry was another method used to improve the Na metal
anodes. lermakova et al. compared the performance of Na metal anodes in the electrolytes
of 1 M NaPFg in both 0.5 ethylene carbonate (EC)/0.5 dimethyl carbonate (DMC) and
1 M NaPFg in 0.45 EC/0.45 propylene carbonate (PC)/0.1 DMC (ECg 45PCg45DMCy 1),
and found that the EC( 45PC( 4sDMCy ; electrolyte presented an enhanced electrochemical
performance [68]. However, after immersing the Na metal in the electrolyte for 24 h,
large numbers of protrusions were observed on the surface. These limited performance
improvements also indicated that carbonate-based electrolytes presented incompatibility
for the Na metal anode. To realize the compatibility of the carbonate electrolyte in the Na
metal anode, building a stable SEI layer using an electrolyte additive became one of the
options. Rodriguez et al. used fluoroethylene carbonate (FEC) as an SEI layer forming
additive in a carbonate-based electrolyte for a Na metal anode [69]. They found that the
addition of FEC in electrolytes significantly reduced gassing during the deposition process
and enhanced the cycling performance. This enhancement performance should be due to
the thicker NaF and less dense polymer organic layer in the SEI layer according to the time
of flight secondary-ion mass spectrometry (ToF-SIMS) result. Lee et al. also utilized EC/PC
solvent with FEC additive and Na bis(fluorosulfonyl)imide (NaFSI) salt as the electrolyte
for the Na metal anode [70]. Figure 2a shows the C1s,F1s,and N 1 s XPS spectra of the
Na metal anode surface during the initial Na plating with different electrolytes. They found
that the FEC-NaFSI combination electrolyte constructed a homogeneous ionic interlayer
during the Na plating/stripping process, containing abundant NaF and ionic compounds,
which resulted in the high mechanical strength and ion penetrability of the interlayer. Chen
et al. investigated the effects of different cation (Li*, K*, Mg2+, Ca?*, Cu?*, Zn%*, and AI%")
additives on electrolyte stability and the corresponding electrolyte solvation structures
according to DFT calculation, as shown in Figure 2b [71]. Due to the lower electrode
potential than Na-metal anodes, Li*, K*, and Ca?* are suggested as cation additives. In
addition, considering the LUMO level and the binding energy, Li* is expected to be the most
outstanding candidate. Therefore, they attempted to introduce Li* additives into the 1 M
NaPF4-DME electrolyte for NMBs. From the in situ optical microscopic characterizations, it
was observed that the Na metal deposit exhibited a needle-like shape after deposition in
1 M NaPF¢-DME electrolyte. After the introduction of Li* additives, the Na metal showed
a smooth morphology deposition, which was extremely disparaged from the needle-like
Na dendrites. This result validated the resisted Na dendritic growth due to the electrostatic
shield effect and enhanced electrolyte stability after introducing Li* additives.



Batteries 2022,

8,157

6 of 25

a | #ng Gﬁ'?pc-* Fis Nis
i éﬁ’ & NaF
S-F
qe‘“ {from MaFSI)
o N-50,-
(from NaFSl)
0 wt.% FEC ]
(1M NaFSI-EC/PC)
©=0, C-0CO,
(from FEC) %
1 wt.% FEC
(1M NaFSI-EC/PC
+1 wt.% FEC)
- Bt A PN ey g Soui
1M NaFSI-FEC
: ] - e e
| J. L. 1 i AR L | ] M " M i

296 294 292 290 288 286 284 282 280 694 692 690 688 686 684 682 680 678 408 405 402 399

396 3931
Binding energy (eV) Binding energy (eV) Binding energy (eV)

12 -12n
>
4,
k]
< ©
= -9 9 o
2 o
5 ................................ srsmsssmamEEETan e T T T T TP T T ramsssmmmnnE g
- 3
D54 6 2
£ &
2 8
m o
34 30
=
. :
LT mEErraEETTYY C P LT Ry EEEREERTTIREETTI R RETRRARERERR R EY EEErrREETTTIREETTIR R EERARRRER TN N _I

D._- N e N .. - 5

Li*

Na*

K* Mg** Ca®™ Cu®* Zn®* Al

Figure 2. (a) C1s, F1s,and N 1 s XPS spectra of the Na metal anode surface during the initial
Na plating. Reproduced with permission from Reference [70] Copyright 2018, American Chemical
Society. (b) The comparison of LUMO energy levels decreases and binding energy of ion-DME

complexes. Reproduced with permission from Reference [71] Copyright 2020, Elsevier.

From the aforementioned discussion, it is found that the increase in inorganic con-
stituents, especially NaF could improve the stability of the SEI layer, leading to the elec-
trochemical enchantment performance for NMBs. Based on this result, the F-containing
ingredients were also utilized as electrolyte additives in NMBs. Fang et al. utilized SbF; as
an electrolyte additive in 4 M NaFSI-DME-based electrolytes for NMBs and found that the
SbF; additive could build a bilayer SEI layer [72]. One layer was constituted by the Na-Sb
alloy layer from the Sb-ion electrolyte. Another layer was derived from the F ion of the SbF3
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additive, resulting in the formation of the NaF-rich SEI layer on the Na metal surface, as
shown in Figure 3a. Due to these features of the bilayer SEI layer, the Na | | Na symmetric
battery presented enhanced stable cycling of 1000 h at the current density of 0.5 mA cm 2.
Not only the F-containing ingredient but some other additives also contributed to the in-
crease in the high F-containing substance in the SEI layer for NMBs. Fang et al. designed a
localized high-concentration electrolyte (LHCE) with an SbF; electrolyte additive as NMB’s
electrolyte [51]. They found that the SbF; electrolyte additive would create a stabilized SEI
layer with a Na—Sb alloy inner layer and a NaF-rich outer layer, which could protect the
Na metal anode. As expected, the Na| | Na symmetric battery in this type of electrolyte
presented a long cycle life of over 1200 h at 0.5 mA cm~2 with negligible voltage polar-
ization. Jiang et al. found that the acetamide (N, O-bis(trimethylsilyl) trifluoroacetamide,
BSTFA) additive acted as a scavenger, scavenging the HF and H,O, which restrained the
hydrolysis reaction in the NaPFj in the electrolyte [73]. These behaviors were also in favor
of the high F-containing substance in the SEI layer. After the introduction of BSTFA into
ultralow-concentration electrolytes with 0.3 M NaPFg, the Na metal anode still presented a
high-capacity retention rate of 92.63% after 1955 cycles at 2 C.

In stabilizing the SEI layer to achieve Na metal anode stability, some new ideas were to
improve the stability of NMBs from the perspective of solvation. Firstly, Doi et al. designed
a concept of F-free electrolytes, 0.1 M Na tetraphenylborate (NaBPh,) in DME for NMBs.
They found that the F-free electrolyte enabled a high reversible Na plating/stripping at
the average Coulombic efficiency of 99.85% over 300 cycles. Due to the F-free design
of the electrolyte, the SEI layer onto the Na metal anode was mainly composed of the
C, O, and Na elements with the negligible presence of the F element. After cycling for
450 h, the Na | | Na symmetric battery only presented the interphase resistance of 3 () in
NaBPhy/DME electrolyte, indicating that extremely stable and low-resistivity interphase
was formed. Figure 3b showed the DC-DFTB-metaD simulations, which could be used to
evaluate the two-dimensional free energy surface concerning various coordination states.
From this simulation, they found that the most stable state of [BPh4]~ in NaBPh, /DME was
CIP after the fully dissociated state. This result also indicated that [BPhy]~ was the most
tolerant against the reduction, which accounted for the stable Na/electrolyte interphase.
In addition, the other substances also could be used to improve the stability of the NMBs.
Zheng et al. attempted to add a small amount of SnCl, into carbonate electrolyte for
NMBs and found that the Na| | Na symmetric battery achieved a remarkable reduction
of voltage hysteresis for over 500 h [74]. To investigate the reasons for this performance
improvement, they took the symmetric battery apart for characteristics. They found that
5SnCl; in electrolytes could spontaneously react with Na metal to form a Na-Sn alloy layer
due to the hyper-reductivity of Na metal. In addition, the CI~ also reacted with Na metal
to produce a NaCl-rich SEI, which could passivate Na metal surface against the corrosion
from electrolyte during the plating—striping process. Figure 3c showed the schematic of
the typical mosaic SEI on the Na metal anode in the regular carbonate electrolyte and SnCl,-
containing carbonate electrolyte. Kreissl et al. introduced a functionalized diamondoid
(bis-N,N’-propyl-4,9-dicarboxamidediamantane, DCAD) as an electrolyte additive for
NMBs [75]. They found that the functionalized diamantine additive could change the SEI
constituent as well as the co-deposition behavior of Na ions, resulting in the change in
Na metal growth direction in the plated Na process. Wang et al. found that the slight Na
polysulfide (NaySg) served as an electrolyte additive, which could pre-passivate the Na
metal anode in ether electrolyte [76]. According to the interface analysis, the slight Na
polysulfide introduction resulted in the robust SEI layer composed of NayO, NayS,, and
Na,S, which could protect the Na metal against damage from electrolyte components. It
is generally believed that the NaNOj3 additives in the electrolyte can protect electrodes
and inhibit dendrite formation in LMB. However, a strange phenomenon was that the
co-additive of NaySg-NaNOj presented seriously deteriorated the Na metal electrode, with
an adverse effect for NMBs, which was contrary to the LMBs. Zhu et al. developed an
organosulfur compound (tetramethylthiuram disulfide, TMTD) as an additive in carbonate-
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based electrolytes to enhance the electrochemical performance of the Na metal anode [63].
They found that TMTD could in situ generate a stable SEI layer as an interfacial protection
layer on the Na metal surface. According to the constituent analysis, the SEI layer was
constituted by the rich organic sulfide salts, which could be more conducive to maintaining
the stability of the Na metal anode during the stripping/plating process. In addition, it was
found that a very high CE of 94.25% could be delivered and the full battery also achieved a
high reversible capacity of 86.2 mAh g~! after 600 cycles at 4 C.

For the Na metal anodes, Na dendrite growth would lead to separator puncture,
which triggered the combustion events of the battery. Therefore, the exploitation of non-
inflammable electrolytes also was a pursuit direction for NMBs. Yi et al. designed a
low-flammable electrolyte, which consisted of 1 M NaPFg in DME, FEC, and 1,1,1,3,3,3-
hexafluoroisopropylmethyl ether (HFPM) with a volume ratio of 2:1:2 (denoted as NaPFg-
FRE) for NMBs [77]. They found that Na| | Na symmetric battery in NaPF4-FRE electrolyte
exhibited a superior cycling performance for 800 h with a stable voltage profile (1 mA
cm~2, 1 mAh cm~2), which was much higher than that of the Na | | Na symmetric battery
in electrolyte without an HFPM (1 M NaPF°® in DME/FEC) electrolyte. They suggested
that the addition of HFPM would generate a new F-containing SEI layer, which could
stabilize the Na metal surface. In addition, the NaPF4-FRE electrolyte also presented a wide
electrochemical window of 5.2 V. Zheng et al. utilized superior miscibility of all-fluoride
fire extinguishant into fluorinated carbonate electrolytes (N-FEPH + P) for NMBs [78].
Considering the addition of an all-fluoride fire extinguishant in the electrolyte, the flaming
fire was also quenched in the N-FEPH-P electrolyte. With the all-fluoride fire extinguis-
hant, the Na | | Na symmetric battery performance in the N-FEPH + P electrolyte could
greatly improve. The cycle of 1100 h at 1.0 mAh cm~2 and 800 h at 5.0 mAh cm~2 could
be received in Na | | Na symmetric battery with N-FEPH + P electrolyte. After matching
the Na3V,(PO4)20,F cathode, the full battery also presented a high initial CE of 94.7%
and capacity retention of 87.1% after 1000 cycles at 0.5 C. After disassembling the battery,
they found that a thin F-rich SEI layer was established on both the Na metal anode and
the cathode in the N-FEPH + P electrolyte, which facilitated the efficient Na metal plat-
ing/stripping and enhanced the cycle life of over 1000 cycles in full batteries. As one low
dielectric constant and highly fluorinated and intrinsically nonflammable ether, 1,1,2,2-
tetra-fluoroethyl 2,2,3,3-tetrafluoropropyl ether (HFE) and trimethyl phosphate (TMP) were
also considered for used in electrolyte for NMBs. Liu et al. introduced two functional
fluorinated solvents of HFE and FEC into the TMP-based electrolyte for NMBs [79]. Under
the flame burning, the electrolyte-soaked separator still had not ignited, indicating that
this type of TMP-FEC-HFE-based electrolyte was fire resistant. For NMBs, the Na| | Na
symmetric battery presented the cycle for 800 h at 1.0 mA cm~2 or 3.0 mAh cm 2. They also
suggested that the non-solvating HFE plays a critical role in local electrolyte concentration
to decrease the unfavorable decomposition of TMP.

From the aforementioned discussion, we also summarized the important parameters,
including electrolyte constituents, cycling stability, and full battery performance of liquid
electrolyte recently reported NMBs in Table 1.
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dimensional free energy surface for the ion-pair distance and coordination number between Na
and DME of NaBPh4/DME solution, reproduced with permission from Reference [80] Copyright
2019, Wiley—VCH. (c) Schematics of the typical mosaic SEI on the Na metal anode cycled in regular
carbonate electrolyte and the in situ formed Na-Sn alloy layer plus a NaCl-rich SEI layer. Reproduced
with permission from Reference [74] Copyright 2019, American Chemical Society.
Table 1. Electrochemical properties of different liquid electrolytes in NMBs.
Symmetrical Cell (Cycle CE ([CE@Cycle .
Liquid Electrolytes Performance (h)@Current Number@Current (mF:}lll C_ell)l @()gitﬁzﬁf@Dfﬁsiim?(’j)) References
Density (mA cm~—2)) Density (mA cm—2)) & y
1 M NaPF;g in diglyme / 99.9%@300@0.5 5@776@0.1 [62]
o 91%
NaFSI/DME (1:2 v/v) 200@0.2 97.7%@250@0.2 100 cycles [81]
0.5 M NaBF,;/G2 3000@0.5 99.93%@400@0.5 Na3V,(PO4);@100@0.1 [82]
1 M NaBF,/TEGDME 1000h@0.2 99.9%@1000@0.5 P2-Nay/3Co; /3Mny,30,@163@0.1 [83]
1 M NaPFs/TEGDME 1000@0.2 99.9%@850@0.5 P2-Na, /3Co1 3Mny/30,@172@0.1 [83]
1M NaFSI/FEC 100@5.56 94%@100@0.28 / [70]
0.1 M NaBPhy/DME 500@0.5 99.85%@300@0.5 / [80]
1 M NaClO4/EC/PC + 5 wt% FEC 100@1 88%@50@1 / [84]
M NaPFﬁ(égﬁdf ;;EC/ HEPM 800@0.5 99%@2000@5 NasV,(PO,)3@89.1@0.5 [77]
1 M NaPFj in diglyme + 0.033 M NaySg 400@2 99%@500@0.5 s@621@1 [76]
1 M NaTFSI/FEC + 0.75% NaAsFg 350@0.5 97%@400@0.1 Na3zV,(POy4);@~102@1 [85]
1M NaClO,/EC/PC + 50 mM SnCl, 500@0.5 / Na3V,(PO,);@101@10 [74]
2 M NaFSI/DME/FEPE(1:1 molar o
atio) + 1% SbE; 1200@0.5 99%@20@1 NagV(PO,);@105@10 [51]
1 M NaClO, /EC/PC + 1% SbF; 1000@0.5 / Na3V,(PO4);@80@40 [72]
0.8 M LiPFs/DME + 1 M NaPF¢; /DME 150@0.5 99.2%@100@0.2 LiFePO,@62.4@20 [34]
1M NaOTf/DME + 0.01 M KTFSI 2700@1 99.5%@300@0.5 / [66]
1 M NaClO,/EC/PC + 0.5 mM 500@0.5 99.4%@200@5 Na3V,(PO4)3/C@95.9@5 [86]

Ce0(NO2)s
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Table 1. Cont.

Symmetrical Cell (Cycle

CE ([CE@Cycle

Full Cell (Cathode@Capacity

Liquid Electrolytes Pell'g(;rnns\ia;c(ereig)i@n(ilzr)r)ent Dl\elﬁz?tl;’e(rﬁglliegt» (mAh g 1)@Current Density (C)) References
1M NaPFg/DME + 0.1 wt% Cg(CF3)6 1200@2 99.6%@780@1 Na3V,(POy)3/C@108@10 [87]
1 M NaPFy/EC/PC + 2 wt% TMTD 1600@0.25 / Prussian blue@70@10 [63]
1 M NaPF in diglyme + 5 mM CTAB 500@3 / C/5@640@0.5 [88]
1 M NaPF¢/FEC/PC/HFE + PEMP 1100@0.5 94.2%@100@0.5 Na3V,(PO4), O F@113@2 [78]
0.3 M NaPFs/EC/PC + 2 wt% BSTFA 350@0.5 / Na3V,(POy4);@105@40 [73]
0.8 M NaPFq /TEP/FEC + 5 wt% DTD 1300@0.5 93.4%@250@@0.5 Prussian blue@78.8@10 [89]
4 M NaFSI/DME / 99%@300@@0.5 Na3V;(PO4); @~100@0.2 [67]
5 M NaFSI/DME 600@0.0028 99.3%@120@0.056 NayFe3(POy4),(P,07)@109.4@0.5 [90]
2.1 M NaFSI/DME/BTFE(1:2 v/v) 950@2 98.98%@400@1 Na3V,(PO4);@92@10 [91]
2 M NaFSI/DME/TTE 1170@0.2 / Na3V,(POy); @101.5@40 [50]

3. Polymer Electrolytes for Na Metal Anodes

In the Na metal anodes, the non-uniform Na metal deposition results in the formation
of Na dendrite. With the continuous growth of Na dendrites, the separator eventually
was pierced, which led to the short circuit of the NIBs and caused serious safety hazards.
The previous liquid electrolyte optimization could effectively inhibit the growth of the Na
dendrite. However, it was still difficult to ensure the inhibition of the Na dendrite in the
manufacturing process. To prevent the piercing of the Na dendrite triggering the short
circuit in NMBs, developing solid-state NMBs became a candidate species due to the high
thermal stability of inorganic solid-state electrolytes and the toleration of higher potential.
Additionally, due to the reduction of liquid electrolytes, the packaging for solid-state NMBs
would be simplified, resulting in a decrease in dead weight in battery packaging.

In solid-state electrolytes, polymer electrolytes were the most common choice [92-95].
Inspiring the polymer electrolytes from the Li metal anode, several polymer electrolytes
were designed for the Na metal anode. Zheng et al. firstly developed Na-containing hybrid
network solid polymer electrolytes (SPEs) for NMBs [96]. The SPEs were synthesized
by crosslinking of octakis(3-glycidy-loxypropyldimethylsiloxy) octasilsesquioxane and
amine-terminated polyethylene glycol with NaClO,4 (POSS-4PEG2K). Figure 4a shows a
photograph of a hybrid crosslinked SPE membrane and the transparent and easy handle of
the membrane could be observed. After optimization, they found that this type of polymer
electrolyte exhibited a high conductivity of 0.256 mS cm~! at 80 °C. As the solid-state
electrolyte for Na metal anodes, they found that the Na | | Na symmetric battery presented
the cycling performance of 5150 and 3550 h at 0.1 and 0.5 mA cm~?2, respectively. Wang
et al. prepared a single ion conducting gel polymer electrolyte (PSP-GPE) for NMBs, which
presented an excellent ionic conductivity of 0.1 mS cm~! and a high Na-ion transference
number of 0.88 at room temperature (RT), which was close to the NaClOy-based liquid
electrolyte [97]. When the NazV;,(POy); cathode was coupled with PSP-GPE, the full
battery exhibited an improvement in cycling performance and the Na dendrites could be
effectively restrained. Sangeland et al. utilized poly(trimethylene carbonate) (PTMC) as a
host material for NMB's electrolyte and used NaFSI as the Na salt to obtain the polymer
electrolyte (PTMC-NaFSI) [98]. Through the optimization of the Na salt concentration, they
found that the carbonate: Na™ ratio of 1:1 in polymer electrolyte presented the highest ionic
conductivity of 50 uS cm~! at 25 °C, and the carbonate: Na* ratio of 5:1 exhibited a more
stable capacity of about 90 mAh g~! over 80 cycles at 60 °C in the Na metal full battery
with a Prussian blue cathode. Wen et al. reported an ethoxylated trimethylolpropane
triacrylate-based polymer electrolyte (ETPTA-NaClO4-QSSE) using photopolymerization
for NMBs [99]. Figure 4b shows the optical images of ETPTA-NaClO4-QSSE before and
after UV curing and found the the ETPTA-NaClO4-QSSE would be solidified after UV
curing. From the ionic conductivity of ETPTA-NaClO4-QSSE during varying temperature
in Figure 4c, the ionic conductivity 0.7, 0.8, 1.0, 1.2, 1.4, 1.5, and 1.8 mS cm ! could be
received at -10, 0, 15, 25, 40, 60, and 80 °C, respectively. These results indicated that ETPTA-
NaClO4-QSSE presented excellent temperature adaptability. As the polymer electrolyte
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in NMBs, the Na | | Na symmetrical battery presented very low overpotential of about
70 mV and retained an ultra-stable cycling performance for 1000 h (Figure 4d). Zhang et al.
utilized a Cu-based metal-organic framework (MOF) to support the poly(ethylene oxide)
(PEO) with NaClO4 under UV curing as polymer electrolyte (PEO-Cu-MOF) [100]. After
solidification, the Cu-based MOF was uniformly dispersed into the PEO matrix. Owing to
the high specific surface areas and ordered porous structures of Cu-based MOF, the PEO-
Cu-MOF polymer electrolyte exhibited a high ionic conductivity of 3.48 mS cm 1. Figure 4e
shows the cycling performance of the Na | | Na symmetrical battery with the PEO-Cu-MOF
polymer electrolyte at different current densities and capacities. A very stable polarization
voltage also could be observed, indicating the excellent interfacial stability between the
electrolyte and electrode.
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Figure 4. (a) Photograph of a hybrid crosslinked SPE membrane, reproduced with permission
from Reference [96] Copyright 2018, Wiley—VCH. (b) Photograph of ETPTA-NaClO4.QSSE before
and after UV curing. (c) Ionic conductivity of ETPTA-NaClO4-QSSE under varying temperatures.
(d) Cycling profiles of the symmetrical battery at 0.1 mA cm 2 for 1 h, reproduced with permission
from Reference [99] Copyright 2021, Wiley—VCH. (e) Cycling profiles of the symmetric battery
at different current densities, reproduced with permission from Reference [100] Copyright 2021,
American Chemical Society. (f) Flame test of glass fiber saturated with 1.0 M NaClO4/PC and
P(MVE-alt-MA), reproduced with permission from Reference [101] Copyright 2019, Springer Nature.
Surface Young’s modulus of (g) 2-GPH and (h) PH, reproduced with permission from Reference [102]
Copyright 2020, Wiley—VCH.
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In addition, some functional polymer solid-state electrolytes were also being investi-
gated. Yang et al. used poly(methyl vinyl ether-alt-maleic anhydride) (P(MVE-alt-MA))
as the polymer host, bacterial cellulose (BC) as the reinforcement, and triethyl phosphate
(TEP)/vinylene carbonate (VC)/NaClOy) as a plasticizer to obtain the polymer electrolyte
(BC-TEP/VC/NaClO4) for NMBs [101]. They found that polymer electrolyte presented
flame retardancy due to the addition of TEP (Figure 4f). In addition, an electrochemical win-
dow of 4.4 V could also be received. As the polymer electrolyte for NMBs, Na3V,(PO4)3/Na
full batteries exhibited an 84.4% capacity retention after 1000 cycles, which was much better
than that of the full battery in the liquid electrolyte. Furthermore, the polymer electrolyte
also provided an 84.8% capacity retention after 50 cycles at —10 °C in Na3V,(PO4)3/Na
full batteries. Luo et al. developed a polymer electrolyte constituted by graphene oxide
(GO) and PVDF-HFP with a high mechanical property and found that the 2 wt%GO-PVDEF-
HEFP presented the highest Young’s modulus of 2.5 GPa and high ionic conductivity of
2.3mS cm~! (Figure 4g,h) [102]. The high mechanical property of polymer electrolytes
could suppress the Na dendrite growth and avoid puncture by the Na dendrite. As result,
the Na | | Na symmetric battery in 2 wt%GO-PVDEF-HFP electrolyte exhibited an ultra-long
cycling performance over 400 h at 5 mA cm~2.

Solid-state Na-O, batteries had been regarded as promising energy storage devices
due to their high energy density, ultralow overpotential, and abundant resources. Chen
et al. reported a quasi-solid-state polymer electrolyte (QPE) composed of poly(vinylidene
fluoride—co-hexafluoropropylene)-4% SiO;-NaClOy-tetraethylene glycol dimethyl ether
(TEGDME) for high-performance Na-O, batteries [103]. The abundant fluorocarbon chains
of QPE played an important role in Na*-ion transfer, resulting in a high ionic conductivity
of 1.0 mS em~!. The Na-O, batteries exhibited negligible voltage decay after cycling for
80 cycles at a cutoff discharge capacity of 1000 mAh g~ 1.

After the aforementioned discussion, we also summarized the important parameters,
including electrolyte constituents, cycling stability, and full battery performance of polymer
electrolyte recently reported NMBs in Table 2.

Table 2. Electrochemical properties of different polymer electrolytes in NMB:s.

Ionic Conductivity (mS

Symmetrical Cell (Cycle Full Cell

Polymer Electrolytes cm-1)@Temperature (°C) Performance (h)@Current (Cathode@Capacity (mAh  References
Density (mA cm~2)) g 1)@Current Density (C))

POSS-4PEG2K 4.5 x 10~3@30 3550@0.5 Nay V,05@305@0.05 [96]
PSP-GPE 0.1@RT 620@1 Na3V,(PO,);@89.1@0.2 [97]
PTMC-NaFSI 0.05@25 / Prussian blue@90@0.2 [98]
ETPTA-NaClO,-QSSE 1.2@RT 1000@0.1 Na3V,(PO,);@101@1 [99]
PEO-Cu-MOF 3.48@RT 1000@0.2 NaCrO,@120.7@0.1 [100]
IL-MOF 0.36@RT 500@1 Na3Nij 5TeOs@83.8@0.1 [104]
BC-TEP/VC/NaClOy4 0.22@RT / Na3V,(PO4);@84.3@0.2 [101]
GO-PVDEF-HFP 2.3@RT 400@5 Na3V,(PO,);@107@1 [102]
NaPTAB-SGPE 0.094@RT 100@0.05 Na3V;(PO4)3@90.3@0.05 [105]
SILGM 2@23 / Na3V,(POy4)3@81.7@0.1 [106]

4. All-Solid-State Electrolytes for Na Metal Anodes

Except for polymer electrolytes, the scientists also were looking at the all-solid-state
electrolytes for NMBs. As the all-solid-state electrolytes in NMBs, several essential require-
ments needed to be met: (1) possessing high ionic conductivity of above 104 S cm~! at RT;
(2) possessing a high ionic transference number; (3) possessing negligible conductivity; and
(4) possessing a wide electrochemical window. Based on these essential requirements, the
scientists set out to develop all-solid-state electrolytes for NMBs.

Borrowed from a Li metal all-solid-state electrolyte, Na-f3”-Al,Os3 first received re-
search attention from scientists [107-109]. Wen et al. explored the viability and stability of
NazPS4 and Na-3”-Al,O3 for NMBs [110]. They found that the NazPS4 and Na-f”7-Al,O3
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presented conductivities of 2.1 and 0.04 mS cm !, respectively. The Nyquist plots of NazPSy
and Na-p3”-Al,Oj3 electrolyte for the fresh contact and after 12 h of contact in NMBs were
also compared. They found that NazPS, presented an increased impedance after 12 h
of contact. Compared with NagPSs, Na-3”-Al,O3 exhibited almost no change over time,
indicating that Na-f3”-Al,O3 presented stability against the reaction with the Na metal an-
ode. Considering the high interface resistance in the Na-f3”-Al,O3 electrolyte, modification
of this electrolyte to reduce the interfacial resistance became the direction of efforts. Wu
et al. attempted to create an Na-37-Al,O; electrolyte for NMBs with the introduction of
the coating layer, which was constituted by cotton-cloth-derived disordered carbon tubes
(DCTs) [111]. The corresponding solid-state electrolyte was denoted as BASE-CNT. They
found that Na-3”-Al,O3 electrolyte presented a great decrease in interfacial resistance
from 750 Q) to 150 Q) cm 2 after DCT modification. Therefore, the modified Na-p”-Al,O3
electrolyte exhibited stable Na stripping—plating profiles of 400 cycles at 0.1 mA cm? with
a small hysteresis of 100 mV. Deng et al. developed yttria-stabilized zirconia (YSZ) to
enhance the Na-37-Al,O; electrolyte for NMBs and found that the YSZ introduction on
the surface of the Na-f37-Al,O; electrolyte could extremely reduce the interface impedance
of 3.6 QO cm~2 at 80 °C and presented a high critical current density of 7.0 mA ecm =2 [112].
From the surface and cross-section SEM images of the YSZ-Na-[3”-Al;O3, it was found that
YSZ particles (white) were homogeneously distributed in Na-3”-Al,O3. Figure 5a showed
a Swagelok-type battery schematic to investigate the interfacial stability of YSZ-Na-3”-
AlyOj3 solid-state electrolyte in a symmetric battery. From the EIS profiles in Figure 5b, the
YSZ-Na-[3”-Al,03/Na interfacial areal specific resistance was 18.8 ( cm? at RT and 3.6 Q)
cm? at 80 °C after removing the contributions from the bulk and grain boundary. Due to the
low interfacial areal specific resistance, Na | | Na symmetric battery with YSZ-Na-3"-Al;O3
solid-state electrolyte presented a small cell voltage (<50 mV) even at a high areal capacity
of 2.5 mAh cm—2 (Figure 5c). From the SEM images of the YSZ-Na-{3”-Al,O3 solid-state
electrolyte cycling at different times at 80 °C in Figure 5d—g, intimate contact between the
electrolyte and Na metal anode still could be observed, which contributed to the Na-ion
transfer from the electrolyte to the Na metal anode. Chi et al. also developed a solid-state
electrolyte of 3”-Al,O3 with a nano Sn interlayer, denoted as Sn-BASE, and used an organic
quinone-based compound (pyrene-4,5,9,10-tetraone, PTO) as the cathode for NMBs [113].
They found that this Sn-BASE-PTO electrolyte allowed the Na | | Na symmetric battery
presenting a high stability of 1000 h at 0.5 mA cm 2. In addition, after Sn thin film intro-
duction, the interfacial resistance between the Na metal anode and the electrolyte could
be reduced to 26.7 Q cm~2. Furthermore, they suggested that the mechanically compliant
PTO-based composite would form an interpenetrating ionic and electronic pathway, which
contributed to overcoming the cathode—electrolyte interfacial barrier.

Figure 5. Cont.
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Figure 5. (a) Schematic configuration of Na| | Na symmetric battery; (b) comparison of EIS of the Na
symmetric cells at RT and 80 °C with the cycling of 0, 128, and 330 h; (c) galvanostatic cycling of the
Na symmetric cell at 80 °C at 0.25 and 0.50 mA cm~2; the corresponding SEM images of YSZ-Na-"-
Al,O3/Na interfaces at 80 °C with cycling times of (d) 0 h, (e) 128 h, and (f,g) 330 h, reproduced with
permission from Reference [112] Copyright 2022, Springer Nature. (h) Surface, (i) cross-sectional
SEM images, and (j) enlarged cross-sectional SEM image of ANs-PVdF-HFP membranes, reproduced
with permission from Reference [114] Copyright 2019, Springer Nature.

To further improve the performance of 3”7-Al;O3; in NMBs, Lei et al. designed a
hybridization of inorganic ionic conductors and polymer electrolytes [114]. They used
a poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)-based polymer to coat
”-Al,O3 nanowires (ANs-PVDF-HFP) with uniform cross-linking. Figure 5h shows the
SEM images of the ANs-PVDF-HFP membrane. It was found that cross-linked 3”-Al,O3
nanowires were embedded into the PVDF-HFP matrix. From the cross-sectional SEM image
(Figure 5i), the homogeneous and regular pores could be observed in the ANs-PVDF-HFP
membrane. It was suggested that the homogeneous and regular pores could store the
electrolyte, which was beneficial to shortening the Na-ion migration route and enhancing
the ionic conductivity. In addition, the excellent contact and adhesion between the (3”-
Al,O3 nanowires and PVdF-HFP were also observed from the enlarged cross-sectional
SEM image in Figure 5j. Due to this structure, the ANs-PVDF-HFP could provide dense
and homogeneous Na-ion transportation channels, which facilitated the homogeneous
Na metal deposition and decreased the growth of the Na dendrite. Therefore, when the
Na3V3(POy); cathode/Na full battery used ANs-PVDF-HFP as the electrolyte, very high
capacity retentions of 95.3% and 78.8% after 1000 cycles at 1 C at 25 and 60 °C, respectively,
were observed.

In addition, another type of all-solid-state electrolyte of the Na superionic conductors
(NASICONSs, Na3Zr5SipPO1p) ceramic electrolyte was also receiving great attention due to
the high ionic conductivity and excellent electrochemical stability [53]. However, the pris-
tine NASICON always exhibited a large interfacial resistance and poor interface wettability
for the Na metal anode. Despite this, the scientists also found that they could improve
their performance by modifying NASICON solid-state electrolytes. Li et al. developed a
method of direct growth of ultrathin graphene-like on the Na3Zr,5i;,PO1, (G-NASICON)
ceramic electrolyte, which could reduce the interfacial resistance and enable the Na-ion flux
with homogeneousness across from the G-NASICON ceramic electrolyte to the Na metal
anode [115]. Due to this modification, the Na | | Na symmetric battery in G-NASICON ce-
ramic electrolyte presented a stable cycle performance over 1000 h at 0.5 mA cm~2 with the
capacity of 1 mAh cm~2. Due to the close interface contact, it was critical to the electrolyte
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with a cathode and Na metal anode and a high capacity of 106 mAh g~! could be received
in the initial cycle with the NagV(POy)3 cathode.

To realize the all-solid-state Na metal batteries, inorganic-organic hybridization of
solid-state electrolytes was one of the routes. Matios et al. reported a hybrid solid-state
electrolyte with Na3ZrySi,PO1, (NZSP), polypropylene carbonate (PPC), and PEO host
(NZSP-PPC-PEO) [52]. They found that Na metal could turn PPC from a long chain poly-
mer into shorter chain segments spontaneously, resulting in the formation of a highly
conductive interfacial-wetting layer. Therefore, this phenomenon was utilized to formulate
NZSP and PEO host by the content of PPC, as shown in Figure 6a. Due to the highly con-
ductive interfacial-wetting layer, the interfacial conductivity of solid-state electrolytes could
be remarkably improved, which resulted in the stable cycling performance (1000 h, 0.1 mA
cm~2,0.1 mAh cm~2) in the Na | | Na symmetric battery. Ling et al. developed an inter-
penetrating network of poly(ether-acrylate) (ipN-PEA) in NZSP ceramic/poly(vinylidene
fluoride-hexafluoropropylene) (NZSP /PVDEF-HFP) with sandwich structure (CESS) as a
flexible solid-state electrolyte [116]. They found that this flexible solid-state electrolyte
presented an excellent Na-ion transference number of 0.63 and a high ionic conductivity
of 107* Scm ™. In the Na | | Na symmetric battery, a low polarization voltage of =50 mV
after 400 h at 0.2 mA cm—2 was delivered in the CESS flexible solid-state electrolyte, which
presented much better performance than that in liquid electrolytes. They suggested that
the improved electrochemical performance of the Na metal anode in the CESS flexible
solid-state electrolyte was due to the internal rigidity and external flexibility, resulting in
the mitigation of interfacial ion transfer issues and the guarantee of mechanical strength.
These behaviors would contribute to the inhibition of Na dendrite growth and dead Na
formation. Yu et al. reported a synthetic strategy of NZSP ceramic microtubes with cotton
fiber template [117]. After that, they used NZSP ceramic microtubes with poly(ethylene
oxide) (PEO)-PVdF-HFP-NaClOy-1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide
(EmimFSI) (NZSP/PPE) for hybridization to develop an inorganic-organic solid-state
electrolyte. After hybridization, this type of solid-state electrolyte presented an electro-
chemical window of 5.0 V and a transference number of 0.882 with electrical conductivity
of 2.79 x 107* S cm ™. Due to these characters, the inorganic-organic solid-state electrolyte
in the Na | | Na symmetric battery could be cycling for 200 h at 0.05 mA cm 2.
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Figure 6. (a) Schematic of the optimizing steps for the proposed composite SPE, reproduced with
permission from Reference [52] Copyright 2021, Royal Society of Chemistry. (b) Illustration of the
grain boundary engineered ceramic electrolyte depressing the Na dendrites in all-solid-state NMBs,
reproduced with permission from Reference [118] Copyright 2021, Elsevier.

In addition, another route was mixing part of the inorganic conductor into NZSP
ceramic electrolyte to enhance the contact between the electrolyte and electrode. Figure 6b
shows the illustration of the grain boundary engineered ceramic electrolyte to improve the
electrochemical performance of the Na metal anode. Zhao et al. utilized Na;B4Oy as an
additive to modify the NZSP ceramic electrolyte and found that 10 wt% NayB4Oy additives
in the NZSP ceramic could enhance the conductivity of 1.72 mS cm ! at RT [118]. With
the modification of NZSP ceramic electrolyte, the Na| | Na symmetric battery presented
ultra-stable Na plating-stripping cycling over 2500 h at 0.3 mA cm 2. They found that
this modification of the ceramic electrolyte triggered kinetically stable interphase between
the electrolyte and Na metal anode, resulting in the reduction of the interfacial resistance
for 90 Q) cm? for NZSP to 36 Q) cm? for NZSP-10 wt% NayB4Oy. Yang et al. introduced
SnOy /Sn film in the NZSP ceramic to enhance the interface between the Na metal anode
and electrolyte [119]. As a result, a remarkable decrease in interfacial resistance from
581 Q) cm? for NZSP to 3 Q) cm? for SnOy /Sn-NZSP was observed. Due to the decrease in
the interfacial resistance, the Na | | Na symmetric battery in the SnOx/Sn-NZSP electrolyte
maintained cycling over 1500 h with a polarization of £40 mV at 0.1 mA cm~2 at RT. The
symmetric battery still held an excellent cyclability at the large current densities of 0.3 and
0.5 mA cm~2. After being coupled with the cathode, the full batteries also presented
a good electrochemical performance at 0.1 and 0.2 C. Wang et al. constructed a stable
mixed-ion-electron conductor layer consisting of NaSn alloy and NayS on NZSP, which
was induced by the introduction of a SnS; ultra-thin layer [120]. Based on this construction
of the stable interface, the Na | | Na symmetric battery operated with a low polarization
of £25 mV at 0.1 mA cm~2 at RT during the cycling of 800 h. In addition, the full battery
matching NazV;(POy); cathode in the SnOx/Sn-NZSP electrolyte also delivered a superior
capacity retention ratio. They suggested that the SnS, could immerse the grain boundaries
and voids of NZSP, which avoided the immediate contact between the Na metal anode
and NZSP. In addition, the NaSn alloy was also formed during the Na metal deposition,
which endowed the good wettability between the Na anode and NZSP and reduced the
interfacial impedance. Furthermore, the mixed-ion-electron conductor layer on NZSP also
realized the homogeneous and rapid Na-ion flux transfer from the interface, resulting in
uniform Na metal deposition.

Interface modification was also another strategy to improve interface resistance be-
tween the electrolyte and electrode [53,121]. Therefore, Wang et al. adopted a surface
potential regulation strategy to mitigate the interfacial potential divergence and modify
the Na/NZSP interface through the active control of the ceramic electrolyte surface mi-
crostructure [121]. The surface regulation of the Na/NZSP interface presented stability
for over 4 months with the interfacial resistance of 129 Q cm? at 25 °C. To understand
the modification of the Na3Zr,Si; POy, interface, they conducted the in-depth ToF-SIMS
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mapping of the interface after Na metal plating/stripping, as shown in Figure 7. Na metal
islands (Figure 7a) and Na dendrite (Figure 7b) with tens of millimeters could be observed
in the NZSP electrolyte without interface modification. With the interface modification,
the Na metal anode presented uniform distribution on the surface without Na dendrite
(Figure 7c,d). These results were also demonstrated in the SEM image.

Figure 7. (a) Mapping of Na species and (b) overlay depth profile of Na, Zr, and Si on TS1300-15/1200
after cycling; (c) mapping of Na species and (d) overlay depth profile of Na, Zr, and Si on N51250
after cycling, reproduced with permission from Reference [121] Copyright 2021, Elsevier.

Except for Na-”-Al,O3 and NZSP all-solid-state electrolytes, the other new types of
all-solid-state electrolytes for NMBs were also developed. Ruiz-Martinez et al. developed
NaYxNH; (Y =17, BF,~ or BH4 ™)) solid-state electrolyte with a high Na-ion concentration
(>7 M) and high specific conductivity (0.1 S cm~!) for NMBs [122]. They selected three
different solid-state electrolytes, Nal3 3NH3, NaBH,01.5NHj3, and NaBF,e2.5NH; for com-
parison. It was found that all three ammonia-based electrolytes in NMBs exhibited stability
for several weeks and retained a CE of close to 100% and high cyclability even at a large
current of 10 mA cm 2. To compare the electrochemical performance of these solid-state
electrolytes in NMBs, the Cu | | Na asymmetric battery in Nalz 3NHj3, NaBH,e1.5NHj3, and
NaBF4e2.5NHj; electrolytes were also measured. A low voltage hysteresis of 4.5 mV
and high Na reversibility for the NaBF,e2.5NHj electrolyte could be achieved in NMBs,
indicating that solid-state ammonia-based electrolytes were feasible.

There are also some practical applications for all-solid-state electrolytes. All-solid-
state Na-O, batteries had great development potential due to their high energy density
and high safety [123,124]. Liu et al. reported an all-solid-state Na-O, battery based on a
well-designed NASICON-type electrolyte Nas ;Hf»Sip 2P 3011.85F¢ 3, which has high ionic
conductivity (2.39 x 1073 S em~!) and excellent chemical stability [125]. In addition, a
proposed Na-O; battery was successfully constructed using an NASICON structured solid
electrolyte and a liquid anode, which demonstrated low voltage gap, reversibility, and high
safety [126]. Sun et al. successfully developed a hybrid solid-state Na-O, battery based on
the NASICON solid-state electrolyte (SSE) and Na anode protected by carbon paper (CP).
Owing to the combined advantages of SSE and CP modification, the developed Na-O,
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battery delivered high discharge capacities with excellent coulombic efficiency as well as
stable cycling performance [123].

In addition, soft breakdown phenomena in all-solid-state symmetric batteries were
pretty common because of the high electronic conductivity of solid-state electrolytes, poor
interfacial solid—solid ionic contact, and uneven localized electric field. However, soft
breakdown hidden in all-solid-state NMBs had been overlooked in most previous research.
This abnormal phenomenom had significantly retarded the progress of improving Na metal
anodes for practical engineering of all-solid-state NMBs. Sun et al. proposed a simple but
effective strategy—cyclic voltammetry (CV)—to diagnose soft breakdown in all-solid-state
symmetric batteries [127]. The charge carrier of an all-solid-state symmetric battery should
be only ions. If an all-solid-state symmetric cell had both ion and electron transport, it was
a soft breakdown. For all-solid-state symmetric batteries with soft breakdown, CV would
show a mixed state of both electrochemical process and electronic conduction. Therefore,
CV was a simple but effective method to diagnose the soft breakdown phenomenon in
all-solid-state symmetric NMBs. It was necessary for all-solid-state NMBs to avoid arbitrary
testing parameters and ignorance of soft breakdown in the future.

Based on the above discussion, we summarized the electrochemical properties of mod-
ified all-solid-state electrolytes for NMBs and listed some important parameters including
ionic conductivity, and cycling stability of recent works, as shown in Table 3.

Table 3. Electrochemical properties of different all-solid-state electrolytes in NMBs.

Symmetrical Cell (Cycle

Ionic Conductivity (mS Full Cell (Cathode@Capacity (mAh

All-Solid-State Electrolytes cm-1)@Temperature (°C) Pe%«:;l;\ft;c(tzg)c@n(ifg;mt g 1)@Current Density (C)) References
Na-B”-AlL O3 2.1@RT / / [110]
BASE-CNT 0.36@58 1000@0.1 Na3V;(POy4);@100.6@0.1 [111]

O5-

YSZ/BASE 0.46@RT 330@0.5 NaNio 4Cit 0sMa s Tio 1 0,@110@1 [112]
Sn-BASE 1.1@60 1000@0.5 PTO-PEO@180@0.5 [113]
G-NASICON 0.6@RT 1000@0.5 Na3V(PO,);@108@1 [115]
NZSP-PPC-PEO 0.12@RT 1000@0.1 Na3V,(POy);@102@1 [52]
NZSP/PVDF-HFP 0.132@60 400@0.2 Na3V;(PO4);@95@0.2 [116]
NZSP/PPE 0.693@25 200@0.05 Nayg ¢7Nig.33Mng ,0,@112@0.1 [117]
PEO-NaClO,-SiO,-Emim FSI 1.3@RT / Y-NayO3Zr /C@90.5@0.05 [128]
NZSP-Na2B4O7 1.72@RT 2500@0.3 Na3V1 _5Cr0_5 (PO4)3@107@30 mA g71 [] ]8]
TiO,-NZSP 0.53@25 860@0.1 [129]
Ca-NZSP 1.67@25 600@0.3 Na3V,(PO4)3;@103.1@0.2 [130]
SnOy /Sn/NZSP 0.59@RT 1500@0.1 NaTiy (PO, )3@96.4@0.2 [119]
SnS, /NZSP 0.42@RT 800@0.1 Na3V;(PO4);@101.2@0.5 [120]
ANs-GPE 0.713@25 300@1 Na3V,(PO,);@85.5@5 [114]
NZSP 0.85@RT 1000@0.2 Na3V15Cro5(POy);@114.6@0.2 [121]
AlF3 /NZSP 0.2415@RT 150@0.15 Na3V,(POy);@111@1 [131]
H-NASICON 0.07@65 550@0.25 NaTi,(PO4);@110@0.2 [96]

Considering the practical application of NMBs in the future, NMBs design should
not be limited to coin batteries. Currently, three major cell formats are commercially
used: cylindrical, prismatic, and pouch. Among them, the pouch cells based on layered
constructions allow maximum use of space and active materials and therefore are popular
for large cell formats [132]. However, the excessive capacities and thicknesses of the
available Na metal foils remain a critical yet unresolved challenge in practical pouch
cells. Practical Na metal pouch cells require a ultra-thin Na metal foil paired with the
conventional cathode to satisfy a lower negative to positive areal capacity (N/P) ratio [133].
The existing technology cannot satisfy the requirements of ultra-thin sodium metal anodes.
Thus, the side reactions in the pouch cells with a high excess of Na may be intensified. New
manufacturing capabilities will be needed to control the thickness of the Na metal anodes
in the future. In addition, a higher CE close to 100% could be enabled by an electrolyte
that produces a more stable SEI and fewer side reactions, or by an anode that allows a
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more stable interface such as a surface protection layer to reduce the interactions with
the electrolytes [134].

5. Conclusions and Perspectives

Electrolyte optimization was a simple and easy solution to address the dendrite growth
and unstable SEI layer of Na anodes limiting the development of NMBs, and a method
that could effectively protect Na-metal anodes and avoid unstable SEI layer formation
and dendrite growth. Common liquid electrolyte optimization methods included the
replacement of solvent, replacement of Na salt and electrolyte additives, etc. For liquid
electrolytes, the choice of Na salts and solvents was crucial, as they largely determined the
composition of the SEI layer and greatly changed the Na ion migration path. At the same
time, the use of additives in the electrolytes could also tune the SEI layer composition, which
was critical for the formation of a stable and continuous SEI layer. In addition, increasing
electrolyte concentration could also build a stable SEI layer and inhibit dendrite growth.
However, the high cost, high viscosity, and low electrical conductivity hindered its practical
application. To solve this problem, the concept of local high-concentration electrolyte was
proposed, that was, adding diluent to the high-concentration electrolyte to reduce the Na
salt concentration of the electrolyte, which could improve the ionic conductivity while
building a stable SEI layer.

Except for liquid electrolytes, we also discussed the relevant strategies related to
solid-state electrolytes for enhancement of electrochemical performance. We found that the
polymer electrolytes and all-solid-state electrolytes could settle some critical issues such as
dendritic growth, resulting in a decrease in the assembly process and an increase in the
safety of NMBs. However, high interface impedance and low Na-ion mobility still restrain
the application in NMBs. All the polymer electrolytes and all-solid-state electrolytes mainly
were devoted to addressing the interface impedance and low Na-ion mobility. One was the
exploration of host material with high Na-ion mobility. However, most host materials could
not achieve good interface contact. Interface modification, hybridization of the organic and
inorganic host material, Na-ion channel adjustment, etc., were the alternative measures to
improve the electrochemical performance of Na metal anodes in polymer or all-solid-state
electrolytes. Despite these efforts, the relatively large polarization voltages of NMBs in
solid-state electrolytes were still exited. Continuous research was needed to promote the
further development and application of NMBs.

For the liquid electrolytes, great progress has been made in the optimization at present,
but the spontaneous reaction between the Na metal anode and liquid electrolyte cannot be
completely suppressed, which will inevitably lead to the growth of Na dendrites. In the
future, more solutions need to be proposed to stabilize the Na metal anodes, such as finding
a solvent with a higher LUMO energy level that could reduce the reaction between the
electrolyte and the Na metal, resulting in a stable SEI layer; finding a consideration of the
substitution with flammable liquid electrolytes to improve the safety of NMBs. In addition,
considering the limitation of a single strategy by electrolyte engineering, comprehensive
strategies combined with the introduction of host materials for Na metal anodes, an
artificial SEI layer onto Na metal anodes, should be feasible to improve the electrochemical
performance of Na metal anodes. Certainly, our ultimate goal is the development of
solid-state NMBs, and the improvement of the performance of polymer or all-solid-state
electrolytes becomes the research emphasis. Although a lot of excellent works related
to polymer or all-solid-state electrolytes have been undertaken, the conductivity issue at
RT has not been solved effectively. In addition, interfacial compatibility issues between
the electrolyte and electrode have not been resolved effectivity. To further address these
issues, we suggest that a hybridization strategy to construct a 3D interconnected ceramic
framework can offer a rapid Na-ion transport path, which can enhance the electrochemical
stability of NMBs. In addition, to address the interfacial compatibility between electrolyte
and electrode, the construction of the novel solid-state electrolytes, functional gradient
solid-state electrolytes, multilayer ceramic electrolytes, etc., are still necessary to explore for
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NMBs. Moreover, simply optimizing the solid-state electrolytes in NMBs from a technical
level cannot effectively improve the performance of the Na metal anodes. Therefore,
further revealing the potential electrochemical mechanisms, including the Na-ion transport
behaviors, transfer paths, internal interactions, etc., is also crucial. This understanding
will be favorable to guide the design of a new type of solid-state electrolytes with high
ionic conductivity and optimization of the configuration and composition of the solid-
state electrolytes.
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