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Recent developments and insights into the
understanding of Na metal anodes for
Na-metal batteries

Yang Zhao, Keegan R. Adair and Xueliang Sun *

Rechargeable Na-based battery systems, including Na-ion batteries, room temperature Na–S, Na–O2,

Na–CO2, and all-solid-state Na metal batteries, have attracted significant attention due to the high

energy density, abundance, low cost, and suitable redox potential of Na metal. However, the Na metal

anode faces several challenges, including: (1) the formation of Na dendrites and short circuiting; (2) low

Coulombic efficiency (CE) and poor cycling performance; and (3) an infinite volume change due to its

hostless nature. Furthermore, the issues associated with Na metal anodes have also been noticed in

practical Na metal batteries (NMBs). In recent years, the importance of the Na metal anode has been

highlighted and many studies have provided potential solutions to address the issues of its use. This review

article focuses on the recent developments of Na metal anodes, including insight into the fundamental

understanding of its electrochemical processes, novel characterization methods, approaches for protecting

the anode and future perspectives. Our review will accelerate further improvement in the characterization

and application of Na metal anodes for next-generation NMB systems.

Broader context
The global energy shortage related to the consumption of fossil fuels has become a major concern, leading to a demand for alternative clean energy sources.
Energy storage systems with high energy density and low cost are characteristics that are highly sought after. Rechargeable Na metal batteries, using metallic Na
as the anode electrode, have attracted increasing attention due to their high energy density and abundance, low cost, and suitable redox potential of Na metal.
However, there are serious challenges including Na dendrite formation and the corresponding safety concern, unstable interface between electrolyte and
Na metal, low Coulombic efficiency, poor cycling stability, and infinite volume change. In this review, we give a comprehensive summary of the recent
developments and understandings of Na metal anode for room temperature Na metal batteries. Deep insights, including the fundamental understand and
challenges of Na metal anode, the comparison between Li and Na metal anode, novel characterization methods, various strategies for stabilization of Na, and
different types of Na metal batteries, have been discussed in detail. Future directions and prospects for long life time and high-performance Na metal anodes
are also proposed.

1. Introduction
1.1 Na-ion and Na-metal batteries

Over the past decades, the global energy shortage related to the
consumption of fossil fuels has become a major concern leading to
the demand for alternative clean energy sources. Energy conversion
techniques such as wind and solar-generated electricity have been
thoroughly explored to maximize energy generation. However, they
usually provide intermittent energy, which requires highly effective
energy storage systems. Rechargeable Li-ion batteries (LIBs) have
been developed and are one of the most promising energy storage
systems, particularly for portable electronic devices such as laptops,

mobile phones, medical microelectronic devices, and even
electrical vehicles (EVs).1,2 They have many outstanding features,
including high energy density, no memory effect, low mainte-
nance, and little self-discharge.3–6 The demanding requirements
of portable electronic devices has stretched the limits of LIBs,
which are currently the predominant choice for energy storage.
Moreover, the global EVs market is quickly growing, in which the
sales of EVs has increased by fifteen times in the past five years.7

However, the enormous demands for LIBs is dependent on
the availability of Li resources, and Li is not regarded as an
abundant element in the Earth’s crust. Unfortunately, the cost of
Li-containing materials has also rapidly increased in the past
years, resulting in increased prices for LIBs.8,9

Because of the high abundance, low cost, and suitable redox
potential of Na metal (ENa+/Na = �2.71 V vs. standard hydrogen
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electrode), rechargeable Na batteries are considered to be ideal
alternatives to LIBs.10 In the early stages of development, many
studies focused on high temperature rechargeable Na batteries
such as Na–S and Na/NiCl2 systems.11 These batteries have
been commercialized as large scale energy storage systems,
however, the high operating temperature of 300 1C and corro-
sion issues limit their further application. Following a similar
mechanism to LIBs, Na ion batteries (NIBs) have been developed
consisting of Na insertion-type electrode materials, in which the
Na+ is transported through the liquid electrolyte.12 Different
materials have been investigated as cathode materials for NIBs,
including layered transition metal oxides (NaFeO2, O3-Type
Na[Fe1/2Mn1/2]O2, P3-type NaxCoO2, et al.), polyanionic com-
pounds (NaFePO4, Na2FeP2O7, Na3V2(PO4)3, etc.) and other
miscellaneous Na insertion materials.13–15 As for the choice of
anode materials, the typical graphite found in LIBs cannot be
used due to it being less electrochemically active in Na+ systems.
In 2000, Dahn’s group firstly reported the electrochemical reversi-
bility of Na+ insertion into hard carbon at room temperature.

The hard carbon displayed a capacity of 300 mA h g�1, which
is superior to that of graphite in Na batteries.13,16 To further
improve the capacities of the anode, different alloy materials
(such as Sn, Bi, Sb, and P) have been developed using various
approaches such as nanostructured or composite materials.17–21

Some excellent reviews have summarized the development and
understanding of both cathode and anode materials for NIBs in
detail.13,18,22–25 However, the energy densities of NIBs using
current cathode and anode materials are still insufficient and
lower than that of commercial LIBs.23 In this case, the develop-
ment of Na-metal batteries (NMBs) with high energy density and
low cost are needed to meet the requirements for large scale
energy storage systems.

One of the most promising categories of NMBs is the Na–S
battery system, which offers a high theoretical capacity and
high energy density of B1672 mA h g�1 and 1230 W h kg�1

based on the final discharge products of Na2S.26 As mentioned
above, high-temperature Na–S batteries operating at 300 1C
have been previously developed. The high operation tempera-
ture will decrease the energy efficiency of the device and may
also cause corrosion in the system.26 Researchers are beginning
to explore safer and more stable room temperature (RT) Na–S
batteries with high energy density. However, the RT Na–S
batteries suffer from low electrochemical utilization of the
sulfur active material, capacity fading, polysulfide dissolution,
and short life times.26,27 Efforts have been mainly focused on
the design of cathode materials (such as sulfurized polyacrylo-
nitrile, sulfur–carbonaceous composites and sodium poly-
sulfide/sulfide composites) and modification of electrolyte
and separators, which have been discussed in detail in a recent
review.27

Another attractive NMB system is the Na–O2 (or Na–air)
battery, which also presents a high energy density of 1602
and 1105 W h kg�1 based on the discharge products of Na2O2

Keegan R. Adair

Keegan Adair received his BSc in
chemistry from the University of
British Columbia in 2016. He
is currently a PhD candidate in
Prof. Xueliang (Andy) Sun’s Nano-
materials and Energy Group at the
University of Western Ontario,
Canada. Keegan has previous
experience in the battery industry
through internships at companies
including E-One Moli Energy and
General Motors R&D. His research
interests include the design of
nanomaterials for lithium metal
batteries and nanoscale interfacial
coatings for battery applications.

Xueliang Sun

Prof. Xueliang (Andy) Sun is a
Canada Research Chair in Develop-
ment of Nanomaterials for Clean
Energy, Fellow of the Royal Society
of Canada and Canadian Academy
of Engineering and Full Professor at
the University of Western Ontario,
Canada. Dr Sun received his PhD
in materials chemistry in 1999
from the University of Manchester,
UK, which he followed up by
working as a postdoctoral fellow at
the University of British Columbia,
Canada and as a Research Associate

at L’Institut National de la Recherche Scientifique (INRS), Canada.
His current research interests are focused on advanced materials
for electrochemical energy storage and conversion, including electro-
catalysis in fuel cells and electrodes in lithium-ion batteries and
metal–air batteries.

Yang Zhao

Yang Zhao is currently a PhD
candidate in Prof. Xueliang
(Andy) Sun’s Group at the Univer-
sity of Western Ontario, Canada.
He received his BS degree and MS
degree from Northwestern Poly-
technical University (Xi’an, China)
in 2011 and 2014, respectively. His
current research interests focus on
atomic layer deposition/molecular
layer deposition in the application
of lithium/sodium ion batteries
and all-solid-state batteries.

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
9/

11
/2

01
8 

8:
38

:2
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ee01373j


This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.

and NaO2, respectively.28–31 Compared with Li–O2 batteries, the
Na–O2 system has the advantage of superior energy efficiency
due to a lower charging over-potential in the formation of
Na2O2 discharge products.32–36 In 2011, Peled et al. reported
the first example of Na–O2 batteries working at a temperature
above the melting point of Na, followed by Sun et al. who
demonstrated the first rechargeable Na–O2 batteries at room
temperature in 2012.37,137 Since then, these battery systems
have achieved growing interests, however, there are still several
challenges that need to be addressed in order to obtain long life
Na–O2 batteries. Our previous review gave a comprehensive
summary on the challenges in the Na–O2 battery system,
including the control of discharge products, formation of
parasitic products, instability of electrolyte, contamination of
Na anode and poor cycling life.37

Beyond liquid-based NMBs, solid-sate Na metal batteries
(SSNMBs) have recently become a very hot topic due to their
improved safety, high-energy densities, and high-power densities
achieved by replacing the organic liquid electrolyte with solid-
state electrolytes (SSEs).38,39 Different Na-based SSEs, including
solid polymer electrolytes, oxide-based ceramic electrolytes,
sulfide-based electrolytes and hybrid solid electrolytes have been
developed with enhanced ionic conductivity at RT with good
chemical/electrochemical stability.38,40–44 Meanwhile, carbon
materials or alloys (such as Na–Sn alloy) have also been used
as anode materials in conjunction with SSEs.45,46

1.2 Na metal anodes

Several types of NMBs, including RT Na–S batteries, Na–O2

batteries and SSNMBs, are capable of delivering high theore-
tical energy densities and have attracted increasing attention as
promising alternatives to LIBs for large scale energy storage
applications. There is a common point for all these NMBs, in
which Na metal is used as the anode. Compared with other
anode candidates, Na metal is the ultimate choice among them
due to its high theoretical capacity (1166 mA h g�1) and low
electrochemical potential. All theoretical specific energy densities
of RT Na–S, Na–O2 and SSNB systems are calculated by using
Na metal as the anode.

Similar to the Li metal anode, Na metal also faces several
crucial problems and challenges during electrochemical cycling.47

The major issues of the Na metal anode can be summarized as:
(1) Na dendrite formation and short circuits. In a typical cycling
process, Na+ will come into contact with electrons from an
external circuit during charging and then electrochemically
deposit on the surface of Na metal.48,49 Similar to the electro-
deposition behaviors of Li+ and Zn2+, dendritic structures can
form on the surface of the Na metal or substrate, which is
affected by various factors including current density, anion
mobility, electrolyte and deposition capacity.48,50–52 Another
critical influence on the Na dendrite formation is the solid
electrolyte interphase (SEI). Generally, the SEI layer is formed
at the interface between liquid electrolyte (LE) and Na metal
anode due to the decomposition of organic electrolyte compo-
nents on the surface of reactive Na metal.53 A good SEI layer is
considered to be electronically insulating but ionically conductive,

which will block further side reactions between LE and Na
metal while transporting Na+ during electrochemical cycling.
However, an unstable SEI layer will lead to non-uniform Na+ flux,
resulting in Na dendrite growth. The accumulation of sharp Na
dendrites may penetrate through the separator, causing safety
concerns over internal short circuits. (2) Low Coulombic effi-
ciency (CE) and poor cycling performance. An unstable SEI layer
will not only cause Na dendrite growth, but also lead to the
depletion of electrolyte and electroactive Na during the repeated
breakage and repair of the SEI layers during cycling. The con-
sumption of the electrolyte and Na metal will lower the CE and
also shorten the life time. Meanwhile, the accumulation of ‘‘dead
Na’’ will give rise to large voltage polarizations and increase the
resistance of the batteries. (3) Infinite volume changes. The host-
less nature of the Na metal anode results in infinite volume
changes during repetitive Na plating/stripping processes.

The challenging issues associated with metallic Na anode have
also been noticed in practical NMBs. The undesired Na dendrite
growth had been observed by Hartmann et al. in the Na–O2

battery system.54 The porous structure of Na dendrites composed
of sodium and oxygen can also be found in the holes of the
separator. Another group also reported similar Na dendrite
growth in Na–O2 batteries with different discharge capacities.55

It has now come to attention that the performance of Na–O2

batteries is not only dependent on the cathode, but also the Na
metal anode, which is also a key component that can affect the life
time and stability of Na–O2 cells.

In the initial studies on NMBs, researchers put more
emphasis on the development of other cell components, such
as cathode materials and electrolyte. The important role of the
Na metal anode had been significantly neglected. However, the
importance of Na metal anode has been highlighted in recent
years and many creative studies have provided possible solu-
tions to address the issues of Na metal. With this in mind, a
comprehensive summary is required for a deep understanding
on the recent progresses of Na metal anodes, particularly for
NMBs. Although this topic has been partial mentioned in an
excellent review paper focusing on Li metal anodes, the pro-
gress and challenges associate with Na metal anodes has yet to
be summarized in detail.56 Thus, on the basis of this motiva-
tion, this review article focuses on the recent developments of
metallic Na anodes, including the fundamental understanding,
novel characterization methods, and strategies for protection
and future perspectives. Our review will accelerate further
improvement and application of Na metal anodes from funda-
mental studies to practical application in NMBs.

2. The fundamentals of Na dendrite
formation
2.1 Properties of Na dendrites

Over the past decades, there have been numerous studies on
the formation of Li dendrites, their growth process, surface,
and interface chemistry. However, unlike the systematic inves-
tigations of the Li anode and Li dendrites,51,57–60 very little
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research has focused on the properties and process of Na
dendrite growth. Belonging to the same group of alkali metals
as Li, metallic Na is expected to follow similar principles and
mechanisms during electrochemical processes. However, the
properties of Na metal are still slightly different from Li metal,
which will affect the Na dendrite growth. Fig. 1(a) shows the
various properties of metallic Na and Li in terms of atomic,
physical and mechanical properties. It can be seen that these
two alkali metals present different electronic structures and
atomic properties. Furthermore, the Na metal intrinsically dis-
plays higher chemical activity and lower mechanical properties.

To gain a better understanding on the difference between
Na and Li dendrites, Hong et al. carried out an in operando
experiment to study the chemical, mechanical and electro-
chemical stability of Li and Na dendrites under quasi-zero
electrochemical field (QZEF).61 Generally, QZEF refers to electro-
chemical systems where the external electrochemical process is
halted, such as the completion of charge/discharge, interruption
of battery operation and massive battery decay under abuse. In
their work, similar electrolytes of 1 M LiPF6 in dimethyl carbo-
nate (DMC)/ethylene carbonate (EC) and 1 M NaPF6 in DMC/EC
were used for Li and Na, respectively. Firstly, both Li and Na
dendrites were deposited on the Li and Na electrode under the
same condition. To investigate the effects of electrolytes on the
dendrites, both electrodes were allowed to settle under QZEF.
Interestingly, the Li dendrites showed almost no change under
QZEF, but the Na dendrites were gradually dissolved and dimini-
shed when settling in electrolyte. Furthermore, a large portion of
the Na dendrites had disappeared after 6 h. Secondly, two pieces
of fresh Li and Na foils were soaked in the electrolyte to study the
chemical stability. The results indicated that the surface of the
soaked Na foil possessed rough pits and heaves due to the high
activity of Na metal. Thirdly, the mechanical stability of the
Li and Na dendrites and their SEI layers were investigated via

applying mechanical forces, as shown in Fig. 1(b). It can be
observed that the Li dendrites and their SEI layers are more
mechanically stable than Na dendrites due to the robust
chemical bonding and lower chemical activity. The weakened
mechanical properties of Na dendrites are a critical problem
because it can lead to the ceaseless dissolution and damaging of
Na dendrites and the development of new SEI, which causes
NMBs to have irreversible capacity loss and shortened life times.
Lastly, the electrochemical performances had also been investi-
gated using Li–Li and Na–Na symmetric cells. Generally, the
Na–Na cells possessed more pronounced voltage hysteresis
fluctuations during repeated plating/stripping compared to Li–Li
cells, which was attributed to the unstable SEI layer in the similar
electrolyte systems.

In comparison to Li metal, Na dendrites and their related
SEI layers are more sensitive to the electrolyte and external
environments. In this case, achieving a stable SEI layer and
reducing Na dendrite growth will be more challenging compared
to the problems associated with Li metal anodes.

2.2 Advanced techniques for the study of Na dendrites

Similar to the studies on Li dendrites, advanced techniques for
the characterizations of Na dendrite growth and SEI layers are
necessary to gain a deep understanding on their fundamental
mechanisms and properties.62 In general, regular techniques
have been used to study the Na dendrite and SEI formation,
including scanning electron microscopy (SEM), optical micro-
scopy, X-ray photoelectron spectroscopy (XPS), Time-of-flight
secondary ion mass spectrometry (TOF-SIMS) and several other
methods. It is worth mentioning that our group firstly demon-
strate the Rutherford Backscattering Spectrometry (RBS) tech-
nique to study the SEI formation on Na metal anodes, which is
a very powerful tool to exhibit the compositions and thickness
of the SEI layers formed during electrochemical cycling.

Fig. 1 (a) Various properties of Li and Na; (b) mechanically stability under quasi-zero electrochemical field for Li and Na dendrites.61 Reproduced with
permission from Elsevier.
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Apart from the ex situ techniques, advanced in situ techni-
ques are considered to be more promising for observing the
plating/stripping behaviors and dendrite growth process of Na
metal. Rodriguez et al. demonstrated the in situ optical imaging
of the Na deposition process, as shown in Fig. 2(a).63 Three
types of electrolytes (1 M NaPF6 in (i) EC/diethyl carbonate
(DEC); (ii) propylene carbonate (PC)/fluoroethylene carbonate
(FEC); (iii) FEC/DEC) are used for their home-made hermetically
sealed optical cell. From observation of the in situ optical images,
highly porous Na with mossy and dendritic structures were
deposited for all the electrolytes. Meanwhile, the Na dendrites
formed in both EC/DEC and PC/FEC were easily expelled into
the electrolyte along with gas generations. However, it has also
been demonstrated that the issues of porous depositions, gas
evolutions and Na loss were reduced when using FEC as the
co-solvent.

In situ atomic force microscopy (AFM) is another useful
analytical technique that can provide visualized evidence of
electrochemical reactions in batteries system, particularly for
changes in surface morphology of the electrode. Recently, Chen’s
group reported an in situ AFM study of Na deposition on a
homemade planar electrode in a carbonate-based electrolyte.
The schematic of the in situ AFM setup is shown in Fig. 2(b).64

In their design, the in situ AFM included a gold coated home-
made planar electrode, a sodium electrode, an O-ring for sealing
of the liquid, an AFM probe and an optical camera. They firstly
studied the Na deposition behavior by in situ AFM using an
electrolyte consisting of 1 M NaClO4 in EC/PC (1 : 1 v). Three
stages were visualized in the deposition processes by in situ AFM
combined with optical images. The first stage was the nucleation
step appearing in the beginning of Na deposition (100 s).
After 300 s deposition, the growth of Na was clearly observed.
Subsequently, the Na continues to spread and finally formed a

rough layer after 1000 s, followed by the formation of Na
dendrites and dead Na layers. FEC was further used in their
study as an additive in the electrolyte, which can stabilize the
Na deposition and suppress the Na dendrite formations. From the
in situ AFM, the FEC-containing electrolyte demonstrated a more
homogeneous morphology and higher modulus than those in the
pristine electrolytes. Their work provides a good example of the
development of in situ strategies to study the Na metal anode.

In situ nuclear magnetic resonance (NMR) spectroscopy is
used as a unique and indispensable tool for the nondestructive
analysis of battery systems. In previous studies, in situ NMR
has given valuable and quantitative insight with adequate
temporal resolution to analyze the Li microstructure (dendritic
and mossy Li). Grey and colleagues firstly demonstrated in situ
23Na NMR on a Na metal electrode during electro-deposition of
Na (Shown in Fig. 2(c)).65 Consistent with the phenomenon
observed from other techniques, a high surface area morphology
was produced in the continuous galvanostatic plating of Na.
Through the use of in situ 23Na NMR, it could be observed that
the two cells cycled with higher current densities (1 and 2 mA cm�2)
exhibited similar behavior in terms of their efficiency in removal of
the high surface area microstructures. In contrast, a different
behavior was seen for the lowest current density studied
(0.5 mA cm�2), where the efficiency of removal is dramatically
increased. Their study suggested that these two regimes are
distinguished by both the efficiency in which high surface area
deposits can be removed and the time dependence of the nuclea-
tion process, both of which are greater at lower current.65

The techniques discussed above are suitable to study Na
dendrite growth under relatively large scales (micro size), how-
ever, the nucleation process of Na deposition is still difficult to
be determined. Li et al. presented the first nanoscale-resolution
observation of electrochemical Na plating/stripping dynamics

Fig. 2 Different analytical techniques for Na deposition (plating) studies: (a) in situ optical images.63 Reproduced with permission from American
Chemical Society. (b) In situ AFM.64 Reproduced with permission from The Royal Society of Chemistry. (c) In situ NMR.65 Reproduced with permission
from American Chemical Society. (d) In situ TEM.66 Reproduced with permission from Elsevier. (e) In situ soft XAS.136 Reproduced with permission from
The Royal Society of Chemistry.
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via in situ electron microscopies using amorphous carbon
nanofibers (CNF) as a current collector.66 Fig. 2(d) shows their
set up for the in situ transmission electron microscope (TEM)
and SEM. From the in situ SEM and TEM, it was found that
the Na metal is grown and dissolved reversibly as nano/micro-
particles at all possible locations around individual CNFs and
even throughout their network. Interestingly, Na ions were also
transported in the fibers, enabling a more homogeneous Na
deposition deep into the interior network. Their works provide
some new insights and technical paths in the design of dendrite
free Na metal anodes.

Synchrotron-based Soft X-ray absorption spectroscopy (XAS)
can reveal the surface and interface information about the local
electronic and chemical structure of products by probing states
near the Fermi level using X-rays. More recently, our group
develop, for the first time, an in situ system for soft XAS study of
non-aqueous Na–O2 cells to examine the degradation mecha-
nism of discharge products (see Fig. 2(e)).136 It was discovered that
a non-uniform layer of side-products formed on the surface of
NaO2 due to the decomposition reaction between the discharge
product and electrolyte. Furthermore, we have exemplified the
capability of the in situ soft XAS technique in illuminating the
underlying mechanisms of electrochemical processes benefiting
from the elemental selectivity and chemical sensitivity. We also
believe that in situ soft XAS is a promising tool to study the
electrochemical plating/stripping and SEI formation of the Na
metal anode, which will be demonstrated in the future works.

As an alternative method of analyzing the Na deposition
process, Kondou et al. studied the Na plating procedure in another
view by investigating the thermal reactivity of Na metal.67 From
their results, the heat flow profile of sodium plating exhibited
lower peak intensities and larger widths without FEC additive.
On the other hand, with FEC, the heat flow profile dramatically
changed, exhibiting a three-fold increase in peak intensity com-
pared to the FEC-free electrolyte.67

As seen above, many advanced characterization techniques,
especially the in situ techniques, have been proposed to under-
stand the growth of Na dendrites and SEI layer formation. Unlike
the detailed studies for Li anodes, many fundamental questions
have yet to be answered for the Na metal anode and its dendrite
growth, which will be discussed in the perspective sections.
Meanwhile, any one of these techniques alone is not enough to
gain a deep and comprehensive understanding on the surface and
interface chemistry of the Na metal anode and its SEI layers,
which will require the combination of different analytical techni-
ques in future research. New approaches, such as synchrotron
radiation-based techniques, are expected to provide new insight
and guidance on the surface chemistry of Na metal anodes.

3. Stabilization of the SEI layer on
Na metal anodes
3.1 Electrolyte modification for stable SEI

As discussed above, the SEI layer is one of the most important
components of the Na metal anode. An ideal SEI should possess

high ionic conductivity, sufficient density, small thickness and
high flexibility to mechanically suppress the Na dendrite
growth.60,62,68 During electrochemical cycling, the major com-
ponents of the SEI layer are generated from the reduction of
solvents and salts in the organic electrolytes. Thus, the proper-
ties of SEI layer are always determined by the organic solvent,
Na salt and additives in the electrolytes.69

FEC has already been proven as an effective additive to
stabilize the SEI on Li metal surfaces, and has also been
proposed for Na anodes.70 In the last section, Rodriguez et al.
and Chen’s group used FEC as an additive to demonstrate their
different in situ techniques for Na deposition. Tarascon’s group
also demonstrated that the use of FEC as an additive minimizes
the irreversible capacity of Na-half cells using Na metal as the
anode.71 From their study, FEC can limit the Na reactivity
toward the electrolyte via the growth of a protective layer with
an impedance that increases with time. This protective layer
mainly consisted of a harder and more homogeneous NaF
interface.64 The NaF coating can provide a homogeneous Na+

flux to the surface of the electrode, resulting in reduced Na
dendrite growth and longer life times. More recently, Wang
et al. reported a bi-functional electrolyte additive of potassium
bis(trifluoromethylsulfonyl)imide (KTFSI) to stabilize Na metal
electrodes.72 In their design, the K+ cations are preferentially
adsorbed on the deposited Na and provide electrostatic shielding
to suppress dendritic deposition. With the assistance of the
bi-functional electrolyte additive, the Na metal anode could
realize a long cycle life over hundreds of hours at a high capacity
of 10 mA h cm�2.

The concentration of the salt in electrolyte will also affect the
cycling efficiency of Na metal anodes.73,74 Lee et al. presented an
ultra-concentrated electrolyte composed of sodium bis(fluoro-
sulfonyl)imide (NaFSI) in 1,2-dimethoxyethane (DME) for Na
metal anodes coupled with high-voltage cathodes.75 Fig. 3(a)
compares the CE for Na plating/stripping on stainless steel (SS)
with different concentrations of salt in the electrolyte. Higher
concentration NaFSI-DME electrolytes led to substantially improved
initial CE for Na plating/stripping. Moreover, with the 5 M
NaFSI-DME electrolyte, a high CE of 99.3% was obtained for
120 cycles at a rate of C/10. Meanwhile, the rate performances
(Fig. 3(a)) had also been drastically enhanced with a CE of
93.8% at a high rate of 2C using 5 M NaFSI-DME electrolyte
compared to the conventional dilute 1 M NaPF6-EC/PC electro-
lyte. However, the highly concentrated electrolyte still possesses
shortfalls, such as high viscosity, poor wettability, and high
salt cost. In this case, Zheng et al. demonstrated the use of a
hydrofluoroether as an ‘‘inert’’ diluent can significantly reduce
the salt concentration as well as maintain the high CE.76 With
their design, a relatively low salt concentration (2.1 M NaFSI/DME-
bis(2,2,2-trifluoroethyl)ether (1 : 2)) enabled the dendrite-free Na
deposition with a high CE of 499% and greatly enhanced the fast
charging (20C) and stable cycling (90.8% after 40 000 cycles)
of Na8Na3V2(PO4)3 batteries. The bis(2,2,2-trifluoroethyl)ether
diluent will not break the localized Na+–FSI�–DME solvation
structures but improve the interfacial reaction kinetics and
interfacial stability of the Na metal anode. Their work has

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
9/

11
/2

01
8 

8:
38

:2
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ee01373j


This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.

opened a new avenue to tailoring of the electrolyte chemistry with
low salt concentrations for developing high-performance NMBs.

It is known that the combination of different electrolyte
components, such as the solvent and salt, will further affect the
Na deposition behaviour. In 2015, Cui’s group gave a compre-
hensive study on the electrolyte combinations using different
electrolyte salt of NaPF6, NaN(SO2CF3)2 (NaTFSI), NaFSI,
NaSO3CF3 (NaOTf) and NaClO4 with solvents such as mono-
glyme, tetraglyme, EC/DEC and EC/DMC.77 Fig. 3(b) presented
the plating-stripping CE of Na metal anodes cycled using 1 M
NaPF6 in various electrolyte solvents and 1 M of various
electrolyte salts in diglyme, respectively. Generally, the electro-
lytes of 1 M NaPF6 in glymes (mono-, di- and tetraglyme), can
enable the highest reversibility and no dendrite structures at
room temperature. The SEI formations were also studied using
depth profile XPS, in which the uniform inorganic SEI layer
made of Na2O and NaF are highly impermeable to electrolyte
solvent and conducive to dendrite inhibition.

Other than the conventional electrolytes, significant efforts
have been made to develop novel electrolyte systems to achieve
high CE and dendrite-free Na depositions. Song et al. reported a
dendrite-free Na-metal electrode employing a non-flammable
and highly Na+-conductive NaAlCl4�2SO2 inorganic electrolyte
with enhanced electrochemical performances compared to the
conventional organic electrolytes. These remarkable perfor-
mances can be attributed to the unique nature of the highly
concentrated SO2-based inorganic electrolyte and its intrin-
sically high Na+ conductivity.78 Subsequently, another novel
highly concentrated sodium electrolyte based on liquid ammonia
has been reported, which can be described as NaY�xNH3 (Y: I�,
BF4

�, BH4
�).79 These electrolytes showed excellent properties

such as low flammability and high specific ionic conductivity

with dendrite-free and highly reversible Na plating/stripping
behaviours as well as high CE when performed on a Cu substrate.

In this section, we summarized the recent research progress
focusing on the modification of electrolyte components to
obtain stable SEI layers for Na metal anodes (Table 1). The
promising approaches can be classifies as: (1) the rational
combination between salt and solvent in the electrolytes, which
plays an important role in the electrochemical performances.
It is considered that the use of NaPF6 as salt and glymes as
solvent will create a uniform inorganic SEI layer consisting of
Na2O and NaF, leading to both dendrite-free deposition and
long cycling life. (2) The ultra-high salt concentration in the
electrolyte can provide remarkable effects to suppress the Na
dendrite growth and achieve stable SEI formation. The ‘‘inert’’
diluents in the electrolyte can not only decrease the salt con-
centrations, but also maintain the excellent plating/stripping
behaviours. (3) FEC is widely accepted as the most effective
electrolyte additive to produce a stable NaF SEI layer and improve
the CE. (4) Beyond the existing electrolytes, novel electrolyte
systems with the advantages of low cost, improved safety as well
as dendrite-free Na depositions are expect to address the current
issues in NMBs.

3.2 Artificial SEI layers by surface modification

In addition to the in situ formed SEI layer from the reaction
between metallic Na and electrolyte, surface modification with
artificial SEI layers is considered as another effective strategy to
protect Na metal anodes. The artificial SEI is fabricated prior
to cell assembly and can block the direct contact between Na
metal and LE, thus preventing the consumption of the electro-
lytes and electrode materials, heterogeneous deposition, and
dendrite formation.48 Compared to the in situ formed SEI from

Fig. 3 (a) Coulombic efficiency of Na plating/stripping in Na/SS cells and photographs of a pristine Na metal electrode and Cu substrates after the initial
Na plating with different concentration of electrolytes.75 Reproduced with permission from American Chemical Society. (b) Plating–stripping Coulombic
efficiencies of Na metal anodes cycled using (a) 1 M NaPF6 in various electrolyte solvents and (b) 1 M of various electrolyte salts in diglyme.77 Reproduced
with permission from American Chemical Society.
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the electrolyte components, the artificial SEI possesses more
advantages: (1) as discussed in 2.1, the highly chemically active
Na metal can react with electrolyte components spontaneously.
With the protection of artificial SEI, these side reactions can be
effectively blocked. (2) The properties of the artificial SEI can
be easily regulated and tailored without any effect from the
electrochemical process. Thus, the development of artificial SEI
layers has grown very fast in the past year and will be discussed
in this section.

To provide guidance for the development of suitable protec-
tive films on Na metal anodes, Tian et al. carried out a com-
prehensive theoretical study on both diffusion and mechanical
performance of layered materials to reveal their possibilities as
artificial SEI layers for Na metal anodes.80 From the simulation
results, the introduction of defects, the increase of bond length,
and proximity effect can improve the conductivity of Na+ ions
and enable lower diffusion barriers with higher diffusion
rates.80 Generally, the materials with puckering structure, such
as phosphorene, SnS, and SnSe, are not good for Na+ ion
diffusion, and even worse for the strain properties, making
them not suitable as artificial protection coatings. Meanwhile,
defective h-BN or graphene are also not suitable for Na metal
anodes due to the larger radius of Na+ resulting in difficult
diffusion of Na within the structures. Nevertheless, the simula-
tion results show that both silicene or Si materials are poten-
tially promising artificial SEI coatings for Na metal with
relatively high Na diffusion rate and stiffness stronger than
common SEI films.80 Furthermore, another group screened the
Open Quantum Materials Database to identify various coatings
exhibiting chemical equilibrium with the Na metal anode.81

They identify 118 promising coatings for Na metal anode

including binary, ternary, and quaternary compounds, which
are listed in their paper.

In the latest studies, different approaches have been pro-
posed to fabricate artificial SEI or protective layers for Na metal
anodes. Among them, gas phase deposition methods, especially
atomic layer deposition (ALD), has attracted increasing atten-
tion. ALD is a thin film deposition technique which is based
on the sequential use of self-limiting gas–solid reactions.82,83

It has the exclusive advantages of extremely uniform and con-
trollable deposition at low deposition temperatures.84,85 It has
been widely studied as a novel surface coating and modification
approach for alleviating side reactions and improving electro-
chemical performances, even enhancing the thermal stability
of both anode and cathode materials.86–88 Meanwhile, ALD
Al2O3 coatings have been verified as effective artificial SEI
coatings for Li metal anode by different groups.89,90 Recently,
our group and Hu’s group reported the applications of ALD and
plasma enhanced ALD Al2O3 coatings as protective layers for Na
metal anodes, respectively.91,92 The ALD Al2O3-coated Na anode
presented a large improvement in the electrochemical plating/
stripping performances and the suppression of Na dendrite
growth in both carbonate-based and ether-based electrolytes.
Fig. 4(a) presents the comparison of the cycling stability of
the Na@25Al2O3 and the bare Na foil at a current density of
3 mA cm�2 and 5 mA cm�2 with the capacity of 1 mA h cm�2

from our work. The results showed that the Na metal with ALD
Al2O3 coating displayed much more stable performances with
almost no change in polarization at different current densities.
As mentioned above, we firstly demonstrated the advanced RBS
measurement in this paper to study the SEI formation with ALD
Al2O3 coating. Fig. 4(b) exhibits the RBS spectra and calculated

Table 1 Summary of the reported literature on electrolyte modification for stable Na metal SEI formation

Na cells Electrolyte salt Electrolyte solvent Additives Current density (mA cm�2) Capacity (mA h cm�2) CE/life time Ref.

Na–Cu 1 M NaPF6 Diglyme — 0.5 1 99.9% (300 cycles) 77
1 M NaPF6 Monoglyme — 0.5 1 99.9% (300 cycles)
1 M NaPF6 Tetraglyme — 0.5 1 99.9% (300 cycles)
1 M NaPF6 EC/DEC — 0.5 1 o20% (o25 cycles)
1 M NaPF6 EC/DMC — 0.5 1 o20% (o25 cycles)
1 M NaN(SO2CF3)2 Diglyme — 0.5 1 o10% (o25 cycles)
1 M NaFSI Diglyme — 0.5 1 o10% (o25 cycles)
1 M NaSO3CF3 Diglyme — 0.5 1 o80% (o125 cycles)
1 M NaClO4 Diglyme — 0.5 1 o10% (o25 cycles)

Na–Na NaAlCl4�2SO2 — — 0.75 1.5 95 cycles 78
Na–Cu 4 M NaFSI DME — 0.2 0.2 99% (300 cycles) 73

4 M NaFSI DME — 0.5 0.5 99% (300 cycles)
4 M NaFSI DME — 1 1 99% (300 cycles)

Na–Al 4 M NaFSI DME — 0.5 0.5 99% (300 cycles)
Na–Na 1 M NaPF6 EC0.5DMC0.5 3% FEC 0.05 — 600 h 71
Na–SS 5 M NaFSI DME — C/10 — 99.3% (120 cycles) 75
Na–Na 5 M NaFSI DME — 0.0028 0.0014 600 h
Na–Cu NaI�3.3NH3 — — 10 — 580 h 79
Na–Cu 1.7 M NaFSI DME — 0.2 1 o50% (o50 cycles) 76

1 M NaPF6 EC-DEC — 0.2 1 o25% (o50 cycles)
5.2 M NaFSI DME BTFE 0.2 1 499% (400 cycles)
1.5 M NaFSI DME BTFE 0.2 1 499% (400 cycles)
2.1 M NaFSI DME BTFE 0.2 1 499% (400 cycles)
3.1 M NaFSI DME BTFE 0.2 1 499% (400 cycles)

Na–Na 2.1 M NaFSI DME BTFE 1 1 4950 h
2.1 M NaFSI DME BTFE 2 1 4950 h

Na–Cu 1 M NaPF6 EC/PC FEC 1 1 100 h 64
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depth profiles of Na@25Al2O3 after cycling. From the RBS
analysis, B85 � 5% of the as-deposited Al remained on the
surface of Na metal, indicating the electrochemical stability of
ALD Al2O3 in ether-based electrolyte. Meanwhile, the sulfur areal
density was larger by a factor of two for the bare Na sample
compared to Al2O3-coated Na, demonstrating the effective pre-
vention of side reactions between Na metal and electrolyte.92

As an extension of ALD, molecular layer deposition (MLD)
has been further developed by replacing the oxidizing precursor
with organic linkers or the addition of molecular fragments
into the film to form the polymer and organic–inorganic hybrid
films.93 The MLD films provide increased toughness and
flexibility as a result of C–C and C–O bonds from the organic
linkers, which is reported to enhance the electrochemical per-
formances of Si anodes, Li metal anodes and S cathodes.94–97

Our group firstly demonstrated the application of MLD alucone
(Al-ethylene glycol (EG)) as a protecting layer for Na metal anode
cycled in carbonate-based electrolyte (NaPF6 in EC/PC).98

Fig. 4(c) shows the comparison of the cycling stability of the
Na@25 alucone and the bare Na foil at a current density of
1 mA cm�2 with the capacity of 1 mA h cm�2. From the results,
the Na@25 alucone presented improved plating/stripping per-
formances with reduced dendrite growth and double the life
time. Meanwhile, the RBS technique was also carried out to
study the surface changes during cycling, as shown in Fig. 4(d).
From the RBS results, the Al peaks and associated depth profiles
do not change dramatically after cycling, indicating the chemical
and electrochemical stability of MLD alucone in the NaPF6

contained electrolyte. In comparison, the Na@Al2O3 had also
been investigated in this electrolyte (NaPF6 in EC/PC), which
showed improved performances compared with bare Na. However,
it was still not comparable to the MLD alucone-coated Na metal
anode. From our works, we have demonstrated that both ALD
and MLD are effective tools to deposit artificial SEI layers with
controllable thicknesses under relatively low temperatures. The
as-deposited ALD/MLD films exhibit excellent electrochemical

Fig. 4 ALD Al2O3 coating as protective layer for Na metal anode: (a) electrochemical cycling and (b) RBS spectra and calculated depth profiles of
Na@25Al2O3 after cycling; MLD alucone coating as a protective layer for Na metal anode;92 reproduced with permission from John Wiley and Sons.
(c) Electrochemical cycling and (d) RBS spectra and calculated depth profiles of Na@25 alucone after cycling.93,98 Reproduced with permission from
American Chemical Society.
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stability and are effective in suppressing Na dendrite formation
through forming robust artificial SEI layers.

Additionally, chemical reactions with Na metal is another
approach to fabricate an artificial SEI on the surface. In other
words, Na metal is used as a reactant to form the artificial SEI.
Archer’s group firstly demonstrated the reaction of metallic Na
with bromopropane to undergo the Wurtz reaction as illus-
trated in the Fig. 5(a).99 In doing so, NaBr is formed on the
surface of Na foil with thicknesses ranging from 2–12 mm.
Fig. 5(a) shows the galvanostatic cycling performance of Na/NaBr
and control samples at the current density of 0.5 mA cm�2 with
the capacity of 0.5 mA h cm�2. From the results, the cell
comprising NaBr-coated Na was stable for at least 250 h with
minimal rise in cell polarization, producing nearly a 10-fold
improvement in the cell lifetime. Furthermore, the in situ
visualization was performed to contrast the electrodeposition
stability with and without NaBr layers on the sodium anode.
The results showed that the NaBr coating not only restricts
dendritic formation, but also prevents unwanted side reactions
between the electrode and electrolyte.99 Afterwards, their group
reported ionic membranes synthesized on a metallic Na anode by
an in situ electro-initiated polymerization method of imidazolium-
type ionic liquids containing unsaturated functional groups,

as shown in Fig. 5(b).100 The study showed that the ionic
membranes can protect the Na metal against parasitic reactions
with liquid electrolyte without compromising ion transport in
the SEI. The ionic membrane-protected Na anodes exhibited
high CE and stable long-term cycling even at relatively high
current densities. Meanwhile, the ionic membranes can reduce
the electric field on the surface of Na, resulting in the uniform
deposition of Na metal. From their works, the reaction-based
method using Na metal as reactant has been proven as a
promising alternative strategy to synthesizing artificial SEI
layers on the Na metal surface. However, it is still believed that
the thickness control is the main challenge for this method in
term of unpredictable chemical reactions on the Na surface.

Other approaches have also been reported to modify the
surface of Na or create artificial SEI layers for Na metal anodes.
Kim et al. demonstrated a multistep approach to fabricate a free-
standing composite protective layer that could enable enhanced
reversibility of Na metal anode by mechanically suppressing Na
dendrite growth and mitigating the electrolyte decomposition.101

In this work, the as prepared free-standing composite protec-
tive layer was laminated on the Na metal electrode by roll-
pressing. One of the key factor in their protective layer was
the high mechanical strength and high ionic conductivities.

Fig. 5 (a) Schematic showing the procedure used to coat Na with NaBr and its electrochemical performances.99 Reproduced with permission from
Springer Nature. (b) A schematic drawing of the polymeric ionic liquid film formation on Na and its electrochemical performances.100 Reproduced with
permission from John Wiley and Sons. (c) Schematic diagram showing the fabrication process of graphene-coated Na and its electrochemical
performances.101 Reproduced with permission from American Chemical Society.
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Similar ideas have been proposed using ultrathin graphene
films as the free standing protective layer on Na metal anode, as
shown in Fig. 5(c).102 Interestingly, the Na anode stability at
different current densities and capacities was dependent on the
thickness of the graphene film. To achieve an optimal perfor-
mance, the thickness of the graphene film was meticulously
selected based on the applied current density. It was found that
15 layers of graphene (B5 nm) can significantly enhance the
Na cycling behavior at a high current density of 2 mA cm�2 and
a capacity of 3 mA h cm�2 over 100 cycles. The stable Na metal
anode with a high cycling capacity of 3 mA h cm�2 is more
promising in terms of the practical application of NMBs. Another
interesting work has been reported by Li and colleagues.103

In their study, they used a commercial carbon paper (CP) as
the protection layer for Na metal anode, in which the CP direct
covered the surface of Na foil. The Na anode with CP exhibited
significantly improved over-potentials and cycling stability
(up to B1200 cycles). This positive effect was attributed to the
large surface area of carbon paper that is capable of dissipating
current density and its less reactive surface favoring the forma-
tion of a stable SEI layer.103

In this part, we have given an overview of the recent develop-
ments of the various surface modifications strategies for the
protection of Na metal anodes, as summarized in Table 2. Based
on the fabrication process, the methods can be categorized
into the following: (1) the chemical/physical deposition method
(like ALD and MLD). These deposition methods exhibit the
advantages of uniform coverage and precise control over film
thickness. In the future, novel coating materials with high Na+

conductivity are expected to be developed for Na metal anode by
these methods. (2) Reaction method using Na as a reactant.
From this process, Na-containing materials or ionically conduc-
tive layers can be obtained. However, control over the desired
thickness and a deep understanding on the surface/interfacial
change are still lacking. (3) The mechanical transfer method.
Based on this method, a larger variety of materials can be explored

with a facile fabrication process. However, the Na metal anode
and these protective layers are usually connected by physical
contact, which is not as strong as the chemical bonding used by
the other two methods.

4. Nanostructured Na metal anodes
4.1 Nanostructured current collectors

Because the spatial inhomogeneity of the Na+ distribution on
an electrode surface contributes directly to the Na dendrite
formation, it is urgent to develop strategies to produce a uni-
form Na+ flux.50,104 One of the most popular approach is to
increase the surface area of the electrode to dissipate the local
current density, which can be realized by manipulating the
nanostructure of the current collectors. Al foil, the typical
current collectors for cathode materials in LIBs, can also serve
as a current collector for the anodes in NIBs and NMBs because
it will not alloy with Na. However, Na dendrites will be formed
on the Al foil due to the inhomogeneous distribution of local
current. To achieve dendrite-free Na deposition, a nucleation
layer was produced on the Al foil to assist the sodium seeding
process with a lower nucleation energy barrier and improved
structure for stable sodium plating.105 The results showed that
over 1000 plating–stripping cycles with an average CE of 99.8%
was maintained with a low average hysteresis of 14 mV and
smooth Na film deposited on the Al current collector. Furthermore,
this Na metal-free anode coupled with a pre-sodiated pyrite
cathode could provide an energy density of B400 W h kg�1,
which is very promising for future applications. Beyond planar
Al foil, Luo’s group reported porous Al foil as the Na plating
substrate to suppress the Na dendrite growth.106 Fig. 6(a)
illustrates the schematic of Na deposition on planar and porous
Al foils and the SEM images of porous Al foils before and after
cycling. From the SEM images, it can be observed that the
Na plated on porous Al was homogeneously distributed on the

Table 2 Summary of the reported literature on surface modification techniques for stable Na metal anodes

Na cells Coating materials Electrolyte
Current density
(mA cm�2)

Capacity
(mA h cm�2) CE/life time Ref.

Na–Na NaBr 1 M NaPF6 in EC/PC 0.25 0.25 250 cycles 99
1 M NaPF6 in EC/PC 0.5 0.5 250 cycles
1 M NaPF6 in EC/PC 1 1 250 cycles

Na–Na Inorganic–organic
composite protective layer

1 M NaClO4 in EC–PC 0.5 1 4550 h 101

Na–Na ALD Al2O3 1 M NaClO4 in EC–DEC 0.25 1 400 h 91
1 M NaClO4 in EC–DEC 0.5 1 120 h

Na–Na ALD Al2O3 1 M NaCF3SO3 in DEGDME 3 1 500 h 92
Na–Na MLD alucone 1 M NaPF6 in EC/PC 1 1 270 h 98

1 M NaPF6 in EC/PC 3 1 120 h
Na–Na Ionic membrane 1 M NaClO4 in EC/PC 0.1 - 4250 h 100
Na–Na Graphene 1 M NaPF6 EC/DEC 0.5 0.5 200 h 102

1 M NaPF6 EC/DEC 0.25 1 200 h
1 M NaPF6 EC/DEC 1 1 200 h
1 M NaPF6 EC/DEC 2 1 125 h
1 M NaPF6 EC/DEC 2 3 300 h

Na–Na Carbon paper 1 M NaClO4 in PC with 5%FEC 1 1 200 cycles 103
1 M NaCF3SO3 in DGME 0.5 1 250 cycles
1 M NaCF3SO3 in DGME 5 1 1200 cycles
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surface of the porous Al without any protuberance. As a result,
the Na metal anodes can run for 1000 cycles with a low and
stable voltage hysteresis and an average plating/stripping CE
above 99.9% for over 1000 cycles.

Other kinds of nanostructured current collectors have been
designed, including 3D Cu with nanowires, porous 3D Ni,
carbon nano-template and 3D carbon fiber scaffolds.107–110 Lu
and colleagues reported a facile hydrothermal route to transform
commercial Cu foil into 3D Cu nanowires for use as current
collector.107 Fig. 6(a) shows the schematic illustrations of
Na-plating models on different current collectors of planar Cu
foil and 3D Cu nanowires. The as-prepared 3D Cu nanowires
exhibited an average diameter of 40 nm, which can lead to a
more effective electric field. As a result, the 3D Cu nanowires
can accommodate a high areal capacity of 3 mA h cm�2 with
stable plating/stripping for over 100 cycles. Fig. 6(a) display the
SEM images of the Na plating/stripping on 3D Cu nanowires at
different capacities. When increasing the plating capacity to
4 mA h cm�2, the deposited Na showed a nodule-like structure
with round-shaped edges on the 3D Cu nanowires.

Generally, the energy barrier between Na and Cu (or Al)
is relative high especially in the initial nucleation process,
resulting in high over-potentials and non-uniform depositions.

In a recent work, macroporous catalytic carbon nanotemplates
(MC-CNTs) composed of hierarchically interconnected carbon
nanofibers were synthesized from microbe-derived cellulose via
simple heating at temperatures from 800 to 2400 1C. Compared
with Al foil, the MC-CNTs delivered lower initial over-potentials,
which can be attributed to the lower energy barrier. The MC-CNT
fabricated at high temperature (2400 1C) maintained better
cycling behavior with a CE of 99.9% over 1000 cycles, and in
contrast, the MC-CNT fabricated at 800 1C shows a limited
cycling stability (B200 cycles). It is believed that degradation of
the graphitic structure for MC-CNT-2400 is significantly retarded
in the repetitive cycles, which can cause a remarkable improve-
ment in cycling performances. Recently, another impressive
work has been reported by Tang et al.111 where they introduced
a ‘‘sodiophilic’’ layer of Au–Na alloy on the Cu substrate to
significantly reduce the energy barriers and over-potential
during the nucleation process. From their results, an average
CE of 99.8% can be maintained at a high current density of
2 mA cm�2 for 300 cycles.

In this section, we summarize the reported research on
the design of nanostructured current collector for NMBs, parti-
cularly for anode-free NMBs (Table 3). Several works have
demonstrated the use of 3D metal and carbon substrates as

Fig. 6 (a) Schematic of Na deposition on planar and porous Al foils; SEM images of porous Al foils before and after plating/stripping cycling.106

Reproduced with permission from American Chemical Society. (b) Schematic illustrations of Na-plating models on different current collectors of Cu foil
and 3D Cu nanowires; SEM images of 3D Cu nanowires after Na plating/stripping with different current densities and capacities.107 Reproduced with
permission from The Royal Society of Chemistry.
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current collectors to achieve stable performances with high
CE of 99% and superior long life times of over 1000 cycles.
However, some challenges still remain: (1) the electrolyte
systems used in these studies are among the most stable
electrolytes (NaPF6 in DEGDME), as discussed in 3.1. However,
there is no report focusing on the dendrite-fee Na deposition
and high CE of current collector in carbonate-based electro-
lyte, which is more popular for cells coupled with insertion-
type Na cathodes. (2) The capacities are relatively low
(o1 mA h cm�2), which is insufficient for practical applications
that require high capacity. (3) Although carbon materials
have been used to decrease the energy barriers of Al, large
over-potentials are still present under high current density.
Thus, there is still room for improvement with respect to the
performances via modifying the current collector with specific
materials which have low energy barriers during Na nucleation,
such as gold.

4.2 Nanostructured hosts for Na metal

As discussed above, another serious issue for metallic Na is
the relatively infinite volume change, which has only recently
begun to be addressed. To overcome this problem, molten Li is
introduced into the gaps of nanostructured host materials.50

Different from the 3D current collector, this strategy is very
important for the application of stable Na metal anodes in
RT Na–S and Na–O2 batteries, in which the cathode materials
lack prestored Na. Nanostructured carbon materials are the
most popular candidate as host due to their low cost, ease of
fabrication and stable chemical properties. Luo et al. used
reduced graphene oxide (rGO) as a host to form a processable
and moldable composite Na metal anode, as shown in Fig. 7(a).112

Interestingly, it was observed that by controlling the thick-
nesses of the densely stacked graphene oxide (GO) film, the
thicknesses of the Na@rGO can be easily determined, which
was found to be 20 times that of the GO films (Fig. 7(a)).
Meanwhile, the shapes and structures of the Na@rGO can be
assembled into 1D fibers, 3D monoliths or other 2D shapes
by changing the GO precursor. The composites with only 4.5%
GO had greatly enhanced mechanical properties, such as hard-
ness, strength, and stability against environmental corrosion
compared to pure Na. The as-prepared Na@rGO composite
electrodes showed enhanced electrochemical plating/stripping

performances in a series of electrolytes, including NaPF6 in
diglyme, NaCF3SO3 in diglyme and NaClO4 in EC/PC. The r-GO
sheets in the Na@r-GO composite could flatten the surface,
leading to a more evenly distributed Na+ flux, further enhance-
ment of the electrochemical performances and suppressed
dendrite growth.112 Moreover, wood-derived carbon materials
with channels have also been reported by Hu and colleagues as
a 3D host for Na metal.113 Fig. 7(b) illustrates the fabrication of
the Na–wood composite electrode with the thermal infusion
process of molten Na. After melt infusion of Na, the channels
of carbonized wood were almost completely filled, as observed
by SEM. The electrochemical performances of symmetric
cells using Na–wood electrodes and bare Na electrode under
different capacity limits are shown in Fig. 7(b). The Na–wood
electrode displayed very stable cycling performance with more
than 250 cycles under both testing conditions while the bare
Na metal can only run for less than 90 cycles and 50 cycles,
respectively. The improved performances can be attributed to
the porous channels of the wood-derived carbon, which provide
a high-surface-area conductive host that can greatly decrease
the effective current density and ensure uniform Na nucleation.
In our recent paper, we demonstrated the rational design of a
carbon paper (CP) with N-doped carbon nanotubes (NCNTs) as
a 3D host to obtain Na@CP-NCNTs composites electrodes
for NMBs.114 The schematic diagram of the fabrication pro-
cedure of Na@CP-NCNTs composites is shown in Fig. 7(c).
Interestingly, without NCNTs, the pristine CP was found to be
‘‘Na-phobic’’ and displayed a large contact angle between the
substrate and molten Na. However, after functionalizing the
CP with NCNTs, the contact angle between Na and CP-NCNTs
was effectively reduced and Na was found to instantaneously
diffuse into the 3D CP-NCNTs. These results demonstrated
that NCNTs possess the ability to change the Na wettability
properties of CP. We first proposed this phenomenon as
‘‘from Na-phobic into Na-philic’’. As shown in Fig. 7(c), the
Na@CP-NCNTs composite electrode exhibited more stable
electrochemical performances compared to bare Na foil at high
current density of 3 mA cm�2 and even 5 mA cm�2. Moreover,
the Na@CP-NCNTs composites maintained a stable cycling
performance at a high current density of 5 mA cm�2 with a
high capacity limit of 3 mA h cm�2, which is promising for the
practical application of LMBs.

Table 3 Summary of the reported literature on nanostructured current collectors for Na metal anodes

Na cells Current collector Electrolyte
Current density
(mA cm�2)

Capacity
(mA h cm�2) CE/life time Ref.

Na–Al Al/carbon 1 M NaPF6 in DEGDME 0.5 0.25 99.8%/(1000 cycles) 105
Na–Al Porous Al foil 1 M NaPF6 in DEGDME 0.5 0.25 99.9%/(1000 cycles) 106

1 M NaPF6 in DEGDME 1 0.5 99.8%/(1000 cycles)
Na–Cu 3D Cu nanowire 1 M NaPF6 in DEGDME 0.5 0.5 99%/(200 cycles) 107
Na–Ni Porous 3D Ni 1 M NaPF6 in DEGDME 1 0.5 99.5%/(220 cycles) 108

1 1 495%/(110 cycles)
1 2 495%/(50 cycles)

Na–C Macroporous catalytic
carbon nanotemplates

1 M NaPF6 in DEGDME 1 0.5 99.8%/(1000 cycles) 109

Na–C Carbon fibers 1 M NaCF3SO3 in diglyme 1 1 99.5%/(100 cycles) 110
Na–Cu Au on Cu 1 M NaCF3SO3 in diglyme 2 1 99.8%/(300 cycles) 111

Energy & Environmental Science Review

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
9/

11
/2

01
8 

8:
38

:2
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ee01373j


Energy Environ. Sci. This journal is©The Royal Society of Chemistry 2018

Herein, we mainly focus on the progress of nanostructured
hosts for Na metal anodes (Table 4), which is still in its infancy.
Only a few studies have been reported using carbon materials
for the thermal infusion process. Currently, more efforts should
be put forward for both the surface chemistry involved in the
thermal infusion process and achieving excellent performances
with high reversible capacity.

5. Application of Na anodes in NMBs

In the previous section, we mainly discuss the different
strategies to stabilize the Na metal anode. However, most of
the studies focus on the electrochemical plating/stripping
behaviours in symmetric cells or half cells. In this section, we
will summarize the recent works using Na metal electrodes and
their practical application in different NMB systems, including
Na–CO2, Na–O2 and all-solid-state batteries.

5.1 Na–O2 and Na–CO2 batteries

As previously discussed, Na–O2 batteries have attracted increasing
attention as an alternative to LIBs due to their high theore-
tical energy density. Furthermore, Na–O2 batteries possess the
advantage of high energy efficiency due to lower charging over-
potential compared to the Li–O2 system. The improved energy
efficiency can be attributed to the reversible electrochemistry
of the oxygen/superoxide (O2/O2

�) redox pair (compared to
the semi-irreversible oxygen/peroxide (O2/O2

2�) redox pair in
Li–O2 batteries). Most studies in this field are concentrated
on the fundamental understanding of the discharge products,
discharge/charge mechanism, cathode design and choice of
catalyst.34,115,116 However, the O2/O2

� generated from the cathode
may migrate towards the separator and metallic Na because of
concentration gradients in the electrolyte. On one hand, the
migrated intermediates may precipitate on the non-conductive
separator, lowering the CEs of the batteries. On another hand,

Fig. 7 (a) Schematic representation of the preparation and molten processes of Na@r-GO composites.112 Reproduced with permission from John Wiley
and Sons. (b) Encapsulation of metallic Na into carbonized wood by a spontaneous and instantaneous infusion and the electrochemical performances.113

Reproduced with permission from American Chemical Society. (c) Schematic diagram of the fabrication procedure of Na@CP-NCNTs and the
electrochemical performances.114 Reproduced with permission from John Wiley and Sons.

Table 4 Summary of the reported literature on nanostructured hosts for Na metal anodes

Na cells Host materials Electrolyte Current density (mA cm�2) Capacity (mA h cm�2) CE/life time Ref.

Na–Na RGO–Na 1 M NaClO4 in EC/PC 0.25 0.0625 300 112
RGO–Na 1 M NaClO4 in EC/PC 0.5 0.125 60 h
RGO–Na 1 M NaPF6 in DEGDME 1 1 600 h

1 M NaCF3SO3 in DEGDME 0.25 0.05 300 h
1 M NaCF3SO3 in DEGDME 3 3 300 h

Na–Na Wood–carbon–Na 1 M NaClO4 in EC/DEC 0.5 0.25 250 h 113
1 1 500 h
1 0.5 250 h

Na–Na Na@CP-NCNTs 1 M NaPF6 in EC/PC 1 1 350 h 114
3 1 180 h
5 3 90 h
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both O2/O2
� will reaction with Na metal, resulting in an

insulating oxide layer on the Na surface which will block the
Na ion transport from the surface to bulk Na. Meanwhile, the
Na dendrite growth is another common issue for the Na metal
anode, even in Na–O2 batteries. Furthermore, the Na dendrite
growth and O2 corrosion have been identified in real Na–O2

cells as one of the most serious issues and limitation on the life
time of the batteries.54,55,117 Bi et al. also showed the dendrite
formation in Na–O2 batteries in their paper.118 Based on the cell
performances, the cycling life of the Na–O2 batteries using DEM
and diglyme as electrolyte fluctuated between 6 cycles to
12 cycles with voltage fluctuations during the charging process,
as shown in Fig. 8(a). After disassembling the failed cells, spots
were observed at the surface of glass fibre facing the metal
anode, an indication that Na dendrites caused the shorting of
the batteries. From the SEM images in Fig. 8(a), it was also
verified that the Na metal had grown across more than 80% of
the thickness of the separator in just a few cycles. As a potential
solution, a Na ion selective membrane was employed between
two GF separators to prevent dendrite penetration. The Nafion

membranes exhibited good mechanical strength and an ionic
conductivity of 2.56 � 10�5 S cm�1 at RT. The results showed
that the incorporation of the Nafion-Na+ membranes greatly
improves the cyclability of Na–O2 batteries in both DME and
diglyme-based electrolytes. Another group further extended this
idea as an ‘‘interlayer’’ for suppressing the Na dendrite forma-
tion in Na–O2 batteries.119 They studied several types of poly-
mer films, including fibrillar polyvinylidene fluoride (f-PVDF),
compact PVDF (c-PVDF), PVDF with through pores (p-PVDF),
polyethylene oxide (PEO), and conventional polytetrafluoro-
ethylene (PTFE). The cycling stability and rate performances
of the Na–O2 batteries using different interlayers are shown in
Fig. 8(c), in which the f-PVDF is superior to the other tested
polymers. It was believed that the performance stems from
f-PVDF’s uniform fiber structure for Na+ distribution and high
uptake of electrolyte for fine electrode–electrolyte contact, stable
physical and chemical properties against the robust metal–air
conditions, and strong affinity with electrolyte for improved ion
conductivity.119 As an alternative to the introduction of an
interlayer between Na and separator, Liang et al. demonstrated

Fig. 8 Na metal anode in Na–O2 batteries: (a) discharge/charge profiles of a Na–O2 battery for the last two cycles in DME and diglyme; SEM and EDS
mapping images the top-view and cross-section of the Na dendrite in GF separators.118 Reproduced with permission from The Royal Society of
Chemistry. (b) Na–O2 cell discharges at current densities of 25 mA cm�2 as well as 100 mA cm�2 with different electrolytes; illustration of sodium SEI
formation mechanism and its composition in different DME electrolytes.121 Reproduced with permission from American Chemical Society. (c) Schematics
of the symmetrical battery design using interlayer for Na metal anode; the rate capability, voltage of the terminal discharge versus the cycle number
curves of Na–O2 batteries with the five blocking interlayers.119 Reproduced with permission from John Wiley and Sons.
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a new trilayer separator for Na–O2 batteries.120 A middle layer of
TiO2 nanoparticles were synthesized within the separators to
form a sandwich structure. Their results show that the cycling
life of Na–O2 batteries can be enhanced from 82 cycles to
137 cycles using the TiO2 sandwich separator, in which the
TiO2 nanoparticles can react with Na metal and slow down the
Na dendrite growth during cycling.

As previously discussed, the electrolyte components including
the solvent and salt have a major influence on the Na deposition
behaviour. Lutz et al. discovered that the sodium salt anion plays
an important role on the performances of real Na–O2 batteries.121

Fig. 8(b) show the Na–O2 cell discharges with different electro-
lytes and an illustration of suggested SEI formation mechanism
in the different DME electrolytes. Similarly, NaF formation in
the SEI seemed to be a crucial component for improved stability
of the Na anode in the Na–O2 batteries. Subsequently, Zhou
and colleagues presented a durable protection film containing
NaF on the surface of the Na anode to achieve stable Na–O2

batteries.122 The Na anode with a durable protection film was
prepared by discharging and charging a symmetric cell using
an ether-based electrolyte (NaCF3SO3 in tetraglyme with
2%FEC). The large amount of NaF in the film endows the
metallic Na anode with superior merits to effectively limit the
O2 crossover and electrolyte related side reactions, and further
suppresses the formation of by-products. Moreover, the for-
mation of Na dendrites can be avoided and long term cycling
stability could be achieved without short circuits. In addition,
nanostructured porous Al foil and 3D Na@rGO have been
investigated in Na–O2 batteries as a proof of concept by Luo’s
group.106,112

In addition to Na–O2 batteries, Na–CO2 batteries using
greenhouse gas CO2 are also interesting topic as a new type
of battery system. The system still poses safety risks from
leakage of liquid electrolyte and instability of the metallic Na
anode. Chen’s group reported the quasi-solid-state Na–CO2

cells with polymer electrolyte and reduced graphene oxide
(rGO) Na anodes.123 In their study, the rGO-Na anode presented
fast and non-dendritic Na+ plating/stripping behavior. The
rationally designed Na–CO2 batteries can be successfully cycled
in a wide CO2 partial pressure window with a long life time of
over 400 cycles.

Briefly, we have summarized the recent works focusing on
the metallic Na anode in Na–O2 and Na–CO2 batteries. Differing
from symmetric cells and half cells, the metallic Na not only
suffer from the dendritic Na growth, but also possesses other
issues such as O2/O2

� cross over and by-product corrosion.
To address the challenges associated with O2/O2

� crossover,
approaches such as the introduction of conductive interlayers
on the Na metal anode can allow side reactions to occur on the
interlayer rather than the surface of Na metal. In this case, the
surface of Na will not be corroded and the transport of Na+ will
not be blocked. In addition, the exploitation of highly stable
protective layers against O2/O2

� is urgently required for use in
Na–O2 batteries systems, and is also expected to further stabi-
lize the SEI formation and reduce Na dendrite growth. Lastly,
the air electrode (cathode) design should be optimized to

minimize the O2/O2
� crossover issue. Thus, the use of metallic

Na in practical Na–O2 and Na–CO2 batteries will be more
challenging, in which additional factors need to be taken into
consideration when designing the Na metal electrodes.

5.2 RT Na–S batteries

High temperature Na–S batteries have been previously developed
and operate at 300 1C. In this system, both electrodes including
the S cathode and Na anode are in a molten state, resulting
in low energy efficiency along with corrosion and safety hazards.
To overcome these issues, RT Na–S batteries have been firstly
demonstrated in 2006.27 The RT Na–S batteries follow similar
working principles with Li–S batteries and share many of the
challenges faced by the similar battery system. The main
challenges include the insulating nature of the Na2S discharge
products; dissolution of polysulfide species; shuttle effects of
polysulfides and dendrite formation on Na metal.26,27,124 The
efforts in this field have been primarily focused on the develop-
ment of functional nanocomposites, utilizing efficient electro-
lytes, and constructing novel cell configurations to obtain high
performance RT Na–S batteries.27

However, it also has been noticed that the surface degradation
of the Na anode is a major concern for the capacity degradation
of the RT Na–S batteries.125 From the studies by Manthiram’s
group, it was shown that the surface of the Na anode became
severely rough after cycling (100 cycles) even with the designed
functional separator.125 Therefore, besides the suppression of the
polysulfide shuttling effect, protection of the metallic Na anode
would be another important research area to achieve long cycle
life RT Na–S batteries.126

5.3 All-solid-state Na metal batteries

SSNMBs are a promising choice for next-generation energy
storage devices beyond LIBs because of their enhanced safety
and ability to achieve high-energy and high-power densities by
replacing the liquid electrolytes with SSEs.38,127,128 From our
discussion above, the SEI layer caused by the reactions between
Na and liquid electrolyte is the key factor that determines the
life time of the Na metal anode. This phenomenon has also
been recently proven by Goodenough and colleagues through the
use of TOF-SIMS, as shown in Fig. 9(a).129 However, when they
replace the liquid electrolyte with a NASICON Na3Zr2Si2PO12

electrolyte, the side reactions are effectively limited, as revealed
by the formation of a passivating interface with a significantly
reduced thickness on the surface of the metallic Na anode. The
battery performances have also been significantly enhanced in
solid-state batteries using the a Na2MnFe(CN)6 cathode.

Despite the benefits of SSNMBs, it should be noted that the
interface between SSEs and Na metal anode can still be an
issue. Some types of electrolyte may react with Na metal to form
unstable interfaces and cause degradation of the SSEs. Janek’s
group explored the stability and viability between Na metal
and two kind of electrolytes of Na3PS4 and Na-b00-Al2O3.130 As
expected, Na-b00-Al2O3 is stable against sodium, whereas Na3PS4

decomposes with an overall resistance that increases with
time. They also proposed three possible interphases between

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
9/

11
/2

01
8 

8:
38

:2
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ee01373j


This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.

electrolyte and electrode materials, including the stable interface
(stable), a mixed-conducting interphase (MCI), and the solid
electrolyte interphase (SEI) (Fig. 9(b)). Recently, Meng’s group
also studied the interface between the sodium anode and sulfide-
based solid electrolytes, including Na3SbS4, Na3PS4, and Cl-doped
Na3PS4 in SSNMBs.131 From their results, solid electrolyte inter-
phases between Na3SbS4 and Na, as well as Na3PS4 and Na, are
predicted computationally to be composed of Na2S and Na3Sb,
Na2S and Na3P, respectively, due to the chemical reactions
between SSEs and Na metal. Interestingly, Cl-doped Na3PS4 shows
the presence of an additional compound of NaCl at the interface,
which is found to mitigate the decomposition of Na3PS4. From
their results, new insight and an approach to reduce the chemical
reactions and improve the interface stability between SSEs and Na
metal has been developed by the doping of other elements.

To engineer the interface between SSEs and Na metal anode,
Goodenough and colleagues designed two different approaches
to enhance the compatibility of NASICON Na3Zr2Si2PO12 and
Na metal.132 Firstly, it was found that the molten Na cannot wet
the surface of NASICON SSEs under low temperature (175 1C),
leading to a high resistance between Na metal and SSEs.
Promisingly, when increasing the temperature up to 380 1C for
30 min, the wettability between Na metal and SSEs significantly
improved, resulting in reduced resistance. Another strategy
proposed in their paper was the use of a dry polymer as an
interlayer between the SSEs and Na metal. This polymer inter-
layer can not only reduce the large interfacial resistance but also
prevent dendrite formation. Excellent cycling performance and
high CE SSNMBs were demonstrated with two strategies for good
electrochemical stability and high Na deposition efficiency across
a Na/SSE interface. Meanwhile, Ong et al. proposed different
coating layers on Na metal to prevent the reactions between Na
metal and sulfide SSEs based on the first-principles calculations,
including Sc2O3, SiO2, TiO2, ZrO2, and HfO2.133 They explored
these coatings and found that the Na2Ti3O7 anode is predicted to
be much more stable against a broad range of solid electrolytes
compared with other metal oxides.

The development of SSNMBs is still in a very early stage.
Significant efforts have been put forward to develop different
types of SSEs with high ionic conductivity and chemical/
electrochemical stability. However, when metallic Na is used as
the anode, the interface between the SSEs and Na metal should
be brought to the forefront. Forming a stable interface will be
very important to obtaining long life SSNMBs. Surface modifica-
tions on Na or SSEs will be an effective approach to prevent these
detrimental reactions. Unlike the solid–liquid interphase, the Na
deposition behaviours will be determined not only by the surface
chemistry of Na metal, but also by the properties of the SSEs.
Thus, the Na dendrite growth along the grain boundaries in SSEs
will be another potential issues and more experimental works
will be needed to gain a fundamental understanding of the
process. Lastly, the volume change of Na metal during plating/
stripping may still exist in SSNMBs. Potential strategies such as
using nanostructured Na metal electrodes are still promising
avenues to alleviating this issue.

6. Conclusion

In summary, we have provided insight into the development and
protection of Na metal anodes for NMBs, as shown in Fig. 10.
Firstly, preliminary mechanisms have been proposed for Na
dendrite growth. Particularly, the Na dendrites show weakened
chemical, electrochemical and mechanical properties compared
to their Li counterparts, and require stronger protection to
inhibit dendrite formation. Meanwhile, the surface modification
on Na metal is necessary due to corrosion of Na metal by the
electrolyte in the absence of any electrochemical process, which
differs from the Li metal electrode.

Secondly, different techniques have been used to study the
composition and formation of Na dendrites and its SEI layers,
including SEM, optical images, XPS, TOF-SIMS, and RBS.
Impressively, various in situ techniques, such as in situ optical
observation, in situ AFM, in situ NMR and in situ SEM/TEM,

Fig. 9 Na metal anode in solid-state batteries: (a) distribution of different chemical compositions on the surface of the sodium-metal anodes after the
cycling tests in both liquid cell and SSBs.129 Reproduced with permission from Elsevier. (b) Illustrations of three possible interphases between electrolyte
and electrode materials: a stable interface (stable), a mixed-conducting interphase (MCI), and the solid electrolyte interphase (SEI) with the corresponding
time-dependent resistance is shown below.130 Reproduced with permission from American Chemical Society.
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have been demonstrated to provide new and more accurate
methods of viewing the deposition behaviour of Na metal.

Thirdly, different strategies have been developed to reduce Na
dendrite growth and enable long life Na metal anodes. (1) Electro-
lyte modifications. Since electrolytes play an important role during
the SEI layer formation, a lot of studies have focused on the
electrolyte modification. From previously reported comprehensive
studies, the electrolytes consisting of NaPF6 as a salt and glymes as
solvent are the best choice, which can enable the formation of a
uniform inorganic SEI layer consist of Na2O and NaF which can
inhibit dendrite growth. Furthermore, ultra-high salt concentra-
tions or the introduction of ‘‘inert’’ diluents in the electrolyte have
been shown to make remarkable influences on the suppression of
Na dendrites and stabilization of the SEI layers. In addition,
additives like FEC can also aid in the formation of NaF-
containing SEI with improved CE and reduced dendrite growth.
Moreover, novel electrolyte systems are still under exploration to
further address the current issues in NMBs. (2) Surface modifica-
tion. Three different methods of developing artificial SEI layers on
Na metal anode have been identified, including the chemical/
physical deposition method, the reaction method using Na as a
reactant and the mechanical transfer method. Each of these
methods show their own advantages and disadvantages, which
are discussed in Section 3.2. (3) Nanostructured current collectors.
3D current collectors are used to dissipate the local current density
and produce uniform Na+ flux for Na metal anode-free Na batteries.
Different materials, including Al/carbon films, porous Al films,

3D Cu nanowires, 3D Ni, macroporous catalytic carbon nano-
templates and carbon fibers are reported to achieve very stable
performances with high CE. (4) Nanostructured hosts. Rationally
designed carbon materials, such as rGO, wood-derived carbon and
carbon paper with carbon nanotube matrices, have been used as a
host/matrix for the thermal infusion of molten Na. The 3D struc-
ture of Na metal composite electrodes exhibit suppressed dendrite
growth, enhanced electrochemical performances, and minimized
volume change during the plating/stripping process.

Lastly, the current progress of Na metal anodes in different
NMBs, like Na–O2, Na–CO2 and SSNMBs, have been summarized.
(1) In Na–O2 batteries, the Na metal not only suffers from dendritic
Na growth, but also has other issues such as O2 cross over and by-
products of corrosion. One of the most popular approaches to
alleviate these issues is to introduce a functional ‘‘interlayer’’ and
modify the surface of Na to block the O2 cross over and reduce the
dendrite growth. (2) The SSEs in SSNMBs can prevent the unstable
SEI formation compared to liquid-based cells. However, the reac-
tions between SSEs and Na have also been noticed as an issue.
Thus, the interface stability between the SSEs/Na is the key to
obtaining long life SSNMBs.

7. Perspective

Although there has been some progress related to the develop-
ment of Na metal anodes, there are still significant challenges

Fig. 10 Schematic diagram of the fundamental challenges of Na metal anodes and the protection methods used for their practical application.63–66,136

Reproduced with permission from American Chemical Society, The Royal Society of Chemistry and Elsevier.
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to be overcome, particularly for the practical application of
NMBs. Herein, we propose potential directions and perspectives
for this field:

(1) Similarities and differences with Li metal anodes:
Li metal anodes have been intensively studied over the past
decades due to their high energy density and low electrochemical
potential. Significant progress has been achieved towards the
development of Li metal batteries (LMBs), including gains in the
fundamental understanding of Li dendrite growth and the design
of effective approaches for Li dendrite prevention. However,
research on the Na metal anode in room temperature NMB
systems is still in a state of infancy. Compared with the Li metal
anode in LMBs, there is still significant room for further
improvement of Na metal anodes: (i) longer lifespan. For Li
metal anodes, the life time in Li–Li symmetric cells can reach
thousands of hours with small increases of voltage polarization.56

With the current status of Na metal anodes, the range for
symmetric cell cycling is still in the hundreds of hours, which
needs to be further improved to meet the demand of long
lifespans. (ii) Large capacity and current density. Recently, large
capacities (up to 10 mA h cm�2) and high current densities (up to
10 mA cm�2) have been achieved for high performances Li metal
anodes.56 However, the reported Na metal anodes are cycled with
relatively lower capacities (o3 mA h cm�2) and current densities
(o5 mA cm�2), which is far from the requirements of practical
applications. In this case, research should be directed towards
the development of strategies for high capacity and current
density Na metal anodes. (iii) Better fundamental understanding
of the Na deposition process. Unlike the systematic studies on
Li metal anodes, few studies have focused on the fundamental
understanding of the Na deposition process. Firstly, the Na
deposition structures, including mossy and dendritic Na, should
be better defined. Particularly, the relationship between Na
deposition with other parameters, such as current density, capa-
city, temperature and pressure etc. should be further explored.
Secondly, the nucleation process of Na is a fundamental aspect
that is poorly understood, and more work should include
studies on the nucleation locations and times. Thirdly, detailed
information related to the SEI formation mechanism, structure,
components, and regulation is still inadequate. (iv) Analytical
and protective approaches from the field of Li metal batteries.
Firstly, different analytical techniques used for the study of Li
metal anodes, such as cryo-TEM and X-ray tomographic micro-
scopy, are also promising to understand the SEI formation and
dendrite growth of Na metal anodes. Secondly, ionically con-
ductive SSEs as protective layers for Li metal anodes have been
reported using different methods. The development of these
types of protective layers on Na metal is expected to be another
effective strategy to redistribute the Na+ flux on the surface and
suppress Na dendrite growth. (v) SEI layer sensitivity. As dis-
cussed above, the Na metal, Na dendrite and the relevant SEI
layers are more chemically and electrochemically sensitive to
the electrolyte and external environments compared to their Li
counterparts. It will be more challenging to address the issues
of the Na metal anode compared to the problems associated
with Li metal anodes.

(2) Advanced characterization techniques and methods:
although different techniques have been applied to study the
Na anode, a proper fundamental understanding of Na nuclea-
tion, dendrite growth, and chemical/electrochemical reactivity
are still unclear, and require advanced techniques and charac-
terization. Firstly, synchrotron radiation-related techniques will
be excellent candidates for the study of the SEI layer on Na metal,
especially with in situ capabilities. Synchrotron-based X-ray
techniques, such X-ray absorption spectroscopy (XAS) and XPS,
can act as strong tools for the understanding of SEI formation on
the surface of Na metal. For example, high-energy XPS with
tunable excitation photon energy can provide non-destructive
depth profiling and chemical information not limited to the
surface, which is attractive to study the surface and interfacial
changes on Na metal. Moreover, X-ray tomographic microscopy,
with spatial resolution on the micrometer scale, can be used for
2D and 3D investigations of the Na deposition process and the
formation of dendritic structures. Furthermore, transmission
X-ray microscopy is capable of probing the structural and
chemical information of samples at the nanoscale (down to
20 nm) simultaneously, which can also be used to study Na
dendrite growth and SEI composition. Secondly, due to the high
reactivity of Na metal, cryo-based techniques are an ideal
approach to obtaining the most authentic chemical informa-
tion without any compositional changes of the Na dendrite or
SEI layers. Thirdly, any one of these techniques is not enough to
have a deep and comprehensive understanding on the surface
and interface chemistry of the Na anode and its SEI layers, and the
combination of different analysis technique in future research
will be required.

(3) Engineering the SEI: since the SEI is the key factor for the
stability of the Na metal anode, surface modifications with
artificial SEI layers have become a promising direction. While
several coatings have been explored, other approaches still need
to be developed for Na+ conductive protective layers, in which
sputtering is a good choice to deposit Na-SSEs as artificial SEI on
Na metal. Secondly, polymer based thin films with ionic con-
ductivity and high flexibility will be another promising strategy.
Particularly, polymer coatings incorporating self-healing func-
tionalities can reconstruct the surface cracks produced during
cycling. Thirdly, ALD and MLD are still remarkable to address the
issues for Na metal anode, especially with precisely controlled
thicknesses. However, new ALD/MLD films need to be developed
with improved Na+ conductivity, density, and flexibility. Lastly,
the combination of different approaches to fabricate hybrid
protective layer or composite artificial SEI layers is required, in
which the different layers can serve their own functions to form a
real and robust protection layer.

(4) Nanostructured Na: for NMBs, more than 10 micro-
meters of Na is ideal for the repeated plating/stripping process.
The infinite volume change is still a restriction for long life
NMBs. In this case, the rational design of host matrices is
critically needed for practical NMBs. The host structure should
possess chemical, electrochemical, and mechanical stability.
Meanwhile, the weight and volume percentage of the matrix in
the whole composites electrode should be limited in order to
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maximize the energy density of the cell. Furthermore, although
metallic Na is encapsulated in the matrix, the SEI layer will still
be formed at the point of contact with the electrolyte. Thus, it
would be a better idea to combine the strategies of nanostruc-
tured Na with artificial SEI to synergistically improve the stability
and electrochemical performances of Na metal anodes.

(5) Different NMB systems: apart from the existing issues of
Na dendrite growth, dead Na formation and infinite volume
change, more serious challenges appear in different NMB sys-
tems. For example, the O2 cross over and by-product corrosion is
an obvious issue in Na–O2 batteries. Furthermore, the interface
stability between SSEs and Na metal is another uncertainty in
terms of different types of SSEs. In this case, these other factors
should be taken into consideration when designing metallic
Na anodes for real NMBs.

(6) Practical applications: firstly, it should be pointed out
that the high CE is very important for practical battery applica-
tions. A high CE of 499.9% after 1000 cycles at relatively high
current density has not been reported yet. Secondly, it has
become an emerging protocol to test the average CE values for
Li metal anode.134 Meanwhile, several parameters, such as the
capacity for cycling, can affect the average Li-CE value.135 In this
case, the development of more accurate method and protocols
on determining Na-CE is also urgently required to display the
real CE during electrochemical plating/stripping. Thirdly, for
the NMBs with different cathodes, the requirements of the areal
capacity and thickness of Na metal are different. Thus, the
design of Na metal anode should be tailored to the choice of
cathode, electrolyte and NMB system.

In conclusion, it seems that the use of only a single approach
is not enough to solve all the existing issues of Na metal anodes.
Thus, multi-strategy approaches with specific aims will bring
the metallic Na anode closer to reality. We believe that with
continued efforts, the Na metal anode will act as the ‘‘Holy
Grail’’ for the next-generation NMBs for large scale energy
storage applications.
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