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Abstract 

Room-temperature Na metal batteries represent an emerging energy storage technology beyond 

Li-ion batteries, owing to the high specific capacity and high natural abundance of Na. However, 

Na metal anodes are plagued with multiple challenges including unstable solid electrolyte 

interphase, undesirable dendrite growth, and large volumetric expansion, leading to low 

Coulombic efficiency during Na plating and stripping. To this end, mechanically stable and 

sodiophilic hosts with nano-or micro-structured materials have been investigated to accommodate 

Na in the structured spacing or gaps for enhanced cyclability. In this Concepts article, we will 

discuss the key concepts and latest developments in guiding uniform Na deposition through host 

modification, especially carbon, inorganic and polymeric materials. Future prospects and outlook 

will also be provided, including artificial interphase design, solid-state electrolytes, and precise 

nanoscale characterization to improve our fundamental understanding of Na deposition and spur 

this burgeoning field in Na metal batteries.  
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Introduction 

The quest towards sustainable but intermittent renewable energy sources (such as solar and wind) 

warrants the need for advanced energy storage technologies to provide power on demand[1]. To 

this end, many researchers have begun the search for new rechargeable battery technologies 

beyond conventional Li-ion intercalation chemistry[2]. Room-temperature Na metal batteries are 

one of the most compelling candidates due to the high specific capacity of Na metal anode[3], in 

addition to its high elemental abundance in the Earth’s crust[4]. Room-temperature Na metal 

batteries work based on repeated Na deposition and dissolution, unlike the typical intercalation 

chemistry in Li-ion batteries. This drastically different battery chemistry results in much higher 

theoretical specific capacity of Na metal anode (1,166 mAh g-1) compared to typical graphite anode 

(372 mAh g-1)[5].  

 

Moreover, operating Na metal batteries such as Na-S chemistry at room temperature, leads to 

improved safety characteristics compared to their high-temperature Na-S counterparts, which 

typically operate at 300 to 350oC using molten Na anode[3a]. Room-temperature Na-S batteries also 

enable complete discharge of S8 to Na2S, unlike their high-temperature analogues which allow 

only partial discharge to molten Na2S3, because further discharge will cause solid Na2S2 and Na2S 

to precipitate out[6]. This gives room-temperature Na-S batteries a much higher specific energy of 

1,274 Wh kg-1 compared to 760 Wh kg-1 for high-temperature Na-S batteries[3e]. Apart from Na-S 

batteries, Na-air batteries are gaining immense attention as well because of their high specific 

energy (~1,605 Wh kg-1)[7] and low cost (projected to be 1/3rd of Li-air batteries)[8]. The technology 

of room-temperature Na-S and Na-air batteries is still in its infancy, and demands much more 

research to realize its full potential. 
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In the field of room-temperature Na metal batteries, many crucial problems remain unresolved 

with regards to the Na metal anode[9]. Ideally, the Na metal surface should be protected by a 

uniform and compact solid electrolyte interphase (SEI) that conducts Na+ and prevents further 

reaction with the electrolyte[10]. However, typical non-uniform and porous SEIs expose highly 

reactive Na metal which reacts continuously with the electrolyte, leading to low Coulombic 

efficiency during Na plating and stripping[11]. Non-uniform Na+ flux also results in Na dendrite 

growth and constant breaking and reforming of the SEI, causing eventual battery failure due to 

fast electrolyte depletion and high SEI resistance[12]. Dendrites that break off from the Na metal 

anode can also become “dead Na”, leading to loss of electrical contact and active material[13]. 

Moreover, dendrites can penetrate the separator and cause serious short circuits which is a major 

safety concern. Volume change of the Na metal anode, which is virtually infinite in the case of 

metal anode batteries, has recently received immense attention as well. Large volumetric 

expansion can result in mechanical instability of the SEI and formation of cracks, resulting in poor 

reversibility of Na metal anodes[14]. 
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Figure 1. Summary of the Na host modification strategies covered in this article. Reprinted with 

permission from Ref [19] Copyright 2017 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim, Ref 

[21] Copyright 2018 ACS, Ref [24] Copyright 2019 Wiley‐VCH Verlag GmbH & Co. KGaA, 

Weinheim, and Ref [27] Copyright 2020 Elsevier.  

 

To address the aforementioned issues, mechanically stable hosts with nano-or micro-structured 

materials have been explored to accommodate Na in the structured spacing or gaps[15]. These host 

materials were found to enable homogeneous Na deposition, hence improving the Coulombic 

efficiency and cyclability of Na metal anodes[16]. In this Concepts article, we will discuss the 
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general concepts and important developments in guiding uniform Na deposition through host 

modification. In addition, we also propose future research directions, including artificial interphase 

design, solid-state electrolytes, and accurate nanoscale characterization. The overall structure of 

the article is summarized in a schematic in Figure 1. 

 

Guiding Na deposition through host modification  

Ideal host materials for Na deposition should possess the following characteristics: (1) robust 

mechanical properties to suppress dendrite formation,[17] (2) excellent wettability (or 

sodiophilicity) to promote uniform Na deposition,[18] (3) large internal spacing or porosity to 

accommodate volume change, and (4) low cost and ease of fabrication for practical applications. 

As a result, carbon materials are among the most popular host choices so far due to their 

combination of the above attributes. 

 

Inspired from the sodiophilic properties of reduced graphene oxide (rGO), Wang et al.[19] designed 

processable and moldable Na metal anodes by simply contacting rGO on molten Na, with Na being 

drawn between the inter-layer spacing by capillary effect. The composite could also be designed 

in various shape and sizes, such as 1D nanofibers, 2D films, and 3D monoliths, see Figure 2a. 

Na/rGO composites with only 4.5 wt.% rGO exhibited greatly enhanced hardness, strength, and 

stability against environmental corrosion compared to pure Na. The stripping/plating of Na can be 

significantly extended in both ether and carbonate electrolytes with extremely low polarization at 

all current densities (1-5 mA cm-2). Apparent advantages of this approach include 1) volume 

changes being potentially minimized by dividing Na deposition into smaller domain regions, 2) 

propensity for Na dendrites can be greatly reduced due to homogeneous deposition, and the 3) 

interlayer region acting as a buffer to accommodate fluctuating stress levels, thus improving safety.  
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Figure 2. (a) Schematic representing the fabrication of Na@r-GO composites. Closely packed GO 

films can swell due to the gas evolved during the reduction reaction. Upon contacting with r-GO, 

the melted Na can be absorbed into the gap among the r-GO sheets. Optical images show moldable 

1D, 2D and 3D shapes of composite, (b) Synthetic representation of Na@rGa composite anode: 

rGO hydrogel  rGa  Na@rGa composite sample, (c) X-ray photoelectron spectroscopy (XPS) 

spectra of C 1s and O 1s of GO film and rGa-4h sample respectively, (d) Atomic concentration 

comparison of N, O, and C and binding energy of a Na atom with different functional groups of 

DGCF, (e) XPS spectra of bare GCF and DGCF for O 1s and N 1s, (f) Encapsulation of metallic 

Na into carbonized wood by a spontaneous and instantaneous infusion (5 seconds). Reprinted with 

permission from (a) Ref [19] Copyright 2017 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim, 

(b, c) Ref [20] Copyright 2019 Elsevier, (d, e) Ref [21] Copyright 2018 ACS, (f) Ref [22] Copyright 

2017 ACS. 
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To further improve accommodation capacity and wettability, Wu et al.[20] used a modified 

hydrothermal reduction reaction and subsequent oriented freeze-drying process to design a reduced 

graphene oxide aerogel (rGa), see Figure 2b. The rGa host was identified to have abundant oxygen 

functional groups (Figure 2c) which helped improve Na wettability, and oriented freeze-drying 

ensuring a highly homogeneous pore structure. Owing to its unique structural and chemical 

properties, the encapsulated composite anode showed an ultra-high loading of Na metal at 98.75 

wt.%, and could be cycled for over 400 h at 5 mA cm-2.  

 

Zheng et al.[21] proposed oxygen-nitrogen co-doped graphitized carbon fibers (DGCF) with 

uniformly distributed sodiophilic sites (-COOR, -C=O, and -OH), see Figure 2d-e, as a host to 

accommodate large volume changes upon cycling. First principles calculations were conducted to 

understand the binding interactions of the various sites with Na. The assembled Na-DGCF 

symmetric cells could be cycled for over 1200 hours at relatively high current density (3 mA cm-

2). Zhang et al.[23] reported a composite 3D multilayer host for thermally pre-storing Na or Li 

metal. Since pristine carbon nanofibers (CNF) show poor affinity towards molten Na or Li, the 

wettability was improved by conformally decorating SnO2 over CNF by hydrothermal reaction. 

Exploiting the strong affinity of Sn towards alkali metals, melt infusion of Na or Li could be 

achieved in a few seconds, though the loading remains low at ~52% compared to rGa.  

 

Unlike most artificial carbon hosts, naturally occurring carbonized wood consists of orderly 

distributed micro/nano-sized channels, which can be easily accessed by ions or molten Na through 

the capillary effect. Na deposits can then be restrained inside, with the high surface area of the 
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carbonized host inhibiting volume changes during stripping/plating. Recently, Luo et al.[22] 

demonstrated a strategy to encapsulate Na metal through melt infusion (~5 sec) into an electrically 

conductive matrix with a porous channel structure, see Figure 2f. The engineered Na electrode 

exhibited stable stripping/plating for over 250 cycles compared to pristine Na which could sustain 

only 90 cycles.  

 

Besides carbon materials, other inorganic materials have also been explored as potential host 

candidates to accommodate Na deposits, such as 2D transition metal carbides and nitrides 

(MXenes). In this regard, Luo et al.[24] demonstrated Sn2+ pillared Ti3C2 MXenes as a stable matrix 

for dendrite-free Na deposition. The Sn-based complexes located within the MXene layers were 

found to guide Na nucleation and growth within the interlayer spaces, resulting in uniform 

deposition of Na. In the process, Na15Sn4 alloy was formed, which allowed Na to continue 

depositing within the MXene layers due to the “pillar effect”. As a result, the pillared MXene-

based Na electrode could cycle up to 500 cycles at a current density of 4 mA cm-2 and areal capacity 

of 4 mAh cm-2. A follow up work by the same group reported a novel 1D/2D Na3Ti5O12-MXene 

hybrid nanostructure[25], consisting of Na3Ti5O12 nanowires synthesized between Ti3C2 MXene 

nanosheets, for use as a matrix for controlled Na deposition, see Figure 3. Stable Na anode cycling 

performance was attained at a high current density up to 10 mA cm-2, together with a very high 

areal capacity up to 20 mAh cm-2. 

 

Owing to the host-less nature of Na, it is very difficult to confine the Na dendrite growth and 

volume change, and so elastic polymeric materials have been explored as hosts. Li and co-

workers[26] used an insulating scaffold i.e., polyacrylonitrile (PAN) as 3D host for Na metal. Due 
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to the porous nature of the host, it is believed to regulate current density that may lead to curtailing 

dendrite growth. Since PAN exhibits sodiophilic properties, it enables the homogeneous 

distribution of Na ions, and the presence of Sn atoms further facilitates smooth and dense Na 

deposition. The resulting Na metal anode could be cycled for over 2500 h at 2 mA cm-2. 

Exploration of other non-carbon host materials with sodiophilic sites and co-doping will open up 

new opportunities in this burgeoning field of research. 

 

Figure 3. (a) Schematic illustration of the preparation of CT-Ti3C2-derived 1D/2D Na3Ti5O12-

MXene hybrid nanoarchitecture (C-NTO), (b) Schematic illustrating the morphology evolution of 
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C-NTO during the oxidation process and the corresponding SEM images of Ti3C2, C-NTO-1, C-

NTO-2, C-NTO-3, C-NTO-4, and C-NTO-5, (c, d) TEM images of C-NTO-3, (e) TEM image of 

Ti3C2-derived T-NTO-3, (f) Scanning TEM image of C-NTO-3, and elemental mappings of Ti, O, 

and Na (insets). Reprinted with permission from (a-f) Ref [25] Copyright 2020 ACS. 

 

Prospects and outlook 

A promising future research direction is to combine Na host modification with artificial interphase 

design to further stabilize Na deposition. Artificial interphases need to possess high ionic 

conductivity to facilitate fast Na diffusion, high Young’s modulus (stiffness) to suppress 

undesirable dendrite growth, and high critical strain (ductility) to accommodate large volumetric 

expansion. Recently, Kumar et al.[27] demonstrated a metal alloy artificial interphase (Na1.17Sn2) 

on Na anode that combines these properties (Figure 4a). The interphase was found to enable fast 

Na+ transport kinetics and dendrite-free Na growth, allowing reversible Na plating and stripping 

at current densities up to 7 mA cm-2 in a symmetric cell configuration. As a follow up work, the 

authors further demonstrated a biphasic interphase (BPI)[28] on Na anode comprising NaOH and 

NaNH2 (Figure 4b), which could cycle reversibly even at a very high current density of 50 mA cm-

2 (Figure 4c). The synergistic combination of artificial interphase design and Na host modification 

will pave the way for the development of high-performance Na metal batteries.  
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Figure 4. (a) Schematic illustration of the process steps involved in the formation of the interphase. 

(b) Schematic representation of the interphases on the Na electrode, depicting the suppression of 

large dendrite formation (due to stiff NaOH interphase) and accommodation of large volumetric 

expansion (due to ductile NaNH2 interphase) during Na growth, as well as stress-strain curve of 

NaOH and NaNH2, (c) Galvanostatic cycling of Na in symmetric cell configurations with and 

without BPI at 50 mA cm-2 current density and 1 mAh cm-2 capacity, (d) Cryo-TEM image of Na 

dendrite grown on the grid (scale bar, 1 nm), (e) High-resolution cryo-TEM images of the Na 

dendrite; inset shows a corresponding fast Fourier transform (FFT) image (scale bar, 5 nm) and 

enlarged view of the selected region (scale bar, 1 nm), (f) Cryo-TEM cross-sectional images of Na 

deposition with BPI at rotation 250 (scale bar, 50 nm) and rotation 300 (scale bar, 10 nm) 

respectively. Reprint with the permission (a) Ref [27] Copyright 2020 Elsevier (b-f) Ref [28] 

Copyright 2020 Elsevier. 
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Figure 5. (a) Inverse temperature vs. conductivity curves for a) PEG+PEO+NaClO3 

(30%+60%+10%) + PC (10%), b) PEG+PEO+NaClO3 (45%+45%+10%) + PC (10%), c) 

PEG+PEO+NaClO3 (60%+30%+10%) + PC (10%), (b) Ionic conductivity of different SPEs as a 

function of temperature (EO- Ethylene oxide), (c) Schematic of the evolution and migration of the 

Na|SPE interface under symmetric cell cycling. Reprinted with permission from (a) Ref [29] 

Copyright 1969 Springer Nature. (b, c) Ref [30] Copyright 2018 WILEY‐VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

Moreover, we also propose to combine Na host modification with solid-state electrolytes, such as 

solid polymer electrolytes (SPEs), which have better thermal stability and resistance against 

dendrite growth compared to liquid electrolytes.[31] An ideal SPE should have good ionic 

conductivity, high interfacial stability, low interfacial resistance, poor electrical conductivity, and 

excellent thermo-mechanical integrity.[32], [33] Since the seminal work of Parker and Wright on 

SPEs that unveiled the ability of poly(ethylene oxide) (PEO) to solvate high concentrations of 
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alkali metal ions (e.g., Na and K), PEO has been a popular choice as polymer hosts[34]. For 

example, West et al.[35] and Hashmi et al.[36] studied the interface stabilities of PEO–NaClO4 and 

PEO–NaPF6 in all-solid-state cells at 80 °C, with special emphases given to the compatibility 

between the polymers and metallic Na, and their corresponding interface stabilities. Besides PEO 

which often exists in the ring configuration and known to have better diffusive properties, other 

linear-chain polymers such as polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) have been 

investigated for Na+ ion conduction. The addition of small amounts of plasticizers may also 

enhance their ionic transport. Chandrasekaran et al.[29] added low molecular weight polyethylene 

glycol (PEG) (~4000 g mol-1) to PEO-NaClO3 as a means to repair the interfacial layer over the 

Na surface, and reported an improvement in ionic conductivity by ~103, see Figure 5a. Another 

alternative approach is the design of cross-linked network SPEs. Zheng et al.[30] designed a hybrid 

SPE by cross-linking amine-terminated PEG with octakis(3-glycidyloxypropyldimethylsiloxy) 

octasilsesquioxane (octa-POSS) containing NaClO4. Migration of the SEI into the SPE was 

reported for the first time, attributed to the mechanical softness and reactivity of Na metal, see 

Figure 5b-c. Symmetric Na cells demonstrated stable function at 80 °C for over 3550 hours at a 

current density of 0.5 mA cm-2. Besides SPEs, other solid-state electrolytes such as inorganic 

superionic conductors and ceramic/polymer composites may also be explored.  

 

In addition, accurate nanoscale characterization of Na deposition is also of paramount importance. 

Alkali metals such as Na are highly beam-sensitive, hence cryogenic transmission electron 

microscopy (cryo-TEM) has recently emerged to study such materials while preserving their 

structural and electrochemical stability. In this respect, Kumar et al.[27-28] reported a cryo-TEM 

study of Na dendrites (Figure 4d), where the observed lattice fringes of about 0.22 nm and 0.29 
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nm, which correspond to the (200) and (110) planes of Na respectively, indicate the crystalline 

nature of the Na dendrites, see Figure 4e-f. The growth direction of the dendrites was identified to 

be along <002̅>, which could be due to the relatively low surface energy along this direction. 

Future studies should seek to further quantify the relative abundance of other growth directions to 

fully understand the process of Na deposition and dendrite formation in host materials. This can 

be complemented with theoretical computations such as molecular dynamics simulations to model 

the deposition behavior of Na under different cycling conditions. 

 

On a related note, Cui and co-workers[37] also conducted cryo-TEM studies on a cycled Li metal 

anode to examine the growth of Li dendrites. They observed that Li metal dendrites grow as single-

crystalline nanowires along different directions (Figure 6a) primarily along <111>, <110> and 

<211>, where <111> was noticed as the perferred growth direction (about 49% of dendrites follow 

the same) in liquid carbonate-based electrolyte system. It is noteworthy that dendrite growth 

direction may vary at kinks without a noticeable crystal defect. For instance, Figure 6a shows the 

Li dendrite growth direction changing between <211> and <110> at the first kink and then 

switched to <211> at the second kink, which might correspond to the stalking faults or twin 

boundaries. Moreover, in a separate contribution, they examined the effect of temperature on the 

structure of Li dendrites[38]. It was observed that with an increase in temperature, the lateral size 

of the Li dendrites increases linearly. Besides that, SEI layer thickness was found to be sensitive 

to temperature change, see Figure 6b. Kourkoutis and co-workers[39] also examined the growth 

pattern of Li dendrites through cryogenic scanning transmission electron microscopy (cryo-

STEM) and focused ion beam techniques. They unveiled two types of dendrites (e.g., type I and 

type II) in Figure 6c, that can grow on the Li anode with distinct chemical composition and physical 
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structure. Type I dendrites were about 5 μm with low lateral expansion, whereas type II dendrites 

were about 100-300 nm thick and had tortuous morphology. Due to the delicate nature of type II 

dendrites, they were found susceptible to disconnect with the electrode during battery operation, 

causing loss of Li metal inventory. Though we have gained some fundamental understanding of 

alkali metal dendrites, more investigations are needed to provide insight on the growth behaviour 

of alkali metals at defect sites or under variable temperature conditions.   

 

Figure 6. (a) Cryo-TEM image of Li metal dendrites. Electron dose rate <1 e Å–2 s– and TEM 

image of kinked Li metal dendrite that changes from a <211> to <110> and back to <211> growth 

direction. The dashed yellow lines indicate a change in the growth direction. (b) Cryo-TEM reveals 

an emergent SEI nanostructure formed at elevated temperature, 20 0C and 60 0C. The cryo-TEM 

images of Li metal particles show the particle size and cryo-TEM images of the SEI interface show 

the SEI thickness. (c) High-angle annular dark-field cryo-STEM imaging shows an extended SEI 

layer on the type I dendrite but not on the type II dendrite. (d) Na grain growth rate versus SEI 
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thickness. (e) Sequential TEM images show the nucleation and growth of Na grains under a 

negative potential on a flat Ti electrode. (f) The initial deposition of Na grains on a nodule of Ti 

electrode with high curvature shows the base growth behaviour. Reprinted with permission from 

(a) Ref [37] Copyright 2017 The American Association for the Advancement of Science. (b) Ref 

[38] Copyright 2019 Nature. (c) Ref [39] Copyright 2018 Nature. (d-f) Ref [40] Copyright 2020 

Elsevier.  

 

 

Despite several reports on Na dendrite formation and growth, they still lack a basic understanding 

on the effect of surface roughness and local current density distribution. For instance, it was 

believed that a rough Na metal surface promotes random distribution of ion flux that forms 

dendrites and a non-uniform SEI[5]. Contrary to this, some reports claimed that an uneven 

geometrical surface does not contribute significantly to the generation of dendrites since SEI is 

intrinsically heterogeneous[41]. Zheng and co-workers[40] studied in-situ electrochemical liquid cell 

TEM to examine the electrochemical deposition of Na. The growth dynamics of Na deposition 

were investigated over both flat (Figure 6d and e) and curved (Figure 6f) Ti surfaces. On a flat 

surface, rapid Na deposition was observed without apparent formation of Na grains, and the 

deposition was observed to slow down when the SEI thickness reached 130 nm. Contrary to this, 

Na grains emerged on the sharp curvature and grew into various agglomerates.  

 

Conclusion 

In summary, guiding Na deposition through host modification is a promising strategy to spur the 

development of highly reversible Na metal anodes. The combination of artificial interphase design, 

solid-state electrolytes, and precise nanoscale characterization is expected to advance our 
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fundamental understanding of Na deposition and provide new avenues for the progress of Na metal 

batteries. These insights can be extended to other rechargeable battery technologies such as 

multivalent Mg and Zn metal batteries as well. 
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