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ABSTRACT: Sodium (ion) batteries are promising alternatives for lithium-ion batteries due to 

their lower cost caused by global sodium availability. However, the low Coulombic efficiency 

(CE) of the sodium metal plating/stripping process represents a serious issue for the Na anode, 

which hinders achieving higher energy density. Herein, we report that the Na+ solvation structure, 

particularly the type and location of the anions, plays a critical role in determining the Na anode 

performance. We show that the low CE results from anion-mediated corrosion, which can be 

tackled readily through tuning the anion interaction at the electrolyte/anode interface. Our strategy 

thus enables fast charging Na-ion and Na-S batteries with remarkable cycle-life. The presented 

insights differ from the prevailing interpretation that the failure mechanism mostly results from 

sodium dendrite growth and/or solid electrolyte interphase formation. Our anionic model 

introduces a new guideline for improving the electrolytes for metal (ion) batteries with greater 

energy density.  

Keywords: sodium battery, electrolyte. solid electrolyte interphase, anode, fast charging 
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Rechargeable sodium (ion) batteries are a promising candidate to replace current lithium-ion 

batteries (LIBs) due to their reduced cost and global availability.1-4 However, the energy density 

of Na-ion batteries is only about 50% of LIBs, which is the main bottleneck for their large-scale 

applications.5-7 This lower energy density adds to the cost of packaging materials since Na-ion 

battery size has to be bigger than LIB to store the same energy. Great effort has been devoted to 

using sodium metal as the anode in mobile ion batteries.8-13 However, the poor Coulombic 

efficiency (CE) and large irreversibility of the Na+ plating/stripping processes leads to severe 

sodium anode consumption upon cycling which shortens the lifetime of battery.14, 15 Although 

many strategies have been reported to enhance the battery performance such as nanostructural 

control, modification of current collectors and/or sodium anodes, and increased electrolyte 

concentration (i.e., so-called super-concentrated electrolyte), the CE and cycle life of the battery 

remain unsatisfactory.8, 9, 11, 16-21 Therefore, a new approach is needed to achieve significant 

improvement in Na-ion battery performance. 

Herein, we report that the Na+ solvation structure particularly the type and location of the 

anions play a critical role in the sodium anode performance. The type and location of anions are 

determined by the sodium salt and solvents present in the electrolyte. We present a new anionic 

model showing that the low CE of sodium metal batteries (NMB) results from the characteristics 

of anions, such as corrosive properties. We have found that a high CE (99.8%) and extremely long 

cycle life (over 200 cycles) can be attained by incorporating a compatible electrolyte which 

suppresses the Na anode and copper current collector corrosion reaction caused by anions. Our 

viewpoint is basically different from the prevailing thinking about the failure mode of sodium (ion) 

batteries (i.e., the sodium dendritic growth and/or solid electrolyte interphase (SEI) formation).8, 

10, 22, 23 Instead, we demonstrate that tuning the Na+ solvation structure not only overcomes the 
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problems of poor sodium anode stability but also enables safe and fast-charging Na-ion and Na-S 

batteries. Our strategy constitutes a reliable approach to designing electrolytes for Na and other 

metal (ion) batteries with greater performance. 

RESULTS AND DISCUSSIONS 

Effect of Electrolyte Chemistry on Na plating/stripping. The classical strategies used to achieve 

high and stable CE in sodium metal battery are summarized in Figure 1a, including the current 

collector design, anode coating, solid electrolyte, and concentrated electrolyte.9, 17, 20, 21 Many 

excellent results have been demonstrated using these strategies, but the strict experimental-control 

and increased cost limit their scalability.  Alternatively, we have found that a high and stable CE 

can be achieved readily by tuning the cation solvation structures, as discussed later (Figure 1b). 

We firstly confirm the importance of the solvation structure by studying Na plating/stripping in an 

asymmetric Na|Cu half cell. Specifically, Na metal with an areal capacity of 1 mAh cm-2 was 

plated on Cu foil at 0.25 mA cm-2 in the discharge process, and then the plated Na was stripped in 

the charging process to 1.0 V (vs. Na+/Na). The CE of the cell in each cycle was calculated using 

the ratio of plated and stripped Na.24 We find that a high and stable CE of 99.8% can be achieved 

in 1.0 M NaPF6 in diglyme (DME) electrolyte in the first 200 cycles (Figure 2k, Figure SX). In 

contrast, a low and fluctuating CE is observed when we change the metal salt from NaPF6 to the 

NaCF3SO3 (99.2%) or NaClO4 (48.6%), or when we change the solvent from DME to EC/DEC 

(CE, 11.7%) or PC (CE, 2.1%) in the electrolyte. Besides, a uniform plated Na is also found on 

the Cu foil in the 1.0 M NaPF6 in the DME electrolyte (Figure 2a, b). In contrast, Na dendrites are 

formed when other salts (e.g., NaCF3SO3, NaClO4) or solvents (e.g., EC/DEC, or PC) are used in 

the electrolyte (Figure 2c-j). These observations suggest that the electrolyte composition (i.e., Na+ 

solvation structure) might be the main factor that determines the sodium battery performance.  
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We further demonstrate the importance of the solvation structure by analyzing the Na 

plating/stripping performance in symmetric Na|Na cell. This experiment is an effective way to 

evaluate the stability of Na metal anode in various electrolytes. We find that the sodium battery 

has a stable polarization voltage and can cycle more than 500 cycles (e.g., 1 mAh cm-2, >1000 

hours) in the electrolyte 1.0 M NaPF6 in DME (Figure 2m, Figure S1a). Besides, a much lower 

and smoother overpotential (about 8 mV) was observed in the voltage response. In contrast, 

inferior stabilities were obtained immediately when we used different metal salts (e.g., NaCF3SO3, 

NaClO4) or different solvents (e.g., EC/DEC, PC) in the electrolyte (Figure 2m, Figure S1). Thus, 

these results show that electrolyte composition may have been overlooked as an important factor 

in affecting metal anode performance. 

Electrolyte and Na Metal Interactions. The stability of Na metal in different electrolytes was 

studied in more detail to understand the root cause of the electrolyte composition effect on battery 

performance (Figure 2). In a simple experiment, Na metal pieces were submerged in different 

electrolytes and their surface appearance was recorded as shown in Figure 3. Note that three 

electrolytes were tested in which the solvent was fixed as DME, but the salt was changed. In fact, 

three different salts were tested (NaPF6, NaCF3SO3, and NaClO4). We find that there are no visible 

changes in the Na metal surface or the electrolyte even after 96 h when we use the electrolyte 1.0 

M NaPF6 in DME. In contrast, the electrolytes 1.0 M NaCF3SO3 in DME became yellow after 6 

h, with the color becoming gradually darker, but there was no visible change on the Na metal 

surface. This result demonstrates that a serious side-reaction occurs and the by-product might be 

soluble. This phenomenon is different from that of 1.0 M NaClO4 in DME electrolyte, in which 

the shiny Na metal surface becomes dark red. These comparative tests show that the difference in 

chemical behavior of the Na metal placed in different electrolytes might result from different 
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anions since different sodium salts were used (NaPF6, NaCF3SO3, and NaClO4), but the solvent 

was always DME. To test if the solvent may also have an effect on Na metal appearance, we 

conducted a different experiment in which Na metal was submerged in the electrolytes 1.0 M 

NaPF6 in EC/DEC and 1.0 M NaPF6 in PC solution (Figure 3). These results show that the solvent 

is also critical because a serious side-reaction was observed even when NaPF6 was used in the 

carbonate-based electrolyte (Figure 3). 

The side-reactions between the electrolyte and Na metal likely result from the effect of 

anions present in the electrolyte solution on Na metal corrosion. One data point that supports this 

conclusion is that there is no obvious side-reaction observed on the Na surface if pure solvent 

(without salt) is used (Figure S2). This is reasonable because most corrosion of metals is usually 

caused by the anions.25, 26 We further investigated the change in the surface of Na metal submerged 

in the different types of electrolytes. We find the Na metal can maintain its initial morphology in 

1.0 M NaPF6 in DME electrolyte (Figure 3a, b). By contrast, the surface of Na becomes rough 

and its morphology y changes after soaking in 1.0 M NaCF3SO3 in DME electrolyte for 3 h ( 

Figure 3c). Particularly, the Na metal can be corroded resulting in holes in its surface in 1.0 M 

NaClO4 in the DME electrolyte (Figure 3d). The corrosion phenomenon can be also observed in 

the 1.0 M NaPF6 in EC/DEC electrolyte or the 1.0 M NaPF6 in PC electrolyte (Figure S3a, b). 

Recall that Na metal was not corroded in 1.0 M NaPF6 in DME electrolyte. This result 

demonstrates that the solvent, and not only salt composition, can cause the Na surface corrosion. 

Based on these results, we can conclude that the extent of corrosion caused by salt anions should 

be in the sequence of ClO4- > CF3SO3- > PF6-; further, we can conclude that DME is a better solvent 

compared to PC and EC/DEC for preventing Na corrosion. Further analysis by electrochemical 

impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS) corroborates with this 
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viewpoint (Figure SX-SX). Generally, we cannot get a high CE during the plating/stripping 

process if the sodium metal is not compatible with the electrolyte; this is because e the protection 

capability of SEI is not as effective compared to the electrolyte effect. Thus, our findings present 

a new viewpoint which shows that the low CE of Na metal or ion batteries is strongly affected by 

the type of anions (specifically their corrosion capability) and solvent present in the electrolyte. 

Interfacial model and simulation. We now move our focus to the electrode-electrolyte interface. 

This is because the Na+ solvation structure could be desolvated step-by-step from the solvation 

shell (Figure SX), where the de-solvated Na+ could react on the electrode surface (e.g., Cu foil) 

in the discharge process.27 Thus, a dynamic and oval solvation layer around the Na+ can be 

presented (Figure 4a), in which the Na+ is close to the final desolvation structure. The 

characteristics of this solvation layer are determined by the type of solvent/anion used. Herein, we 

consider the effect of anions first by evaluating the Na+-solvent stability at the Na anode interface 

using a simple model. The lowest unoccupied molecular orbital (LUMO) are used to designate the 

critical orbitals for Na+-solvent-anion complex,28 where the corresponding orbitals become 

HOMO’ when one extra electron is obtained from the electrode during the discharge. We ascribe 

the later complex (after electron capture) as Na0-solvent-anion as we consider both LUMO and 

HOMO’ are mainly located on the metal. Then, the energy difference (i.e., E) between two pairs 

of orbitals (i.e., HOMO’ - LUMO) can be used to evaluate the electron transfer between the metal 

Na0 to the solvent molecule (Figure 4b). The smaller energy difference indicates the similarity 

between the orbitals, leading to the smoother electron transfer and weaker stability of solvent 

molecules. In this case, we find that the presence of anions can reduce the Na+-solvent stability 

(Figure 4c); note that the Na-DME structure in Figure 4c has the highest stability since it has the 
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higher E (Table S1). This result qualitatively shows that the anion effect on electrolyte stability, 

which we explain in a more rigorous model next.  

Other critical factors need to be considered in this interfacial model for predicting electrode 

performance, which includes: i) the binding energy of the Na+-anion pairs, which can affect anion 

position; ii) degree of freedom of the anions that determined by the steric hindrance of structure, 

which can affect the shuttling capability of anions in the solvation shell; iii) the binding energy of 

Na+-solvent pair, determined by the solvent functional group, molecular size, and conformation, 

which can affect the position and arrangement of solvent; iv) effective volume/shape of 

anion/solvent molecules, which can be represented in our model by a parameter called B. This 

parameter (B) corresponds to the half distance between adjacent ions or molecules and can describe 

the arrangement of the anions and solvent molecules. A higher B value means a looser stacking 

form (i.e., loose binding) in the solvation shell. Based on this model, we calculated both the binding 

energy and B parameters for different Na-anion and Na-solvent pairs using Molecular Dynamics 

(MD) simulations as shown in Figure 4d-e. 

Firstly, our MD model predicts that NaClO4-based electrolyte is the worst (i.e., most 

corrosive) for metal anodes. This can be ascribed to the low binding energy between Na+ and ClO4- 

(-121.6 kcal/mol in Figure 4d), and small volume (low B value of 1.18 Angstrom). Thus, ClO4- 

can move rather freely and reach the electrode surface more frequently. As a result, the ClO4- can 

corrode the metal electrode seriously in DME, EC/DEC, or PC solvents. In contrast, the CF3SO3- 

has a strong interaction with the Na+ (binding energy of -122.5 kcal/mol, Figure 4d) even though 

the B value (2.58 Angstrom implying steric hindrance) is somewhat high, thus CF3SO3- might not 

move as freely toward the electrode, so its corrosive effect should be smaller compared to ClO4-. 

This interpretation is consistent with the experimental result observed in Figure 3 for Na metal 
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stability in NaCF3SO3 and NaClO4 based electrolytes. In addition, the arrangement of solvent in 

the solvation shell can affect the position of anions due to the difference in binding energies and B 

values of different Na+-solvent interactions (Figure 4e). This is confirmed, for example, in the 

case of 1.0 M NaPF6 in DME, where we find that PF6- has a medium binding energy with Na+ (-

121.9 kcal/mol, Figure 4e) and a low B value (1.33 Angstrom, Figure 4e), thus a somewhat poor 

performance for Na anode was observed when the EC/DEC solvent was used in the electrolyte. 

Figure 4e shows that PC solvent also behaves poorly in a similar way to EC/DEC. This behavior 

is observed because the EC/DEC or PC has a weaker interaction with the Na+, so the PF6- anions 

can easily replace EC/DEC or PC coming closer to the Na metal surface in the process, which 

induces surface reactions and corrosion. In contrast, DME has a strong bonding with the Na+ (i.e., 

the formation of a five-ring complex) compared to EC/DEC or PC. As a result, DME keeps the 

PF6- anion far from the Na electrode surface, thereby suppressing the corrosion effectively. In 

contrast, the DME cannot easily prevent ClO4- and CF3SO3- from binding with the Na+. This is 

because ClO4- has a high degree of freedom (i.e., low steric hindrance) while the CF3SO3- has a 

strong interaction with the Na+ (-122.5 kcal/mol), which makes these anions migrate easily.  

A schematic summary of our model interpreting the Na battery performance data is 

presented in Figure 5. The schematic shows that ClO4- and CF3SO3- can stay close to the Na metal 

interface due to the high degree of freedom (ClO4-) or the strong interaction with Na+ (CF3SO3-) 

(Figure 5a-c), causing a serious side-reaction and a low CE. In contrast, PF6- which has medium 

interaction and degree of freedom according to our model, can stay far from the electrode when 

the DME solvent is used in the electrolyte (Figure 5d). Thus, high reversibility can be achieved in 

the Na plating/striping process. Note that the distance between PF6- and Na electrode interface can 

become close when EC/DEC or PC solvent is used in the electrolyte (Figure 5e-f), where the side-



 11 

reactions on the metal surface increase. This is because of the weaker interaction of Na+-carbonate 

(e.g., EC/DEC, PC) pair compared with Na+-DME. Our analysis was further corroborated by MD 

simulation of the interfacial behaviors at the sodium anode surface when different metal salts 

(NaPF6, NaCF3SO3, and NaClO4) were used in DME solvent. We find that the frequency of ClO4- 

and CF3SO3- appearance on the sodium anode surface is much higher than that of PF6- (Figure 5g-

i). This result is reasonable because CF3SO3- and ClO4- have strong coordination capability and a 

high degree of freedom during the de-solvation. The validity of our anionic model was further 

demonstrated by changing the types of solvents (Figure SX-SX) used. Thus our model results are 

consistent with the experimental observations.   

Fast charging Na-ion and Na-S batteries. The advantages of 1.0 M NaPF6 in DME electrolytes 

were further verified by fast charging Na-ion and Na-S batteries (Figure 6). One great feature of 

our presented Na|Na3V2(PO4)3 full cell is the improved energy density because the total capacity 

of the plated sodium is strictly controlled to two times higher than the total capacity of Na3V2(PO4)3 

cathode. We find that a high capacity of 106 mAh g-1 can be delivered, where the CE and capacity 

retention is as high as 99.4% and 86.1% over 300 cycles at 0.5C (1C= 100 mA g-1), respectively 

(Figure 6b). The superior performance confirms the importance of Na+ solvation structure, which 

is essential to achieve a long lifespan of Na-ion batteries for practical applications. Further, the 

fast charging feature is confirmed by the rate tests, where capacities of 116, 110, 106, 103, 102 

and 100 mAh g-1 were demonstrated at the rates of 0.1C, 0.5C, 2C, 6C, 8C, and 10C, respectively 

(Figure 6c, S4a). The good cycling stability and high capacity at the high rate further confirm the 

good reversibility of the Na plating/stripping process. 

Finally, we show that our electrolyte engineering strategy can be used for the Na-S battery, 

which is known to be difficult to construct. Herein we design a new type of Na-S battery using the 
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plated sodium as the anode and the sulfurized polyacrylonitrile (SPAN) as the cathode, in which 

the total capacity of the plated sodium is strictly controlled to four times higher than the total 

capacity of the SPAN cathode.29, 30 We find that a high capacity of 295 mAh g-1 and good capacity 

retention of 65.2% can be obtained after 50 cycles at 0.2C (1C= 250 mA g-1, Figure 6e). In 

addition, a CE of more than 99%can be achieved, demonstrating the superiority of our battery 

system based on Na plating/stripping. Particularly, high capacities of 298, 258, 203, 174.8, 150.7 

and 143 mAh g-1 were delivered at rates of 0.2C, 1C, 4C, 6C, 8C, and 10C, demonstrating the 

extraordinary rate capability of the Na-S battery (Figure 6f, S4b). In brief, the long-term cycle life 

and high rate capacities of the Na-ion and Na-S battery all confirm the viability of the 1.0 M NaPF6 

in DME electrolyte for battery applications. 

CONCLUSION 

In summary, we have presented new insights into the factors that affect the stability of sodium 

electrode during the plating/stripping process. We have found that the solvation structure, 

particularly the type and location of the anions largely determines the sodium anode performance. 

We have introduced a new anionic interfacial model to interpret the performance variation in 

different types of electrolytes. In fact, high reversibility is readily achieved without any current 

collector modification or artificial SEI protection on the sodium anode. Our model explains the 

failure mechanism of sodium anodes from a new angle, which complements our understanding 

based on dendrite and/or SEI formation. Remarkably, we have demonstrated reliable fast charging 

Na-ion and Na-S full cell batteries with high capacity and long lifespan. Our discovery and the 

presented interfacial model improve our understanding of the electrolyte behavior and help to 

design more efficient electrolytes for metal-ion batteries. 
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Figure 1. Schematic illustration of strategies used for stabilizing the sodium metal anode. (a) 

Classic strategies (including collector modification, artificial SEI, solid electrolyte, and high 

concentration electrolyte),  (b) Our new strategy: tunable solvation structure. 

 

Figure 2. Electrolyte role in Na anode plating/stripping. SEM of plated sodium in the 1.0 M 

electrolyte containing (a, b) NaPF6, (c, d) NaCF3SO3, (e, f) NaClO4 in DME solvent; and in 1.0 M 

electrolyte containing NaPF6 in (g, h) EC/DEC, or (i, j) PC solvents; (k) Coulombic efficiency; (l) 

voltage profiles and average voltage hysteresis in Na|Cu cell; (m) The voltage-time curves of 

Na|Na symmetrical cells. 

 

Figure 3. Electrolyte and Na metal interactions. SEM of (a) pure Na and Na stored in 1.0 M (b) 

NaPF6 (c) NaCF3SO3 (d) NaClO4 electrolyte for 3 h. Digital images of Na stored in different 

electrolytes for various durations. 
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Figure 4. Schematic illustration of the desolvation process in the interfacial region. (a) Typical 

Na+-based solvation under desolvated Na+ in Cu collector. (b) LUMO and HOMO’ of solvation 

structure. (c) The energy of HOMO’-LUMO. Typical model of anion (d)/solvent (e) demonstrating 

the Na+-anion/solvent binding energy (L) and the half distance between the adjacent anion/solvent 

(B). 
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Figure 5. Anionic interfacial model describing the electrolyte sodium anode interface. The 

model for 1.0 M DME-based electrolyte using different metal salts including (a) NaClO4, (c) 

NaCF3SO3, and (d) NaPF6, respectively. The model of NaPF6-based electrolyte using different 

solvents: (e) EC/DEC, and (f) PC, respectively.  And the model in 1.0 M NaClO4 in PC solution. 

Interfacial behavior of molecules on the anode surface, (g) 1.0 M NaPF6 in DME, (h) 1.0 M 

NaCF3SO3 in DME, and (i) 1.0 M NaClO4 in DME, respectively. The green sphere represents Na 

ion. The yellow plates and spheres represent the Na metal anode at the microscopic and atomic 

scale. The dark green surface features on Na metal anode represent products of the side reactions.  

 

Figure 6. Fast Charging Na-ion and Na-S batteries. Schematic configuration of (a) Na-ion full 

battery and (d) Na-S full battery consisting of plated Na as anode. Comparative cycle test 

performance and rate capacity of the Na-ion (b, c) and Na-S (e, f) batteries.  

  



 16 

ASSOCIATED CONTENT 

Supporting Information.  

The following files are available free of charge. 

Experimental and simulation sections, Figures S1-S4 and Table S1 are included. 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: yksun@hanyang.ac.kr (Y.K. Sun); 

*E-mail: husam.alshareef@kaust.edu.sa (H. N. Alshareef); 

*E-mail: jun.ming@ciac.ac.cn (J. Ming). 

Notes 

The authors declare no competing financial interest.  

Author Contribution 

The manuscript was written through the contributions of all authors. All authors have approved 

the final version of the manuscript. †L. Zhou, Z. Cao and J. Zhang contributed equally. 

ACKNOWLEDGMENT 

This work is supported by the National Natural Science Foundation of China (21978281, 

21975250) and National Key R&D Program of China (SQ2017YFE9128100). The authors also 

thank the Independent Research Project of the State Key Laboratory of Rare Earth Resources 

Utilization (110005R086), Changchun Institute of Applied Chemistry, Chinese Academy of 



 17 

Sciences. The research was also partially supported by King Abdullah University of Science and 

Technology (KAUST) and Hanyang University. 



 18 

REFERENCES 

1. Grey, C. P.; Tarascon, J. M., Sustainability and in situ monitoring in battery development. 

Nat Mater 2016, 16 (1), 45-56. 

2. Qi, Y.; Lu, Y.; Ding, F.; Zhang, Q.; Li, H.; Huang, X.; Chen, L.; Hu, Y. S., Slope-

Dominated Carbon Anode with High Specific Capacity and Superior Rate Capability for High 

Safety Na-Ion Batteries. Angew Chem Int Ed Engl 2019, 58 (13), 4361-4365. 

3. Ming, J.; Cao, Z.; Li, Q.; Wahyudi, W.; Wang, W.; Cavallo, L.; Park, K.-J.; Sun, Y.-K.; 

Alshareef, H. N., Molecular-Scale Interfacial Model for Predicting Electrode Performance in 

Rechargeable Batteries. ACS Energy Letters 2019, 4, 1584-1593. 

4. Liu, W.; Li, P.; Wang, W.; Zhu, D.; Chen, Y.; Pen, S.; Paek, E.; Mitlin, D., Directional 

Flow-Aided Sonochemistry Yields Graphene with Tunable Defects to Provide Fundamental 

Insight on Sodium Metal Plating Behavior. ACS Nano 2018, 12 (12), 12255-12268. 

5. Nayak, P. K.; Yang, L.; Brehm, W.; Adelhelm, P., From Lithium-Ion to Sodium-Ion 

Batteries: Advantages, Challenges, and Surprises. Angewandte Chemie International Edition 

2018, 57 (1), 102-120. 

6. Ming, J.; Cao, Z.; Wahyudi, W.; Li, M.; Kumar, P.; Wu, Y.; Hwang, J.-Y.; Hedhili, M. N.; 

Cavallo, L.; Sun, Y.-K.; Li, L.-J., New Insights on Graphite Anode Stability in Rechargeable 

Batteries: Li Ion Coordination Structures Prevail over Solid Electrolyte Interphases. ACS Energy 

Letters 2018, 3, 335-340. 

7. Zhou, L.; Cheng, Y.; Sun, Q.; Sun, L.; wang, c. l.; Wang, X.; Yin, D.; Wang, L.; Ming, J., 

High Alkaline Ions Storage Capacities of Hollow Interwoven Structured Sb/TiO2 Particles: 

Galvanic Replacement Formation Mechanism and Volumetric Buffer Effect. Chemical 

Communications 2018, 54, 4049-4052. 

8. Zhao, Y.; Goncharova, L. V.; Lushington, A.; Sun, Q.; Yadegari, H.; Wang, B.; Xiao, W.; 

Li, R.; Sun, X., Superior Stable and Long Life Sodium Metal Anodes Achieved by Atomic Layer 

Deposition. Advanced Materials 2017, 29 (18), 1606663. 

9. Luo, W.; Lin, C.-F.; Zhao, O.; Noked, M.; Zhang, Y.; Rubloff, G. W.; Hu, L., Ultrathin 

Surface Coating Enables the Stable Sodium Metal Anode. Advanced Energy Materials 2017, 7 

(2). 

10. Seh, Z. W.; Sun, J.; Sun, Y.; Cui, Y., A Highly Reversible Room-Temperature Sodium 

Metal Anode. ACS Cent Sci 2015, 1 (8), 449-55. 

11. Zhao, Y.; Goncharova, L. V.; Zhang, Q.; Kaghazchi, P.; Sun, Q.; Lushington, A.; Wang, 

B.; Li, R.; Sun, X., Inorganic-Organic Coating via Molecular Layer Deposition Enables Long Life 

Sodium Metal Anode. Nano Lett 2017, 17 (9), 5653-5659. 

12. Zhao, Y.; Adair, K. R.; Sun, X., Recent developments and insights into the understanding 

of Na metal anodes for Na-metal batteries. Energy & Environmental Science 2018, 11 (10), 2673-

2695. 

13. Xu, Z.; Yang, J.; Zhang, T.; Sun, L.; Nuli, Y.; Wang, J.; Hirano, S.-i., Stable Na Metal 

Anode Enabled by a Reinforced Multistructural SEI Layer. Advanced Functional Materials 2019, 

29 (27), 1901924. 

14. Fan, L.; Li, X., Recent advances in effective protection of sodium metal anode. Nano 

Energy 2018, 53, 630-642. 

15. Li, P.; Xu, T.; Ding, P.; Deng, J.; Zha, C.; Wu, Y.; Wang, Y.; Li, Y., Highly reversible Na 

and K metal anodes enabled by carbon paper protection. Energy Storage Materials 2018, 15, 8-

13. 



 19 

16. Liu, L.; Qi, X.; Yin, S.; Zhang, Q.; Liu, X.; Suo, L.; Li, H.; Chen, L.; Hu, Y.-S., In Situ 

Formation of a Stable Interface in Solid-State Batteries. ACS Energy Letters 2019, 4 (7), 1650-

1657. 

17. Zheng, J.; Chen, S.; Zhao, W.; Song, J.; Engelhard, M. H.; Zhang, J.-G., Extremely Stable 

Sodium Metal Batteries Enabled by Localized High-Concentration Electrolytes. ACS Energy 

Letters 2018, 3 (2), 315-321. 

18. Cohn, A. P.; Muralidharan, N.; Carter, R.; Share, K.; Pint, C. L., Anode-free sodium battery 

through in situ plating of sodium metal. Nano letters 2017, 17 (2), 1296-1301. 

19. Tang, S.; Zhang, Y.-Y.; Zhang, X.-G.; Li, J.-T.; Wang, X.-Y.; Yan, J.-W.; Wu, D.-Y.; 

Zheng, M.-S.; Dong, Q.-F.; Mao, B.-W., Stable Na Plating and Stripping Electrochemistry 

Promoted by In Situ Construction of an Alloy-Based Sodiophilic Interphase. Adv Mater 2019, 31 

(16), 1807495. 

20. Lu, Y.; Zhang, Q.; Han, M.; Chen, J., Stable Na plating/stripping electrochemistry realized 

by a 3D Cu current collector with thin nanowires. Chem Commun (Camb) 2017, 53 (96), 12910-

12913. 

21. Wang, A.; Hu, X.; Tang, H.; Zhang, C.; Liu, S.; Yang, Y. W.; Yang, Q. H.; Luo, J., 

Processable and Moldable Sodium-Metal Anodes. Angew Chem Int Ed Engl 2017, 56 (39), 11921-

11926. 

22. Li, X.; Zhao, L.; Li, P.; Zhang, Q.; Wang, M.-S., In-situ electron microscopy observation 

of electrochemical sodium plating and stripping dynamics on carbon nanofiber current collectors. 

Nano Energy 2017, 42, 122-128. 

23. Zhao, C.; Lu, Y.; Yue, J.; Pan, D.; Qi, Y.; Hu, Y.-S.; Chen, L., Advanced Na metal anodes. 

Journal of Energy Chemistry 2018, 27 (6), 1584-1596. 

24. Zhang, J.; Zhou, L.; Ming, H.; Wu, Y.; Wahyudi, W.; Cao, Z.; Cavallo, L.; Wang, L.; Ming, 

J., Lithium dendrite-free plating/stripping: a new synergistic lithium ion solvation structure effect 

for reliable lithium-sulfur full batteries. Chem Commun (Camb) 2019, 55 (40), 5713-5716. 

25. Hoar, T. P.; Jacob, W. R., BREAKDOWN OF PASSIVITY OF STAINLESS STEEL BY 

HALIDE IONS. Nature 1967, 216 (5122), 1299-1301. 

26. Sun, M. Z.; Shi, S. Q.; Huang, B. L., Blue energy case study and analysis: Attack of 

chloride ions on chromia passive film on metallic electrode of nanogenerator. Nano Energy 2019, 

62, 103-110. 

27. Ming, J.; Cao, Z.; Wu, Y.; Wahyudi, W.; Wang, W.; Guo, X.; Cavallo, L.; Hwang, J.-Y.; 

Shamim, A.; Li, L.-J.; Sun, Y.-K.; Alshareef, H. N., New Insight on the Role of Electrolyte 

Additives in Rechargeable Lithium Ion Batteries. ACS Energy Letters 2019, 4 (11), 2613-2622. 

28. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H., On the Theory of Oxidation-Reduction 

Reactions Involving Electron Transfer. 1*. J Chem Phys 1956, 132 (15), 154104. 

29. Wang, W.; Cao, Z.; Elia, G. A.; Wu, Y.; Wahyudi, W.; Abou-Hamad, E.; Emwas, A.-H.; 

Cavallo, L.; Li, L.-J.; Ming, J., Recognizing the Mechanism of Sulfurized Polyacrylonitrile 

Cathode Materials for Li–S Batteries and beyond in Al–S Batteries. ACS Energy Letters 2018, 3 

(12), 2899-2907. 

30. Wu, Y.; Wang, W.; Ming, J.; Li, M.; Xie, L.; He, X.; Wang, J.; Liang, S.; Wu, Y., An 

Exploration of New Energy Storage System: High Energy Density, High Safety, and Fast Charging 

Lithium Ion Battery. Advanced Functional Materials 2019, 29 (1), 1805978. 

 


