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Abstract  

Rechargeable sodium-oxygen batteries (NaOBs) are receiving extensive research 

interests because of their advantages such as ultrahigh energy density and cost 

efficiency. However, the severe failure of Na metal anodes has impeded the commercial 

development of NaOBs. Herein, combining in-situ synchrotron X-ray computed 

tomography (SXCT) and other complementary characterizations, a novel electro-

chemo-mechanical failure mechanism of sodium metal anode in NaOBs is elucidated. 

It is visually showcased that the Na metal anodes involve a three-stage decay evolution 

of a porous Na reactive interphase layer (NRIL): from the initially dot-shaped voids 

evolved into the spindle-shaped voids and the eventually-developed ruptured cracks. 

The initiation of this three-stage evolution begins with chemical-resting and is 

exacerbated by further electrochemical cycling. From corrosion science and fracture 

mechanics, theoretical simulations suggest that the evolution of porous NRIL is driven 

by the concentrated stress at crack tips. Our findings illustrate the importance of 

preventing electro-chemo-mechanical degradation of Na anodes in practically 

rechargeable NaOBs. 

1. Introduction 

Rechargeable alkali metal-O2 batteries are attracting a surging interest as promising 

power batteries for electric vehicles owing to their extremely high theoretical energy 

density that is comparable with gasoline.[1-6] Intense attention has been concentrated on 

aprotic lithium-O2 battery (LiOB, 3485 Wh kg-1 for Li2O2) technology since its 

introduction in 1996 by Abraham.[7] Nevertheless, considerable challenges such as high 

overpotential, low Coulombic efficiency and limited Li resources have fundamentally 

hindered the successful implementation of LiOBs.[8-9] In comparison, the sodium-O2 

battery (NaOB) technology, despite its relatively lower theoretical specific energy 

(1602 Wh kg-1 for Na2O2), seems to be a competitive candidate because of its lower 

overpotential (< 200 mV) and higher round-trip efficiency.[10-15] Moreover, sodium is 

the  fourth most abundant element on the earth, rendering it one of the most cost-
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effective electrode materials.[16-18] Thus, NaOB is expected to be one of the most 

promising next-generation battery technologies that can be extensively deployed due to 

high energy-density and low-cost Na anodes. However, the NaOB technology is 

currently in its infancy stage and the hitherto reported battery performance is unable to 

compete with the current lithium-ion battery technology.[19-21] The fundamental cause 

for the inferior performances of NaOB technology can be ascribed to an inadequate and 

incomprehensive understanding of the working principles and failure mechanisms.[22]  

Significant efforts have been devoted to address this issue and in-depth understanding 

has been achieved. Velinkar et al. found that the energy dynamics during discharge and 

charge processes at carbon/electrolyte interfaces in NaOBs, which are influenced by 

surface-mediated discharge, varied with the type of carbon cathode utilized.[4] It is 

demonstrated by Ortiz-Vitoriano et al. that the synergistic effects between diethylene 

glycol dimethyl ether (diglyme) and pyrrolidinium-based ionic liquid solvents can 

improve the superoxide anion stability and facilitate the uniform formation of NaO2 

crystals across the carbon cathode.[23] These reports underline the importance of 

choosing suitable cathode materials and electrolytes for NaOBs. However, the crucial 

role of Na metal anode in NaOBs has been seldomly explored.[24-25] Metallic Na has a 

redox potential of 0.34 V versus Li+/Li, which is generally lower than the reduction 

potential of the most used electrolytes.[26] For example, the tetraglyme based electrolyte 

is susceptible to decompose after contacting Na anode.[27] In another study, Guo et al. 

photographically found that the surface of Na anode become rough and holey with 

increasing discharge depth, accelerating the parasitic reactions occurred on Na anode.[28] 

Furthermore, Na anode always suffer from uncontrollable Na dendrites growth and 

volume expansion, resulting in internal short-circuits and severe safety concerns of 

NaOBs.[29-32] These studies suggest that the severe failure of Na anode also accelerates 

the capacity decay of NaOBs. Therefore, elucidating fundamental failure mechanisms 

of Na anode is very important in clarifying the reason for capacity decay of NaOBs, 

and will guide the engineering strategies for performance enhancement of NaOBs. 

Considering the high chemical-reactivity and air-sensitivity of metallic Na, in-situ 
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characterization technique that is capable of probing the failure evolution processes of 

Na anodes non-destructively during the charge-discharge processes is highly required. 

In-situ spectroscopy tools, such as nuclear magnetic resonance, Raman spectroscopy, 

Fourier transform infrared spectroscopy etc., have been used to characterize the growth 

of Na dendrites and the associated solid electrolyte interface,[33-34] yet these probing 

techniques can hardly present the morphological changes of the evolved Na anodes, 

which are closely related to the physicochemical phenomena that straightforwardly 

dictate their performance.[35] Although the in-situ light microscopy and electron 

microscopy have been frequently used to reveal the morphological evolution of Na 

anodes during battery cycling,[36-37] their intrinsic two-dimensional (2D) results suffer 

from the inability to comprehensively illustrate the complexity of the inherently three-

dimensional (3D) Na anodes. Hence, advanced in-situ analytical tools that are capable 

of providing direct visualization of the expansion/contraction and the crack or porosity 

evolution of the cycled Na anodes in 3D are highly desirable. Synchrotron X-ray 

computed tomography (SXCT) is a non-destructive imaging technique that uses X-rays 

to capture multiple projections from various angles to reconstruct a detailed 3D image 

of the internal structure of a material. In recent years, it is successfully validated that 

in-situ SXCT method is capable of non-destructively probing the local, even buried 

structures in varied battery systems, providing a great deal of unprecedented 

information from electrode surface to bulk.[38-45] Moreover, the 3D SXCT technique has 

been also used to study how the battery performance is influenced by the intrinsic 

properties of electrode materials such as porosities, microcracks, and the chemo-

mechanical couplings.[46-48] To the best of our knowledge, there is still no report of using 

SXCT technique to non-destructively clarify failure evolution processes of Na anode in 

NaOBs.  

In this work, the dynamic failure evolution of Na metal anode and its correlation to 

NaOBs performance degradation are systematically studied by in-situ SXCT technique, 

together with electrode/electrolyte interface characterizations and finite element 

analysis (FEA) methods. The in-situ SXCT technique clearly reveals that the decay of 
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NaOBs involves a three-stage evolution of a porous Na reactive interphase layer (NRIL) 

at Na metal anode: the initially formed dot-shaped voids (stage I) evolve into the 

spindle-shaped voids (stage II) and eventually into ruptured cracks (stage III). It is 

revealed by depth-profiling X-ray photoelectron spectroscopy (XPS) and time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) characterizations that O2 plays a crucial 

role in facilitating the reaction between Na metal and the electrolyte, leading to the 

thickening and cracking of the NRIL. The detailed three-stage evolution of the porous 

NRIL are discussed in context of corrosion science (pitting corrosion and stress 

corrosion cracking) and fracture mechanics. Furthermore, FEA simulations suggest that 

the mechanical stress concentrated at the cracks tip plays a significant role in driving 

their further propagation. To sum up, the current discoveries have provided coupled 

electro-chemo-mechanical insights into the failure mechanisms of Na anode in NaOBs 

during electrochemical cycling and these invaluable insights may bring forth 

fundamental breakthroughs for their practical applications. 

2. Results and Discussion 

Two types of NaOB design are used: the customized cell for in-situ SXCT (Figure S1, 

tomo-cell) and the commercialized Swagelok cell for postmortem characterizations 

(Figure S2a), Swagelok-cell). An illustration and a photograph of the tomo-cell are 

displayed in Figure S1a,b, the design of which has already been proved to be compatible 

with in-situ SXCT technique (Figure S1c).[49-50] All investigated NaOBs adopt sodium 

metal foil as anode, 1 M sodium triflate (NaCF3SO3) in diglyme as electrolyte and 

carbon fiber paper as cathode. Further experimental details are shown in the 

experimental section.  

2.1 Formation and three-stage evolution of the Na reactive interphase layer (NRIL) 

The degradation mechanisms of Na metal anodes in NaOBs are revealed by comparing 

their states before and after electrochemical cycling using the non-destructive in-situ 

SXCT technique. An uncycled tomo-cell (named No. 0 tomo-cell), which serves as a 

reference to the cycled ones, is investigated by a laboratory X-ray facility and the result 
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is exhibited in Figure S2b,c. Four other cells (hereafter named No. 1-No. 4 tomo-cell) 

cycled after different total capacities (different cycles) are further investigated by in-

situ SXCT facility (Figure 1a1-d1). The captured internal changes of these cycled 

NaOBs viewed along the transversal x-z planes are shown in Figure 1a2-d2. From these 

images, one can clearly distinguish the Na metal anode, the glass fiber separator, and 

the carbon paper cathode. Compare these results with those from the pristine No. 0 

tomo-cell (Figure S2b,c) and one can recognize the noticeable morphological changes 

of Na anodes after repeated Na electrodeposition and dissolution, especially the 

formation and three-stage evolution of a Na reactive interphase layer (NRIL). To be 

more specific, one can note that a NRIL of thickness of ~102 μm is generated after 

cycling the NaOBs (No. 1 tomo-cell) for 3.850 mAh cm-2, as shown in Figure 1a2. The 

thickness of NRIL rises to ~174 and ~352 μm (Figure 1b2,c2) after increasing the areal 

capacity respectively to 7.844 mAh cm-2 (No. 2 tomo-cell) and 8.557 mAh cm-2 (No. 3 

tomo-cell), respectively. After the NaOB is further cycled for 14.120 mAh cm-2 (No. 4 

tomo-cell), it seems that its pristine bulk Na has transformed entirely into the NRIL, 

with notably huge and jagged cracks (Figure 1d2). The zoom-in views of the generated 

NRIL regions are further showcased in Figure 1a3-d3, from which, conspicuous darker 

regions (e.g., along the yellow double-headed lines) than the other regions are 

notable.[49, 51-52]  
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Figure 1. Electrochemical performance and microstructure evolution in the cycled NaOBs (No.1-4 
tomo-cells). Electrochemical curves of the as-characterized cells after cycling at the capacity of 
3.850 mAh cm-2 (a1), 7.844 mAh cm-2 (b1), 8.557 mAh cm-2 (c1) and 14.120 mAh cm-2 (d1). (a2-
d2) Slices in the x-z plane taken from the reconstructed tomographic data. (a3-d3) The 
corresponding zoomed-in images of the NRIL. The yellow double-headed lines denote the lines 
along which the X-ray absorption coefficients are analyzed. (a4-d4) The line profiles along the 
yellow double-headed lines shown in a3-d3. (a5-d5) The corresponding 3D representations of the 
reconstructed data. All the scale bars are 100 μm. 

According to the Beer-Lambert law, these dark areas have a relatively low X-ray 

absorption coefficient and thus a high X-ray transmittance capability and they are 

expected to be newly formed voids/cracks.[44, 45] This is confirmed by analyzing the X-

ray absorption coefficients along the yellow lines shown in Figure 1a3-d3: as the 

analysis results in Figure 1a4-d4 imply a sudden decrease of the grayscale values at the 
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positions where these voids/cracks transect is obvious. However, it is worthy to note 

that these formed voids/cracks are highly likely refilled with the employed electrolyte 

although this is not certain due to its very low X-ray absorption coefficient.[51] 

To further visualize the evolution of Na anode and the NRIL from different perspectives, 

the horizontal views along x-y plane and the 3D volume renderings of the reconstructed 

tomography data of No. 1-4 cells are analyzed, as shown respectively in Figure S3 and 

Figure 1a5-d5. From the result of No. 1 tomo-cell, one can note that some dark dotted 

voids appear within the NRIL regions (yellow circles in Figure S3a). It seems that the 

dot-shaped voids gradually evolve into spindle-shaped voids of length of 28-90 μm in 

the No. 2 tomo-cell (yellow ellipses in Figure S3b). In the No. 3 tomo-cell, the spindle-

shaped voids become dominant and they grow larger in size (Figure S3c). These 

spindle-shaped voids are also observable in the direction perpendicular to the 

Na/separator interface (Figure 1c2). This indicates that the spindle-shaped voids can 

grow in both the horizontal (along x-y plane) and vertical (along x-z plane) directions 

during electrochemical cycling. Figure S3d shows the generation of a large ruptured 

crack (roughly 376 μm long, 12.4-53.2 μm wide) through the NRIL region in the cycled 

No. 4 tomo-cell. Moreover, thin and slim cracks can be also found as highlighted by 

red arrows in Figure S3d. These slim cracks are very likely the unmatured ones and 

they are expected to grow during further electrochemical reactions. Looking at its 

electrochemical charge-discharge curve (Figure 1d1), one can clearly note a huge 

increase in overpotential upon cycling. This huge overpotential increase is caused very 

likely by these formed cracks that lead to a sluggish ion transport dynamic. The 3D 

volume renderings of the evolved Na anodes are shown in Figure 1a5-d5, which are in 

good agreement with the 2D image results.  

For further quantitative analysis, the porosity of the formed NRIL after different cycling 

conditions is studied through data binarization and segmentation. The 3D rendering of 

the voids/cracks shown in Figure 2b1-b4, which are extracted from the segmented 

tomography data (Figure 2a1-a4), reveals graphically their evolution as a function of 

cycles. One can note obviously that the quantity of voids/cracks increase proportionally 
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with the increased capacity. Additional quantifications of the porosity and the surface 

area of the formed voids/cracks, which are shown in Figure 2c1,c2, demonstrate clearly 

that both values increase sharply during the stage II and they reach the maximum during 

the stage III. Together, these results reveal vividly the formation and three-stage 

evolution as well as its potential effects of NRIL in battery decay: 1) the initial 

formation of the dot-shaped voids (stage I); 2) the gradual growth of the dot-shaped 

voids into the spindle-shaped ones that are distributed randomly within the NRIL (stage 

II); 3) the further growth of the spindle-shaped voids into large ruptured cracks that 

could seriously block the transport channel of Na+ ions (stage III). 

Figure 2. Reconstructed and segmented 3D volume of Na anodes after varied electrochemical 
conditions. (a1-a4) The 3D rendering of the Na anodes after electrochemical cycling. (b1-b4) The 
3D view of the as-formed void/crack in the sodium reactive layer. (c1-c2) Quantification results of 
the volume and surface area of the formed voids. All scale bars are 100 μm. 

2.2 Morphology and components evolution of Na metal anode in NaOBs 

To further clarify the origins of the voids/cracks in Na metal anode detected by in-situ 

SXCT technique, Na anodes disassembled from Swagelok-cells after different 

electrochemical/chemical conditions are studied by postmortem scanning electron 

microscope (SEM). Specifically, a series of control experiments in which Na anodes 
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are subjected to four different handling conditions that aim to distinguish the individual 

influencing roles played by oxygen, electrolyte, and external current are conducted: 

resting the Na metal in pure oxygen atmosphere for 48 hrs (Path 1; influencing factor: 

oxygen); resting the Na metal in electrolyte with argon gas atmosphere for 48 hrs (Path 

2; influencing factor: electrolyte); resting the Na metal in Swagelok-cell with an oxygen 

atmosphere for 48 hrs (Path 3; influencing factors: both oxygen and electrolyte); the 

Na metal as the anode cycling (0.1 mA cm-2 until cell failure) in Swagelok-cell with an 

oxygen atmosphere (Path 4; influencing factors: oxygen, electrolyte, and current). It is 

noted here that the Path 1-3 experiments are designed for identifying the formation 

prerequisites for the detected voids/cracks.  

Figure S4 provide the SEM surface and cross-section results of the pristine Na metal 

and the treated Na metals (Path 1-4). And the interfacial layers formed under Path 1-4 

are named by NRIL-n (n=1-4), respectively. One can note that the surface/cross-section 

of the pristine Na anode is relatively flat and smooth (Figure S4a-c). After processing 

by Path 1-4, the Na metal anodes display a much rougher and uneven surface 

morphology. After experiencing Path 1 and Path 2, one can note from their cross-

sectional and zoom-in views that the NRIL thickness of the Na metal anode is 

respectively 25 μm (NRIL-1) and 46 μm (NRIL-2) (Figure S4d-i). After processing by 

Path 3 and Path 4, much thicker NRILs are visible in Figure S4j-o (NRIL-3: 354 μm; 

NRIL-4: 564 μm). Intriguingly, there are no detectable voids and cracks on NRIL-1,2 

compared to NRIL-3,4. Therefore, these control experiments suggest that the excessive 

formation of the porous NRILs is greatly associated with the synergistic effects of O2 

and electrolyte (Path 3 and Path 4). Furthermore, one can discern a significant 

difference between porous NRIL-3 and NRIL-4. For the NRIL-3, the chemical parasitic 

reactions occur inside the cell, which form a porous interfacial layer on the surface of 

the bulk Na, indicating that the O2-saturated electrolyte is more corrosive than the 

individual electrolyte. With the application of electrochemical conditions (Path 4), the 

porous NRIL-4, which traverses almost the entire thickness of the Na anode and covers 

both the top dense portion and the bottom porous portion is observed. It is speculated 
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that the formed dense portion at the upper edge of the porous NRIL is caused by a side 

effect exacerbated by electrochemical cycling. Additionally, large cracks shown in 

Figure S4o are generated at the tip of the voids in the porous layer of NRIL-4. These 

findings suggest that the external current during electrochemical cycling (Path 4) 

contributes significantly to the detected large voids/cracks. 

Aiming to clarify the differences between the (electro)chemically developed NRILs, 

depth-profiling XPS and TOF-SIMS measurements are conducted, which can provide 

detailed surface and undersurface information about the composition of battery 

materials. The composition of the (electro)chemically formed NRILs determined by 

depth-profiling XPS are shown in Figure S5-S7 and Figure 3 respectively. Compared 

with the influence of separate oxygen (Path 1, Figure S5) or electrolyte (Path 2, Figure 

S6), the synergistic effect (Path 3, Figure S7) between them results in the production of 

more decomposition products (such as ROCO2Na, CFx, NaF, SO3 and SO2F etc.) on the 

Na surface. These results further prove that O2 can facilitate electrolyte decomposition, 

resulting in the thickening and cracking of NRIL-3. To further clarify the compositional 

changes of the formed NRIL-4 during electrochemical cycling process, Na anodes 

disassembled from Swagelok-cells after different cycled total capacities (3.850 

mAhcm-2, 8.557 mAh cm-2 and 14.120 mAh cm-2) are studied (Figure 3 and Figure 4). 

Regardless of the etching depth (0 s, 60 s, 120 s and 240 s), at larger cycling total 

capacity, the NRIL-4 contains more F, S content, and smaller O, C atomic ratios in the 

NaOBs (Figure 3a). Wherein, F, S containing species are primarily derived from the 

decomposition of NaCF3SO3 salts and meanwhile the diethylene glycol dimethyl ether 

(diglyme) solvents decompose to generate C, O containing organic compounds. 
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Figure 3. Postmortem compositional analysis of Na anodes by depth-profiling XPS. (a) The depth 
profile elemental distribution of the NRIL at three cycling capacities (3.850 mAhcm-2, 8.557 mAh 
cm-2 and 14.120 mAh cm-2). C 1s, O 1s, S 2p, and F 1s depth-profiling XPS spectra of processed 
Na anode at 3.850 mAh cm-2 (b-e), 8.557 mAh cm-2 (f-i) and 14.120 mAh cm-2 (j-m) cycling capacity. 
Sputtering times are 0, 60, 120, and 240 s.  

Specifically, the O 1s, C 1s, F 1s and S 2p depth-profiling XPS spectrums of the Na 

anodes in NaOBs cycled after different total capacities are also provided (Figure 3b-m). 
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In the C 1s spectrum, the peak at 284.8 eV, corresponding to C-C/C-H bonds, 

representing C-containing organic compounds, progressively diminishes as the NaOBs 

cycle capacity increases (Figure 3b,f,g). Notably, as the cycle prolongs (small to large 

cycled capacity), the 531 eV peak (O 1s spectrum) gradually decreases while the 533 

eV peak (O 1s spectrum) gradually increases (Figure 3c,g,k). The decrease of 531 eV 

peak may be due to the accumulation of by-products in NRIL masking the Na2CO3 on 

the original Na metal surface. Meanwhile, the severe reaction between diglyme solvents 

and Na metal anode will lead to the substantial production of RCH2ONa within the 

NRIL, resulting in increase of 533 eV peak [28,53]. More importantly, the content of 

species containing F (Figure 3d,h,l) and S (Figure 3e,i,m), such as CFx (688.5 eV in F 

1s spectrum), NaF (684 eV in F 1s spectrum), SO2F (170 eV in S 2p spectrum) and SO3 

(168.8 eV in S 2p spectrum), undergoes a sharp increase by around three times upon 

cycling (Figure 3a). These findings provide evidence that the severe side reactions 

between the Na anode and electrolyte play a huge role in the thickening and cracking 

of the NRIL-4 during cycling. The reaction between NaCF3SO3 and Na anode is more 

intense than that of diglyme solvents.  
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Figure 4. TOF-SIMS 3D reconstruction with corresponding depth profiles of Na anodes. The Na 
anodes were disassembled from Swagelok-cells after cycling at 3.850 mAh cm-2 (a), 8.557 mAh 
cm-2 (b) and 14.120 mAh cm-2 (c) cycling capacity. 

Subsequently, TOF-SIMS measurement is performed to in-depth analyze the 

compositions of the deeper regions (etching depth: 420 s) of the NRIL-4 within the 

NaOBs cycled for 3.850 mAh cm-2, 8.557 mAh cm-2 and 14.120 mAh cm-2, respectively 

(Figure 4). At a cycling total capacity of 3.850 mAh cm-2, both the NaCF3SO3 salt and 

diglyme solvent undergo initial decomposition on the Na anode, resulting in the 

formation of NRIL-4. After a 300s duration etching (Figure 4a), side reaction product 

concentrations have significantly decreased. With continued cycling, the Na anode 

surface accumulates much more F and S-containing species (NaF2-, Na2F3-, CF3-, 
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CF3SO3-, SO3-, SO-, SO3F-) as depicted in Figure 4b,c. When the cycling total capacity 

is 8.557 mAh cm-2, the content of F and S-containing species significantly surpasses 

that of C2HO- (Figure 4c). This result further proves that the reaction between 

NaCF3SO3 and Na anode is more intense than that of diglyme solvents. Hence, for 

NaOBs, it is crucial to use a Na salt with superior electrochemical stability. Additionally, 

one can note that all the by-products (C2HO-, NaF2-, Na2F3-, CF3-, CF3SO3-, SO3-, SO-, 

SO3F-) exhibit non-uniform distribution within the NRIL, which can result in an uneven 

stress distribution, ultimately leading to crack formation (Figure 4c). 

In summary, during the resting process electrolyte (both solvent and salt) will inevitably 

react with Na metal. Upon electrochemical cycling, oxygen will promote the reaction 

between electrolyte and Na metal to form NRIL-4. During this period, the prevailing 

parasitic reaction dominated by NaCF3SO3 salt leads to the generation of unevenly 

distributed by-products within the NRIL-4. The continuous thickening and cracking of 

the NRIL-4 may lead to severe decay in NaOBs, including low Coulombic efficiency, 

a sharp increase in polarization potential, and poor cycling performance (Figure 1d1). 

Furthermore, these unevenly distributed by-products within the NRIL-4, which possess 

varied mechanical properties, would facilitate NRIL-4 cracking and accelerate the 

mechanical degradation of Na anodes, as further discussed in the next section. 

 

 

2.3 Discussion of the evolving voids/cracks from the corrosion science viewpoint and 
a relevant FEA simulation 

The postmortem studies demonstrate that the porous NRIL could evolve under merely 

chemical-resting condition of Path 3 (Figure S4k-l), the process of which will 

exacerbate under electrochemical conditions of Path 4 (Figure S4n-o and Figure 1a5-

d5). From the perspective of corrosion science, it appears that pitting corrosion and 

stress corrosion cracking are the two dominant corrosion types responsible for the 

observed changes of Na anodes.[54] The pitting corrosion is a unique type of anodic 
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dissolution of metal and its major occurrence condition is an electrochemical potential 

shift in the direction of a more positive one than a certain critical value, considered as 

pitting potential. During the chemical resting (Path 3), it is very likely that pitting 

occurs due to the existence of the corrosive electrolyte that contains strongly oxidizing 

oxygen. This process would be accelerated during cycling (Path 4) by the externally 

applied electrochemical potential, which shifts the electrochemical potential to a higher 

one and drives rapid Na electrodissolution. Hence, dot-shaped voids are generated after 

pitting corrosion. Meanwhile, these dot-shaped voids can serve as concentrators of 

stress where cracks could be formed.[55] The stress corrosion cracking requires the 

simultaneous presence of corrosive medium and mechanical stress.[56] Previous studies 

in stress corrosion cracking suggest that when the corrosive medium reaches the bottom 

of the crack, it causes new centers of stress concentrator from which new cracks are 

afterwards evolved.[56] The underlying reason is due to the fact that the corrosion 

reactions that builds up constantly stress concentrations at the crack tip. This stress 

corrosion cracking during Path 3 can be also aggravated during Path 4 because the 

externally applied electromotive force could enhance the corrosion reactions on the one 

hand, and on the other hand facilitate the stress generation by promoting the irreversible 

transformation of Na to porous NRIL. In the meantime, the unevenly distributed by-

products within the NRIL such as the F, S, C, O containing species revealed by the 

depth-profiling XPS and TOF-SIMS measurements in section 2.2, would also 

contribute significantly to both the stress buildup and crack formation due to their 

different and varying mechanical properties, e.g., the Young's modulus, the fracture 

toughness, the volumetric strain, etc.[57-58] The formed crack morphology depends on 

various aspects and the currently observed spindle-shaped crack may be resulted from 

the unique metallurgical factors of Na and specific environmental factors of 

electrolyte.[59-60]  

The above analysis highlights the complexity and interdependence of electrochemical, 

chemical, and mechanical coupling during the dynamic evolution of voids/cracks in 

NRIL-4 accompanying electrochemical cycling. However, the fundamental electro-
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chemo-mechanical coupling during Na electrodissolution and deposition remains 

elusive. To clarify this, FEA method is employed due to its versatile capability to model 

the interfacial evolution of alkali metal/electrolyte and the electrode reactions.[61-62] 

During the current simulation, a coupled diffusion-deformation model that involves the 

concentration changes of Na+ ion in NRIL-4 as well as the spatial distribution of stress 

in the spindle-shaped voids is created and used. A full illustration of the simulation is 

shown in Figure S9 and the simulation results during electrochemical 

dissolution/deposition are displayed in Figure 5. (Note that the electrode surrounding 

the voids in this model is treated as porous and filled with electrolyte and only the 

changes of the voids in the longitudinal direction are modeled. For simplicity, the effects 

of the by-products are not simulated)  

Figure 5a-f show the simulation results during Na electrodissolution and Figure 5g-i 

show those during Na electrodeposition. Figure 5a,d show two snapshots of the spindle-

shaped voids after Na electrodissolution for respectively 20 min and 70 min. These two 

figures clearly demonstrate the heterogeneous Na+ ion distribution around the spindle-

shape void (the black outline), that is, an obvious increase in Na+ ion concentration 

within the void caused from the continuous Na electrodissolution. The corresponding 

contour plots of the induced von Mises stress distribution are shown in Figure 5b,e and 

the zoom-in views in Figure 5c,f. These results suggest that the maximum stress is 

concentrated at the tapered end of the spindle-shaped void where further crack growth 

is very likely to initiate. This simulation result resembles the scenario occurred during 

stress corrosion cracking. From the simulation results after Na electrodeposition for 30 

min (Figure 5g, t=100 min for the whole simulation), one can observe an obvious Na+ 

ion concentration gradient across the spindle-shape void. The unbalanced concentration 

gradient at the inner and the outer void may be triggered by a heterogenous Na 

electrodeposition, which would also lead to an uneven spatial distribution of 

mechanical stress. This is confirmed by the corresponding von Mises stress simulation 

results (Figure 5h,i) and the results also show that the maximum stress is concentrated 

at the tapered end of the spindle-shaped void, as well. These von Mises stress simulation 
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results demonstrate that the maximum stress is concentrated at the tip end of the 

spindle-shaped void and this concentrated stress, once reaches values larger than the 

critical fracture stress (or the stress corrosion threshold from the stress corrosion 

perspective) of Na, may eventually drive the continuous crack extension during the 

repeated Na electrodissolution/deposition.[63] This simulated crack propagation 

behavior bears some similarities to the Mode I fracture scenario[64] (which describes the 

extension of initial surface cracks by the focusing of the ionic current in beta alumina 

electrolyte) in fracture mechanics and it also mirrors the role of mechanical stress 

during the stress corrosion cracking. Aiming to further reveal the fundamental 

correlation between the mechanical stress and the electrochemical process at the tip end 

of the spindle-shape voids, the evolution of the Na+ ion concentration and the Von Mises 

stress are analyzed and the results are shown in Figure 5j,k. From these two figures, 

one can clearly observe that the Von Mises stress peaks at 70 min, coinciding with the 

maximum Na+ ion concentration. This result suggests that the local electrochemical 

process occurring at the crack tip could build up stress concentration, which in turn is 

responsible for further crack propagation. 
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Figure 5. Finite element modeling of the electro-chemo-mechanical coupling at Na anode during 
electrodissolution and deposition. The Na+ ion concentration distribution around a spindle-shaped 
void region after electrodissolution for 20 min (a), 70 min (d) and after electrodeposition for 30 min 
(g), respectively. The von Mises stress distribution around the spindle-shaped void after 
electrodissolution for 20 min (b), 70 min (e) and after deposition for 30 min (h), respectively. (c, f, 
i) The corresponding zoom-in views of the von Mises stress distribution at the tip of spindle-shaped 
void. (j) The Na+ ion concentration changes at the tip of the spindle-shaped void during simulation. 
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(k) The Von Mises stress change at the tip of the spindle-shaped void during simulation. 

2.4 Summary of the Na anode degradation evolution and a further discussion of the 

NRIL 

On the basis of the experimental characterizations and the simulation results, the 

proposed evolution of Na anodes during electrochemical cycling is schematically 

exhibited in Figure 6. Compared with the pristine state of Na anode (Figure 6a), a 

number of dot-shaped voids, as schematically shown in Figure 6b, appear when the Na 

electrodissolution from the NRIL region is faster than that it could be replenished (e.g., 

self-diffusion).[65-66] Once the voids/cracks are generated the electrolyte will very likely 

flow into them, leading to an inhomogeneous distribution of Na+ ion flux that influence 

subsequent electrodeposition and dissolution.[63] Meanwhile, from the corrosion 

science point of view, the freshly exposed Na metal in the void/crack region may 

continuously react with the O2-saturated electrolyte, which is strongly oxidative. The 

volumetric changes accompanying these side-reactions serve as the mechanical stress 

that induces stress corrosion cracking, which is exacerbated under electrochemical 

condition. In turn, these generated by-products, together with the formed voids/cracks, 

would significantly deteriorate the structural integrity of Na anode as well as the ionic 

transportation. This may also lead to the (electro)chemical deactivation of the NRIL, to 

some extent, according to previous reports.[67] During the subsequent stripping process, 

part of the Na+ ion would be supplied from the electrodissolution of Na around the 

void/crack region, resulting in a continuous growth of the initially formed voids/cracks 

(Figure 6c). In addition, fresh Na bulk will be also electrodissolved due to the 

deactivation of the NRIL, leading to the accumulation of voids/cracks and the inward 

growth of the NRIL towards the Na bulk metal (Figure 6d).  

It has to be noted that during the aforementioned evolution of Na anode, besides the 

volumetric-change induced mechanical stress that facilitates the stress corrosion 

cracking, repeated Na electrodeposition and dissolution around the spindle-like voids 

would also produce concentrated stresses. This concentrated stress, together with the 

former type, could further drive void propagation and eventually lead to the formation 
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of ruptured cracks within the NRIL when its value is larger than the critical fracture 

stress (or the stress corrosion threshold for stress corrosion cracking) of Na.[68-70] Taken 

together, it appears that mechanical stress caused crack propagation and the inward-

growing NRIL could lead inevitably to a sluggish ion transportation and an increased 

overpotential, ultimately causing an irreversible mechanical failure of Na anode and the 

NaOBs performance degradation.  

  

Figure 6. A schematic illustration of the morphological evolution of Na anodes under different 
electrochemical conditions. (a) Pristine Na anode without electrochemical cycling. (b) The 
formation of NRIL with dot-shaped voids in Stage I. (c) The continuing growth of the dotted 
voids into spindle-shaped voids in stage II, and the inwardly growing NRIL to the Na bulk. (d) 
The mechanical failure of Na metal anodes caused from the continuous growth of the spindle-
shaped voids. 

The reported dynamic evolution of Na anode and the porous NRIL under 

(electro)chemical conditions are essential in developing NaOBs built with 

(electro)chemically stable Na metal anode. From the corrosion science point of view, 

the current work suggests that the growth of NRIL initiates already in the O2-saturated 

electrolyte after the NaOBs are assembled. And this process is enhanced under 

electrochemical cycling condition. For this reason, it suggests that the protection of the 

Na metal anode is an important consideration that should be taken into account when 
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building the NaOBs. For this point, some available strategies such as employing 

chemically stable electrolyte [71-73] and adopting protective layers on Na metal[74-76] may 

help to mitigate the formation of NRIL. In addition, considering that the externally 

applied electromotive force during cycling could exacerbate the unwanted reactions 

between Na anode and the electrolyte, this implies that developing Na salt and 

electrolytes that possess a sufficient electrochemical stability window is highly 

desirable.[75] From the mechanical point of view, the role of the mechanical stress during 

crack propagation indicates that developing Na anodes with high mechanical strength 

is critical to prevent their mechanical fracture failure during long-term NaOBs cycling. 

In this respect, constructing carbon or other metal skeleton enforced Na anodes seems 

to be a plausible way to enhance their overall mechanical strength and minimize the 

localized stress concentration that causes their mechanical failure. Last but not the least, 

bearing in mind that the NaOBs involve a highly oxidative environment that could 

severely aggravate Na anode degradation, the current research suggests that merely 

utilizing a single strategy may not be sufficient to resolve the existing challenges. 

Therefore, synchronizing multi-strategy approaches of specific goals may render the 

Na anode possible for building performance improved NaOBs. 

  In summary, this investigation unravels the mechanical degradation of NaOBs via 

non-destructive 3D synchrotron X-ray tomography technique. This technique reveals 

the dynamic evolution of Na anode and the gradual formation of a Na reactive 

interphase layer (NRIL) in NaOBs during battery operation. Together with the gradually 

degraded battery performance, these results suggest a detrimental effect of the 

electrochemically formed NRIL. Depth-profiling XPS and TOF-SIMS 

characterizations are conducted to provide the detailed structure and composition 

information of the NRIL. It is found that O2 contributes significantly to the 

decomposition of the electrolyte, which is dominated by the decomposition of 

NaCF3SO3 salts, leading to thickening and cracking of the NRIL. On the basis of these 

experimental findings, the formation and growth of the voids in the NRIL are suggested 

to undergo three stages, i.e., the dot-shaped voids (stage I) growing into the spindle-
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shaped voids (stage II) and eventually into ruptured cracks (stage III). Control studies 

demonstrate that the porous NRIL could evolve under purely chemical-resting 

conditions and its formation process would accelerate under electrochemical cycling 

conditions. Corrosion science (pitting corrosion and stress corrosion cracking) and 

fracture mechanics are adopted to interpret its evolution. FEA simulations are 

conducted to understand this evolution further and the results suggest that the 

mechanical stress concentrated at the tip of the spindle-like voids drives their further 

propagation. Overall, this work provides mechanistic insights into the failure 

mechanism of Na anodes in NaOBs during electrochemical cycling and the improved 

understanding of the evolution of metallic Na anodes may hopefully trigger further 

development of engineering strategies to suppress the Na anode fracture failure to 

advance the development of NaOBs for practical applications. 
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