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For alkali metal anodes, the study of solid electrolyte interphase (SEI) formation is

probably the most important, yet tricky, challenge. Herein, multiple in situ

methods are combined to jointly reveal the SEI evolution process on Na metal

anodes. Through careful investigations of two stages during SEI formation, it is

demonstrated that a poorly passivated anode surface in the first stage causes

undesirable SEI structure during the subsequent stage, and hence, the interfacial

instability of Na anodes.
Ji et al., Chem 9, 1–13

October 12, 2023 ª 2023 Elsevier Inc.

https://doi.org/10.1016/j.chempr.2023.06.002

mailto:panfeng@pkusz.edu.cn
mailto:yangly@pkusz.edu.cn
https://doi.org/10.1016/j.chempr.2023.06.002


ll

Please cite this article in press as: Ji et al., In situ probing the origin of interfacial instability of Na metal anode, Chem (2023), https://doi.org/
10.1016/j.chempr.2023.06.002
Article
In situ probing the origin of interfacial
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THE BIGGER PICTURE

The stability of solid electrolyte

interphase (SEI) is one of the most

critical factors that determines the

performance of alkali metal

anodes. Although extensive and

advanced methods have been

carried out to study SEI of Na

metal anodes, the structural/

componential evolution is still

uncharted territory due to its

transient formation and

complicated components. Herein,

the SEI formation and dissolution

processes are investigated by

combining multiple in situ

characterizations. By revealing
SUMMARY

The unstable and fragile solid electrolyte interphase (SEI) has
restricted the application of Na metal anodes. Despite numerous
research efforts being put into understanding its chemical composi-
tion and physical properties, direct observation of its formation re-
mains a challenge due to the lack of temporal and spatial resolution.
Here, through combined in situ probing techniques, we exhibit two
pivotal stages associated with SEI instability during the often-ne-
glected formation process. It is revealed that Na metal that is not uni-
formly passivated at the initial (passivating) stage will trigger unre-
stricted electrolyte decomposition and homogeneous components
distribution during the subsequent (growing) stage. SEI with homoge-
nously distributed components is found to have higher solubility than
that with a layered structure evolved from a compact passivation
layer. Through demonstrating an SEI dissolution model that is closely
related to its formation process and compositional distribution, this
work sheds light on an uncharted territory of Na metal batteries.
spatial-temporal-resolved

information about SEI evolution,

an important failure mechanism is

unveiled: a poorly passivated

surface during the initial stage

subsequently leads to a

homogeneous distribution of

organic and inorganic species,

which is associated with structural

instability. The developed

methodology, combining

multiple in situ characterizations,

can be further employed to study

interfacial evolution in other

systems of batteries, providing

guiding significance in unveiling

interfacial chemistry.
INTRODUCTION

Exhibiting high theoretical specific capacity (1,165mAh g�6) and low redox potential

(�2.71 V vs. standard hydrogen electrode), sodium (Na) metal anodes are undeni-

ably the ‘‘holy grail’’ for Na-ion batteries.1–6 Unfortunately, the uneven and fragile

solid electrolyte interphase (SEI) cannot endure the enormous volume swing as

well as the uncontrolled dendrite growth during repeated Na stripping and

plating.6–9 More importantly, compared with Li-based SEI, Na-based SEI layers

tend to dissolve in the electrolyte,10,11 hence the poor mechanical stability. Conse-

quently, continuous side reactions between Na metal and the electrolyte will even-

tually cause poor cycling performance and potential safety hazards.12–15

For better understanding the reaction and dissolution mechanism of instable SEI,

scanning electron microscopy (SEM),8,16 X-ray photoelectron spectroscopy

(XPS),17–19 secondary ion mass spectroscopy (SIMS),16 cryogenic transmission elec-

tron microscopy (cryo-TEM)20 and solid state nuclear magnetic resonance

(ssNMR)21,22 have been employed to acquire interfacial information on Na metal

anode by post-mortem analysis. Nevertheless, in order to explore the origin of dis-

solvability andmechanical instability of SEI buried in the complex and transient steps

of SEI growth, there are still calls for a systematic analysis approach with both tem-

poral and spatial resolution.

Herein, we harness a wealth of mutually complementary in situ characterization tech-

niques to jointly reveal the SEI instability mechanism and the dynamic picture of SEI
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evolution at different potentials for Na anode. Integratingmacromorphology (in situ

3D laser scanning confocal microscope [LSCM]) and quantitative solubility (electro-

chemical quartz crystal microbalance [EQCM]) monitoring, we study the SEI insta-

bility formed in different electrolytes. Via in situ atomic force microscopy (AFM),

we identified two SEI evolution stages (i.e., the passivating stage and the growing

stage). We further find that the absence of an effective passivation layer at the

passivating stage will result in serious electrolyte decomposition and component

dissolution in the following growing stage by in situ shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS). Finally, combined with cryo-TEM and

time-of-flight secondary ion mass spectrometry (TOF-SIMS), we demonstrated

that without passivation effect, organic and inorganic components tend to distribute

homogenously, which exhibits high dissolvability without enough mechanical sup-

port. By contrast, thanks to the pre-formed passivating layer, hierarchical structural

SEI with vertically two-layered distribution is formed, which presents higher stability.

The method developed in this work, combining multiple in situ characterization sys-

tems, can be further expanded to study interfacial evolution in other deposition-type

anodes, such as alkali metal anodes,23,24 aqueous Zn anode,25 etc. In addition, the

observed interphase variation also sheds light on how to design robust interfaces in

various battery systems.
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RESULTS

The stability of SEI

First, the Na deposition behavior in propylene carbonate (PC)-based electrolytes

(1 M NaClO4 in PC) with and without 5 wt % FEC (fluoroethylene carbonate) additive

(denoted as PC-FEC and PC, shown in Figures 1A–1J) was monitored by in situ 3D-

LSCM. The corresponding 3D contour maps can also be obtained via real-time laser

confocal scanning, as presented in Figures S1 and S2, and the quantitative statistics

of roughness variation can also be obtained, as shown in Figure S3 and Table S1. In

PC-FEC, Na deposition on Cu foil is compact and uniform, whereas a large amount

of dendritic, mossy-like, and even ‘‘dead’’ Na can be observed during the Na depo-

sition in PC. According to the quantitative analysis (Figure S3; Table S1), the rough-

ness of pristine Cu foil is around 100 mm and remains nearly unchanged as the depo-

sition of Li in PC-FEC, indicating smooth Na surface due to homogeneous

deposition. In sharp contrast, a drastic increase in roughness is observed in PC

(from �100 to 170 mm), corresponding to random Na deposition and uncontrolled

dendrite growth. Such a difference in Na deposition behaviors might be attributed

to SEIs with higher stability acting as an effective protective layer to avoid uneven Na

deposition and to Na inhibiting dendrite formation,26 drastically enhancing the elec-

trochemical performance in both Na||Cu, Na||Na and full cells (Figure S4).

Because Na deposition does not occur until the potential reaches 0 V (vs. Na/Na+),

all electrochemical reactions above 0 V (vs. Na/Na+) can be attributed to the SEI

formation and its related side reactions (as shown in Figure S5). In the subsequent

in situ studies, we will focus on the electrochemical formation process of SEI in a Cu

|| Na cell by setting the cutoff voltage above 0 V (vs. Na/Na+). First, EQCM27,28

was applied to measure the in situ gravimetric variation of SEI formation process

(setup shown in Figure S6) during galvanostatic reduction processes. As the reduc-

tion proceeds, the mass of working electrodes in both electrolytes increases

continuously due to the formation of SEI (Figures 1K and 1L). When the potential

reaches 0 V, the mass accumulation on working electrodes in PC-FEC (mPC-FEC)

and PC (mPC)is measured to be 3,644 and 1,030 ng, respectively. To quantitatively

evaluate the solubility of SEI, we continue to monitor the mass change during the
2 Chem 9, 1–13, October 12, 2023
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Figure 1. The stability of SEI in PC and PC-FEC

(A–J) In situ 3D-LSCM observation of the Na deposition morphologies in PC (A–E) and PC-FEC (F–J) at 1 mA cm�2 (scale bars: 100 mm).

(K and L) In situ EQCM weighing results of mass variations in PC (K) and PC-FEC (L) at the discharging rate of 0.1 mA cm�2.

(M) Total mass and mass ratios of dissolved and stable components in the SEI formed at 0 V in different electrolytes.
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static stage (i.e., without external current). Both electrodes exhibit instant mass

decrease, especially in PC electrolyte, suggesting the continuous dissolution of

SEI. Higher dissolution rate is measured in PC (6.5 ng s�1 cm�2) compared with

in PC-FEC (2.3 ng s�1 cm�2), contributing to a less amount of SEI remained on

the anode (Figure S7). The mass accumulation measured via EQCM is the com-

bined result of both SEI formation and dissolution behaviors. Notably, both mass

accumulation (net SEI formation) and decrease (SEI dissolution) are approximately

linear with time, indicating a relatively constant SEI formation rate. The gross for-

mation rate of SEI can be obtained via the following equation, where nd is the

dissolution rate.

Dmgross =

Z t

0

nddt +Dmnet

The revised values of mass per mole of electron transferred (MPE) of SEI formation in

PC and PC-FEC are 15.4 gmol�1 (Figures S8A and S8C) and 31.2 gmol�1 (Figures S8B

and S8D), respectively, these values will be later discussed with other in situ results. In

addition, the final weights of SEI on two electrodes after equilibrium are measured to

be 3,353 ng (mPC-FEC
0) and 463 ng (mPC

0), corresponding to dissolution ratios of 8%

and 55%, respectively (Figure 1M). Therefore, compared with PC, although a higher

mass of SEI is formed in PC-FEC, a lower mass is dissolved into the electrolyte. To

sum up, the presence of FEC promotes the formation of a heavier SEI with improved

stability against dissolution into the electrolyte. Such a significant difference in the
Chem 9, 1–13, October 12, 2023 3



Figure 2. In situ morphological and mechanical detection of SEI formation process via in situ AFM

(A–F) In situ AFM detecting SEI morphological evolution on Cu current collector in PC (scale bars: 1 mm).

(G) Probability distribution of PC formed SEI modulus values.

(H) Spatial distribution of PC formed SEI modulus values.

(I–N) In situ AFM detecting SEI morphological evolution on Cu current collector in PC-FEC (scale bars: 1 mm).

(O) Probability distribution of PC-FEC formed SEI modulus values.

(P) Spatial distribution of PC-FEC formed SEI modulus values.
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stability of SEIs raises an intriguing question: what determines the stability of SEI dur-

ing their transient formation process?
Identifying two stages in SEI formation

In situ AFM (setup shown in Figure S9) driven by linear sweep voltammetry (LSV) was

employed for real-time microscopic morphology monitoring the SEI formation on

Cu electrode surface in PC (Figures 2A–2F) and PC-FEC (Figures 2I–2N) from open
4 Chem 9, 1–13, October 12, 2023
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circuit potential (OCP) to 0 V vs. Na/Na+. As presented in Figure S10, different elec-

trochemical curves indicate diverse SEI formation behaviors in both electrolytes.

In PC electrolyte, as the voltage reached �2.3 V, sparsely distributed particles were

observed on the Cu electrode with the size of 100–300 nm (Figure 2B). By examining

Figures 2B and 2C, it is clearly shown that the emergence of new particles is accompa-

nied by the disappearance of some previously formed ones (circled in white), which can

be attributed to the dissolution into the electrolyte. In comparison, particles formed in

PC-FEC electrolyte (�100 nm) are evenly distributed on the surface of Cu electrode (Fig-

ure 2K) and remain stable (without dissolution) during the scanning process (Figures 2K–

2M). Thereafter, both electrodes exhibitmore distinct SEI formation as the potential rea-

ches around 0.9 V (Figures 2E and 2M), which is in accordwith the sharp current increase

in LSV curves (Figure S10). Despite the seemingly similar variation tendency of electro-

chemical curves, the final morphologies of SEI in PC and PC-FEC are quite different

(Figures 2F and 2N): the SEI formed in PC-FEC is filledwith densely distributed nanopar-

ticles. By quantitively measuring the particle sizes via cross-sectional analysis, these

nanoparticles possess highly similar sizes around 92 nm (Figure S11). Contrarily, SEI

grows randomly in PC, resulting in a relatively loose morphology. The corresponding

3D morphological graphs (Figure S12) indicate that, in comparison with PC electrolyte,

a thicker SEI consisting of nanoclusters is formed in PC-FEC, which agrees with the SEI

weighting results from EQCM. Based on the above morphology evolution, the SEI for-

mation process in both PC and PC-FEC can be roughly divided into stage I, where SEI is

initially formed (from �2.3 to �1 V) and stage II, where evident SEI thickening can be

observed (from �1 to 0 V, marked by dotted line).

Furthermore, the modulus evolution29 corresponding to the morphology variation in

both electrolytes is demonstrated in Figures S13 and S14. The surficial modulus in-

creases homogeneously at around 2.2 V in PC-FEC (Figure S13C), in accordance with

the initial formation potential of stage I (Figure 2B), indicating a solid layer pre-depos-

ited uniformly on Cu. By contrast, the modulus value in PC even decreases lightly at

stage I (Figure S14B), which is probably due to the generation of organic electrolyte

decomposition products. As the reaction continues, SEI becomes harder in PC-FEC,

whereas there is almost no modulus enhancement in PC (Figures S13E and S14E). At

the end of scanning, the spatial modulus distributions of the SEI surface in PC and

PC-FEC are plotted (Figures 2H and 2P). The probability distributions ofmodulus values

for SEI formed in PC and PC-FEC (Figures 2G and 2O; Table S2) show that SEI modulus

in PC-FEC (average 8,481.7 Mpa) is an order of magnitude higher than that in PC

(average 212.6 Mpa). Such a significant difference in rigidity plays a key role in SEI to

resist the penetration of Na dendrites, as observed via in situ 3D-LSCM in Figure 1.

In situ probing the formation of passivation layer

To explore the influence of the thin layer formed during stage I on the stability of SEI, in

situ galvanostatic electrochemical impedance spectra (in situGEIS) were measured by a

three-electrode cell (cell configuration andmeasuring flow as shown in Figures S15A and

S15B). Because the surface passivation on metal anodes is closely related to the interfa-

cial impedance, in situGEIS was applied tomonitor the impedance variation at different

potentials, as presented in Figures 3A and 3B. Coincidentally, a depressed semicircle

can also be detected at stage I in PC-FEC electrolyte (Figure 3B), which is a characteristic

response of interfacial passivation layer. Meanwhile, an additional shoulder peak

occurred at relaxation time � 10�4 s in the corresponding distribution of relaxation

time (DRT) spectrum (Figure S16), further verifying the existence of passivation layer.

The decreasing tendency of interfacial impedance and peak-shifting to lower relaxation

time in DRT results during subsequentmeasurements can be attributed to the formation
Chem 9, 1–13, October 12, 2023 5



Figure 3. In situ detection of the formation of passivation layer and the subsequent evolution

(A and B) In situ GEIS results of corresponding potentials during the two stages in PC (A) and PC-FEC (B).

(C and D) In situ SHINERS result of SEI formation in PC (C) and PC-FEC (D).

(E and F) LSV curves and corresponding gaseous release detection measured via DEMS during SEI formation in PC (E) and PC-FEC (F).
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of denser and ionically conductive layer in SEI.30 In sharp contrast, the interfacial resis-

tance spectrumobtained in PCmanifests capacitive response during the whole process,

inferring the Cu surface cannot be effectively passivated during stage I in the absence of

FEC (Figure 3A). In conclusion, a stable passivation layer with obvious interfacial resis-

tance is formed at early stage of SEI formation in PC-FEC, which does not occur in

PC. This result agrees with the in situ AFMmeasurement, suggesting the robust passiv-

ation layer formed in PC-FEC could effectively passivate the anode surface during the

SEI formation process.

In situ SHINERS were utilized to obtain the interfacial componential information in

real time (Figures 3C and 3D). In PC-FEC electrolyte, NaF (Figure S17A) can be de-

tected as early as �2.3 V vs. Na/Na+ (Figure 3D), corresponding to the onset of SEI

formation (Figure 2J). Thus, it is rational to conclude that NaF is one of the main com-

ponents of the solid layer formed in stage I (Figures 2K and S13). Depth profiling XPS

was employed to complementally reveal the inner components of this passivation

layer (Figure S18). The inner composition of SEI formed in PC-FEC shows a distinct

peak of –CO3 at 1.3 V (corresponding to Na2CO3, Figure S18K), along with the sig-

nals of Na2O (Figure S18I) and NaF (Figure S18M). Thus, the thin and compact layer

formed in the initial stage mainly consists of NaF, with small quantities of Na2O and

Na2CO3. In comparison, only Na2O (Figure S18C) and a small amount of Na2CO3

(Figure S18B) are formed as the initial inorganic SEI components in PC at stage I.
6 Chem 9, 1–13, October 12, 2023
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The presence of a passivation layer is also found to have further impact on subse-

quent interfacial reactions during stage II. On the one hand, as shown in Figure 3C,

the Raman peak corresponding to NaCl (Figure S17B) gradually weakens in PC,

whereas the Raman signals of NaF and NaCl in PC-FEC (Figure 3D) are continuously

growing. Considering the low solubility of NaCl in electrolyte, we speculate that,

compared with NaCl formed in PC-FEC that can stably exist in the SEI, NaCl formed

in PC cannot be retained due to the possible detachment. On the other hand, the

Raman peaks for the ingredients of electrolyte (PC and NaClO4, Figure S17C) grad-

ually vanished in PC as the voltage decreased, indicating the consumption of elec-

trolyte without passivated surface, which leads to the low Coulombic efficiency.

Moreover, to reveal the SEI formation mechanism, in situ differential electrochemical

mass spectrometry (DEMS) was applied for gas detection during the SEI formation

process (Figures 3E and 3F). As expected, the gas evolution process also demon-

strates two distinct stages, which can be roughly marked off by the potential around

1 V vs. Na/Na+. First, both PC and PC-FEC release C3H6 from�2.3 to�1 V. According

to the XPS analysis, Na2CO3 and Na2O are also formed within this potential range. We

speculate that Na2CO3 and Na2O are generated from the electrochemical decompo-

sition reaction between PC and Na+ as presented in Equations 1, 2, and 3.

Due to the presence of FEC additive, additional FEC-related reactions (Equations 4, 5,

and 6) occur in PC-FEC, resulting in the characteristic C2H3F release in both stages.

Consequently, extra formation paths are facilitated for inorganic Na2CO3 and Na2O.
Chem 9, 1–13, October 12, 2023 7
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Furthermore, due to the unsaturated carbon-carbon bonds in C3H6 and C2H3F, both

of them can be further polymerized into polyacetylene releasing H2, as shown in

Equations 7 and 8. The inhibited H2 release in PC-FEC (Figure 3F) indicates a well-

passivated electrode surface that retards the polymerization reactions. In addition,

extra NaF can be formed in PC-FEC during the polymerization of C2H3F.

CO2 is also detected, accompanied by CH4, in both electrolytes. We speculate the

possible reactions are due to the direct electrochemical reduction of PC (Equation 9),

whichmay trigger the formation of dissolvable organic products as presented in Equa-

tion 10.31 In comparison, the direct reduction of FEC generates NaF as presented in

Equation 11, which boosts the chemical andmechanical stability of SEI simultaneously.

The speculative reaction of NaCl decomposed from NaClO4 in both electrolytes is

presented in Equation 12, which also subsequently causes the generation of Na2O

and various organic products presented in Equation 13.31

According to the gravimetric results of EQCM, the revised average MPE values of SEI

formation in PC and PC-FEC are 15.4 and 31.2 g mol�1 (Figure S8), respectively. By

comparing these values with the theoretical MPE values of the above reactions, it can

be concluded that in PC, SEI mainly consists of electrolyte reduction products with

low MPE values, e.g., polypropylene (13 g mol�1), whereas inorganic products with

relatively high MPE values, such as Na2CO3 (53 g mol�1) and Na2O (31 g mol�1), are

minor components. By contrast, the higher MPE value obtained in PC-FEC infers that
8 Chem 9, 1–13, October 12, 2023
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the SEI is predominantly composed of NaF (42 g mol�1 via FEC reduction and

34 g mol�1 via C2H3F polymerization), Na2CO3 (53 g mol�1) and Na2O (31 g mol�1).

Therefore, the presence of FEC provides alternative reaction routes that form SEI com-

ponents with more desirable properties with equimolar quantities of electrons trans-

ferred, resulting in radically different SEI properties.
Detecting spatial distribution of SEI components

So far, vastly different SEI formation processes and corresponding reaction routes have

been observed in two electrolytes. To unveil their impact on the stability of SEI, the

microstructure of SEI is observed via cryo-TEM (Figures 4A and 4B). SEI formed in PC

is discontinuous with the exposedNa surface due to its tendency to dissolve in the elec-

trolyte. In comparison, PC-FEC electrolyte results in a thicker SEI that fully covers theNa

anode. Coincidentally, semicircular particles with diameters around 92.5 nm are found

to embed in the SEI layer formed in PC-FEC, which agrees with the particle size

(�92 nm) measured by in situ AFM (Figure S11). Energy dispersive spectroscopy

(EDS) (Figures 4C and 4D) confirms that these island-like particles are NaF. On the con-

trary, no distinct particles can be observed in the SEI formed in PC (Figures 4A and S19).

Due to the measuring limitations of in situ SHINERS (e.g., selective signal enhance-

ment and limited detection depth), we further applied TOF-SIMS to probe in-depth

information of SEI to reconstruct its inner componential distribution via 3D-visualizai-

ton and quantitative analysis. The signals of Na2CO3, Na2O, NaCl, and organic com-

ponents (identified with –CH�) are clearly detected in both PC (Figure 4E) and PC-FEC

(Figure 4F), and the normalized intensities of these fragments are also compared

(Figures 4G, 4H, and S20). For the SEI formed in PC, the distribution of inorganic com-

ponents is spatially mixed with organic components (Figure 4E). According to the

quantitative comparison (Figure 4G), organic species exist extensively throughout

the SEI, whereas inorganic components, including Na2CO3, Na2O, and NaCl, co-exist

with organic species, showing very little variation in vertical distribution. Based on this

structure, one could speculate that in PC, once organic components are dissolved

away, the adjacent inorganic particles will be detached from the SEI. Contrarily, in

PC-FEC (Figure 4H), the organic components are dominant in a 10 nm layer at the

top of SEI, and the bottom part predominantly consists of inorganics, and the intensity

of Na2CO3 even surpasses –CH� at �40 nm. Combining these quantitative results to

the 3D-graph of PC-FEC (Figure 4F), a hierarchical structure with vertically two-layered

distribution is built within the SEI, where abundant inorganic components are located

at the bottom of SEI and organics mainly cover the top. In this case, the dissolution of

organic species will have little effect on the inorganics.

In addition, in situ laser particle size measurement was applied to monitor the

detachment of SEI particles into the electrolyte (Figure S21). The signal of particle

increases significantly in PC at stage II, indicating that some insoluble particles de-

tached away from SEI in PC. Combining this phenomenon with EQCM results, it

can be speculated that the mass loss is contributed by not only the dissolution of or-

ganics but also the detachment of insoluble species.
DISCUSSION

Combining all results together, the origin of SEI chemical and mechanical instability

can be revealed through a dissolution model (Scheme 1). At stage I (from �2.3 to

�1 V vs. Na/Na+), soluble polymers/oligomers are the main SEI composition, which

fail to passivate and lead to exposedNa anodes in the electrolyte (Scheme 1A).When

the potential reaches below 1 V, both organics and inorganics formdirectly on theNa
Chem 9, 1–13, October 12, 2023 9



Figure 4. Inner spatial distribution of SEI components

(A and B) Cryo-TEM graph of formed SEI morphology in PC (A) and PC-FEC (B) (scale bars: 30 nm).

(C and D) Corresponding elemental analysis via TEM-EDS of SEI in PC-FEC (scale bars: 30 nm).

(E and F) 3D distribution of various components of the inner SEI measured via TOF-SIMS in PC (E) and PC-FEC (F).

(G and H) The normalized TOF-SIMS signal intensities of various components at depths above 50 nm of the SEI formed in PC (G) and PC-FEC (H).
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surface; however, due to the high solubility, organics are formed and dissolved

repeatedly on Na metal, leaving the inorganic components detached from the elec-

trode. Consequently, inorganic components are randomly embedded in organic

components with low modulus (Scheme 1B), which tend to be dissolved away from

the SEI as they lose contact with the binding polymeric species during the repeated

generating-dissolving process, leading to poor stability of the SEI (Scheme 1C).

The stability of SEI can be efficiently enhanced via pre-constructing an inorganic passiv-

ation layer on the surface of Na at stage I, which minimizes the contact area between

electrolyte and Na metal (Scheme 1D). Subsequently, the inorganic species gradually
10 Chem 9, 1–13, October 12, 2023



Scheme 1. Schematic illustration of SEI formation

(A–C) SEI formation process at different stages in PC.

(D–F) SEI formation process at different stages in PC-FEC.
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grow into a thicker and harder passivating layer that being attached tightly on the sur-

face of Nametal, whereas organic decomposition products can only grow on the top of

this passivation layer (Scheme 1E). Such hierarchical structure provides good protec-

tion of Na metal surface and high modulus to resist the dendrite growth (Scheme 1F).

The dynamic analysis of SEI evolution of Na anode presented in this work sheds light

on how to construct a stable SEI, and similar strategies can also be widely applied to

study the interfacial evolution of other electrolyte systems, such as alternative Na salts

(NaPF6, NaFSI, etc.) or solvents (ethylene carbonate, dimethyl ether, etc.). In addition,

the developed methodology combining multiple in situ characterizations in this work

(Table S3) can be further expanded to study other depositional anodes, such as alkali

metal anodes, aqueous Zn anodes, etc., providing guiding significance in unveiling

the seemingly complicated interfacial chemistry in batteries via a concerted character-

ization approach.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Luyi Yang (yangly@pkusz.edu.cn).
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Materials availability

This study did not generate new, unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request. Full experimental procedures are

described in the supplemental information.
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