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ABSTRACT 

Lithium metal batteries (LMBs) promise increased energy densities yet are hindered by rapid 

capacity fade resulting from the irreversible loss of active lithium (Li). In this study, we investigate 

the dynamic evolution of the lithium metal anode (LMA) under different charge/discharge 

conditions through time-resolved characterization of Li morphology, SEI composition, and Li 

inventory. Fast charging accelerates solvent-driven SEI growth and promotes inactive Li0 

accumulation, rapidly depleting active Li and raising safety concerns. In contrast, slow charging 

facilitates a gradual loss of active Li while promoting the formation of a robust, salt-derived SEI, 

particularly when combined with fast discharging. The interdependent formation of inactive Li0 

and SEI, governed by Butler-Volmer kinetics and electrolyte solvation dynamics, underscores the 
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critical impact of cycling conditions on LMB degradation. These insights provide a mechanistic 

framework for optimizing cycling protocols to enhance LMB durability and safety. 

 

INTRODUCTION 

Li metal is widely regarded as a key component to achieving energy densities surpassing 

those of current Li-ion battery technology1,2. Nevertheless, the practical application of LMBs is 

constrained by limited cycling stability, primarily due to the limited plating/stripping coulombic 

efficiency (CE)3. While degradation mechanisms in LMBs are not fully elucidated, empirical 

evidence identifies the irreversible loss of the active Li inventory, composed of the inactive 

metallic Li0 and solid-electrolyte interphase (SEI), as the primary driver of performance decay4. 

Prior investigations have identified the root cause of the formation of inactive metallic Li0 

attributed to the morphology of Li deposits5,6. Li deposits with whisker-like morphology and large 

tortuosity are particularly susceptible to losing electrical connectivity, leaving behind inactive Li0. 

Moreover, inactive Li0 not only consumes the active Li inventory, but also introduces safety risks 

due to its inherent reactivity. To address these issues, research efforts have focused on strategies 

to promote compact and uniform Li deposition. Approaches such as applying mechanical pressure, 

tailoring the electrolyte solvation structure, and incorporating functionalized substrates or 

protection layers have demonstrated potential in suppressing dendritic growth, thereby inhibiting 

inactive Li0 formation7-15. 

Meanwhile, the SEI remains poorly understood due to its complex formation via electrolyte 

decomposition driven by the thermodynamic mismatch between the high Fermi level of Li and 

low lowest unoccupied molecular orbital (LUMO) of the electrolyte16,17. Ideally, the SEI should 

be a self-passivating layer that is ionically conductive, electronically insulating, mechanically 
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robust, and chemically stable against the Li and electrolyte18-20. However, inherent chemical and 

mechanical instabilities cause fractures during Li plating/stripping, triggering SEI 

reconstruction21,22. These fractures create localized ionic conductivity gradients that promote 

uneven Li deposition and subsequent formation of inactive Li0. This repetitive process depletes 

the Li inventory and electrolyte and accumulates SEI residues, leading to reduced CE and 

accelerated impedance increase, ultimately leading to premature cell failure.  

Numerous studies have directly visualized or characterized the dual-layer SEI with an inorganic-

rich inner layer and organic-rich outer layer using cryo-electron microscopy (cryo-EM), X-ray 

photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), 

and electron energy loss spectroscopy23-27. Hobold, et al. identified correlation between CE and 

prevalence of Li2O within the SEI28. Zhang, et al. used cryo-EM to reveal that the SEI undergoes 

substantial swelling with the electrolyte and correlated higher CE with less mechanical expansion 

of the SEI23. While these findings reveal the chemical, physical, and functional properties of the 

SEI to improve cell performance, the SEI was only investigated under certain conditions, such as 

the first 10 cycles, slow charging conditions, or under low deposition capacities (< 2 mAh cm-2). 

To improve the performance, safety, and cycling stability of commercial LMBs, SEI should also 

be measured under practical conditions (low negative-to-positive capacity ratio, low electrolyte-

to-capacity ratio, high (areal) charge capacity, and practical charging conditions). 

An often overlooked yet critical factor in understanding degradation mechanisms in LMBs 

is the dynamic and continuous evolution of the LMA throughout extended cycling. Such 

perspective has been rarely captured in previous research, which focus only on isolated points such 

as beginning-of-life (BOL) and end-of-life (EOL). The rate of active Li0 consumption, inactive Li0 

and SEI-bound Li+ evolution, solvent and salt decomposition, and capacity fade evolve 
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dynamically and interdependently, creating a complex feedback network that collectively governs 

cell performance29-32. Continuous tracking reveals intricate shifts in Li deposition morphology, 

changes in electrolyte decomposition rates, Li inventory redistributions, and all interlinked 

processes that simultaneously drive changes in the SEI chemistry, composition, and structure. 

Specifically, analyzing these evolving processes allows for identification of certain knee points 

where the electrolyte decomposition mechanisms change or there is a sudden drop in active Li 

inventory. Capturing this dynamic evolution elucidates previously unrecognized mechanisms of 

degradation, significantly refining predictive modeling capabilities and informing the rational 

design of targeted mitigation strategies. By addressing the critical gap left by static assessments, 

such approach not only advances the fundamental understanding of LMB degradation but also 

guides practical improvements in battery safety, durability, and performance, ultimately 

accelerating the transition of LMB technologies from research to widespread commercial adoption. 

In this work, we investigated the dynamic evolution of active Li0, inactive Li0 and SEI-Li+ 

upon cycling under three charge/discharge conditions: C/3–D/3, C/5–1D and 1C–D/3 in practical 

LMBs pouch cells. Detailed quantification analysis on the SEI components were regularly 

conducted to understand the dynamic nature of the SEI. The SEI chemistry, composition, and 

spatial heterogeneity was examined through XPS, SEI quantification, and ToF-SIMS, respectively. 

The characterization techniques revealed that charging and discharging rates jointly dictate SEI 

chemistry and structure in LMBs. Fast charging accelerates solvent decomposition and dendritic 

Li growth, producing a porous organic-rich SEI. When paired with slow discharging, the SEI traps 

electronically isolated Li0 and exacerbates SEI growth, capacity fade, and safety risks. In contrast, 

slow charging favors inorganic, salt-derived species and yields a uniform, layered SEI, while fast 

discharge produces a dense, inorganic-rich interphase with a lower stripping barrier that curbs 
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inactive Li0 accumulation. Quantitative monitoring over hundreds of cycles reveals that even under 

slow-charge/fast-discharge conditions that initially facilitate anion-decomposition, extended 

cycling leads to a progressive shift towards solvent-derived products after approximately 200 

cycles. This dynamic, rate- and cycle-dependent evolution underscores the need for continuous 

SEI analysis throughout cycling to fully understand LMA degradation. These insights into SEI 

dynamics and LMA degradation mechanisms provide essential knowledge for optimizing cycling 

conditions, particularly in practical applications such as electric vehicles (EVs), where the balance 

between rapid charging capabilities and stable, prolonged discharge is critical to achieving both 

long-term battery performance and safety. 

  

RESULTS and DISCUSSION 

Mapping the Li inventory 

LMB pouch cells with capacity of 270 mAh were fabricated by SES AI using non-aqueous, high-

concentration electrolytes (Figure S1). Cells were cycled under three distinct charge-discharge 

rates: 1C charge-D/3 discharge, C/3 charge-D/3 discharge, and C/5 charge-1D discharge. Cycling 

was terminated upon reaching 80 % capacity retention and was defined as EOL. To investigate the 

LMA evolution upon cycles, multiple pouch cells were disassembled at 0% state of charge (SOC) 

after predefined cycle counts, with a minimum of five cells analyzed per condition to establish 

degradation trends (Figure 1). In cycled LMA, Li inventory comprising active Li0, inactive Li0, 

and SEI-incorporated Li+, was quantified via titration gas chromatography (TGC) and inductively 

coupled plasma mass spectrometry (ICP-MS) methodology as described in our previous work 

(Figures S2 and S3)4,33,34. Notably, the separators were extracted together with the LMAs for 

quantification, as optical imaging revealed black dots on their surfaces. SEM analysis and TGC 
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results further confirmed the presence of dead Li attached to the separators. (Figure S4). These 

observations suggest that inactive Li0 strongly adheres to the separator. A cross-sectional analysis 

further confirmed that Li was confined to the separator surface, with no evidence of Li penetration 

(Figure S5). EDX analysis detected a pronounced carbon signal across the separator, accompanied 

by fluorine and sulfur signals, attributed to the SEI or entrapped salt within the separator matrix 

(Figure S6).  Metallic Li0 quantification using TGC further verified the presence of entrapped Li0 

within the SEI (Figures S7 and S8). Given these findings, the separators were incorporated into 

the overall Li inventory quantification.  
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Figure 1. Capacity mapping of active, inactive, and SEI Li under (a) 1C–D/3, (b) C/3–D/3, and 
(c) C/5–1D of 270 mAh pouch cells employing 4 mAh cm-2 cathode and 4 mAh cm-2 Li metal 
anode. The initial Li inventory has been marked by the gray line. Total cycling time is noted on 
the top x-axis. 
 

Figure 1 shows the cycling performance and the evolution of active Li0, inactive Li0, and 

SEI Li+ under 1C–D/3, C/3–D/3, and C/5–1D cycling conditions. Consistent with our previous 

research, cells cycled under C/5–1D exhibited superior cycling stability, achieving EOL after 670 
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cycles34. In contrast, the cell cycled at 1C–D/3 resulted in accelerated degradation, with EOL 

attained within 160 cycles. Post-mortem analysis of the NMC cathodes, investigated in our 

previous paper, revealed minimal structural or performance degradation after 50 cycles, suggesting 

that capacity fade under 1C–D/3 cycling condition primarily originates from LMA deterioration34. 

Under the fast charge and slow discharge (1C–D/3) protocol, the LMA exhibited a rapid depletion 

of active Li0, with approximately 74% capacity loss within the first 50 cycles and near-total 

depletion by EOL (Figure 1a). This accelerated initial degradation correlated closely with rapid 

SEI formation, as SEI-bound Li⁺ comprised 75% of the total Li inventory within 75 cycles, 

maintaining this proportion until EOL. Concurrently, inactive Li0 continuously accumulated, 

eventually accounting for approximately 35% of the total Li inventory at EOL. These findings 

indicate that early-stage capacity loss predominantly arises from extensive SEI formation, while 

prolonged cycling exacerbates performance deterioration due to the progressive accumulation of 

inactive Li0. In contrast, under the symmetric slow charge and discharge (C/3–D/3) protocol, the 

depletion of active Li0 and growth of SEI-bound Li+ occurred more gradually (Figure 1b). At EOL, 

active Li0 constituted 32.6% of the total Li inventory, implying that Li inventory depletion was not 

the primary cause of cell failure. Inactive Li0 formation was also significantly reduced, stabilizing 

at approximately 8.7% of the total Li inventory. These observations indicate that slower charging 

protocols facilitate a gradual transformation of active Li0 into SEI-bound Li+, contrasting notably 

with the rapid depletion observed in the fast charge–slow discharge (1C–D/3) protocol. Under the 

slow charge with fast discharge (C/5–1D) protocol, notable improvements in electrochemical 

performance were achieved, with 36.2% of Li inventory remaining as active Li0 at EOL (Figure 

1c). Additionally, the accumulation of SEI-bound Li+ and inactive Li0 progressed more slowly, 

with inactive Li0 reaching only 7.5% of the total Li inventory. By EOL under the C/5–1D cycling 
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protocol, the total cell cycling duration exceeded 4000 hours (approximately 170 days), which is 

sufficiently extensive to induce notable corrosion within the LMA23. This extended exposure 

suggests that corrosion-related side reactions, potentially involving electrolyte decomposition and 

interaction with cell components, may significantly contribute to long-term performance 

degradation. Another reason for the degradation may come from the cathode, which may have 

cracking and surface phase transformation after long cycles, leading to gradual capacity decay 

(Figure S9). 

These experimental findings provide three critical insights into LMB degradation 

mechanisms under varying cycling protocols. First, rapid charging (1C–D/3) promotes early, 

aggressive SEI formation that swiftly diminishes active Li0 inventory, rapidly increases interfacial 

impedance, and generates uneven Li flux, concurrently accumulating inactive Li0. This accelerated 

degradation not only compromises cycle life but also introduces safety concerns due to substantial 

inactive Li0 formation (94.5 mAh). Second, slower charging protocols better preserve active Li0 

inventory and minimize inactive Li0 formation, suggesting additional Li may originate from 

electrolyte or cathode sources, given the total Li inventory exceeded the initial inventory of 4 mAh 

cm-2 marked in gray lines35. These findings highlight that cycling protocols critically influence 

both performance and total Li inventory dynamics. Specifically, the decomposition of the 

electrolyte salts significantly contributes to SEI-Li+, driving the total Li inventory beyond the 

initial Li amounts supplied by the anode and cathode13,36. Finally, SEI-bound Li+ consistently 

represented approximately 75% of the total Li inventory across all protocols at EOL. This 

underscores that SEI formation significantly contributes to overall cell degradation, necessitating 

detailed SEI characterization to fully elucidate degradation processes from BOL to EOL in LMBs. 

Evolution of the Li metal anode morphology 
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While Li inventory quantification provides key insights into the overall consumption and 

capacity fade, visualization of the LMA is crucial for qualitative understanding of the spatial 

distribution and structural changes of both active Li and SEI-Li. Figure 2 shows the cross-section 

morphology of LMAs, after different cycles at 0% SOC. Under 1C–D/3, a pronounced 

consumption of active Li0 was observed after 50 cycles, with only 4.5 μm of residual active Li 

inventory remaining (Figure 2a). By EOL (125 cycles), the LMA was predominantly composed 

of a porous SEI, indicating near-complete active Li0 consumption (Figure S10). Even by 25 cycles, 

over 50% of the LMA had transitioned to a porous SEI. Our previous work demonstrated that an 

electronically conductive SEI forms on the Li metal anode when cycling at 1C–D/3, leading to Li 

deposition on top of the SEI. This exposes fresh Li to the electrolyte every cycle, resulting in 

continuous loss of active Li inventory. Surface morphology SEM image also exhibited a network 

structure until 50 cycles, transitioning to charge accumulation effects at EOL, indicative of 

electronically conductive SEI buildup (Figure S11)34. Under C/3–D/3, a comparatively thinner 

SEI layer was observed after 50 cycles (Figure 2b). We observe that SEI build-up takes effect 

between 50 and 100 cycles (Figure S12). By 200 cycles, the LMA was similarly dominated by 

porous SEI-Li, analogous to the 1C–D/3 case. Moreover, the active Li0 inventory was nearly 

depleted at EOL cycles, mirroring the cross-sectional morphologies of 1C–D/3. The LMA surfaces 

exhibited a similar network structure to those observed under 1C–D/3, although the charging-

induced accumulation of inactive Li0 was less pronounced (Figure S13). In contrast, minimal Li0 

inventory loss occurred after 50 cycles under C/5–1D, with the SEI retaining a compact structure 

after 200 cycles (Figure 2c). At EOL, active Li0 consumption was less severe than under 1C–D/3 

or C/3–D/3, though overall LMA thickness decreased due to SEI delamination during disassembly. 

Notably, a distinct boundary between compact Li0 and porous SEI layers was observed (Figure 
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S14). This distinct interface likely represents a localized stabilization of active Li by a robust, 

passivating SEI, a phenomenon enabled by reduced polarization under slow charging and fast 

discharging. In contrast, the porous Li deposition and accelerated Li consumption under 1C–D/3 

and C/3–D/3 protocols preclude the formation of such discrete boundaries. Surface morphologies 

also differed under C/5–1D, displaying smooth and dense SEI, unlike the networks structure 

observed in other protocols (Figure S15).  
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Figure 2. Cross-sectional morphology of Li anode after cycling under (a) 1C–D/3, (b) C/3–D/3, 
and (c) C/5–1D. 

 

  The trends indicate that the plating and stripping behavior of Li metal is inherently 

unbalanced. This phenomenon can be attributed to the inherent asymmetry between charging and 

discharging processes in LMAs. According to the Butler–Volmer equation, Li deposition and 
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stripping follow inherently different kinetics, with a lower activation barrier for deposition than 

for stripping37,38. During charging, the applied electric field enhances the “tip effect”, resulting in 

elevated local areal current densities at protruding regions compared to flat surfaces6. During 

discharging, macroscopic stripping appears uniform, but under slow discharge the curvature-

driven dissolution of Li induces filament necking, which electronically isolates metallic Li39. This 

effect is exacerbated during subsequent fast charging, which further accelerates inactive Li0 

buildup34. The intrinsic charge–discharge asymmetry in LMBs thereby promotes the incorporation 

of inactive Li0 into the SEI. This sequence of events ultimately results in the formation of porous 

Li networks. Conversely, fast discharging consumes the plated Li, whether dendritic or globular, 

minimizing the formation of inactive Li0 within the SEI and permitting Li deposition beneath the 

SEI. 

 SEI Chemistry and Quantification 

To elucidate the SEI chemistry, XPS was performed on cycled LMAs, with individual 

peaks integrated and normalized to the total atomic percentage. The XPS of LMAs cycled under 

all three cycling conditions have an organic-rich outer layer and inorganic-rich inner layer. Under 

1C–D/3 cycling conditions, the XPS spectra consistently showed dominant C–C and Li–O(R) 

peaks, confirming that solvent decomposition is the predominant process (Figure 3a-c)40. Trace 

signals corresponding to salt decomposition products (N–S and S–Ox) were detected, and the 

semi-quantitative analysis revealed negligible contributions from F 1s, N 1s, and S 2p (Figures 

S16-19). In contrast, under C/3–D/3, the emergence of S=O, Li–F, and S–Ox peaks, particularly 

pronounced at 200 cycles, signal active salt decomposition (Figures 3d-f and S20-22)41. Moreover, 

the appearance of new C=O further suggests that the electrolyte decomposition pathway evolves 

under symmetric charge/discharge. XPS profiles at EOL indicate a shift toward dominant solvent 
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decomposition, as evidenced by increased C–C and Li–O(R) peaks with a rise in C 1s signals 

(Figure S20). These trends actively correlate with the SEI quantification results. Under C/5–1D, 

the SEI composition remained relatively consistent throughout cycling (Figures 3g-i and S24-27). 

A gradual increase in salt decomposition products (S=O, Li–F, S–Ox) was observed, accompanied 

by a notable decrease in solvent-derived species (C–C and Li–O(R)). The detection of TM–F 

species in F 1s at EOL indicates that transition metal dissolution from the NMC cathode also 

contributes to the evolving SEI chemistry42,43. Interestingly, while the SEI was initially dominated 

by major components with fingerprint constituents present only in trace amounts, the proportion 

of these minor components increased at EOL. This shift results in a more heterogeneous and 

diverse SEI, likely reflecting the stability of the SEI.  
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Figure 3. Evolution of atomic species within the LMA under (a-c) 1C–D/3, (d-f) C/3–D/3, and 

(g-i) C/5–1D analyzed using XPS. Normalized peak intensities obtained by normalizing the 

integrated peak intensities. Top graph containing C–C, C–O, C=O, C–Li, RO–Li, N–C, and N=C 

represents the organic species. Bottom graph containing Li0, Li–F, S–F, TM–F, SOx, Li2Sx 

represents metallic or inorganic SEI species. 

Li inventory quantification and cross-sectional morphology indicate that the porous Li 

comprises the majority of the LMA, particularly near end-of-life. Consequently, a comprehensive 

quantitative analysis of the SEI was performed to elucidate its evolution. Detailed procedures for 

quantifying SEI components are illustrated in Fig. 4a. Calibration with standard solutions 

confirmed method accuracy, showing linear correlations (R2 > 0.98) between known 

concentrations and measured intensities (Fig. 4b-4f, S28, and 29). The total Li content measured 

exceeded the Li loss inferred from capacity fade, indicating that salt decomposition contributes 

significantly to the SEI formation. The normalized quantities of the inactive Li residuals reveal an 

increasing proportion of inactive Li0 under 1C–D/3 (Fig. 4g). The overall SEI composition remains 

relatively stable, suggesting a consistent electrolyte decomposition mechanism throughout cycling 

(Fig. S31). Notably, the SEI contains minimal amounts of sulfur-containing species, LiF, and Li2O, 

indicating limited salt decomposition. The majority of the SEI-Li was categorized as unclassified 

Li species, which is most likely associated with solvent-derived products. This implies active 

solvent decomposition under fast charging conditions. In contrast, under C/3–D/3 conditions, 

inactive Li0 increases more gradually, with predominant formation of Li2O and LiF species by 100 

cycles, suggesting active salt decomposition (Fig. 4h)28,44. Then, the proportion of inorganic 

species decreases, suggesting that solvent decomposition becomes predominant after an initially 

stable, salt-derived SEI is established. Under C/5–1D, the contribution of inactive Li0 decreases 
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with cycle number, and the SEI exhibits a higher content of salt decomposition products, with 

significantly increased levels of LiF and sulfur-containing species compared to C/3–D/3 (Fig. 4i). 

Although salt decomposition is active during the early stages (50–100 cycles), it decelerates by 

200 and 400 cycles as solvent decomposition takes over – a trend also observed under C/3–D/3. 

Interestingly, an increase in salt decomposition is observed at EOL, suggesting that secondary 

factors may promote the formation of an inorganic-rich SEI during prolonged cycling. 
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Figure 4. (a) Schematic of SEI quantification protocols. Calibration curves of (b) ICP-MS used 
to quantify active Li0 and SEI Li+, (c) TGC used to quantify inactive Li0, (c) ICP-MS used to 
quantify active Li0, SEI Li+, (d) ICP-AES used to quantify S-containing species, (e) ion 
chromatography used to quantify LiF, and (f) non-aqueous ion chromatography used to quantify 
Li2O. SEI quantification results of cycled LMA under (g) 1C–D/3, (h) C/3–D/3, and (i) C/5–1D. 
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Spatial mapping of the SEI 

To elucidate the spatial heterogeneity of the SEI on Li metal LMAs, ToF-SIMS was 

employed. After 50 cycles under a 1C–D/3 cycling protocol, the depth profiling revealed a 

stratified SEI structure (Fig. 5a). Specifically, LiF2–  species were predominantly located in the 

innermost regions, while LiO– and LiS– species were centered at approximately 60 nm from the 

electrode surface. In contrast, SO2– signals were primarily detected near the SEI surface. The 

presence of SO2– at the outermost layers likely indicates the residual salts trapped within the porous 

network of the SEI. Under slower charging conditions (C/3–D/3 and C/5–1D), the SEI was 

observed to be thinner, with the principal components exhibiting well-aligned spatial distributions 

(Fig. 5b and 5c). In particular, LMA cycled under C/3–D/3 initially exhibited a homogenous SEI, 

which may be more susceptible to degradation over time. In contrast, C/5–1D cycling produced a 

layered SEI structure, with the innermost layer predominantly enriched in LiF, an intermediate 

region composed of LiO– and LiS– species, and an outer organic layer primarily containing C2HO– 

fragments.  

The absolute intensities of the C2HO–, LiF2–, and LiO– peaks were compared after 50 cycles 

(Fig. S32). Fast charging yielded increased signals of C2HO–, indicating more pronounced solvent 

decomposition. Conversely, slow charging conditions resulted in significantly higher levels of 

LiF2– and LiO–, with these inorganic species centered at 40 nm. C/5–1D exhibited a marked 

increase in LiF2– signals compared to C/3–D/3, suggesting increased salt decomposition kinetics 

under C/5–1D. These results align with the quantitative data from SEI quantification and XPS 

studies. Extending the cycling to EOL under 1C–D/3, clear trends were not observable, except for 

the accumulation of SO2– at the surface due to the trapped salts. Under C/3–D/3 cycling, SEI 

exhibited progressive thickening, evidenced by LiF2– peak shifting from approximately 30 nm to 
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50 nm at EOL. Additionally, the deeper penetration of C2HO– species under these conditions 

suggests ongoing solvent decomposition. In contrast, the C/5–1D protocol maintained a well-

ordered SEI structure throughout cycling. The spatial localization of these species also provides 

critical insights into the degradation pathways of lithium bis(fluorosulfonyl)imide (LiFSI) salts. 

Initially, the cleavage of vulnerable S–F bonds produces LiF, which integrates into the innermost 

SEI layers. Subsequently, the breakdown of SO2 groups leads to the formation of Li2O. With 

continued cycling and the progressive disruption of S=O bonds, the cleavage of N–S bonds results 

in the formation of Li2S and various SOx species. 

 

Figure 5. Evolution of SEI structure and its chemical composition under (a) 1C–D/3, (b) C/3–D/3, 
and (c) C/5–1D. 
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Effect of charge-discharge rates on Li morphology and SEI chemistry 

The LMA characterization results demonstrate the individual contributions of charge and 

discharge rates to LMB performance. Specifically, slow charging paired with fast discharging 

optimizes cell performance by preserving active Li0 inventory and promoting the formation of 

compact and inorganic-rich SEI. To accurately elucidate these rate-dependent effects, it is 

imperative to decouple the impacts of charging and discharging rates on the Li morphology and 

SEI chemistry. The first question is how the charge and discharge rates affect the Li morphology 

with cycling. Under fast charging (1C–D/3), high Li+ polarization at the electrode surface promotes 

non‐uniform nucleation and growth of needle‐like Li structures (Fig. 6a). The local electric field 

concentrates at protrusion tips, driving vertical dendritic propagation, accelerating parasitic 

consumption of both Li and solvent. In contrast, implementing a slow charge protocol (C/3–D/3) 

reduces the Li+ concentration gradient and polarization at the electrode surface, thereby promoting 

homogeneous nucleation and lateral Li deposition. Slower charging protocol (C/5–1D) amplifies 

these effects. This minimizes active Li exposure to electrolyte, suppressing irreversible side 

reactions and supporting the formation of a denser, more stable SEI. Discharge rates primarily 

govern Li0 stripping uniformity. Slow discharge (1C–D/3, C/3–D/3) allows for the system to have 

time to minimize overpotential and strips Li at low-resistance and high-contact areas like the roots, 

leaving isolated Li0 within the SEI. In contrast, the high overpotential forces during fast discharge 

(C/5–1D) tends to strip Li uniformly. This mitigates the accumulation of inactive Li0, effectively 

counterbalancing the intrinsic Butler–Volmer asymmetry that favors plating over stripping. These 

mechanistic insights align with Li-inventory mapping and FIB-SEM observations. 1C–D/3 

exhibits rapid increases in SEI thickness and inactive Li0 due to dendrite formation and slow 

stripping. C/3–D/3 shows more uniform plating with slower SEI and inactive Li0 growth but retains 
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slight inactive Li0, whereas C/5–1D achieves minimal loss of active Li0 to SEI formation or 

inactive Li0, confirming that slow charging paired with fast discharging optimally preserves Li⁰ 

inventory and cultivates a stable interphase. 

 

 

Figure 6. Schematic of Li deposition behavior and SEI formation process under different cycling 
conditions. 

 

The next critical question is how different cycling conditions influence the chemical 

properties of the SEI. Bulk electrolytes comprise solvent-separated ion pairs (SSIPs) and contact 

ion pairs/aggregates (CIP/AGGs), with CIP/AGGs exhibiting larger solvation shells and 

correspondingly lower diffusivity (as described by the Stokes–Einstein equation)45-48. Under fast 

(1C–D/3) charging, high polarization drives SSIPs—with smaller solvation radii and higher 

mobility—toward the LMA surface. Their solvent-rich solvation shells decompose preferentially, 

forming organic-dominated SEI layers. In contrast, slow (C/3–D/3, C/5–1D) charging permits 

CIP/AGGs, which have anion-rich coordination, to migrate to the interface, thereby enabling anion 

decomposition and promoting the growth of an inorganic-rich SEI. Moreover, fast discharging 
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further enriches the LMA’s double layer with SSIP–anion species, which decompose during 

subsequent charging to reinforce inorganic content (Fig. 6c). Together, slow charging followed by 

fast discharging maximizes the incorporation of anion-derived components in the SEI. Integrating 

the influence of charge-discharge rates on Li morphology reveals that fast charging paired with 

slow discharging promotes solvent-driven SEI formation over dendritic Li, yielding mechanically 

weak, organic interphases40, 49-52. These unstable SEIs fracture during cycling, perpetually 

exposing fresh Li0 and accelerating both Li and electrolyte consumption due to their whisker-like 

morphology. In contrast, slow charging-fast discharging promotes the development of an anion-

derived robust SEI atop uniformly deposited Li, thereby minimizing the active Li0 loss and 

enhancing cycling stability. 

 

CONCLUSION 

In summary, we reveal the dynamic evolution of the LMA, characterized by progressive changes 

in the Li inventory, LMA morphology, and SEI chemistry and structure. Our results show that fast 

charging accelerates solvent decomposition and promotes dendritic Li growth, resulting in a 

porous, organic-rich SEI that is structurally fragile and prone to breakage. When combined with 

slow discharging, the limited stripping driving force—along with the resistive nature of the porous 

SEI—impedes uniform Li removal, causing metallic Li0 to become electronically isolated and 

accumulate as inactive Li. Over extended cycling, this configuration exacerbates interfacial 

degradation, leading to excessive SEI formation, accelerated capacity fade, and elevated safety 

risks. 

Slow charging combined with fast discharging promotes the formation of a robust, 

inorganic-rich SEI and better preserves active Li0 by reducing the stripping barrier and limiting 
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inactive Li⁰ accumulation. This effect is evident under C/5–1D conditions and is consistent with 

our prior finding that higher discharge rates shift Li deposition beneath the SEI (1C-6C), 

underscoring the critical role of discharge kinetics in interfacial stability34. Further analysis shows 

that under C/5–1D and C/3–D/3, the SEI is initially enriched with salt decomposition products, 

but this trend slows as cycling progresses and solvent decomposition becomes dominant. A 

resurgence of salt-derived species at end-of-life suggests that the SEI continues to evolve 

dynamically, driven by ongoing electrolyte consumption, which is crucial for sustaining long-term 

cycling performance. Quantitative tracking of SEI-bound Li+ and inactive Li0 provides valuable 

mechanistic insight into how discharge conditions influence interfacial stability and degradation 

pathways. These findings emphasize that optimizing Li stripping kinetics is key to enhancing Li 

utilization efficiency and maintaining SEI integrity over prolonged cycling. 
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