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SUMMARY 
Battery performance is strongly influenced by the solid electrolyte interphase (SEI) that forms 
from electrolyte decomposition and remains a key target for engineering design. Whereas 
traditional approaches to tune the SEI have focused on electrolyte chemistry, we show that 
manipulating the electric field offers a novel approach. Here, we change the electrical double 
layer (EDL) composition by either applying or removing the local electric field, which directly 
controls SEI formation. Surprisingly, the solvent-derived SEI known to form in a conventional 
electrolyte exhibits anion-enhanced chemistry when the electric field is removed, which is 
attributed to the Coulombic interaction between the electric field and free anions. With the 
electric field control, we produce an anion-enhanced SEI in conventional electrolytes that 
demonstrates improved battery cycling and corrosion resistance. Together, our findings 
highlight the importance of EDL composition and demonstrate electric field strength as a new 
parameter to tune SEI structure and chemistry. 
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INTRODUCTION 
Next-generation batteries with energy density beyond that of Li-ion largely depend on the Li 
metal anode, which is electrodeposited and stripped upon charging and discharging, 
respectively1,2. The reversibility of this electrodeposition process governs the performance of 
Li metal batteries but is complicated by electrolyte decomposition resulting in the formation of 
the solid electrolyte interphase (SEI)3-5. The SEI layer is ionically conductive yet electronically 
insulating, conformally passivating the Li metal surface from uncontrolled and continuous 
degradation6,7. The degree of passivation is believed to depend on the SEI chemistry, which is 
directly influenced by the components within the electrical double layer (EDL) that are 
decomposed to form the SEI8-11. For example, SEI chemistries derived from anion 
decomposition (i.e., anion-derived SEI) have been shown to enable much higher cycling 
efficiencies and Li electrodeposition reversibility than SEI chemistries derived from solvent 
decomposition (i.e., solvent-derived SEI)12-16. As a result, producing anion-derived SEI films 
has emerged as a key design principle in Li metal battery research. One of the approaches for 
forming anion-derived SEI films has been to engineer the solvation structure of Li ions to 
contain more anions by using weakly solvating solvents or ultrahigh concentration regimes17-

19. This allows for anions within the solvation shell of Li ions to remain at the EDL interface 
for decomposition and incorporation into the SEI film. In contrast, the free, unsolvated anions 
in conventional electrolytes with solvent-dominated Li+ solvation shells are mostly repelled 
from the Helmholtz layer by the negative potentials applied20 during Li electrodeposition, 
resulting in SEI films that are predominantly solvent-derived (Fig. 1A). While tuning the 
solvation structure has led to improvements in Li metal battery performance, it remains an 
indirect approach to control the composition of the EDL, which is what truly governs the SEI 
chemistry. Introducing desired decomposing components into the EDL20,21 would enable more 
direct control over the resulting SEI chemistry and overall battery performance. 
 
In this work, we show that the EDL composition and resulting SEI can be directly tuned by 
modulating the electric field, resulting in different SEI chemistry and structure in the same 
electrolyte system. We modify the electric field by changing the polarization of the Li metal 
surface. For example, the anode surface is negatively polarized during galvanostatic 
electrodeposition of Li metal, establishing an electric field that facilitates electrochemical 
decomposition of electrolyte to form the SEI layer. In the presence of an electric field, we term 
this SEI layer an “electrochemical SEI” (Fig. 1A). In contrast, an electric field is absent when 
the Li metal surface is not polarized. Any SEI formed on a non-polarized, pristine Li metal 
surface is then due to chemical decomposition, and we term this the “chemical SEI” (Fig. 1A). 
In this study, we compare chemical and structural differences between chemical SEI (electric 
field absent) and electrochemical SEI (electric field present). 1M lithium hexafluorophosphate 
(LiPF6) in 1:1 v/v ethylene carbonate (EC)/ diethyl carbonate (DEC) is an appropriate model 
system to study how the electric field can influence the EDL composition. In this electrolyte, 
the dipole-ion interactions between Li+ and solvent result in reduced likelihood of salt anions 
being solvated by Li+ such that the inner layer of the Li+ solvation structure is dominated by 
EC, while PF6

- ions are excluded22,23. Consequently, EC tends to decompose on the Li metal 
surface, forming a typical solvent-derived SEI that exhibits limited stability and mechanical 
properties, thus leading to a poor Coulombic efficiency (CE)24,25. Using 1M LiPF6 in EC/DEC 
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as a model electrolyte system, we form electrochemical SEI (i.e., presence of an electric field) 
by conventional galvanostatic electrodeposition at a constant current density. In the same 
electrolyte, we form chemical SEI by immersing mechanically polished Li foil in liquid 
electrolyte. Equivalently, chemical SEI can also be formed using ultrafast Li electrodeposition, 
unique conditions under which SEI formation is decoupled from Li deposition. Our previous 
work26 showed any SEI formed under such conditions is stepwise (i.e., chemically formed after 
initial Li metal nucleation). 
 
Here, we discover that these electrochemical and chemical SEI films are distinct from one 
another due to either the presence or absence of an electric field changing the EDL composition. 
Specifically, we find that in the absence of an electric field, EDL components in a conventional 
electrolyte (i.e., 1M LiPF6 in EC/DEC) decompose on the Li metal surface to form an anion-
enhanced SEI film (i.e., chemical SEI). This is in stark contrast to the solvent-derived SEI film 
formed in the same electrolyte under an applied electric field during electrodeposition (i.e., 
electrochemical SEI). Beyond changes in SEI chemistry, our cryogenic-electron microscopy 
(cryo-EM)27 experiments show that the chemical SEI film formed without an electric field is 
50% thinner than the electrochemical SEI film formed with an electric field. We attribute these 
structural and chemical changes in the SEI to the compositional differences in the EDL when 
applying or removing an electric field (i.e., repulsion of the anion), which is supported by both 
grand canonical density functional theory (GCDFT) simulation and in situ electrochemical 
surface-enhanced Raman spectroscopy (SERS) measurements. The anion-enhanced, chemical 
SEI formed in the absence of an electric field provides improved chemical stability and 
passivation compared with its solvent-derived counterpart formed in the presence of an electric 
field. In the context of battery performance, this chemical stability manifests in the resilience 
to corrosion during 24 hour calendar aging28,29 and reduced voltage hysteresis during battery 
cycling. These results introduce electric field as a complementary pathway towards controlling 
SEI structure and chemistry, with direct implications for battery performance. More broadly, 
our work encourages alternative approaches to tune the EDL composition (i.e., beyond electric 
field and solvation structure), which will further efforts in engineering optimal SEI films for 
future battery chemistries. 
 
RESULTS 
To reveal how the presence or absence of an electric field changes the overall chemistry of an 
SEI film formed in this model electrolyte, we use X-ray photoelectron spectroscopy (XPS), 
which can distinguish between different types of chemical bonding. Organic SEI components 
are typically correlated with stronger C 1s peaks, while inorganic SEI components contain more 
Li, O, and F signals from their respective 1s peaks (Fig. 1B). The ratio of Li, O, or F spectra 
peaks to that of C then quantifies the relative amounts of inorganic components in SEI films 
(Fig. 1C). In our model electrolyte system (i.e., 1M LiPF6 in EC/DEC), XPS spectra show that 
the electrochemical SEI (formed under an electric field) contains mostly organic, solvent-
derived components (Fig. 1B, C), which is consistent with previous works30-32. High resolution 
XPS scans (Fig. 1E) also show stronger signals in C-C (284.8 eV) and C-O (286.4 eV) bonding, 
which are strongly correlated with polymeric SEI components derived from the organic 
solvent30,32. In contrast, chemical SEI formed in the absence of an electric field in this same 
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model electrolyte demonstrates enhanced inorganic components (Fig. 1B, C). This is evidenced 
by the large increase (> 3-fold) in the ratio of F to C signals in the chemical SEI film, which 
persists throughout the thickness of the SEI film (Fig. 1D). High resolution XPS scans of the F 
and Li (Fig. 1E) show that chemical SEI contains increased LiF (56.3 eV), which is known to 
form from the decomposition of the PF6

- anion32. Normally under an electric field, anion 
decomposition is disfavored in this strongly solvating electrolyte system. We show that by 
removing the electric field, more anions are decomposed and incorporated into the SEI as 
inorganic components. 
 
In addition to changes in SEI chemistry, the electric field appears to also influence the local 
nanostructure of the SEI. Using cryo-EM (see methods), we find distinct differences in the (1) 
thickness, (2) nanostructure, and (3) chemistry of the chemical and electrochemical SEI. We 
determine the thickness of an SEI film by averaging ~50 cryo-EM imaging measurements taken 
from different regions across the deposited Li metal (Fig. 2A and F). Interestingly, our 
histogram of these SEI thicknesses (Fig. 2B and G) shows that the electrochemical SEI (~15 ± 
2 nm) is 50% thicker than the chemical SEI (~10 ± 1 nm). This suggests that the inorganic 
components found in the chemical SEI are more electronically insulating, thus forming a 
thinner passivating SEI film than the electrochemical SEI that is more organic in nature. This 
passivating property of the chemical SEI has direct implications on improving battery 
performance (see below). Cryo-EM also reveals distinct nanostructures of chemical and 
electrochemical SEI films. During battery operating conditions with an applied electric field, 
the electrochemical SEI exhibits the classic mosaic structure (Fig. 2H, I and S1), which was 
originally proposed by Peled et al.33 and directly imaged by Li et al.34 using cryo-EM. The 
mosaic structure contains nanocrystalline domains (e.g., Li2O, identified by matching lattice 
spacings) dispersed heterogeneously within an amorphous matrix. This distribution of 
nanocrystalline grains can dramatically impact the uniformity of Li-ion transport through the 
SEI35. In the absence of an electric field, the chemical SEI instead exhibits a hybrid 
nanostructure, a combination of the mosaic model and the multilayer model34,36 in which the 
inorganic and organic domains are arranged in an ordered, multilayer fashion (Fig. 2C, D and 
S2). In addition to the structural motifs of the mosaic model (e.g., nanocrystalline domains in 
an amorphous matrix), the chemical SEI displays an ordered distribution of Li2O near the outer 
surface of the SEI film, which is a clear signature of the multilayer SEI nanostructure. This 
ordered SEI nanostructure improves the uniformity of Li-ion transport through the SEI, 
mitigating inactive Li formation during the stripping process35. Finally, we chemically map the 
various SEI films using energy-dispersive spectroscopy (EDS) in scanning transmission 
electron microscopy (STEM) mode to reveal a stronger presence of O and F in the chemical 
SEI than electrochemical SEI (Fig. 2E, J and Table S1), which is consistent with our XPS 
results. Together, XPS and cryo-EM show that the chemical SEI formed in the absence of the 
electric field has a distinct chemistry and nanostructure, which is more inorganic and anion-
enhanced in nature compared to its electrochemical SEI counterpart. 
 
When SEI films form in the same electrolyte chemistry, the clear differences observed between 
chemical and electrochemical SEI are likely due to the absence or presence of an external 
electric field. While spontaneous redox reactions and charge transfer can form a localized 
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electric field, the range of this field is small and its intensity is negligible (an order of magnitude 
lower) compared to an externally applied electric field. We propose that the electric field 
strongly influences EDL composition, which will directly impact which components are 
reduced to form the SEI film. For example, free anions in our model electrolyte system are 
likely repelled from the EDL interface by the negatively polarized Li metal surface during 
electrodeposition (Fig. 1A), which would result in predominantly solvent-derived SEI films 
formed in the presence of an electric field. We use in situ electrochemical SERS to provide 
experimental evidence for this explanation. Peaks observed in Raman spectra correspond to 
vibrational modes of specific chemical bonds. By using SERS to measure how the peak signals 
corresponding to the PF6

- anion and EC solvent molecule evolve, we can determine how the 
EDL composition changes as a function of electrode potential. The peak at 740 cm-1 
corresponds to the stretching P-F bond in free PF6

- anion (i.e., outside the solvation shell) when 
it is dissolved in the electrolyte solvent (Fig. S3A). The peak at 715 cm-1 corresponds to the 
bending O-C-O bond in the EC solvent molecule (Fig. S3A). The ratio between the intensities 
of these two peaks is then a quantitative descriptor for the relative amount of anion present (Fig. 
S3B). By adding Au nanoparticles8,23 to our current collector, we can enhance the Raman signal 
originating from the surface EDL and track how the relative amounts of anion and solvent 
molecule change as we vary the electrode potential. As the electrode surface is negatively 
polarized, we expect the negatively charged anions to be repelled away from the EDL and the 
neutral EC molecule to be largely unaffected by this coulombic interaction (Fig. 3A). Indeed, 
this is precisely what our in situ electrochemical SERS experiment demonstrates: as the 
electrode potential decreases below zero, the ratio of the PF6

-/EC peaks decreases by almost 
20% (Fig. 3B). This results in less anions being present within the EDL for decomposition and 
incorporation into the SEI layer and explains the observed differences between chemical and 
electrochemical SEI.  
 
In addition to in situ electrochemical analysis, GCDFT calculations are performed under a 
constant potential based on the loop-iteration method to support the observed phenomenon (see 
methods). We explore the distance, adsorption strength, and Li-F bond strength at the molecular 
scale as a function of potential to quantify the attraction and repulsion behaviors between PF6

- 
and the Li surface. Our investigation reveals that the PF6

- molecule chemisorbs to the Li surface 
through three robust F-Li bonds under positive potential, gradually transitioning to 
physisorption with increased separation and weakened bonds as the potential becomes negative 
(Fig. 3A, S4). A nearly-linear relationship is shown between the applied voltage and the 
distance between PF6

-and the Li surface. In other words, increasing the negative polarization 
of the Li surface repels and separates PF6

- from the Li metal (Fig. 3B). The relationship between 
the relative position of PF6

- and the Li surface has been further elucidated through a detailed 
analysis of the Li-F bonds. With increasing negative potentials, there is a linear decrease in 
both the Integrated Crystal Orbital Hamilton Populations (ICOHP) and the bond order 
corresponding to the Li-F interactions, suggestive of a progressive weakening of these bonds 
(Fig. 3C). The cleavage of a single Li-F bond results in a pronounced decline in the cumulative 
bond strength. Notably, at a potential of -0.6 V vs Li+/Li, the interaction between Li and F 
atoms diminishes to the point of nonexistence, indicative of a repulsive interaction. To illustrate, 
more positive potentials favor PF6

- adsorption, while PF6
- desorbs from the Li surface at more 
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negative potentials (Fig. 3A). While it is qualitatively expected that negative potentials would 
repel anions like PF6

-, our calculations here provide a quantitative explanation for how the PF6
- 

adsorption behavior is modulated by the applied potential and show how the transition between 
adsorbed and non-adsorbed anions occurs. The molecular-level changes observed through 
computational analysis align consistently with our experimental findings obtained from in situ 
SERS. 
 
Our findings reveal that the presence or absence of an electric field can influence the 
composition of the EDL by Coulombic interactions with free anions, thus changing the 
structure and chemistry of the resulting SEI film. Since the electric field strength can vary 
dramatically across any electrode surface that is not atomically uniform37,38, our results may 
explain the spatial non-uniformity observed in SEI films formed in electrolytes with many free 
anions. Specifically, the local concentration of anions within the EDL across the electrode 
surface may vary substantially due to changes in the local electric field8,9, thus causing non-
uniformity in the SEI structure and chemistry. For electrolyte chemistries that don’t have as 
many free anions responding to the electric field (e.g., highly concentrated electrolytes), we 
would expect this spatial variation in electric field to have less of an impact on the resulting 
SEI film uniformity. In other words, there should not be much distinction between the chemical 
and electrochemical SEI formed in electrolytes with more anions in the solvation structure. 
Experimental observations of the chemical and electrochemical SEI films formed in a highly 
concentrated electrolyte support this conclusion. Due to increased viscosity and insolubility of 
concentrated LiPF6 (less than 3M) in EC/DEC, we choose 4M Li bis(fluorosulfonyl)imide 
(LiFSI) in dimethoxyethane (DME)39,40 as the representative of a highly concentrated 
electrolyte system with a Li+ solvation structure containing a larger amount of anions (Fig. S5) 
than conventional electrolytes such as 1M LiPF6 in EC/DEC. Because this electrolyte has fewer 
free anions that can respond to an electric field (Fig. S6), the chemical and electrochemical SEI 
formed in 4M LiFSI in DME is observed to be similar. Our cryo-EM images confirm that 
chemical and electrochemical SEI in 4M LiFSI in DME have similar thickness (~11 nm, Fig. 
4A, B and E, F) and nanostructure with abundant dispersed Li2O and LiF within an amorphous 
matrix (Fig. 4C, G and S7, S8). Furthermore, STEM EDS show that the distribution of O, F, C, 
S and N within the chemical and electrochemical SEI are similarly uniform (Fig. 4D and H). 
Whereas the F/C ratios of chemical and electrochemical SEI differ by more than a factor of 
three in 1M LiPF6 in EC/DEC, the chemical and electrochemical SEI formed in 4M LiFSI in 
DME have similar F/C ratio (Table S2). As a result, the SEI films formed in 4M LiFSI are less 
susceptible to changes in electric field and thus have more uniform structure and composition, 
leading to enhanced battery performance39. 
 
When formed in the absence of an electric field, the chemical SEI is found to be rich in anion 
components even in conventional electrolytes like 1M LiPF6 in EC/DEC, which is normally 
solvent-derived. This has important implications for battery performance since anion-enhanced 
SEI chemistries are typically associated with strong passivating properties that prevent 
continued SEI growth. To demonstrate the enhancement that chemical SEI provides for battery 
cycling and calendar aging, we build Li||lithium iron phosphate (LFP) cells using (1) pristine 
Li foil and (2) Li foil immersed in liquid electrolyte for 24 hours to form a more developed 
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chemical SEI (Fig. S9). With the chemical SEI, Li||LFP cells exhibit much lower voltage 
hysteresis between charging and discharging voltage plateaus (~100 mV, Fig. 5A and B) than 
cells without chemical SEI (~250 mV, Fig. 5C and D). This suggests that the chemical SEI has 
high ionic conductivity and does not contribute excess impedance compared to even pristine 
Li foil. Thus, we observe higher capacity and CE for the chemical SEI coin cells in the early 
cycles, minimizing excess SEI formation (Fig. 5E). Furthermore, we show that the capacity 
loss due to 24-hour calendar aging is substantially reduced in chemical SEI coin cells, with less 
than half as much loss compared with coin cells without chemical SEI (Fig. 5F). Our cryo-EM 
experiments show that the chemical SEI is much more passivating during calendar aging, with 
the SEI thickness increasing slightly (~5 nm) during 24-hour rest at open circuit voltage (Fig. 
5G, H and S10A). In contrast, the electrochemical SEI does not offer as much passivation, 
growing nearly 40 to 80 nm non-uniformly across the Li dendrite after 24-hour calendar aging 
(Fig. 5I, J and S10B). 
 
In addition to resting and growing chemical SEI before battery cycling, we also suggest 
periodically adding a rest period where the electric field is removed, allowing anion enrichment 
in the EDL for chemical SEI formation (anion-enhanced). We use a pulse-current deposition 
approach in the electrolyte of 1M LiPF6 in EC/DEC at a current density of 1 mA cm-2, with 
repeated deposition for 1 s and resting for 3 s, until a capacity of 1 mAh cm-2 is reached. 
Subsequently, the stripping current density is 1 mA cm-2 with a cut off voltage of 1V. As a 
control experiment, standard galvanostatic cycling (i.e., no rest period) is performed at a 
constant current density of 1 mA cm-2 for the same capacity. The SEI formed during pulse-
current deposition (i.e., “pulse SEI”) exhibits the properties intermediate between chemical SEI 
and electrochemical SEI, including SEI thickness (e.g., pulse SEI thickness is around 13 nm in 
Fig. 6A and B, compared to 10 nm for chemical SEI and 15 nm for electrochemical SEI), 
chemical components (e.g., pulse SEI contains LiF in Fig. 6C, while chemical SEI contains 
LiF and electrochemical SEI has no LiF particles in cryo-EM images), and elemental ratios 
(F/C ratio in pulse SEI is around 0.15, compared to around 0.3 in chemical SEI and around 0.1 
in electrochemical SEI, Fig. 6D, E and Table S1). The formation of pulse SEI facilitates a more 
uniform and dense Li growth (Fig. S11), leading to increased reversibility of Li stripping. Thus, 
we observe a 4% CE increase (Fig. 6F) for the pulse-current protocol in the Li-Cu coin cell 
geometry. These results show that the passivating properties of the chemical SEI can positively 
impact battery performance and motivate the future design of optimal protocols leveraging the 
electric field to form more ideal SEI films. 
 
DISCUSSION 
Our work reveals that the SEI structure and chemistry is strongly influenced by the EDL 
composition, which can be tuned by the electric field. At negative surface potentials forming 
an electric field, we show that the electrochemical SEI exhibits solvent-derived components. 
Without the electric field present, the chemical SEI is more anion rich due to a larger 
concentration of free anions within the EDL. The impact of the electric field on the EDL 
composition is shown experimentally using in situ electrochemical Raman and theoretically 
using GCDFT. These findings lead to new insights for battery research: (1) that spatial variation 
in the electric field will lead to SEI non-uniformity and (2) that SEI films normally exhibiting 
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solvent-derived compositions can be engineered to anion-enhanced chemistries to improve 
battery cycling and corrosion resistance. More broadly, our results will encourage future 
approaches to tune the EDL composition that can enable closer control over SEI structure and 
composition. 
 
EXPERIMENTAL PROCEDURES 
Resource availability 
Lead contact 
Further information and requests for resources and materials should be directed to 
and will be fulfilled by the lead contact, Yuzhang Li (yuzhangli@ucla.edu). 
 
Materials availability 
This study did not generate new unique materials. 
 
Data and code availability 
All data needed to evaluate the conclusions in this paper are present in the paper or the 
supplemental information. This study did not generate code. 
 
Preparation of electrolyte solutions 
Lithium hexafluorophosphate solution in ethylene carbonate and diethyl carbonate (1 M LiPF6 
in EC/DEC) was directly purchased from Sigma-Aldrich with battery grade. Lithium 
bis(fluorosulfonyl)imide (LiFSI, Canrd, 99.5%) were dried at 65 oC overnight prior to using. 
dimethoxyethane (DME, Sigma-Aldrich, 99.5%) was added to obtain 4 M solution of LiFSI 
(4M LiFSI in DME). All chemicals were used as received without further purification. All 
electrolytes were made and stored in the Ar-filled glovebox (O2 < 0.2 ppm, H2O < 0.02 ppm). 
 
Electrochemical experiments 
In Li||LFP 2032-type coin cells, LFP foil (mass percent of active material is around 88%, area 
mass loading of active material on current collector is around 12 mg cm-2, Canrd) of 10 mm in 
diameter was served as working electrode and Li foil (70 µm thick, Canrd) of 15 mm in 
diameter was served as the counter/ reference electrode. Li foil was mechanically sheared using 
a polyethylene scraper to remove the surface oxide and improve electrical connection to the 
stainless-steel coin cell case. After mechanically shearing, the clean pristine Li foil was used 
to make coin cells with below procedures is the blank control sample. Li foil along with a 
chemical SEI was obtained by immersing Li foil in 1M LiPF6 in EC/DEC for 24 hours.  
In Li||Cu 2032-type coin cells, Cu foil (10 µm thick, Canrd, 99%) of 12 mm in diameter served 
as the working electrode, while Li foil of 10 mm in diameter served as the counter/reference 
electrode. Similar with Li||LFP cell, Li foil was mechanically sheared for processing prior using. 
Cu foil was rinsed with ultrapure water and acetone to remove surface contaminants before 
transferring into the glove box. 
60 µL electrolyte was added to each cell using a 25 µm thick polypropylene-polyethylene-
polypropylene separator (Celgard 2325) to divide the two electrodes. Coin cells were loaded 
onto a battery tester (Land Instruments) and cycled. 
All battery assembly experiments were performed in the Ar-filled glovebox. 
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XPS sample preparation and characterization 
XPS sample of electrochemical SEI were obtained by running Li||Cu 2032-type coin cells, a 
300-mesh bare Cu TEM grid (TED PELLA) is incorporated onto Cu foil served as the working 
electrodes. Electrochemical SEI together with metallic Li were deposited on the TEM grid at a 
normal current density of 1 mA cm-2 for 10 min. During this process, the SEI grows 
concurrently with Li dendrites, indicating that this SEI is formed through the electrolyte 
decomposition under the influence of an electric field. After disassembling the coin cell in an 
Ar-filled glovebox, TEM grid was carefully raised with a few drops of anhydrous dioxolane. 
For the pulse SEI sample, the battery assembly was the same as that for the electrochemical 
SEI sample. The only difference is the addition of a 3 s pause for every 1 s of applying a current 
density of 1 mA cm-2, with the total operation time maintained at 10 min. For the chemical SEI 
sample, after Li foil of 3 mm in diameter was mechanically sheared, it was immersed in 1M 
LiPF6 in EC/DEC for 10 min to grow chemical SEI and carefully raised with a few drops of 
anhydrous dioxolane. Once dry, SEI samples were placed onto the XPS stage and then 
transferred to the XPS (Kratos AXIS Ultra DLD spectrometer) chamber using an air-tight 
transfer holder. 
 
Cryo-EM sample preparation and imaging 
Cryo-EM samples were obtained from Li||Cu coin cells. Their assembly was the same as 
Li||LFP cells, except that Cu foil of 12 mm diameter stacked together with a customized TEM 
grid served as the working electrodes. To grow chemical SEI on Li particles for convenient 
imaging through cryo-EM, we apply an ultrafast current density of 200 mA cm-2 to deposit 
faceted Li particles, effectively outpacing the SEI formation26,41. Subsequently, when the 
current ceased and the electric field is absent, chemical SEI is formed on the surface of the 
faceted Li particle due to physical contact with the electrolyte. To realize ultrafast current 
density, we used Cu chunk-based TEM grids as local ultramicroelectrodes prepared in the same 
way as our previous publication26. For a fair comparison, the combined duration of 
electrodeposition and standing time is 10 min for chemical SEI, consistent with the preparation 
time for the electrochemical SEI samples. The preparation process of electrochemical SEI and 
pulse SEI in cryo-EM is identical to that of the XPS sample described above. 
After assembling the coin cell in an Ar-filled glovebox, TEM grid was carefully rinsed with a 
few drops of anhydrous dioxolane. Once dry, the TEM grid with deposited Li was placed in an 
Eppendorf tube sealed with parafilm and transferred out of glovebox. The pressure in the 
glovebox, and thus the sealed tube, was greater than ambient pressure, which prevented air 
from leaking into the tube. Outside the glovebox, pincer pliers held the sealed Eppendorf tube 
and plunged quickly into a bath of liquid nitrogen, then quickly crushed open the tube after 3 s 
while still immersed in the liquid nitrogen to expose the grid with deposited Li to cryogen 
immediately. The grid was stored in a cryo-grid box in liquid nitrogen dewar for usage. 
To proceed with cryo-EM imaging, the TEM grid was mounted onto a Gatan 626 TEM cryo-
transfer holder using a cryo-transfer station to make sure the whole process took place under 
liquid nitrogen. The built-in shutter on the transfer holder was kept closed to prevent air 
exposure and ice condensation onto the sample when inserting the holder into the TEM column. 
A liquid nitrogen dewar attached to the holder maintained the grid at cryogenic temperature 
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during the whole imaging process. All cryo-EM characterizations were carried out using an 
FEI Titan 80-300 scanning transmission electron microscope operated at 300 kV with a Gatan 
Ultrascan camera. During cryo-EM images acquisition, the corresponding electron dose flux 
was also recorded. Electron dose rate (flux) is less than 100 e Å-2 s-1 for low magnification 
cryo-EM images and less than 1000 e Å-2 s-1 for high resolution cryo-EM images. The electron 
beam exposure time of each image is no more than 30 s and the acquisition time is 0.4 to 1 s. 
 
In situ surface enhanced Raman experiments 
A sealed three electrode electrochemical Raman cell (Gaoss Union) was used to perform in 
situ surface enhanced Raman experiments. A layer of coarse Au nanoparticles with a thickness 
of 20 nm was evaporated on the Cu mesh to serve as the working electrode for a surface 
enhancement effect and Li foil served as the counter/ reference electrode. The electrochemical 
potentiostat (BioLogic VMP3) was used to apply voltage on the Raman cell from OCV to -1 
V vs Li+/Li, and Raman scanning was carried out in the meantime. The Raman system 
(Renishaw) used in this experiment was equipped with a 785 nm diode laser. 
 
GCDFT calculations 
DFT calculations are performed using the Vienna Ab-Initio Simulation Package (VASP) with 
the PBE functional42 and van der Waals interaction between atoms is corrected by using D343. 
The core electrons are described with the projector augmented wave (PAW) method44. The 
convergence criteria for electronic and force minimization are set to 10-6 eV and 0.02 eV/Å for 
structure optimization. The cutoff energy for the kinetic energy of the plane-wave is 450 eV. (4 
× 4)- 4 layer (110) surface is chosen for modelling Li, where the Brillouin zone is sampled 
using the (4 × 4 × 1) Gamma-centered k-point grid. 
GCDFT are performed to obtain the potential-dependent energetics, where the number of 
electrons is allowed to change to adapt the change of work function along the reaction pathway. 
The potential-dependent grand canonical free energy can be expressed by a surface charging 
model: 

Ω 𝑈 = Ω 𝑈 − 𝑞(𝑈) ∙ 𝐹𝑈	 = 	Ω 𝑈+ −
1
2𝐶 𝑈 − 𝑈+	 / 

where Ω 𝑈  is the electronic energy of the surface at the U potential in Standard Hydrogen 
Electrode (SHE) scale, 𝑞(𝑈) is the charge difference against the neutral condition, F is the 
Faradaic constant. C stands for the effective capacitance and 𝑈+ represents the potential of 
zero charge (pzc). For more details of GCDFT, see our previous work45-47. The self-consistent 
implicit solvation model VASPsol is used to represent the polarizable electrolyte region. The 
dielectric constant 45.9, and the Debye screening length 2.33 Å, are used, as they correspond 
to the experimental electrolyte. We use a cutoff charge of 0.0002 to avoid unphysical invasion 
of the implicit solvent invasion into the Li layers48. The COHP analysis was performed using 
the LOBSTER program with the pbeVaspFit2015 basis set49. 
An iterative method is used to achieve structural optimization under constant potential rather 
than constant charge. 
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Fig. 1. Scheme and XPS analysis on chemical and electrochemical SEI showing that 
chemical SEI comprises more inorganic components in 1M LiPF6 in EC/DEC. A) Scheme 
of chemical and electrochemical SEI formation processes. In the absence of an electric field, 
solvated Li+, free anions and solvents are stochastic distributed (left). With applied electric 
field, inner Helmholtz plane (IHP) consists of desolvated Li+ and solvents, while outer 
Helmholtz plane (OHP) is occupied by Li solvation structures, with free anions being repelled 
from the Helmholtz layer. B) XPS survey. C) The elemental ratios in the SEI calculated from 
(B). D) The elemental ratio of F/C obtained in the XPS depth profiles. E) High-resolution XPS 
spectra and fittings of C 1s, O 1s, F 1s and Li 1s. 
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Fig. 2. Cryo-EM analysis on structure and chemistry of chemical and electrochemical SEI 
in 1M LiPF6 in EC/DEC. A) Cryo-EM image of faceted Li particle covered with a layer of 
chemical SEI. B) Thickness statistics of chemical SEI. C) High-resolution cryo-EM image of 
chemical SEI layer, magnified from the blue box in (A). D) Schematic of observed mosaic plus 
multilayer hybrid type structure of chemical SEI in (C). E) STEM EDS mapping of chemical 
SEI. F-J) Analogous images to (A-E) but collected on electrochemical SEI. 
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Fig. 3. Experimental and theoretical analysis showing anion’s decay with negative voltage 
in 1M LiPF6 in EC/DEC. A) Experimental illustration (top) showing stretching P-F from PF6

- 
decays with the negative potential from in situ Raman spectra and theoretical illustration 
(bottom) of the interaction between PF6

- and the Li surface as a function of the potential vs 
Li+/Li. B) The variation trend of the absolute peak intensity of PF6

- over EC (left) with respect 
to voltage calculated from in situ SERS and the distance between PF6

- and Li surface (right) 
with respect to voltages from theoretical calculation. C) The cumulative ICOHP (left) and bond 
order (right) of Li-F bonds as the function of voltage. 

Fig. 4. Cryo-EM analysis on structure and chemistry of chemical and electrochemical SEI 
in 4M LiFSI in DME. A) Cryo-EM image of faceted Li particle covered with a layer of 
chemical SEI. B) Thickness statistics of chemical SEI. C) High-resolution cryo-EM image of 
chemical SEI layer, magnified from the blue box in (A). D) STEM EDS mapping of chemical 
SEI. E-H) Analogous images to (A-D) but collected on electrochemical SEI. 
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Fig 5. Effect of chemical SEI on electrochemical performance in Li||LFP cells in 1M LiPF6 
in EC/DEC. A) Representative voltage profiles of each ten cycles with zoomed-in view in (B). 
C) Representative voltage profiles of each ten cycles with calendar aging during every five 
cycles with zoomed-in view in (D). E) CE and specific capacity as a function of cycle number 
at 0.5 C. F) CE and specific capacity with calendar aging during every five cycles. Cryo-EM 
images of faceted Li particles in (G) and after 24-hour calendar aging in (H). Cryo-EM images 
of dendritic Li particles in (I) and after 24-hour calendar aging in (J).
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Fig 6. Structural and chemical analysis of pulse SEI in 1M LiPF6 in EC/DEC. A) Cryo-
EM image of Li dendrite covered with a layer of pulse SEI. B) Thickness statistics of pulse 
SEI. C) High-resolution cryo-EM image of pulse SEI layer, magnified from the purple box in 
(A). D) STEM EDS mapping of pulse SEI. E) F/C elemental ratio of pulse SEI compared to 
chemical and electrochemical SEI calculated from XPS analysis. F) CE comparison between 
pulse current protocol (at a current density of 1 mA cm-2, with repeated deposition for 1 s and 
resting for 3 s, until a capacity of 1 mAh cm-2 is reached) and standard galvanostatic cycling 
protocol (at a current density of 1 mA cm-2, until a capacity of 1 mAh cm-2 is reached). 


