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Significance

 The solid electrolyte interphase 
(SEI) governs the performance, 
lifetime, and safety of lithium-ion 
batteries (LIBs), yet its formation 
dynamics have remained 
unresolved due to its nanometric 
thickness and reactivity. Using 
operando optical microscopy, we 
directly visualize SEI nucleation, 
lateral propagation, and current-
dependent evolution on graphite 
electrodes in real time. We find 
that high formation currents 
synchronize SEI growth, 
producing thinner and more 
uniform interphases. Guided by 
this mechanistic insight, we 
design rapid, high-current 
formation protocols that reduce 
formation time enhancing cycling 
stability. This work establishes a 
direct mechanistic link between 
formation conditions and 
interphase uniformity, providing 
guidance for efficient and safe 
battery manufacturing.
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Lithium-ion battery formation is a pivotal step that dictates performance, longevity,
and manufacturing safety. At the core of this process is the formation and evolution of 
the solid electrolyte interphase (SEI), whose nanoscale thickness, high environmental 
sensitivity, and dynamic behavior have long hindered direct characterization. Here, we 
exploit the SEI-induced refractive index matching effect and utilize operando optical
microscopy to directly visualize SEI growth in real time. Our observations reveal pro-
nounced lateral heterogeneity and asynchronicity during the first lithiation of graphite 
anodes. Surprisingly, high formation current promotes synchronized SEI growth, leading 
to a more uniform SEI coverage. Building on this mechanistic insight, we designed a 
pulsed high-current formation protocol for 2 Ah LiFePO4 (LFP)/graphite pouch cells,
achieving nearly an order-of-magnitude reduction in formation time while simultane-
ously enhancing the cycling performance. These findings challenge the prevailing belief 
that low currents are essential for developing a uniform SEI and pave a path toward 
safer and more efficient large-scale battery production.

battery | formation | operando microscopy | solid electrolyte interphase

 The growing demand for lithium-ion batteries (LIBs) underscores the importance of improv-
ing production throughput and ensuring manufacturing safety. A major challenge in 
large-scale battery production is optimizing the battery formation process, which accounts 
for nearly one third of battery manufacturing costs (1). Central to this process is the devel-
opment of solid electrolyte interphase (SEI), a passivation layer formed on graphite from 
electrolyte decomposition. The SEI regulates capacity loss, cycle life, rate performance, and 
safety, making its control essential for large-scale battery production (2, 3).

 Despite extensive studies using scanning and transmission electron microscopy (SEM/
TEM) (4), X-ray Photoelectron Spectroscopy (XPS) (5), Raman spectroscopy (6), and 
more recently cryogenic Transmission Electron Microscopy (cryo-TEM) (7, 8) and 
synchrotron-based pair distribution function (PDF) (9), our understanding remains frag-
mentary. Most measurements are ex situ and provide only static snapshots that do not 
represent behavior in a realistic working cell, leaving the dynamic nucleation, growth, and 
evolution of the interphase unresolved (10). To uncover the underlying mechanisms, 
in situ or operando methods under realistic electrochemical conditions are required. Yet 
such approaches remain scarce, due to technical challenges associated with the nanometric 
thickness of the SEI, its chemical fragility, and the difficulty of integrating sensitive probes 
into a realistic working cell, leaving the kinetic processes underlying SEI growth poorly 
understood (11–13).

 This knowledge gap is particularly consequential for the initial formation step of LIBs. 
Conventionally, formation is conducted under slow, low-current charging conditions to 
avoid nonuniform SEI growth (14, 15). However, industrial pressures toward faster, more 
efficient formation have revived interest in high-current protocols (16). Recent studies 
suggest that high-current formation could potentially yield SEI layers that are thinner, 
denser, and richer in inorganic species, thereby enhancing Li+  transport and improving 
cycling durability (17). However, the mechanistic picture remains incomplete, and how 
current density dictates SEI nucleation and growth is not resolved. Without a compre-
hensive mechanistic understanding of how current density influences SEI dynamics, the 
optimization of formation strategies remains empirical and limited.

 Here, we directly visualize SEI formation on graphite anodes using reflection-mode 
optical microscopy, exploiting the SEI-induced refractive-index matching effect. The 
imaging result reveals pronounced lateral heterogeneity and asynchronized reaction-front 
propagation during the first lithiation. Remarkably, higher formation currents synchronize 
SEI growth and suppress the lateral heterogeneity, challenging the conventional reliance 
on slow, low-current formation. Building on this insight, we develop a pulsed high-current D
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protocol that shortens the initial formation charge from 10 to 
20 h to 1 to 2 h while enhancing capacity retention. These findings 
establish a mechanistic basis for SEI control and highlight a path 
toward faster, safer, and more scalable battery manufacturing. 

Results and Discussion

Asynchronous and Heterogeneous SEI Formation in Graphite 
Anodes During the First Lithiation. During the initial lithiation 
on the graphite electrode, the electrolyte solvents and salt anions 
are reduced to generate insoluble inorganic and organic species 
that deposit on the electrode surface as the SEI, when their last 
unoccupied molecular orbital (LUMO) levels lie below the Fermi 
level of the graphite electrode (18). This process gradually modifies 
the interfacial optical properties of the graphite. Specifically, 
before SEI formation, the large difference in refractive indices 
of the electrolyte (1.4) (19) and graphite (2.7) (20) yields a 
strong interface reflection. Once a thin SEI layer is developed, its 
refractive index (1.5) partially bridges this gap, thereby reducing 
the reflectivity. Notably, this reflectance reduction is governed 
by refractive-index matching rather than the specific chemical 
identity of SEI components. Most inorganic and organic SEI 
species exhibit refractive indices within a relatively narrow range 

(≈1.4 to 1.6), intermediate between the electrolyte and graphite, 
leading to a consistent optical darkening. This process is illustrated 
in Fig. 1A and discussed further in SI Appendix, section 1. We 
exploit this refractive index matching effect as a sensitive optical 
probe to track the dynamic formation and evolution of the SEI. 
To implement this under realistic conditions, we developed an 
operando optical microscopy method based on a modified 2016-
type coin cell with a transparent optical window (SI Appendix, 
Fig.  S5). This configuration enables direct visualization of the 
graphite electrode in a working cell, more faithfully replicating 
practical battery conditions than the open-cell setups previously 
used for optical studies of cathode (21) and anode (22, 23) 
electrodes. The cell consists of a graphite working electrode, a 
lithium metal counterelectrode, and a separator. The optical 
microscope with a long-working-distance objective lens was 
operated in reflection mode, allowing the detection of subtle 
changes on the graphite surface. The intensity of the optical images 
serves as an indicator of SEI formation and evolution, which will 
be elaborated and validated in the next section.

 Optical images of the graphite electrode were recorded with 
one-minute intervals throughout the entire first lithiation at C/10 
(over the course of 10 h). A few key frames were selected for 
further analysis here. First, there is a notable image intensity 

Fig. 1.   Visualizing the SEI formation dynamics in a graphite electrode with operando optical microscopy. (A) Schematic illustration of the refractive index 
matching effect. (B) The graphite electrode surface imaged using optical microscopy during the first lithiation. (C) Sequential differential maps reveal active 
regions on the graphite electrode’s surface over the corresponding time window. (D) Electrochemical data for the graphite/Li metal half-cell’s first lithiation at 
C/10. Differential capacity (dQ/dV, unit of mAh/V) vs voltage is displayed in the insets. (E) Evolving image intensity histogram of the graphite surface. (F) Intensity 
evolution over three regions of interest as annotated in panel B.
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change upon lithiation (Fig. 1 B and E), and it clearly demon-
strates a sequential propagation with irregularly shaped patterns 
(Fig. 1B). To better visualize these data, Fig. 1C shows active 
regions by displaying the differential intensity maps (Diff.1, 
Diff.2, and Diff.3). These differential intensity maps were com-
puted by analyzing pixel-wise intensity changes between two con-
secutive image frames, visually demonstrating the highly localized 
nature of the SEI formation process and revealing pronounced 
spatial heterogeneity. Blue regions indicate an intensity decrease 
upon SEI development. Green regions show negligible change, 
indicating little to no active reactions over the corresponding area 
and time window. These visual assessments are corroborated using 
the intensity histograms of the images. As lithiation progresses, 
the intensity probability distribution in Fig. 1E shifts toward lower 
values, indicating a decline in reflectance.

 Three regions of interest (ROI1, ROI2, and ROI3 in Fig. 1B) 
were selected to monitor localized intensity change and analyze the 
temporal progression of reaction kinetics across the graphite elec-
trode (Fig. 1F). While ROI1 remains largely unchanged throughout 
the selected 3-min time window, ROI2 experiences a clear intensity 
drop after 1 min, marking the onset of electrochemical reactions in 
the imaged field of view. By the 2-min mark, ROI3 exhibits signif-
icant changes, indicating a delay in its chemical and electrochemical 
reactions. These results confirm that reactions across the graphite 
electrode do not occur uniformly or simultaneously but follow dis-
tinct spatial and temporal patterns.

 The onset of image darkening occurs at ~0.5 V, coinciding with 
a clear dQ/dV peak at 0.54 V (Fig. 1D) that is attributed to the 
reduction of EC and the generation of SEI species and precursors 
depositing on the graphite surface (24). The optical reflectivity 
reduction is clearly not related to the state of charge (SOC) 
because it only takes place during the first lithiation and is irre-
versible as we monitored the graphite electrode over several charge 
and discharge cycles (SI Appendix, Fig. S8). In addition, this phe-
nomenon is clearly driven by electrochemical reactions as no 
change was observed in a control cell that was not subjected to 
the charging current (SI Appendix, Fig. S9).  

Surface Chemical Transformations Correlated with Optical 
Reflectivity Reduction. To complement our operando 
observations and to validate SEI formation as the chemical 
origin of the optical reflectivity reduction, we conducted ex 
situ analyses of the graphite electrode surface before and after 
the first lithiation. Scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDX) were employed 
to investigate the surface composition of graphite electrodes 
before and after the first lithiation to 0.01 V. As shown in the 
SEM images (Fig. 2 A and E), the morphologies of the graphite 
electrode are similar before and after the first lithiation. EDX 
elemental mapping (Fig.  2 B–D) reveals that phosphorus (P) 
and fluorine (F) are codistributed on the surface of the pristine 
graphite electrode, indicating that the lithium salt (LiPF6) adheres 
to the electrode surface without significant decomposition. 
The spatial correlation analysis (Fig.  2I) further supports the 
colocalization of P and F, suggesting the preservation of the 
electrolyte components. In contrast, after the first lithiation, the 
P and F distributions become spatially decoupled (Fig. 2 F–H), 
implying decomposition of the electrolyte and the formation of 
new compounds on the graphite surface. The statistical correlation 
analysis (Fig. 2 I and J) further confirms this transformation, 
with a strong correlation (PPMCC = 0.78198) in the pristine 
state, which decrease significantly (PPMCC = 0.38328) after 
lithiation, highlighting the electrolyte decomposition process 
during the initial lithiation.

 Further, we conducted XPS measurements on the graphite sam-
ples to analyze the variations in their surface chemistry. Fig. 2 K–N 
present high-resolution XPS profiles of C 1s , O 1s , F 1s , and P 2p  
for the two graphite samples. In the pristine graphite sample, the 
C 1s  spectrum (Fig. 2K) exhibits a prominent peak at ~284.0 eV, 
characteristic of graphite, along with contributions from weakly 
adsorbed surface species, including aliphatic peak C–C/H (~284.8 
eV), C–O (~286.7 eV), and O–C=O (~289.0 eV) (25). The  
O 1s  spectrum (Fig. 2L) shows a dominant peak at ~533.2 eV, 
attributed to C–O species (26), indicating the presence of weakly 
adsorbed oxygen-containing compounds on the surface. The F 1s  
spectrum (Fig. 2M) presents distinct peaks associated with the 
PVDF binder (~688.5 eV) and residual LiPF6  from electrolyte 
exposure (~686.5 eV) (27, 28). Meanwhile, the P 2p  spectrum 
(Fig. 2N) predominantly displays signals originating from LiPF6  
with a small contribution from the other phosphate species (29). 
The XPS analysis of the pristine graphite sample reveals both the 
intrinsic properties of the graphite electrode and the residual lith-
ium salts from electrolyte.

 After the initial lithiation process, significant changes in the 
surface composition are observed on the graphite electrode. In the 
C 1s  spectrum (Fig. 2K), the characteristic graphite peak at ~284.0 
eV is diminished, accompanied by the emergence of a new peak 
at ~282.2 eV, which is attributed to Li–C bonding environments, 
possibly corresponding to lithium carbides (30), indicating the 
replacement of the pristine graphite signal by SEI-related species 
during the first lithiation. Simultaneously, a distinct peak emerges 
at ~290.0 eV and a corresponding peak at ~531.9 eV in the O 1s  
spectrum (Fig. 2L), which is characteristic of carbonate species 
and can be assigned to Li2 CO3  as well as organic lithium car-
bonates such as ROCO2 Li, both of which are typical SEI compo-
nents (31). Beyond the carbonate contribution, the O 1s  spectrum 
exhibits additional peaks at ~530.5 eV and ~527.9 eV, which 
correspond to LiOH and Li2 O, respectively (32). The presence of 
these oxygen species highlights the progressive development of 
the SEI, primarily originating from the decomposition of EC. The 
F 1s  spectrum (Fig. 2M) undergoes a notable transformation, 
where the PVDF peak (~688.5 eV), initially present in the pristine 
sample, disappears after the lithiation. This disappearance, along 
with the suppression of the graphite signal in the C 1s  spectrum, 
suggests that the surface of the graphite electrode is now covered 
with SEI. Meanwhile, a pronounced peak emerges at ~684.9 eV, 
corresponding to LiF (32), a key inorganic component of the SEI, 
formed through electrolyte solvent decomposition and lithium 
salt degradation.

 The ex-situ analyses reveal surface chemical transformations con-
sistent with our operando optical observations. The SEI formed dur-
ing the first lithiation progressively covers the graphite electrode with 
species such as LiF, LiOH, and Li2 O, which alter the interfacial reflec-
tivity and account for the image darkening and spatially heterogene-
ous optical contrast observed in reflection-mode microscopy.  

Current-Dependent SEI Formation Kinetics. The formation of 
SEI during the initial lithiation of graphite electrode exhibits 
significant lateral heterogeneity. This heterogeneity primarily arises 
from variations in local electrochemical reaction rates, leading to 
nonuniform accumulation of electrolyte decomposition products. 
As SEI formation progresses, regions with faster reaction kinetics 
experience more extensive electrolyte decomposition, resulting in 
localized variations in composition, structure, and thickness (33). 
Understanding and manipulating these spatial heterogeneities is 
crucial for optimizing SEI properties and improving lithium-ion 
battery performance. Formation current density significantly 
influences SEI growth by dictating the rate of electrochemical D
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reactions and the nature of the resulting deposits. To further 
elucidate how current density influences the SEI formation 
process, we conduct operando optical imaging with varying 
charging currents.

 We compare SEI formation kinetics during the first lithiation 
under three different charging currents, C/20, C/10, and 1C (elec-
trochemical data shown in SI Appendix, Fig. S15). Figs. 3 A–C 
shows sequential differential maps reconstructed from the raw 
imaging data by subtracting the preceding frame at each time 
point to highlight lithiation current-induced changes. Initially, 
the graphite surface is uniform with no detectable SEI coverage. 
As lithiation proceeds, heterogeneous SEI formation becomes 
evident, appearing as darkened regions in the raw data. At C/20 
(Fig. 3A), localized SEI development progresses sequentially and 
intermittently, with discrete reaction front propagation appearing 

over an extended timescale. At C/10 (Fig. 3B), SEI nucleation 
initiates near-simultaneously at several discrete locations, indica-
tive of rapid and spatially distributed growth. Under the higher 
current of 1C (Fig. 3C), a greater number of reactive sites are 
activated, with SEI formation occurring concurrently across 
broader surface regions. These observations suggest that increasing 
current not only accelerates SEI propagation but also promotes a 
more extensive spatial distribution of reactive events. The final 
panel in each sequence captures the spatiotemporal evolution of 
SEI coverage, revealing the dynamic propagation (indicated by 
different contour transparency) of reactive regions (indicated by 
different contour colors). A more detailed view of these localized 
spatiotemporal dynamics is provided in SI Appendix, Figs. S12–
14, which extract individual regions from the final contour maps 
and highlight the sequential evolution of SEI growth at different 

Fig. 2.   Characterization of surface chemical transformations of graphite electrode during the first lithiation. (A), SEM image of pristine graphite electrode 
before the first lithiation. (B and C) EDX elemental mapping for P (B) and F (C) over the pristine electrode. (D) Spatial correlation analysis of F and P in the pristine 
graphite electrode. (E) SEM image of graphite electrode after the first lithiation to 0.01 V. (F and G) EDX elemental mapping for P (F) and F (G) over the lithiated 
graphite electrode. (H) Spatial correlation analysis of F and P in the lithiated graphite. (I and J) Statistical correlation analysis of F and P in the graphite electrode 
before (I) and after (J) the first lithiation. (K–N) Comparison of XPS profiles of C 1s (K), O 1s (L), F 1s (M), and P 2p (N) for graphite electrodes before and after the 
first lithiation.
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currents, with the complete dynamics captured in real time in 
Movies S1–S3. Compared to the C/20 current, where SEI growth 
tends to proceed through isolated events over time, higher current 
densities give rise to a greater number of coevolving reaction 
fronts, suggesting that SEI formation occurs independently and 
concurrently across multiple regions. To quantitatively evaluate 
the kinetics of SEI formation under different current densities, 
we analyzed the temporal evolution of reaction intensity and spa-
tial coverage. As shown in Fig. 3D, reaction intensity profiles 
derived from differential maps reveal discrete SEI formation events 
under small charging current (C/20), marked by peaks that cor-
respond to local reaction bursts. Increasing the current leads to 
higher peak intensities and shorter intervals between successive 
events, suggesting more frequent and spatially distributed SEI 
growth. The average interval between reaction peaks decreases 
from 228 s at C/20 to 77 s at C/10 and 46 s at 1C (Fig. 3E). 
Concurrently, the spatial extent of reactive regions increases sig-
nificantly, as shown in Fig. 3E, with the fraction of reactive area 
(compared to whole imaged area) rising from < 2% at C/20 to 
~10% at C/10 and ~18% at 1C. These results highlight the accel-
erating effect of higher current on both the frequency and spatial 
spread of SEI formation across the electrode surface.          

 This difference in reaction kinetics suggests that higher current 
densities promote concurrent and more evenly distributed SEI 
growth, whereas lower current densities lead to sequential and 
localized SEI formation, occurring at different times across the 
electrode. Traditionally, low formation current is believed to 

promote homogeneous lithiation, leading to a dense and uniform 
SEI. However, our experimental results reveal a contrasting trend, 
where higher current appears to facilitate more synchronized SEI 
development. This unexpected finding suggests a perspective on 
formation protocol optimization, where higher current may be 
beneficial if managed properly.  

Finite Element Insights into SEI Nucleation and Growth. 
To elucidate the influence of formation current on SEI, we 
developed a multiphysics finite element model that couples 
electrochemical reactions, nucleation barriers, and transport 
dynamics to capture the spatiotemporal evolution of SEI 
nucleation and growth on graphite electrodes. The model 
explicitly accounts for the electrolyte reduction reactions 
occurring once the anode potential exceeds the electrolyte 
LUMO, leading to the formation of reduction products. The 
insoluble products undergo precipitation–nucleation on the 
graphite surface, overcoming the nucleation barrier ΔGnuc , and 
progressively form SEI islands. As illustrated in the schematic 
(Fig. 4A), the model further resolves the subsequent expansion 
and coalescence of SEI islands, reproducing their transition from 
discrete nuclei to a continuous film. The central innovation is 
the introduction of a spatially dependent nucleation potential 
Enuc(X ) into the SEI overpotential formulation, enabling the 
model to capture spatial heterogeneities associated with grain 
orientation, lithium content, and precursor nucleation dynamics 
that conventional models assuming a constant ESEI  overlooked.

Fig. 3.   Spatiotemporal evolution of SEI formation on graphite electrodes under different charging currents. (A) Sequential differential maps and SEI coverage 
evolution of a graphite/Li metal half-cell at C/20. (B) Sequential differential maps and SEI coverage evolution of a graphite/Li metal half-cell at C/10. (C) Sequential 
differential maps and SEI coverage evolution of an LiFePO4 (LFP)/graphite full cell under pulsed current structures at 1C. (D) Reaction intensity profiles over the 
course of the first formation charge under varying currents. e, Average reactive area and temporal interval between sequential SEI formation events.
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﻿Fig. 4 B and C show the spatiotemporal changes in SEI layer 
thickness  �SEI     over a 100 µm × 100 µm graphite electrode surface 
at C/20 and 1C currents, respectively. At low current (C/20), SEI 
islands emerge sporadically and progressively in localized regions, 
resulting in significant delays, whereas at high current (1C), mul-
tiple SEI islands nucleate rapidly and concurrently, quickly merg-
ing into a continuous SEI layer with much greater spatial 
uniformity. The variation of SEI overpotential, ηSEI   is shown in 
Fig. 4D. The shaded plot represents the spatial variation of ηSEI  . 
Numerically, SEI formation initiates when ηSEI   drops below 0 mV, 
which can be physically interpreted as the overcoming of the 
reduction and nucleation energy barriers. At C/20 formation rate, 
﻿ηSEI   remains positive over the entire electrode surface for a signif-
icant initial time period, indicating unfavorable conditions for 
SEI formation. ηSEI   is negative over some regions of the electrode 
surface almost instantaneously with the application of 1C charging 
current, indicating an almost simultaneous inception of SEI nucle-
ation. By 525 s, the entire electrode surface presents favorable 
conditions for SEI formation, while it takes 14,000 s for this to 
occur with C/20 charging rate. Slow charging rate of C/20 encour-
ages a much thicker SEI layer than 1C (Fig. 4E). Interestingly, the 

initial SEI formation influences the structure of SEI layer at the 
end of formation. The spatiotemporal inhomogeneity in SEI for-
mation at C/20 results in a large variation in SEI thickness, varying 
from 5.2 nm to 38 nm across the electrode surface. 1C charging 
rate results in a thinner, relatively uniform SEI layer, with thick-
ness varying from 0.33 nm to 2.2 nm. The difference in SEI layer 
morphology is evident in the inset images in Fig. 4E that depict 
the rendered SEI surface at the end of first lithiation. The simu-
lation captures the current-dependent SEI formation kinetics 
observed in our experiments. Faster current enables a larger surface 
area to overcome SEI formation and nucleation energy barrier 
allowing multiple SEI islands to emerge concurrently, while under 
slower formation current the energy barrier is overcome sequen-
tially over the electrode surface.  

LIBs Formation under Pulsed High Charging Current. Building 
on the finding that higher current fosters more synchronized 
SEI developments across the electrode, we next examine the 
impacts of high-current battery formation strategies using 
LiFePO4 (LFP)/graphite full cells. The designed testing protocol 
is shown in Fig.  5A. The formation protocol involves first 

Fig. 4.   Spatiotemporal variation of simulated SEI growth kinetics. (A) Schematic illustration of initial formation of SEI on graphite electrode surface. (B) Simulated 
SEI thickness evolution of a graphite/Li metal half-cell at C/20. (C) Simulated SEI thickness evolution of a graphite/Li metal half-cell at 1C. (D) Range of spatial 
variation in SEI formation overpotential, ηSEI, of a graphite/Li metal half-cell at C/20 and 1C. (E) Range of spatial variation in SEI thickness, δSEI, and 3D scaled 
render of SEI morphology, of a graphite/Li metal half-cell at C/20 and 1C.
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charging the battery to 4.0 V at 1C, followed by a 1-h constant 
voltage (CV) hold at 4.0 V. However, 1C charging also induces 
a strong polarization, which can compromise the uniformity in 
the out-of-plane direction (34, 35). Given that pulsed charging 
currents have been shown to alleviate polarization (36, 37), we 
introduced two pulsed current structures for the initial formation 
charge: C2R2 (1C charge for 2 s, followed by a 2-s rest, Fig. 5B) 
and C3DC1 (1C charge for 3 s, followed by a 1-s discharge, 
Fig. 5C). In C2R2, the rest period primarily relaxes transport-
induced polarization, whereas in C3DC1 the brief discharge 
transiently resets the interfacial overpotential. After the initial 
1C charge with a CV hold and subsequent C/5 discharge to 
2.5 V, the formal formation step was completed. The cells were 
then subjected to an aging protocol at room temperature (RT), 
which began with two additional C/5 cycles between 2.5 and 
4.0 V without the CV hold, followed by long-term cycling at 
1C. Each 1C aging cycle consisted of charging to 4.0 V with a 
CV hold until C/20, followed by a 1C discharge to 2.5 V. For 
comparison, a control group is prepared, employing a constant 

current (CC) protocol at C/10 for the first formation charge, 
with all other steps unchanged.

 We first validated this approach in LFP/graphite coin cells and 
subsequently extended it to 2 Ah LFP/graphite pouch cells. One 
straightforward effect of the developed high-current formation is 
the shortened first cycle charging time (Fig. 5D), which decreases 
significantly from 9.44 h for C/10 to 0.66 h for 1C. The formation 
time of the C2R2 and C3DC1 protocols with pulsed current 
structures is slightly longer than that of 1C CC but remains on 
the same order of magnitude, significantly shorter than the 9.44 h 
required at C/10. Fig. 5E shows the cycling performance of LFP/
graphite coin cells at RT at a 1C charge/discharge rate. Notably, 
all the cells exhibited a slight increase in capacity during the first 
200 cycles. This capacity increase may be attributed to the micro-
cracking of the LFP particles, which increases surface area and 
shortens diffusion path lengths (38). All the tested LFP/graphite 
cells exhibited excellent capacity retention, although the cells acti-
vated with 1C CC protocol demonstrate a lower capacity. Batteries 
activated with the C3DC1 and the C/10 CC protocols showed 

Fig. 5.   High-current formation protocol design and analysis. (A) Formation and aging cycling scheme. (B) C2R2 first-cycle formation charging voltage curve 
and its pulsed current structure. (C) C3DC1 first-cycle formation charging voltage curve and its pulsed current structure. (D) The formation time (i.e., the initial 
lithiation time) for all the formation protocols in LFP/graphite coin cells. (E) Electrochemical performances of LFP/graphite coin cells with different formation 
protocols. (F) Electrochemical performances of 2 Ah LFP/graphite pouch cells with different formation protocols.
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similar cycling performance, with capacity beginning to decline 
after more than 600 cycles but still maintaining a capacity reten-
tion rate above 90%. In contrast, batteries activated with the 
C2R2 protocol demonstrated the best cycling stability, retaining 
over 90% of the initial capacity after 1,000 cycles. This superior 
performance can be attributed to the SEI formed under pulsed 
high-current conditions, which is thinner, more uniform, and 
enriched in LiF, thereby lowering SEI interfacial impedance, as 
confirmed by XPS and electrochemical impedance spectroscopy 
(EIS) analyses (SI Appendix, section 6.1). XPS further indicates 
that although the SEI across different protocols consistently com-
prises chemical species such as LiF, Li2 CO3 , and ROCO2 Li, their 
relative proportions differ significantly. After 1,000 aging cycles 
at 1C, SEM and XPS (SI Appendix, section 6.2) show that under 
the C/10 formation protocol the graphite surface exhibits pro-
nounced nonuniform lithium deposition and accumulates solvent- 
and salt-derived decomposition products, indicating aggravated 
electrolyte side reactions, whereas under high-current formation 
the graphite surface remains more stable, retaining its original 
morphology. In pouch cells (2.0 Ah LFP/graphite), three forma-
tion protocols were compared: C/10, 1C, and 1C C2R2. As 
expected, the 1C protocols dramatically shortened the initial for-
mation time, reducing it from more than 12 h at C/10 to less than 
1 h at 1C (SI Appendix, Table S3). Notably, the pulsed 1C C2R2 
protocol yielded the most balanced outcome, coupling a markedly 
reduced formation time with complete capacity retention over 
1,000 cycles (Fig. 5F). Taken together, these results show that 
high-current pulse formation not only significantly reduces for-
mation time, but also promotes the development of a thin, uni-
form, and robust SEI that improves interfacial uniformity and 
mitigates electrolyte parasitic reactions, thereby enhancing 
long-term cycling stability.   

Conclusion

 In this study, we leveraged the SEI-induced refractive index match-
ing effect and employed operando optical microscopy to directly 
observe the SEI formation dynamics in graphite electrodes during 
the initial lithiation. Our findings revealed pronounced lateral SEI 
heterogeneity and asynchronous SEI evolution across the graphite 
electrode. Surprisingly, higher current densities facilitated concur-
rent local reactions, leading to a more synchronized SEI develop-
ment across different regions. This observation challenges the 
conventional belief that low-current formation is essential for 
stable and uniform SEI development.

 While high-current lithiation enhanced reaction uniformity in 
graphite electrode, it also introduced challenges such as increased 
polarization. To address this, we implemented pulsed high-current 
formation, which effectively mitigated polarization effects while 
accelerating SEI formation kinetics. This approach significantly 
reduced the first charging time from approximately 10 to 20 h to 
about 1 h, all while maintaining superior energy density and 
cycling stability.

 While our results directly demonstrate improvements in cycling 
performance and production throughput, the potential impact of this 
method on manufacturing cost and safety warrants further elabora-
tion. The battery formation process accounts for approximately one 
third of production-related costs due to its energy-intensive and 
time-consuming nature (1, 39). This is very significant given that 
typical profit margins for battery manufacturers range from 10 to 
20% (40, 41). A battery assembly line can produce dozens of cells 
per minute (42, 43). However, these cells must be stored at elevated 
temperatures for tens of hours, even days, to undergo the formation 
process. The risk of fire is very considerable, and the consequence is 

very significant, as seen in incidents like the fire at SK On’s Georgia 
factory in 2024, which led to a $31 million settlement (44, 45). With 
significantly reduced formation time, our method could contribute 
to enhanced battery performance, production throughput, manufac-
turing cost efficiency, and safety.  

Materials and Methods

Materials Preparation. Lithium metal chips (16 mm in diameter, 0.6 mm 
in thickness) were purchased from MTI Corporation (USA), while graphite and 
LiFePO4 (LFP) electrodes were obtained from Canrud Technology Co., Ltd. The 
graphite electrode had a coating mass loading of 5.8 mg cm−2, an active material 
fraction of 95.7%, and a specific capacity of 340 mAh g−1. The LFP electrode had a 
coating mass loading of 12.3 mg cm−2, an active material fraction of 91.5%, and 
a specific capacity of 150 mAh g−1. The electrolyte was 1 M lithium hexafluoro-
phosphate (LiPF6) dissolved in ethylene carbonate (EC) and diethyl carbonate 
(DEC) (1:1 by volume), and the separator was a microporous polypropylene (PP) 
membrane (25 µm, Neware Technology Co., Ltd.). For coin-cell experiments, all 
cells were assembled using the above electrodes, PP separators, and electrolyte.

Operando Optical Experiments. In-situ optical experiments were conducted 
using a modified 2016-type coin cell with a transparent glass window, observed 
under an Olympus BX51 microscope coupled to a BioLogic VMP3 workstation 
for simultaneous electrochemical control (SI Appendix, section 2). Images were 
acquired at 10× or 20× objectives every 10 s or 1 min, enabling continuous 
monitoring over tens of hours. Measurements were performed on graphite/Li 
metal half-cells (under C/20 and C/10 currents, 0.01 to 2 V) and LFP/graphite 
full cells (under 1C current, 2.5 to 4.0 V), with imaging always focused on the 
graphite electrode surface.

Surface Chemical Characterization. SEM and EDX were performed on a 
Thermo Scientific Scios 2 SEM equipped with an EDX detector. Elemental P and 
F mapping was analyzed using the open-source software Image J, enabling con-
tour, spatial correlation, and statistical correlation analyses.

XPS was conducted on a Kratos Axis Ultra DLD spectrometer (Kratos Analytical, 
Inc.) equipped with a monochromatic Al Kα X-ray source (120 W). Photoelectrons 
were collected at a 90° emission angle from a 300 µm × 700 µm area. High-
resolution spectra were acquired in constant-analyzer-energy (CAE) mode with 
a pass energy of 20 eV and a step size of 0.1 eV, giving a full width at half maxi-
mum (FWHM) of 0.77 eV for the Ag 3d5/2 peak. The base pressure in the analysis 
chamber was maintained at ~5 × 10−9 Torr. High-resolution XPS spectra were 
deconvoluted using CasaXPS Version 2.3.26, with all binding energies calibrated 
against the adventitious C 1s peak at 284.8 eV.

SEM/EDX and XPS characterizations were conducted on two types of graphite 
electrodes. The first type consisted of pristine graphite electrodes, which were 
soaked in the electrolyte described in the Materials Preparation section for 12 h 
without electrochemical lithiation. The second type consisted of lithiated graphite 
electrodes, which were obtained after the first lithiation to 0.01 V and correspond 
to the optically darkened regions observed during operando lithiation. To ensure 
consistent electrolyte exposure, the graphite electrodes used for lithiation were 
also soaked in the same electrolyte for 12 h prior to electrochemical lithiation. 
Before XPS measurements, no solvent rinsing was applied, to preserve electrolyte- 
and SEI-derived species and to maintain consistency with the operando optical 
observations before and after lithiation.

Electrochemical Measurements. Coin-type LFP/graphite cells (CR2032) were 
assembled using 14 mm diameter LFP cathodes and 12 mm diameter graph-
ite anodes, corresponding to an N/P ratio of ~1.1. The electrolyte volume was 
precisely controlled at 50 µL per cell. To minimize interference from the cath-
ode, the LFP material was preactivated before anode formation to establish a 
stable CEI layer. Specifically, LFP/Li cells were assembled and charged to 4.0 V 
at 1C, followed by a constant-voltage (CV) hold at 4.0 V with a cutoff current of 
C/20. The cells were then discharged at C/5 to 2.5 V, followed by two additional 
C/5 charge–discharge cycles between 2.5 and 4.0 V without the CV hold. After 
preactivation, the cells were disassembled in an Ar-filled glovebox, and the LFP 
cathodes were reassembled with graphite anodes into the LFP/graphite coin cells. 
The assembled cells were first charged at C/10 to 1.5 V, followed by a 4 h hold to 
mitigate copper current collector corrosion and enhance electrolyte wetting. Both D
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LFP/Li and LFP/graphite coin cells were tested at room temperature (RT) using 
Land CT2001A battery testers.

Dry 2 Ah LFP/graphite pouch cells (without electrolyte) were purchased from 
Li-Fun (Hunan) New Energy Technology Co., Ltd. Detailed parameters are provided 
in SI Appendix, Table S2. Prior to electrolyte filling, all cells were vacuum-dried 
at 80 °C for 24 h and then transferred into an Ar-filled glovebox for electrolyte 
injection and sealing. A total of 12 g of electrolyte, identical to that used in the 
coin-cell experiments, was injected into each 2 Ah pouch cell. The cells were 
subsequently sealed under a gauge pressure of −90 kPa and precharged to 1.5 V 
to prevent copper foil dissolution. After electrolyte filling, the pouch cells were 
rested for 48 h at RT to ensure complete wetting before testing. Electrochemical 
measurements were conducted at RT using a Neware battery testing system. The 
testing protocols for both coin cells and pouch cells are summarized in Fig. 5A. 
Each formation protocol was tested in duplicate to confirm reproducibility.

Finite Element Modeling of SEI Formation and Growth. An electrochemical-
mechanical model is implemented for a graphite/Li metal half-cell. The transport 
of Li+ ions in the electrolyte and conduction of electrons in the conductive phase 
are modeled using the porous electrode governing equations established within 
Newman model (46). At the graphite–electrolyte interface, Butler–Volmer kinetics 
simulate the dynamic charge transfer reaction. Chemical potential forms the ther-
modynamic driving force for diffusion of Li in graphite after intercalation (47). The 
nonlinear intercalation induced strains are modeled analogous to thermal strains. 
Mismatch strains due to gradients in Li concentration induce stresses in graphite. 
A linear elastic material stress–strain constitutive law is employed. The complete 
set of governing equations for the coupled electrochemical-mechanical model 
are described in our previous work (48, 49). As our primary focus is SEI formation 
and growth, for simplicity we omit the stress influences on chemical potential 
and interfacial charge transfer as these are expected to be negligible for graphite.

The irreversible side reactions leading to SEI formation are modeled with a 
cathodic Tafel equation. The SEI formation current density, iSEI is evaluated as:

iSEI = − i0,SEI exp

(

−
�F�SEI

RT

)

,

where i0,SEI is the SEI reaction exchange current density, � is the cathodic 
charge transfer coefficient, F  is the Faraday constant, R is the universal gas 
constant, and T  is the absolute temperature. The SEI reaction overpotential, 
�SEI takes the form

�SEI = E − ESEI − Enuc − iSEIRSEI,

where E is the electrode potential, ESEI is the reduction potential for the electrolyte, 
and Enuc accounts for the spatial variation in the SEI formation and nucleation 
energy barrier. RSEI is the resistance across the SEI layer, proportional to the SEI 
thickness, �SEI:

RSEI =
�SEI

�SEI

,

where �SEI is the conductivity of the SEI film. The rate of SEI thickness growth is 
directly dependent on the rate of SEI reaction:

d�SEI

dt
=

iSEIMSEI

nF�SEI
,

where MSEI and �SEI are the molar mass and density of the SEI film, respectively, 
and n is the number of electrons involved in the reaction.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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