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Methods

Film deposition

The Al2O3 film was deposited using trimethylaluminum (TMA) as the metal-organic precursor and water 
(H2O) as the counter reactant. An ALD scheme of 1/30/1/30 s TMA pulse/purge/H2O pulse/purge sequence 
at 120 °C was used, resulting in a growth of 1.1 Å per cycle. The deposition was conducted directly on a 
Cu foil in a Gemstar 6 ALD reactor (Arradiance). The thickness of the film was determined by growth on 
a reference Si wafer, using a J.A. Woollam M2000 Variable Angle Spectroscopic Ellipsometer at 65° and 
70° angles of incidence and wavelengths ranging from 210 to 1688nm.

Materials

All electrolytes used in this study were prepared and handled in an Ar-filled glove box in which O2 
concentration was below 0.2 ppm, and H2O concentration was below 0.01 ppm. The 1 M lithium 
hexafluorophosphate (LiPF6) in 1:1 volume ratio of ethylene carbonate (EC) and diethyl carbonate (DEC) 
(LP40) electrolyte was purchased and used as received from Gotion. The 1 M lithium bisfluorosulfonyl 
imide (LiFSI) in dimethoxyethane (DME) electrolyte was prepared using LiFSI purchased from Oakwood 
and DME purchased from Aldrich. The F5DEE solvent was synthesized as reported in a previous 
publication.1 The 1.2 M LiFSI F5DEE electrolyte was prepared by dissolving LiFSI salt (Oakwood) in 
F5DEE solvent. High-purity Li foil (0.75 mm, 99.9% Alfa Aesar), Cu foil (Pred Materials), and polymer 
separator (Celgard 2325) were used to make cells in Li||Cu configurations for electrochemical tests, 
microscopy, and spectroscopy measurements.

Electrochemistry
Type 2032 coin cells were assembled in an argon glovebox with a polymer separator (Celgard 2325). Li 
metal foil (0.75 mm thick, 99.9% Alfa Aesar) was used as the counter/reference electrode and a Cu foil was 
used as the working electrode. Li was mechanically sheared to remove surface oxides while Cu foil was 
rinsed with acetone, isopropyl alcohol, and deionized water to remove surface contaminants prior to cell 
assembly. The Li||Cu configuration was used for cyclability and XPS characterizations. All Li||Cu cells 
were cycled at 25 °C on an Arbin battery cycler using the corresponding Li deposition current densities 
stated in the main text and Li stripping was performed with a cutoff voltage of 1 V vs Li+/Li. 60 µL of 
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electrolyte was used for standard Li||Cu CE measurements which involve Li deposition at a fixed current 
density and total capacity and Li stripping at a fixed current density and cutoff voltage. The Aurbach CE 
measurements were carried out at 0.5 mA/cm2 using a standard protocol developed in a previous report2: 5 
mAh of Li was first deposited and stripped, then 5 mAh of Li was redeposited and 1 mAh of this redeposited 
Li was cycled 10 times before a final stripping cycle to 1 V vs Li+/Li. 40 µL of electrolyte was used for 
Aurbach CE measurements. Li||Cu cells were used for EIS measurements after Li deposition on Cu under 
the current density conditions listed in the main text; 60 µL of electrolyte was used for aging and impedance 
experiments. The initial impedance measurements were carried out 5 minutes after lithium deposition, and 
impedance was continuously measured for 12 hours after the initial measurements. Impedance 
measurements were carried out under open-circuit conditions within a frequency range of 1 MHz to 100 
mHz, with a perturbation amplitude of 5 mV, using a Biologic VMP3 potentiostat.

XPS characterization
After fresh lithium deposition or SEI formation on Cu foil working electrodes, the electrodes were prepared 
in an Ar glove box and rinsed with 90 µL of pure solvents (diethyl carbonate for LP40, and 1,2 dimethoxy 
ethane for the DME and FDMB electrolytes) to remove residual Li salts, then transferred to an XPS chamber 
using a vacuum transfer vessel. XPS signals were collected on a PHI VersaProbe 1 scanning XPS 
microprobe with an Al Kα source and elemental spectra were shifted with reference to a C 1s binding energy 
of 284.6 eV. 

MD simulations 

MD simulations were carried out using Gromacs 2021.33 with the optimized potentials for liquid 
simulations all-atom force field4 for the LP40 electrolyte and the interface force field for Cu and Al2O3 
slabs5. Topology files and Lennard-Jones parameters for carbonates were generated using the LigParGen 
server,6 while parameters for PF6- were extracted from literature.7

The dimensions of the simulation boxes are 5.13 x 4.76 x 11.90 and 5.12 x 5.32 x 11.21 (nm3) for Al2O3 
and Cu systems, and the thicknesses of the Al2O3 and Cu slabs are approximately 1.20 and 1.47 nm, 
respectively. Both systems contain the same number of EC, DEC, and PF6- molecules. To mimic the 
amorphous/heterogenous experimental structures of the slabs, we designed non-perfect simulation slab 
crystals by heating the system of slab and electrolyte up to 1000 K within 2 ns, then annealed the system at 
300 K for 10 ns. Subsequently, a 40 ns equilibration step was applied, followed by a 40 ns production run 
using the Parrinello–Rahman barostat with the Nosé-Hoover thermostat. Semi-isotropic pressure coupling 
was specified for barostat such that the systems were only allowed to compress in the direction 
perpendicular to the slabs with a reference pressure of 1 bar. A Nosé-Hoover thermostat was used 
throughout with a reference temperature of 300 K. All the results presented were generated from the final 
40 ns of the production run. The particle mesh Ewald method was used to calculate electrostatic interactions, 
with a real-space cut-off of 1 nm and a Fourier spacing of 0.16 nm. The Verlet cut-off scheme was used to 
generate pair lists. A cut-off of 1 nm was used for non-bonded Lennard-Jones interactions. Periodic 
boundary conditions were applied in all directions and bonds with hydrogen atoms were constrained.

The visualizations were generated with VMD.8 Solvation statistics were calculated using the MDAnalysis 
Python package9,10 and a histogram was used to analyze probability density in the distance between 
molecules and slab.



Supplementary Figure 1. Representative XPS spectra of Al2O3 collected before and after 24-hour SEI 
formation.

Supplementary Figure 2. SEI nucleation and growth mechanisms. a,b Dimensionless trends of current 
versus time for SEIs formed on Cu and Al2O3 in LP40 electrolyte, respectively. Trends are compared with 
two-dimensional (2D) and three-dimensional (3D) (I= instantaneous and P = progressive) models of 
nucleation and growth11,12 c. Dimensionless trends of current versus time for SEI formation on Cu and 8 
nm Al2O3 in LP40 electrolyte. 

 



Supplementary Figure 3. Voltage relaxation tests showing substrate voltage vs Li+/Li after 1 hour of SEI 
formation in LP40 on different substrates.
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Supplementary Figure 4. Atomic ratio of SEIs formed after 24 hours on Cu and 8 nm Al2O3 substrates 
in 1 M LiFSI FDMB13 electrolyte.

Supplementary Figure 5. a. Atomic ratio of SEIs formed after 1 hour and 24 hours on Cu and 8 nm 
Al2O3 substrates in LP40. b. Atomic ratio of SEIs formed after 1 hour on Cu and Al2O3 substrates of 
different thicknesses in LP40. 



Supplementary Figure 6. a,b Morphology of 0.5 mAh/cm2 of Li deposited using LP40 on 8 nm Al2O3 
substrates without and with SEI preformation, respectively.

Supplementary Figure 7. Aurbach CE measurements for 8 nm Al2O3 substrates with and without 
preformed SEIs tested in 1.2 M LiFSI F5DEE at 0.5 mA/cm2. Reported CEs were obtained by taking 
averages over at least two cells.



Supplementary Figure 8. Representative voltage profiles showing the performance benefits of SEI 
preformation a,b Lithium stripping profile after one cycle of deposition on 2 nm and 4 nm Al2O3 films in 
LP40 electrolyte. c. Lithium stripping profile after Aurbach tests on different thicknesses of Al2O3 carried 
out using F5DEE electrolyte.

Supplementary Note 1

SEI formation usually follows 2D, 3D, or hybrid 2D-3D mechanistic paths. Theoretical models for 2D and 
3D nucleation and growth have been developed in studies by Bewick et al.12 and Scharifker et al.11, 
respectively. In 2D formation, nucleation occurs across the x-y plane of the substrate, then growth 
progresses in the z direction only after one monolayer of the x-y plane is covered. As such, 2D growth 
typically results in uniform layers of films that grow stepwise, in the z direction. In 3D formation, nucleation 
also occurs across the x-y plane, however, growth progresses in the z-direction before the x-y plane is fully 
covered. As a result, 3D growth typically results in islands and partially covered substrates. In addition, 2D 
and 3D mechanisms can also follow either instantaneous or progressive paths. Instantaneous paths are 
indicative of fast nucleation kinetics, while progressive paths reflect slow nucleation kinetics. The 
dimensionless forms of the models for SEI formation are expressed as follows:
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Where i represents current, im represents maximum current during SEI formation, t represents time, and tm 
represents time at which current is maximum.

Based on the data presented in Supplementary Figures 2a and 2b, the SEI formation mechanism on 
both Cu and Al2O3 substrates does not perfectly match any of the established formation models, but it 
appears most similar to the 3D-instantaneous model, suggesting that SEI islands form atop both 



substrates. Deriving new models to account for the exact SEI formation mechanism atop both substrates is 
beyond the scope of this work, but it is important to note that both substrates exhibit similar mechanisms 
as shown in Supplementary Figure 2c.
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