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Lithium-ion batteries (LIBs) operate on the basis of topotactic 
intercalation/deintercalation of Li+ into or from the host elec-
trode materials, during which the electrolyte should remain 

electrochemically inert. However, as the electrodes operate at 
extreme potentials far away from the thermodynamic stability limits 
of electrolyte components, such inertness could only be established 
through kinetic protection1. This kinetic protection is especially 
important for the anode because its potential (~0–0.1 V versus Li)  
resides well below the reduction limits of most electrolyte solvents 
and salt anions. Thus, in the very first charging process, trace 
amounts of electrolyte components decompose sacrificially to form 
a so-called solid–electrolyte interphase (SEI) on the anode surface2, 
which functions both as a Li+ conductor and an electronic insula-
tor, and prevents sustained electrolyte decomposition during the 
subsequent cycles2,3. The chemical, morphological and mechanical 
properties of such interphases predetermine a series of key proper-
ties of LIBs, which include accessible capacity, cycling stability, rate 
capability and safety over the course of the battery lifetime4–6. In the 
past three decades, the SEI has been intensively investigated3; how-
ever, it remains “the least understood component” in LIBs7, mainly 
due to the absence of an ideal analytical probe that should possess 
a high spatial resolution for the SEI’s nanometric presence, a high 
temporal resolution for its evolution with electrode potential and 
compositional accuracy for its complicated chemistry, as well as 

in situ and non-invasive natures to minimize the artefacts induced 
by the exposure to ambient conditions2,3,7. As the most advanced 
analytical techniques applied thus far, even cryogenic transmission 
electron microscopy, although it reveals important SEI structural 
and chemical information, still falls short of providing the dynamic 
evolution of the SEI under operando conditions8,9.

The most challenging part about SEI formation is the interfa-
cial chemical dynamics during the very first charging–discharging 
process. It has been proposed that, on initial charging, solvated Li+ 
ions approach the surface of the negatively charged anode, whereas 
anions are repelled by the applied negative potential1,10. Such a rear-
rangement of the solvated cations and anions and their enrichment 
or depletion would constitute an electric double layer at the anode/
electrolyte interface11, whose existence should precede the reductive 
decomposition of any electrolyte component and SEI formation12,13. 
Theoretically, the structure and composition of this double layer 
should be expected to exert a significant influence on the upcoming 
interphase, determining how and which electrolyte component con-
tributes to the eventual chemistry of SEI, and how durable such an 
interphase would be during the LIB operation. However, so far the 
experimental proof of such a double layer is still absent, and its link 
to interphasial chemistry remains a hypothesis12,14. To establish such 
a link experimentally requires an operando characterization tool 
that can provide accurate dynamic molecular information of the 
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the electrode/electrolyte interface due to the self-assembly of solvent molecules. The formation of the double layer is directed 
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complicated processes that occur at electrode/electrolyte interfaces. 
In situ studies based on transmission electron microscopy15–17 and 
atomic force microscopy18,19 reveal vivid morphological changes of 
the SEI layer, with little molecular information. In situ X-ray photo-
electron spectroscopy20, X-ray diffraction21,22 and nuclear magnetic 
resonance spectroscopy23 provide accurate chemical and physical 
information, but at the expense of spatial resolution, which excludes 
the possibility of directly linking chemical information exclusively 
with the electrode/electrolyte interface.

In this work, we used a newly developed in situ liquid second-
ary ion mass spectrometry (liquid-SIMS) technique10,24,25 (Fig. 1 and 
Supplementary Fig. 1) for such a purpose. The real-time formation 
of SEI at a copper electrode surface was monitored in an electrolyte 
that consisted of lithium bis(fluorosulfonyl)imide (LiFSI) dissolved 
in 1,2-dimethoxyethane (DME) at concentrations that ranged from 
dilute (1.0 M) to highly concentrated (4.0 M) regimes. The LiFSI–
DME system was selected because a superconcentration can be 
readily achieved therein, which brings multiple transport and inter-
facial benefits that have been demonstrated to be promising for both 
Li-ion and Li-metal batteries26. The dynamic chemical mapping of 
the interfacial/interphasial species was thus constructed based on 
the chemical information collected by the liquid-SIMS, which con-
stantly bombards the back of the Cu electrode and generates frag-
ments for the mass spectrometer. In combination with molecular 
dynamics (MD) simulations, we convincingly reveal that an electric 
double layer indeed forms, even when the electrolyte is highly con-
centrated. The cation–anion separation in the double layer leads to 
fine structural and chemical variations of the SEI, which feature the 
formation of a thin and dense inner layer, which is spatially adjacent 
to the electrode substrate, chemically depleted in LiF and serves as 
an electronic insulator and Li+ conductor. On top of this thin and 
compact layer is an organic-enriched outer layer, which is adjacent 
to the electrolyte and is highly permeable to the latter.

Interfacial electric double layer
The in  situ electrochemical cell was constructed on a lithiated  
cathode (LiCoO2), which serves as the counter electrode/lithium 
source, and a porous Cu substrate as the working electrode. A fresh 
cell has an open-circuit potential (OCP) close to 0 V, and while 

charging the cell removes Li+ from LiCoO2 and negatively polar-
izes the Cu electrode. It is expected that within certain potentials 
the electrolyte components are still thermodynamically stable, 
and their assembly at the Cu surface is purely ‘interfacial’ and no 
chemical change occurs; only after the applied cell voltage crosses 
a certain threshold will the process become ‘interphasial’, in which 
irreversible chemical decompositions of the electrolyte compo-
nents occur, with the formation of SEI. During the entire charging 
process, the incoming ion beam mills the back of the Cu electrode 
(Supplementary Fig. 2) to generate depth profiles (Fig. 2) and three-
dimensional (3D)ion maps (Fig. 3) to show a real-time evolution of 
chemical species at the Cu/electrolyte interface (Fig. 1).

The chemical mapping derived from liquid-SIMS clearly indi-
cates that, on initial charging, the structure and chemical compo-
sition at the solid/liquid interface evolved in accordance with the 
potential applied to the electrode. When the cell was charged to 1 V, 
an electrical double layer was established at the solid/liquid interface, 
as demonstrated by the profiles of both the positive and negative 
ions. The negative ion depth profiles demonstrate that, when com-
pared with those of the fresh cell (Fig. 2a), the FSI− concentration 
steadily decreased with an increasing of Li+ concentration (Fig. 2b).  
Apparently, when a negative potential is applied, Li+ is preferentially 
attracted to the vicinity of the electrode surface and FSI− ions are 
displaced, and so a Li+-rich but anion-depleted inner-Helmholtz 
layer is formed. As Li+ is typically solvated by solvent molecules, the 
presence of DME in such an electrical double layer should be pro-
portionate to the presence of Li+. Meanwhile, the apparent thickness 
of the Cu layer decreases (Fig. 2a,b); a plausible explanation is that a 
porous Cu thin electrode10 was used in this work and the attraction 
force between the negative charges on the Cu electrode and the sol-
vated Li+ promoted the Li+-enriched electrolyte diffusion into the 
porous electrode(Supplementary Figs. 3 and 4).

The formation of an electric double layer is also confirmed by the 
[Li + DME]+/Li+ ratio, which slightly increased after applying a 1.0 V 
potential (Fig. 2a,b), which indicates that more solvated Li+ ions 
aggregate at the electrode/electrolyte interface. A further increase 
in Li− and decrease of FSI− occur when the cell is charged to 2.0 V 
(Fig. 2c), which suggests that the separation of Li+ and FSI− becomes 
more significant with the negative polarization of the Cu electrode.
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Fig. 1 | A schematic illustration of in situ liquid-SIMS analysis of solid-liquid interface. a, The liquid was separated from a high vacuum using a thin silicon 
nitride (in brief, Si3N4) membrane. At the initial stage of the SIMS analysis, only Si3N4-related signals were detected. b, Interfacial signals start to appear 
after a Bi3

+ primary ion beam drills through the Si3N4 membrane. c, The liquid signals were detected after the primary ion beam drills through the interfacial 
layer. Note that the primary ion beam cannot drill into the liquid due to the liquid’s high mobility. The surface tension can hold the liquid in the cell without 
any spraying out if the diameter of the aperture is reasonably small (for example, 2 μm). Also, owing to the small size of the aperture, liquid evaporation is 
not a problem even for high-vacuum instruments, for example, SIMS.
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Fig. 2 | A schematic illustration of the formation of an SEI layer at the Cu anode surface with 1.0 M LiFSI in DME as the electrolyte and the 
corresponding positive ion and negative ion SIMS depth profiles. a–f, Top rows: a fresh cell, OCP, both anions (FSI–) and cations (solvated Li+ ions) can 
stay on the Cu electrode surface (a); at 1.0 V, an electrical double layer forms and the electric force attracts solvated Li+ ions, which leads to a better 
wettability of the electrolyte on the Cu surface (b); at 2.0 V, the inner SEI layer forms at the electrode/electrolyte interface, which includes the back side of 
the Cu electrode, because a porous Cu electrode is used10 (c); at 3.0 V, a small amount of Li metal may already be deposited on the Cu electrode surface 
(more discussions is given in the Supplementary Information) (d); after charging, a larger amount of Li metal forms at both sides of the Cu electrode (e); 
after discharging, Li metal is stripped off and only the SEI layer attaches on the Cu surface (f). It is of great interest to observe that SEI and Li metal layers 
can form between the Cu electrode and the Si3N4 membrane. More discussions about this observation are given in Supplementary Information. The middle 
rows in a–f correspond to the positive ion depth profiles and the bottom rows in a–f correspond to the negative ion depth profiles. a.u., arbitrary units.
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simultaneously when liquid electrolyte is exposed, consistent with the positive ion result. Also, at the 2.0 V state, the 7Li− signal appears earlier than the 
OCH3

− and FSI− signals, which suggests that a Li-contained solid layer (inner SEI) forms. The ion maps after discharging are similar to the 2.0 V data; 
however, the OCH3

− signal becomes much strong after discharging, which suggests the formation of an organic-enriched layer (outer SEI layer) besides 
the inner SEI layer.
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The above experimental observation on the formation of an 
electric double layer is well corroborated by MD simulation of a 
1.0 M LiFSI–DME mixture at a negatively charged surface. At OCP, 
neither Li+ nor FSI− dominates the electrode/electrolyte interface 
(Fig. 4a,d). When a 1.0 V charge is applied, a Li+-enriched layer 
of ~0.6 nm appears at the electrode/electrolyte interface (Fig. 4e), 
which is adjacent to an FSI−-enriched layer of ~0.8 nm close to the 
liquid (Fig. 4e). When a higher potential is applied, Li+ enrichment 
at the electrode/electrolyte interface increases (Fig. 4c,f).

Interphasial chemistry and structure
When the cell potential crosses ~2 V, the electric double layer 
evolves to a Li-enriched but electrolyte-depleted layer (Figs. 2c and 
3b,e), which is classically termed as SEI.

Traditionally, LiF is believed to be an inevitable component in 
the SEI2,3,27, but its effect, beneficial or detrimental, has been con-
troversial28. Recent studies attributed new cell performances to 
the highly LiF-rich interphases29,30. In most of these cases, fluorine 
comes from the reduction of the anion, unless the solvent molecules 
also bear fluorine that is available from electrochemical reduction. 
In the current electrolyte based on an ether solution of LiFSI, the 
anion reduction seems to be disfavoured by the negatively charged 
electrode, because the introduction of fluorinated species into SEI 
has to overcome the repulsion from the Cu electrode when the cell 
is charged above 2.0 V, as shown in Fig. 2c in which F− and FSI− 
signals show a negligible presence in the SEI. Apparently, prior to 
the formation of the SEI layer, the electric double layer depleted in 
anion is responsible for this low fluorinated interphase, whereas the 
preferred species in the inner-Helmholtz layer, solvated Li+, leads to 
an interphase that is rich in species from the reduction of the solvent 
molecules. Density functional theory calculations confirm that the 
solvent molecules are more susceptible to reduction if they are in 

the primary solvation sheath of Li+ (ref. 3) and, therefore, a fluorine-
depleted SEI layer would ensue in such an electrolyte. An interphase 
highly rich in fluorine can only occur with either a solvent molecule 
that also carries fluorine or when the salt anion is forced into the 
inner-Helmholtz layer by the high salt concentrations.

Besides chemical information, liquid-SIMS also generates reli-
able morphological information and reveals a well-structured SEI. 
Conceptually, it has been proposed that an SEI layer might consist 
of a dense inner layer, which is adjacent to the solid electrode and 
is dominated by inorganic components, and an outer layer, which 
is adjacent to the liquid side and is dominated by the organic com-
ponents2,31. Such a hierarchy can be established beyond doubt by 
the liquid-SIMS chemical mapping, in which the C− and CH− sig-
nals remain low and constant throughout the SEI (Supplementary  
Fig. 5), indicating that the hydrocarbon is not a major component, 
and the major components of the SEI layer should be inorganic. 
Most probably, the SEI observed corresponds to the inner layer. 
Strong O− and [Li2n+1On]+ signals for this inner SEI layer suggest 
that the major component of the inner SEI is most probably Li2O  
(Fig. 2c,f). The detected [Lin(OH)n+1]− ions also indicate the exis-
tence of LiOH in the SEI.

After discharging, the inner SEI is dense and impermeable to elec-
trolyte components. For example, FSI− and F− ions do not show any 
clear increase in the inner SEI layer (Figs. 2f and 3f). Fundamentally, 
solvation of the salt anions is weak in electrolytes3,32,33 and the size of 
FSI− is smaller than 1 nm. If so, the inner SEI layer should be rather 
dense and even small FSI− ions cannot diffuse into it.

Within the SEI layer, atop the dense layer, as described above, 
is an outer layer that is organic enriched and adjacent to the liq-
uid electrolyte. This fine structural feature is supported by Fig. 3d–f 
and Supplementary Fig. 5f, which show that, after discharging, the 
C−, CH− and OCH3

− signals that should originate from an organic 
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entity experience a clear increase as soon as the signals for the bulk 
electrolyte appear. As a comparison, the signals of these species only 
show a limited increasing at the state of the fresh cell, or the cells 
after being charged to 1.0 and 2.0 V (Supplementary Fig. 5a–c). 
As the inner dense SEI already forms at 2.0 V, such a diffused and 
organic-enriched outer layer must be generated after the forma-
tion of the inner dense SEI, and consists of partially reoxidizable 
interphase ingredients that can be observed by using atomic force 
microscopy and an electrochemical quartz crystal microbalance19. 
Interestingly, both [Li + DME]+ and FSI− after discharging show 
similar intensities to that of the fresh cell (Fig. 2a,f), which suggests 
that this diffused outer SEI layer is very permeable to the bulk elec-
trolyte. The existence of this diffused outer SEI layer might act as an 
intermediate phase that assists in the desolvation or resolvation of 
Li+ when Li+ ions migrate into or leave from the dense part of the 
SEI, in which no solvent molecules are allowed, and the original 
solvation sheath has to be stripped away. The rich oxygen function-
alities in this porous outer layer might provide sufficient coordina-
tion to Li+ as a transition so that its solvation environment does not 
experience a sudden change from a full solvation sheath in the bulk 
electrolyte to an inorganic solid state with coordination sites fixed 
on the lattice. Otherwise, an abrupt discontinuity in the coordina-
tion environments usually comes with a steep energy barrier, which 
makes it difficult for Li+ to complete the cycle.

A structured SEI
The observations described above firmly indicate a structured SEI 
that consists of two layers: a thin, inorganic and compact inner layer 
that is dominated by Li2O but chemically depleted of LiF, and a dif-
fuse, organic-enriched outer layer, which is permeable to liquid 
(Fig. 5). The SIMS profiles in Fig. 2f indicate that the thickness of 
the inner SEI should be about 15–20 nm, consistent with estimates 
from numerous ex  situ measurements, such as transmission elec-
tron microscopy34, but much thinner than that observed in many 
in situ methods, such as atomic force microscopy18. The difference 
between the two should reflect the diffused and porous outer layer. 
This 15~20 nm thickness seems to be very reasonable as it effec-
tively separates the electrode and the bulk electrolyte, as indicated 
by the variation of chemical species with the sputtering depth. This 
thin inner layer should be responsible for preventing the electron 
tunnelling that usually occurs at a length scale of <2 nm, but still 
allow Li+ to migrate through at sufficient rates. Certainly, the above 
thickness should only be taken as an approximate range rather than 
an accurate value, because the sputtering rate is based on the Si3N4 

membrane, which may differ from that of the inorganic species in 
this interphase. The thickness of the outer SEI is difficult to measure 
using in situ liquid-SIMS, because the liquid electrolyte in this layer 
is mobile and cannot be drilled through by the primary ion beam35. 
However, it can be estimated from the wide range of SEI thicknesses 
(5–500 nm) (ref. 3) reported in the literature, which shows a variety 
of methods in which the survival of such soft outer layers varies and 
could be responsible for the upper-limit recorded.

This structured SEI provides many needed insights that will 
aid in the design of a more effective interphase. Although most 
chemical analyses provide overall chemical information, it is 
vitally important to know the exact distribution of these chemicals 
throughout the interphase to differentiate which ingredient serves 
as the necessary and truly functional SEI component. One typi-
cal example is LiF, which has been frequently detected in various 
interphases; however, there are conflicting reports about its useful-
ness in rendering a protective interphase28. The profiles generated 
by liquid-SIMS reveal that, due to the negatively charged elec-
trode surface, the only fluorine source in the electrolyte (FSI−) is 
expelled from the inner-Helmholtz layer structure, which results 
in a Li2O-rich but LiF-depleted interphase. Thus, the interphases 
formed in electrolytes that consist of non-fluorinated solvents are 
intrinsically fluorine free, unless additional fluorine sources, such 
as fluorinated solvents or additives, are present, or the electrolytes 
are superconcentrated such that they force salt anions (with fluo-
rine) into the near vicinity of the electrode. This is exactly why 
these additional fluorine sources were employed in recent studies 
to enable new properties12,14,29 that are otherwise unavailable from 
fluorine-depleted interphases36–39. We emphasize that, despite the 
insulating nature of LiF, recent studies identified highly fluorinated 
interphases as the desired interphasial chemistry, and an enhanced 
Li+ conduction mechanism was proposed40.

Concentration effect
Superconcentration not only alters the solvation structure of both 
cations and anions, but also significantly affects the inner-Helm-
holtz layer structure by forcing fluorinated anions into the vicin-
ity of the electrodes. In this work, the case of a 4.0 M LiFSI–DME 
electrolyte was investigated. Both liquid-SIMS data (Supplementary  
Fig. 6b,h) and MD simulation results (Supplementary Fig. 7) sup-
port the existence of an electric double layer near the electrode sur-
face before the formation of SEI, similar to the case of the 1.0 M 
electrolyte. However, the separation of Li+ from FSI− is obviously 
much less significant (Supplementary Fig. 8).

The difference in the interfacial structure of 1.0 M and 4.0 M 
electrolytes is essentially reflected in their respective interphasial 
chemistries. An elevated fluorine concentration was observed in the 
SEI of the 4.0 M case; however, the fluorine concentration was still 
low (at most, a few percent; more details are given in Supplementary 
Information). Therefore, superconcentration is a less effective way 
to fight the fluorine depletion; instead, addition fluorinated sol-
vents or additives that are neutral and have little repulsion from the 
negatively charged electrode surface are more effective in delivering 
fluorine to the interphase. For the recent efforts that seek a more 
fluorinated interphase to stabilize either Li metal or high Ni cath-
ode surfaces, a superconcentration approach should be replaced by 
a fluorinated solvent approach.

Conclusions
In this work, we investigated the formation mechanism of SEI using 
liquid-SIMS under operando conditions. We showed that, before 
any interphasial chemistry occurs during the initial charging, an 
interfacial electric double layer forms between the electrode and 
the electrolyte via the self-assembly of electrolyte solvent molecules 
directed by Li+. MD simulations visualized the detailed molec-
ular-level structure of this electric double layer. The double layer 
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Fig. 5 | An SEI model based on the observations in this work. The SEI can 
be divided into two parts: an inner SEI and an outer SEI. The inner SEI is 
continuous, dense and impermeable to electrolytes, and it is most probably 
composed of Li2O. The outer SEI is mainly composed of loose organic 
oligomers that result from the degradation of solvent molecules. The loose 
outer SEI is permeable to electrolytes.
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becomes anion depleted once the electrode is negatively charged, 
and the resultant interfacial structure predicts the interphasial 
chemistries in the electrolytes, in which a fluorine presence is 
intrinsically disfavoured. A superconcentrated electrolyte alleviates 
the fluorine depletion in the interfacial structure, but cannot reverse 
the dominance of solvent molecules. For aggressive battery chem-
istries that require highly fluorinated interphases, such as Li metal 
or high Ni cathodes, additional fluorine sources, such as fluorinated 
solvents or additives, have to be introduced. The chemical profiles 
established by liquid-SIMS also reveal a structured SEI, in which the 
inner layer is dense, inorganic but LiF-depleted, whereas the outer 
layer, rich in organic species, is diffuse and permeable to the bulk 
electrolyte. In principle, the same strategy can also be used to study 
the cathode–electrolyte interphase. This molecular understanding 
of the chemical-depth distribution in SEI will help design a better 
interphase for future battery chemistries.
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different voltages. Voltages were calculated using the same method as shown 
in previous work43. The simulation boxes were 3.6 × 3.6 × 9 nm3 for 1.0 M and 
3.24 × 3.24 × 12.5 nm3 for 4.0 M, with 9.0 and 12.5 nm the dimensions between 
the two electrodes, respectively. The two electrodes were fixed at both ends of the 
simulation box and perpendicular to the z axis. The simulation boxes were periodic 
along the x and y directions. The distances between the two electrodes were chosen 
such that the forces on the particles at the middle of box were statistically the same 
as those in the bulk simulations without electrodes. After equilibrium, a 40 ns NVT 
run was performed for each concentration with a sampling on the time interval of 
2 ps to collect the simulation data. A many-body polarizable force field APPLE&P44 
and Gromacs45 software were used. The atomic polarizability was neglected to 
accelerate simulation, which should have a negligible influence on the results46.
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Methods
Cell preparation. The battery cell was fabricated on a polyether ether ketone block 
using the method reported in a previous publication10 with minor adaptations.  
In brief, a liquid chamber with a size of 6.0 mm (length) × 5.5 mm (width) × 1.0 mm 
(height) was machined on the polyether ether ketone block with two liquid channels 
for the introduction of the electrolytes. The Li-ion battery cathode, a LiCoO2 layer 
(~55 µm thick) coated on a thin Al foil (~15 µm thick), was immobilized at the 
bottom of the liquid chamber. The anode, a ~70 nm thick Cu film, was sputter coated 
on a 100 nm thick Si3N4 membrane, which was immobilized on a silicon frame of 
7.5 mm (length) × 7.5 mm (width) × 0.2 mm (height). The silicon frame (with the 
Si3N4 membrane and Cu anode below it) was placed on top of the liquid chamber 
and sealed using an epoxy glue. The effective cathode area was about 10.0 mm2, the 
effective anode area was about 4.0 mm2 and the distance between them was about 
0.8 mm. Two thin Cu wires were attached to the cathode and anode, respectively, 
using Ag paste so the battery could be charged–discharged. After assembling of the 
cell, a desirable electrolyte (1.0 M or 4.0 M LiFSI in DME here) could be introduced 
into the liquid chamber in an argon-filled glove box. After being sealed, the Li-ion 
battery cell was loaded on a time-of-flight SIMS sample holder (Supplementary  
Fig. 1) and then introduced into the SIMS instrument for operando analysis.

A constant-current mode (1.5 × 10−6 A) was used for the charging and 
discharging in this work. A Li-ion battery cell could be charged–discharged for 
at least ten cycles10. A typical charge–discharge curve is shown in Supplementary 
Fig. 2. The voltage quickly (less than 30 s) increased to 1.5 V, and then gradually 
increased to ~3.7–3.8 V (~1,500–1,600 s) until it slightly decreased to reach a 
relatively stable value at 3.6 V. After further charging for 800 s, the battery was 
discharged to 0.5 V to make sure that most of the Li metal was stripped from the 
Cu anode. The in situ liquid-SIMS measurements were performed at six states—
fresh cell (open circuit), charged to 1.0, 2.0 and 3.0 V, after the third charging (open 
circuit) and after the third discharge (open circuit), respectively (as shown in 
Fig. 2). For the 1.0, 2.0 and 3.0 V states, the cell potentials were held at a constant 
potential mode during the SIMS measurement. For example, 1.0 V was reached 
after about 20 s of charging, and then the potential was held at 1.0 V for the SIMS 
measurement. Similarly, 2.0 V was reached after about 350 s of charging, and then 
the potential was held at 2.0 V for the SIMS measurement; 3.0 V was reached after 
about 900 s of charging, and then the potential was hold at 3.0 V for the SIMS 
measurement. To avoid mechanical failure of the Si3N4 membrane, only one 
measurement was performed for each battery cell. At least two cells were examined 
for each state to ensure data repeatability.

In situ liquid-SIMS. The SIMS analysis was carried out using a time-of-flight 
SIMS V instrument (IONTOF GmbH). Beam damage was a serious concern 
in liquid-SIMS measurements, so a desirable instrument setting was critical to 
minimize the beam damage. The optimum instrumental setting is described 
in detail in a recent publication41, and cluster primary ions must be used. In 
this work, a pulsed 25 kV Bi3

+ beam of diameter ~500 nm was used for all the 
measurements. The pulse frequency was ~10 kHz, the pulse width was about 
150 ns and the corresponding beam current was ~0.36 pA. The incident angle of 
the primary Bi3

+ beam was 45° degree off the normal. For each measurement, the 
Bi3

+ beam was scanned on a round area of ~2 μm in diameter around the centre 
of the Si3N4 membrane to drill a hole in it. The measurement was stopped when 
stable liquid signals were observed (normally 50–200 s after the liquid signals were 
detected). A mass spectrum, depth profiles and 2D ion images were simultaneously 
collected, and 3D ion maps were available after reconstruction of the raw data. 
Battery charging and discharging were performed in the analysis chamber and the 
SIMS measurement was performed simultaneously. The pressure in the analysis 
chamber was about 5 × 10−7 to 1 × 10−6 mbar with the sample present. During the 
SIMS measurements, the pressure change normally was negligible. A low-energy 
electron flood gun (~10 eV, 1 µA) was used for charge compensation during the 
measurements. Note that only unit mass resolution spectra could be obtained in 
this work41, and mass interference might need to be considered in some cases.

To ensure the data reproducibility, at least two cells for each condition were 
tested. The SIMS depth-profile data are very reproducible for most cases, for 
example, fresh cell, the 1.0 V condition, the 2.0 V condition, after charging and after 
discharging. The sample-to-sample difference of the thickness (based on sputtering 
time) for each solid layer (Si3N4, Cu SEI) can be within ±10%. Only the 3.0 V 
polarization presented a challenging case, in which the thickness of the SEI + Li 
layer could vary by ±30% due to the on-going dynamic reaction.

Quantification using SIMS is challenging because different ion species may have 
different ionization yields (so-called matrix effect). However, semi-quantification, 
that is, sample-to-sample comparison, has been extensively used in SIMS data 
analysis. For example, in this work, a comparison of the 1.0 V data to the fresh-cell 
data shows that the FSI− signal decreases along with an increasing Li− signal, which 
suggests an increase of Li ions and a decrease of FSI at the electrode/electrolyte 
interface, that is, the formation of a potential-induced electric double layer.

Computer simulation details. MD simulations of the LiFSI–DME mixture were 
performed at 333 K for both 1.0 and 4.0 M concentrations, which correspond 
to 576 DME/64 LiFSI and 448 DME/320 LiFSI, respectively. A single-layer 
Cu(100) electrode was fixed on both sides of the simulation domain. Amber 
force field42 parameters for Cu were used, with the partial charges modified for 
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