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Abstract  

The quality of solid-electrolyte-interphase (SEI) dictates the performances of most battery chemistries, 

especially lithium (Li)-metal, but its formation processes as well as evolution during battery operation 

remain little understood due to the lack of reliable in-operando characterization tools of sufficient spatial 

and temporal resolutions. Herein, we report an in-operando reflection interference microscope (RIM) that 

enables the real-time imaging of SEI during formation and evolution in state-of-the-art electrolyte based on 

LiPF6 dissolved in organic carbonates. By mapping the minimal and localized optical signals generated 

from interphasial events, RIM reveals with extremely high sensitivity that the stratified structure of SEI 

formed during four distinct steps, including the emergence of a permanent inner inorganic layer enriched 

in LiF, the transient assembly of an interfacial structure of an electrified double layer, and the consequent 

emergence of a temporary outer organic-rich layer, whose presence is reversible with electrochemical 

cycling. Comparing the morphologies of SEIs, we identify an inverse correlation between the thicknesses 

of two interphasial sub-components: the thicker the LiF-rich inner layer, the thinner the organic-rich outer 

layer, implying that the permanent inorganic-rich inner layer dictates the organic-rich outer layer formation 

and Li nucleation. We also find that trace presence of water (50 ppm) in the electrolyte induces a much 

thicker and higher quality LiF-rich layer and a much thinner organic-rich layer in SEI, which leads to less 

electrolyte consumption, and more uniform Li nucleation on the electrode surface. The real-time 

visualization of SEI dynamics achieved for the first time in this work provides a guideline for the rational 

design of interphases, a battery component that has been the least understood and most challenging barrier 

to developing electrolytes for future batteries.  
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Introduction 

Lithium (Li)-ion batteries (LIBs) have transformed modern electronic devices and are universally used for 

electric vehicles and grid energy storage industry1, 2, 3, 4, 5. However, the demand for higher specific energy 

density from batteries has been persistently pressing for new battery chemistries to be developed6, 7, 2, 8, 9, 10, 

11, 12. Li metal (Li0) anode promises to be the ultimate anode material due to the combination of its ultrahigh 

theoretical specific capacity and the lowest electrochemical redox potential, while an “anode-free” 
configuration that generates in-situ Li0 anode makes the goal of 500 Wh/Kg possible13, 14, 15, 16. The 

interphase in anode-free cells differs from those formed in either conventional LIBs or Li-metal batteries 

(LMBs), with mixed characteristics of both stepwise/discriminating nature of the former, and 

instantaneous/indiscriminating nature of the latter17. Hence it presents as the most interesting and 

meaningful case for a fundamental understanding of interphase. In such cells, during the initial charging 

process, the potential of the bare copper (Cu) foil is brought progressively below the lowest unoccupied 

molecular orbital (LUMO) energy of the electrolyte, thus triggering an irreversible reaction, forming the 

primitive solid-electrolyte interphase (SEI). This proto-SEI experiences further evolutions as the Cu foil is 

polarized more cathodically, while the emergence of Li0 at lower potential induces instantaneous reactions 

with bulk electrolyte, forming the second round of interphasial chemicals. Such an interphase on Cu and 

Li0 surfaces stabilizes electrolyte against the reductive decomposition by blocking electron tunneling while 

still allowing Li+ to migrate, so that the battery operates reversibly without sustained electrolyte 

decomposition18, 19, 20. Therefore, SEI holds the key to the next generation high energy batteries.  

To understand the physical and chemical properties of the SEI formed in LIBs and LMBs, various 

advanced analytical techniques have been developed and explored. Ex-situ studies including scanning 

electron microscopy (SEM)21, transmission electron microscopy (TEM)22, 23, Fourier-transform infrared 

(FTIR) spectroscopy24, 25, 26, Raman spectroscopy27, 28, 29, X-ray photoelectron spectroscopy (XPS)30, 31, 32 

reveal important local information about structural and chemical natures of SEIs. However, high-energy 

electron and X-ray beam inevitably induce damage to the fragile SEI, creating artifacts. In-situ secondary 

ion mass spectrometry (SIMS)33 provides precise identification of SEI chemical components, however, 

structural and morphological information is missing. Recently, inspired by biological imaging techniques, 

ex-situ cryogenic electron microscopy (cryo-EM) has been successfully applied to preserve the native state 

of SEI during the high-resolution electron imaging at cryogenic conditions34, 35. This technique made the 

atomic-resolution imaging of SEI layers and Li dendrites possible, although it still only reveals static and 

cross-sectional information while completely missing the dynamic evolution of SEI during 

charge/discharge cycles. In-situ atomic force microscopy (AFM) provides vivid morphological changes of 

the SEI36, 37, 38, however, its relatively slow scan speed limits its capability of mapping the dynamic 

processes, while chemical information is also missing.  Finally, electrochemical quartz crystal microbalance 

(EQCM) accurately measures mass change caused by the SEI formation39, but without local information 

regarding the distribution of the chemical components, which might be critical to evaluate the SEI quality. 

Most importantly, the peculiar “hybrid” complexity of interphases formed in anode-free LMBs has never 

been recognized, let alone investigated or understood.  

In this work, we attempt to fill in the gap left by the current techniques. By applying an in-operando 

reflection interference microscope (RIM) with high sensitivity as well as a high temporal and spatial 

resolution on a Li0-halfcell that simulates the anode of “anode-free” LMB, we directly image and map the 

formation dynamics of SEI on Cu surface and the subsequent transformation at the emergence of Li0, and 

its evolutions over cycles. The interference created by the top and bottom surfaces of various SEI strata 

provides high sensitivity to detect minimal signals generated from any interfacial events. The electrolyte 

consisting of 1 M LiPF6 in propylene carbonate (PC) was adopted as the benchmark because it has been 

well-studied by various techniques, whose chemical pathways have been well established40, 41. Using the 

RIM, we successfully observed the entire evolution process of SEI layer in real time. We find that the SEI 

layer’s formation and stripping experiences a multi-step process that involves the formation of a proto-SEI 

based on LiF-containing inorganic layer, the assembly of an electrical double layer (EDL) interface, and 
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the reversible emergence and disappearance of a transient organic-rich SEI layer. The formation of this 

LiF-rich inner layer dominates the process in the first cycle, and it evolves slowly during the consecutive 

cycles into a permanent interphase layer. However, the organic-rich outer layer emerges after the formation 

of LiF-rich proto-SEI, and disappears in each cycle depending on the electrode potential. We also observed 

the continuous charge accumulation/depletion at EDL even after the formation of the permanent LiF-rich 

SEI layer, which will not block the migration of Li+. Since RIM provides a unique capability that allows us 

to differentiate the signals generated from the LiF-rich inner layer and the organic-rich outer layer formation, 

we are able to translate the optical signals into localized morphology maps of LiF-rich inner layer and 

organic-rich outer layer, separately, and hence quantitatively revealed the strong inverse correlation 

between the thicknesses of the LiF-rich inner layer and the organic-rich outer layer, i.e., the thicker the LiF-

rich inner layer, the thinner the organic-rich outer layer. This correlation is further confirmed in the trace 

presence of water, which is deliberately added to promote HF-generation and eventually leads to a much 

thicker and more uniform LiF-rich inner layer along with minimized electrolyte consumption and more 

uniform Li nucleation on the electrode surface. The knowledge of the dynamic evolution of SEI upon cell 

cycling and electrolyte additives provides useful guidelines in tailor-design interphases for batteries of 

better performances.  

Imaging local surface reactions with RIM 

In the initial charge, the potential of Cu is progressively polarized cathodically, and the electrolyte 

component (solvent, salt and additive) with the highest LUMO will be preferentially reduced generating 

the primitive chemical ingredients for the proto-SEI, which experiences further electrochemical reduction 

as Cu continues the cathodic polarization, till Li0 is deposited and the eventual permanent interphase is 

formed. An in-situ and in-operando imaging method RIM is hence applied to map the local emergence and 

distribution of SEI components generated in the above process, and more importantly, to probe the 

dynamics of the deposition and stripping of the extremely reactive Li0. Fig. 1a schematically displays the 

working principle of RIM. The reflected light at the electrode/electrolyte junction, which would later 

become electrode/SEI and SEI/electrolyte junctions after SEI is formed, respectively (Fig. 1a right), will 

interfere with each other, which, after proper translation, carries information about the phase delay created 

by the changes in SEI layer (Figs. 1b,c). If a layer deposited on the electrode surface has a refractive index 

smaller than the surrounding electrolyte, the reflected optical intensity will increase, otherwise, it will 

decrease (Supplementary Section 4).  

To image the SEI formation on the electrode surface, a three-electrode system is used (Fig. 1a), where 

the Cu foil serves as the working electrode, and two Li wires as the reference and the counter electrodes, 

respectively. Such a halfcell simulates the anode side of the “anode-free” LMB. The cell was first cycled 

within the voltage range of 2.3 V to 0.1 V vs. Li/Li+, in which the SEI is formed in a stepwise and 

discriminating manner, similar to what happens in the initial cycles of LIBs.  

Formation of LiF-rich proto-SEI 

The optical reflectance of the Cu surface changes significantly in the first 3 cycles of cyclic voltametric 

(CV) scans (Fig. 1c), which is strongly correlated with the applied potential and the electrochemical current 

response (red and black curves in Fig. 1d, respectively). At the beginning of the first cycle (0 ~ 5 s), a 

reflectance decrease (marked by the black arrow in Fig. 1c) and a corresponding current spike are observed 

(marked by the black arrow in Fig. 1d), which is attributed to the reduction of Cu oxide (CuO) on the Cu 

electrode surface that is prevalent product by ambient air42. After the CuO reduction, a current appears 

between 2.3 V and 1.3 V, which is peaked at around 1.8 V (Fig. 1d), accompanied by a significant increase 

in the optical signal (the region highlighted with green color in Fig. 1c). This process corresponds to the 

formation of a thin LiF-rich inorganic layer on the Cu surface that should definitely come from the salt 
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anion PF6
-, and the persistent presence of moisture in electrolyte could be responsible via diversified route41, 

43. 

 𝐿𝑖𝑃𝐹6 + 𝐻2𝑂 → 2𝐻𝐹 +  𝑃𝑂𝐹3 + 𝐿𝑖𝐹            (1) 

 𝐻𝐹 + 𝐿𝑖+ +  𝑒− → 0.5𝐻2 + 𝐿𝑖𝐹                       (2) 

The increase of optical responses in this section (Section I) indicates the emergence of a layer that has 

a smaller refractive index than the electrolyte. Examining all the possible SEI layer’s components, we found 

 

Figure 1 | In-situ characterization of SEI formation dynamics using RIM. a, Schematic diagram of 

using RIM to image the SEI formation dynamics. b, CV curves of the first three cycles in 1 M LiPF6/PC 

with 50 ppm H2O as additive. c, The optical reflection signal (RIM signal) during the first three CV 

cycles on Cu electrode in 1 M LiPF6/PC with 50 ppm H2O additive. I, II, III, and IV are four sections 

that correspond to LiF-rich layer formation (Section I), EDL formation (Section II), organic-rich SEI 

deposition (Section III), and re-oxidization (Section IV). d, The corresponding current density (black 

curve and left axis) and voltage (red curve and right axis) in the first three cycles of CV scans. e, The 

derivative of optical signals (the curve in c). 
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that only LiF fits this description (Supplementary Section 5 and 6). To further validate the observation, a 

control experiment was conducted using the same electrolyte (1 M LiPF6 in PC) without any water additive. 

We find that the optical responses in the same potential range are much smaller than those in the electrolyte 

in the presence of 50 ppm water (Supplementary Fig. 4a), indicating a much thinner deposition of LiF-rich 

layer. Correspondingly, the HF reduction current (Supplementary Fig. 4b) in the CV measurement is also 

significantly decreased (Supplementary Fig. 5).   

In the second Section (Section II with blue highlight in Fig. 1c), a slightly decreased optical signal can 

be observed. Within this potential window of 1.3 V to 0.8 V (Fig. 1b) after the first cycle, the electrolyte 

mostly remains thermodynamically stable except a minor electrochemical reaction happens at about 1 V in 

the first cathodic scan, therefore the change in optical signal should be attributed to the assembly of Li+ and 

the solvent molecules in its solvation sheaths to form an EDL on the deposited LiF-layer. Note that the EDL 

should exist at the instant the electrode meets an electrolyte, but its structure evolves with both the applied 

voltage and the new morphology of the electrode surface. In this case, the deposition of LiF renders the 

electrode surface much rougher as compared with the pristine Cu surface. This aggregation of solvated 

cations only changes the structure and composition of EDL at the electrode/electrolyte interface, which is 

an interfacial behavior of capacitive nature, and has no impact on the permanent chemical composition of 

the SEI. On the other hand, the accumulation of charges on the electrode surface will change the permittivity 

of the metal electrode surface and accordingly induce a decrease in the reflected optical intensity. Such 

EDL-effects have been previously observed by RIM in our previous work44, 45. Zhou et al. also reported the 

EDL established at the solid/liquid interface when the Cu electrode was charged to 1 V33. Furthermore, co-

intercalation of solvated Li+ was also observed when the graphite electrode was discharged to ~0.88 V39.  

Reversible emergence and disappearance of organic-rich layer in SEI 

When the potential is lower than 0.8 V, the optical signal decreases significantly (Section III with 

yellow highlight in Fig. 1c). Correspondingly, the reduction current starts to increase quickly and is peaked 

at 0.3 V. This corresponds to the reduction of carbonate solvents via a one-electron reduction process as 

described by equations 3 and 4  to generate Li2CO3 and Li alkyl carbonate17. The latter might be the priority 

pathway according to literature39, 46. 

 𝐶4𝐻6𝑂3 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝐶𝑂3 +  𝐶3𝐻6                 (3) 

 2𝐶4𝐻6𝑂3 + 2𝐿𝑖+ + 2𝑒− → 𝐶3𝐻6(𝑂𝐶𝑂2𝐿𝑖)2 + 𝐶3𝐻6               (4) 

As a result, the main composition of the reduced species is the organic component Li propylene dicarbonate 

(LPDC) from the LiPF6/PC electrolyte, which constitutes an additional organic-rich SEI layer over the 

inorganic LiF-rich layer on the electrode surface41. Since the refractive index of the organic component is 

much higher than that of the electrolyte (Supplementary Section 5 and 6), the decrease in the optical signal 

also indicates that the deposited layer in this potential range (0.8 V to 0.1 V) is mainly enriched in organic 

species. When the scan direction is reversed from 0.1 V (i.e. anodic scan), the obtained optical signal 

continues to decrease, well in accordance with the current instead of the scan direction. This serves as a 

clear indication that the cathodic current in this region arises from the electrochemical decomposition of 

the electrolyte instead of the capacitive behavior associated with the EDL.  

In Section IV (highlighted with light purple in Fig. 1c), the electrochemical current starts to turn positive 

when the potential is higher than 0.25 V, with an anodic event at around 0.9 V. This indicates the reverse 

of electrochemical reaction from reduction to oxidation on the electrode surface, and the accumulated 

organic-rich layer in the SEI is partially oxidized through the equation (5)47, 48. 𝐶3𝐻6(𝑂𝐶𝑂2𝐿𝑖)2 − 2𝑒− → 𝐿𝑖2𝑂 +  2𝐶𝑂2 + 𝐶3𝐻6 + 0.5𝑂2           (5) 
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The reversible emergence and disappearance of such nascent organic layers has been observed before with 

other techniques on graphitic surface, such as AFM when an EC-based electrolyte was used49, or EQCM 

when a mixed carbonate electrolyte (EC/DMC) was used39, and it has only been observed during the initial 

cycles of the cell, and the oxidation seems to be partial only, i.e., this organic layer cannot be completely 

removed. When the potential reaches a more positive region, the current and the differential of optical 

response (Figs. 1c & 1e, see discussion in Methods) are both peaked at around 0.9 V. The optical signal 

shows a significant increase in Section IV (a light purple region in Fig. 1c) during the oxidation process. 

This is due to the partial oxidation of the organic-rich layer which leads to a decrease of overall SEI presence 

on the electrode surface. There are also other non-electrochemical and parasitic reactions occurring 

simultaneously to consume the organic species in the SEI layer and cause the optical signal increase. For 

example, the HF generated from the hydrolysis of the salt anion (PF6
-) will eliminate alkyl carbonate via 

equation (6)50. The produced Li2CO3 (from equation (3)) can also react with salt in the electrolyte via 

equation (7)51. 𝐶3𝐻6(𝑂𝐶𝑂2𝐿𝑖)2 + 2𝐻𝐹 → 2𝐿𝑖𝐹 +  2𝐶𝑂2 + 𝐶3𝐻6(𝑂𝐻)2                (6) 𝐿𝑖𝑃𝐹6 + 2𝐿𝑖2𝐶𝑂3 → 4𝐿𝑖𝐹 + 2𝐶𝑂2 + 𝐹2𝑃𝑂2𝐿𝑖                     (7) 

These two possible chemical reaction pathways help account for the increase in the optical signal.  

Scan-hold-release experiment 

To further verify observations obtained in the CV scans, a scan-hold-release experiment was performed. 

The potential was initially scanned from 2.3 V to different pre-selected cut-off potentials of 1.0 V, 0.6 V, 

0.3 V, and 0.1 V, subsequently held at these levels for 100 s, and finally released. The optical responses 

were recorded in Fig. 2a. At the early stage of the scan (from 2.3 V to 1.3 V), the increase of the optical 

reflection signals was apparent (highlighted with green color in Fig. 2a). This is correlated to the LiF 

formation on the electrode surface (correlated to Section I in Fig.1c). When the scan continued from 1.3 V 

to 0.8 V, the optical signal decreased, which corresponds to the EDL assembly (highlighted with blue color 

in Fig. 2a and correlated to Section II in Fig. 1c). When the potential was held at 1.0 V where there is no 

significant electrochemical reaction happening in this voltage range (from 1.3 V to 0.8 V), a flat line in the 

optical response was observed (black curve in Fig. 2a). When the potential was further decreased down to 

0.6 V, a significant decrease of optical reflectance occurred (blue curve in Fig. 2a), which indicates the 

formation of organic-rich layer in SEI (highlighted with yellow color in Fig. 2a and Section III). In addition, 

holding the potential at 0.6 V for 100 s led to a continuous decrease in the optical signal, indicating that the 

reduction continues and the organic-rich SEI layer keeps growing. For the 0.3 V (brown curve in Fig. 2a) 

  
Figure 2 | The growth and evolution of SEI layers. a, Scan-hold-release experiment. The solid lines 

are RIM signals at different conditions, and the dashed lines are the corresponded potential (to the right 

axis). b, The thickness accumulation of the LiF-rich layer (blue bar) and the organic-rich layer (Orange 

bar) in each CV cycle in 1 M LiPF6/PC with 50 ppm H2O additive. c, The thickness accumulation of 

the LiF-rich layer (blue bar) and the organic-rich layer (Orange bar) in each CV cycle in 1 M LiPF6/PC 

without H2O additive.  
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and 0.1 V (green curve in Fig. 2a), the signal decreases in Section III are much more significant than that 

of 0.6 V. This is because a larger amount of organic-rich SEI was formed on the electrode. When we remove 

the applied potentials (0.6 V, 0.3 V, and 0.1 V), a portion of ions in the EDL will be released from the 

interface, which is the reason why the optical reflectance increases initially. Furthermore, all three 

experiments (0.6 V, 0.3 V, and 0.1 V) have much lower optical signal after the signal is stabilized, which 

indicates the organic-rich outer layer still remains on the electrode surface and it will not diffuse away or 

decompose automatically. These experiments provide strong evidence for our observation of the dynamic 

formation process of SEI layers observed in the CV scans.  

Growth and evolution of SEI  

To understand the evolution and maturation process of SEI over cycling, we performed the CV scans 

for 9 cycles continuously and recorded the optical reflection signals. For each cycle, the thicknesses of LiF-

rich inner and the organic-rich outer layers of the SEI were extracted from the optical reflection signal 

changes (see more details in Methods). The results for the electrolytes of 1 M LiPF6/PC in the absence or 

presence of 50 ppm water are summarized in Figs. 2b and 2c, respectively. Water promotes a thicker LiF-

rich SEI layer (~23 nm, Fig. 2b) in the first cycle, which was signified by a much higher signal increase in 

Section I in Fig. 1c (green color), and is apparently benefitted from the generation and subsequent of HF 

(equation 2). After the first cycle, the LiF-rich SEI layer continues to accumulate on the electrode surface 

but at a much slower rate (~3.5 nm/cycle, Fig. 2b), because the thick layer of LiF formed in the first cycle 

minimizes the further charge-transfer across the interface.  

In comparison, the electrolyte without additional water shows quite different behaviors. In the first 

cycle, a much thinner LiF-rich layer (~ 10 nm) is deposited onto the Cu electrode surface, proving the 

correlation between water content and the origin of more LiF deposition. Note that trace water (~20 ppm) 

is always present in liquid electrolytes even after the solvents are rigorously dried 40. The deposition rate of 

LiF layer after the first cycle in the electrolyte without water additive remains higher (~5.0 nm/cycle, Fig. 

2c) than that with 50 ppm water additive (~ 3.5 nm/cycle, Fig. 2b). This indicates that the quality of such 

LiF-rich SEI layer formed in the absence of water is relatively less effective in insulating electron, which 

requires more LiF deposition on the electrode in each of the following cycles. Meanwhile, all first three 

cycles share a similar EDL formation signal (Fig. 1c, Section II, highlighted with blue color), indicating the 

difference in SEI quality does not affect the charge assembly on the electrode/SEI layer, which is essentially 

a capacitive-like behavior and depends little on the SEI chemistry.  

The organic-rich layer in SEI is another important characteristic that determines overall electrolyte 

consumption in the irreversible and parasitic processes. We extracted the organic-rich layer’s thickness 
formed in each cycle and plotted them in Figs. 2b-c. Note that after deposition of the organic-rich layer in 

the first half of the cycle, it will be mostly removed by the re-oxidation process. In presence of 50 ppm 

water, the organic-rich SEI layer deposited in the first cycle is around 35 nm. As more LiF is deposited onto 

the electrode surface, the thickness of organic-rich deposition layer in each cycle quickly decreases (Fig. 

2b). On the other hand, in the absence of 50 ppm water, this thickness is relatively stable over cycles (Fig. 

2c). This observation directly links water content to SEI quality and irreversible electrolyte consumption. 

Spatial correlations between the LiF-rich and the organic layers in SEI 

 Note that the optical reflectance curves in Figs. 1 & 2 are averaged from the entire observation window 

(80 µm by 100 µm), however, the local heterogeneity is smoothed out. Using RIM, we mapped the 

morphologies of LiF-rich and organic-rich layers in the SEI at three different potentials, as shown in Figs. 

3a-f. At 2.0 V, LiF begins to grow on the Cu electrode surface with an averaged thickness of ~ 5 nm and a 

surface roughness of ~ 0.5 nm (standard deviation, Fig. 3h). After the initial deposition, the LiF-rich layer 

continues to grow in thickness to ~ 12 nm at 1.7 V (Fig. 3b), and ~23 nm at 1.4 V (Fig. 3c). Correspondingly, 

the surface roughness also increases to 0.7 nm at 1.7 V and 0.9 nm at 1.4 V (Fig.  3h). The organic-rich 
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layer’s growth starts from 0.8 V (Fig. 3d). Both the average thickness and the surface roughness quickly 

increase as the potential decreases (Figs. 3d-f and 3h), and the thickness of the organic layer in the SEI 

reaches as high as ~ 35 nm.  

The deposition of LiF-rich layer will significantly influence the surface reactions, including the growth 

of the organic-rich layer. To understand the correlation between these two layers, we plotted the height 

profiles of LiF-rich layer and organic-rich layer across the same line (along black dashed lines in Figs. 3c&f) 

in Fig. 3g. A strong inverse spatial correlation exists at the locations that the LiF-rich layer is thin while the 

organic layer is relatively thick, and vise versa. To further illustrate such correlations, we plotted the 

thickness maps of these two layers (Fig. 4), separately. The region circled by the black dashed line has 

thinner LiF-rich inorganic layer (Fig. 4a) and thicker organic-rich SEI layer (Fig. 4b-c). The regions circled 

by the red solid line have a thicker LiF-rich inorganic layer (Fig. 4a) and thinner organic-rich SEI layer 

(Figs. 4b-c). The inverse relation is more pronounced when we compare the smaller electrode areas. The 

red and black arrows correspond to the regions that have thicker and thinner LiF-rich inorganic SEI layers, 

respectively (Fig. 4a), and the corresponding regions in organic-rich layer maps (Figs. 4b-c) show opposite 

responses.  

 

Figure 3 | Image the localized SEI formation dynamics using RIM. a-c, The morphology maps of 

LiF-rich layer in 1 M LiPF6/PC with 50 ppm H2O at potentials V = 1.9 V (a), V = 1.7 V (b), and V = 

1.4 V (c). d-f, The morphology maps of organic-rich SEI layer in 1 M LiPF6/PC with 50 ppm H2O at 

potentials V = 0.6 V (d), V = 0.4 V (e), and V = 0.1 V (f). g, The thickness profiles of LiF-rich layer 

(left axis and black line) and organic-rich layer (right axis and red line) across the same line. The profile 

lines have been shown in Figs. 3 c&f as the dashed black line.  h, The surface roughness of LiF-rich 

and organic-rich layers shown in a-f. Scale bar:  20 μm. 
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It is widely accepted that the inorganic layer (mainly LiF-rich) in SEI serves as the key component that 

blocks the electron transfer and allows Li ion to diffuse through it. However, depending on the quality and 

thickness of the LiF-rich layer, a small number of electrons can still tunnel through the LiF layer and induce 

the parasitic reactions, leading to the progressive growth of the organic-rich outer layer. A thicker LiF layer 

will block electrons more effectively and result in a thinner organic-rich outer layer, while a thinner LiF 

layer will lead to a less efficient blocking of electrons and a thicker organic-rich layer.  

SEI effects on Li nucleation 

The heterogeneity in both chemical composition and morphology of the SEI directly affects Li 

nucleation and growth, which are closely related to the performance of all Li-based battery chemistries. By 

polarizing the Cu electrode further down to lower potentials, we induced Li0-deposition while applying 

RIM to correlate the SEI quality and the subsequent Li nucleation dynamics in the absence or presence of 

the water additive. Galvanostatic electrodeposition was applied to form the SEI and induce Li nucleation. 

Figs. 5a and 5b show the optical (top figures) and the corresponding voltage signal (bottom figures) during 

these processes in the presence (Fig. 5a) and absence (Fig. 5b) of an additional 50 ppm water additive. The 

Sections I~III can be respectively identified, which corresponds well to our previous CV experiments, and 

verifies that SEI layers formed in either galvanostatic or potentiodynamic (CV) manner generate similar 

optical responses under RIM, hence confirming the universal reliability of RIM. The thicknesses of LiF-

rich and organic-rich layers were also extracted (Fig. 5c), which are much thicker due to the extra 

enforcement force from the applied constant current (Supplementary Section 12).  

When the potential of the working electrode goes below 0 V, the optical signals start to decrease 

(pointed by the black arrows in Figs. 5a-b), due to the emergence of light-scattering Li0 nuclei. Figs. 5f and 

5i show the optical intensity map of Li nucleation. (Fig. 5f corresponds to the snapshot image at 128 s and 

Fig. 5i corresponds to the snapshot of nucleation at 180 s). For better visualization, we reverse the optical 

response so that the brighter intensity represents more Li0 nucleation in Figs. 5f and 5i. It becomes apparent 

that the Li0 nucleation is not uniform in the electrolyte without water additive (Fig. 5f). However, the 

uniformity is significantly improved with the introduction of 50 ppm water (Fig. 5i). By comparing LiF-

rich layer thickness maps (Figs. 5d and 5g) and organic layer thickness maps (Figs. 5e and 5h), it can be 

inferred that the electrolyte with 50 ppm water additive leads to both the LiF layer and the organic layer to 

be much more uniform, which facilitates a more even distribution of Li nuclei. 

 

 

Figure 4 | The spatial correlation between the LiF-rich layer and the organic layer in SEI. a, The 

LiF-rich layer morphology at V = 1.4 V. Black dashed circle: thin LiF-rich layer region, red solid circle: 

thick LiF-rich layer regions, purple arrows: thick LiF-rich layer locations, black arrows: thin LiF-rich 

layer locations. b-c, Organic-rich SEI morphology at early stage of deposition (V = 0.6 V, b) and late 

stage of deposition (V = 0.1 V, c).  Black dashed circle, red solid circles, purple arrows, and black 

arrows indicate the same regions or locations with a. Scale bar:  20 µm. 
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Conclusion  

This work develops an in-operando RIM to map the minimal localized SEI information. The optical 

interference amplifies the signal and allows us to probe the localized responses from the stratified SEI 

structure and its evolution during cell cycling. RIM also provides a unique capability of quantitatively 

differentiating the signals generated from the LiF-rich and organic-rich SEI sub-components, thus 

generating a reliable descriptor to evaluate the SEI quality. Equipped with this powerful tool, we identified 

the strong inverse correlation between the LiF-rich inner layer and the organic-rich outer layer, while trace 

water presence (50 ppm) promotes the former and suppresses the latter. The inorganic layer serves as the 

 

Figure 5 | SEI effects on Li nucleation. a-b, The constant current measurement in 1 M LiPF6/PC with 

50 ppm H2O (a), and without water additive (b). The experiment was performed with constant current 

at 0.1 mA cm-2 (voltages at end of deposition are 40 mV and 42 mV correspondingly). The top figures 

are the optical reflection responses during the measurement, and the bottom figures are the 

corresponding potentials. I, II, and III correspond to the Sections I, II and III, respectively (see 

manuscript for more details). c, The thicknesses of LiF-rich and organic-rich layers are extracted from 

the experiments in a and b. d-f, The morphology maps of LiF-rich SEI layer (d) and organic-rich SEI 

layer (e) in the electrolyte without water additive, and f shows the optical response of Li nucleation in 

the electrolyte without water additive. g-i, The morphology maps of LiF-rich SEI layer (g) and organic-

rich SEI layer (h) in the electrolyte with 50 ppm water additive, and i shows the optical response of Li 

nucleation in the electrolyte with 50 ppm water additive. Note that ΔI in f and i are the intensity change 

caused by the Li nucleation and the bigger ΔI means more Li nucleation. Scale bar:  20 μm.  
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key sub-component to homogenize the Li nucleation distribution. The fundamental understanding provides 

powerful guideline to design better electrolytes and interphases for high-performance LMBs.                 

 

Methods 

In-operando RIM. The in-operando RIM was built on an upright Olympus BX50 microscope in an argon-

filled glovebox (MBraun, with H2O and O2 level less than 0.5 ppm). The electrolytes have relatively high 

refractive index (around 1.415 in our case) comparing with that of air (~1), and this refractive index 

mismatch will lead to aberrations that blurs the images. To minimize the refractive index mismatch 

influence, a special 20 X multi-immersion objective (Applied Scientific Instrumentation) was used. The 

objective can provide refractive index match in a wide range from 1.33 to 1.56, which completely meets 

the imaging requirements in the electrolytes that are commonly used in LMBs and LIBs at present. The 

numerical aperture of the objective is around 0.68 in the electrolyte that has a refractive index of 1.415. The 

incident light is mainly distributed around 600 nm. The spatial resolution of the RIM is defined by the 

diffraction limit (~ 300 nm) and the temporal resolution is defined by our camera framerate. To catch the 

electrochemical reaction process, we chose the frame rate of ~ 10 frame per second in this research, but it 

can be ramped up to 1,000 frame per second if necessary. The observation window was around 230 μm × 
260 μm which was determined by a charge-coupled device (CCD) camera (Pike, F032C monochrome). 

During the experiment, the dynamic change in SEI will induce the interference and affect the reflected light 

intensity, which is recorded with the CCD camera. The recorded images are synchronized with the applied 

electrochemical potentials using a Labview card (Supplementary Section 3). The camera was connected to 

a computer outside the glovebox with the feedthrough cable, and the camera and the potentiostat were 

synchronized and controlled by the same computer. The CCD received reflection optical intensity is the 

result of light interferences that happen between different layers on the substrate, which is closely related 

to the refractive index of the dielectric medium. When layers with different composition form on the 

electrode substrate, the reflection optical signal will increase or decrease according to the refractive index 

change and is very sensitive the thickness of the formed layer.  

Differential of optical response. When the electrochemical reactions happen on the electrode, the chemical 

composition and morphology of the surface change, and the optical reflectance signal reflect such overall 

changes. On the other hand, the integration of electrochemical current quantifies the total reactions that 

happens on the surface via coulomb counts. Therefore, a mathematic relation should exist between the 

current and the derivative of the optical signal, which signifies each of the electrochemical reactions that 

happen. Such relation is revealed in Fig. 1e, where the derivative of optical response displays “finger-print” 
match with the electrochemical current (red curve in Fig. 1d). This serves as the strong quantitative evidence 

to the argument that what optically detected does reflect the electrochemical reactions that happen on the 

electrode surface.  

The relationship between optical reflectance and refractive index. When the light is reflected from 

different surfaces of a thin film, the interference will happen, and a phase difference will be introduced to 

influence the detected optical reflectance intensity. Depending on the refractive index difference between 

the surrounding environment and the newly formed layer, different degrees of constructive interference or 

destructive interference will occur. Thus, through detecting the reflected intensity change, we can easily 

recognize the characteristics of the component that is deposited on the substrate. In our system, the 

refractive index of the bulk electrolyte is 1.415. And when the LiF-rich SEI (refractive index is 1.32) 

accumulates on the substrate, we will observe an increasing optical signal. On the other hand, when the 

organic-rich SEI (refractive index is around 1.46) forms, there will be a decreasing optical signal. Details 

are provided in the Supplementary Section 4 and 6. 
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Converting reflectance to thickness. Based on Fresnel equations, the Winspall software package is used 

to simulate the reflectivity response from multilayer interfaces. A dual-layer model of the SEI is adopted in 

the simulation since it conforms the already reported conclusions and satisfies the optical response in our 

experiments. The parameters for simulation are summarized in Supplementary Table 1. The simulation 

results in Supplementary Fig. 2 elucidate how the thin film thickness change will influence the reflectivity. 

Then, according to the detected optical signal change we can obtain the thickness information of the formed 

layer for further analysis. More details and discussions are provided in Supplementary Section 6. 

Morphology analysis. The morphology and thickness of the SEI layers are obtained through the calibration 

curves established from the experiments shown in Supplementary Figs. 2. We have synchronized the optical 

images with the applied electrochemical potentials (see more discussions in Supplementary Section 3), each 

frame of the images can be correlated to the specific SEI formation dynamic process. For example, the total 

amount of reflectance change caused by the LiF-rich SEI is calculated by subtracting the initial reflection 

image (first frame of the entire sequence) from the last frame at the end of Section I. Then converting the 

intensity value of each pixel to thickness using the calibration curves and replot the image. The morphology 

and localized information of the LiF-rich SEI are thereby achieved. Similarly, the difference between the 

last frame and the first frame in Section III represents the reflectance changes caused by the organic-rich 

SEI formation on the electrode surface.  
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