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polymeric-inorganic SEl formation sheds light on the elusive dynamic processes of
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via operando polymerization on lithium metal anode
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SUMMARY

The stable cycling of lithium electrode has been significantly
impeded by the lack of comprehensive and in-depth understanding
of the complicated chemistry and unclear formation/evolution
mechanisms of solid-electrolyte interphase (SEIl). Here we report
the formation mechanism of an operando polymerized SEI at the
Li/electrolyte interface in an ether electrolyte and its dynamic evolu-
tion during the lithium growth process. The polymerization process
is initiated by the consumption of the polymerization inhibitor
LiNO; with the formation of inorganic lithium salts at the Li-electro-
lyte interface, followed by instantaneous ring-opening polymeriza-
tion of the cyclic ether solvent triggered by the initiator FSO,
NSO, radical, leading to the formation of a polymeric-inorganic
composite SEI. The resulted SEI exhibits excellent mechanical flexi-
bility and self-healing property that can effectively accommodate
more than 100 times’ swelling of lithium during growth by stretch-
ing and thinning itself from ~100 nm to 7 nm, achieving an ultrahigh
Coulombic efficiency (99.73%) for lithium plating/stripping.

INTRODUCTION

Metallic lithium (Li% holds great promise as the ultimate anode for Li-based batteries
because of the combination of an extremely high theoretical capacity (~3,860 mAh
g™ ") and the lowest working potential (—3.040 V versus standard hydrogen elec-
trode)."” However, its practical implementation has been plagued by the poor
Coulombic efficiency (CE) and notorious dendrite growth in the Li plating/stripping
processes during battery operation, which is strongly correlated with the unstable
and fragile nature of the solid-electrolyte interphase (SEI) formed on Li deposits.®
The SEI has been considered as “the most important but the least understood”
component in Li-based batteries,” due to the complexity and dynamic evolution
of its composition and structure derived from vigorous and unclear chemical/elec-
trochemical reactions between Li metal and electrolytes. Since the 1970s, numerous
efforts have been devoted to understanding the nature and characteristics of SEl on
Li° (Li-SEl) using a variety of advanced characterization techniques, including X-Ray

photoelectron spectroscopy (XPS),'®""® Fourier transform infrared (FTIR),"%"'*"¢
17,18

nu-
clear magnetic resonance (NMR), and cryogenic electron microscope (cryo-
EM),""?* etc. So far, it has been widely acknowledged that the Li-SEl is composed
of both inorganic and organic components with a complicated mosaic or multilay-
ered structure,®’”

have been identified and quantifie

and several key inorganic components (e.g., LiF and Li,O, etc.)
d.5:21,22,24
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Figure 1. Interface-confined polymerization mechanism of the polymeric-inorganic SEI formation
(A) Schematic of the composition and structure of the SEI layer.
(B) The “locking and unlocking” polymerization mechanism of the SE| formation.

Despite the extensive investigations on the inorganic components in Li-SEIl, the
organic components have long been overlooked. As an important part of the Li-
SEl, the organic components play essential roles in facilitating Li-ion transfer through
SEl and regulating the mechanical properties of SEl to accommodate the drastic
volumetric change of electrode during Li plating/stripping processes.”” Over a
long period, most of the organic components in the SEI are found to be low molec-
ular-weight organic lithium salts and oligomers derived from the parasitic reactions
between the electrolyte solvents and Li metal,”*?’ which are unable to provide
enough flexibility to accommodate the volumetric change of Li metal anode.
Therefore, the continuous rupture of the fragile pristine SEI and formation of new
SEl has been unavoidable, which results in low CE of Li plating and stripping.
Recently, long-chain organic polymers have been attempted to promote the revers-
ibility of Li metal anode by improving the mechanical property and ionic conductivity
of Li-SEI,'*"?%733 with extensive postmortem characterizations on the static state of
Li-SEl at a specific charge/discharge state of batteries to understand the properties
of SEI. However, the regulation of the organic-inorganic structure of Li-SEl remains a
trial-and-error process rather than a rational design, mainly due to the poor under-
standing of the dynamic process of the ever-evolving Li-SEl, especially the formation
mechanism of Li-SEl at a molecular level, and the evolution process of Li-SEl during
the Li nucleation and growth.

Here we unveil a novel operando polymerization mechanism confined at the Li-elec-
trolyte interface for the formation of a polymer-rich SEl in an electrolyte of lithium
bis(fluorosulfonyl)imide (LiFSI) and LiNO5 dissolved in 1,3-dioxolane (DOL) (denoted
as LiFSI-LINO3-DOL). Comprehensive characterization techniques have been used
to investigate the components and structure of the operando polymerized SEI. It re-
veals that the SEI is mainly composed of long-chain poly-DOL with an average mo-
lecular weight (avg. M) reaching up to 20,000 g mol~" and inorganic components
such as Li»O, LiF, LisN, and Li,CO3 (Figure 1A), which renders the SEI with excellent
flexibility and elasticity. The polymeric-inorganic composite SEl is formed through
an interface-confined “locking and unlocking” polymerization process, which is initi-
ated by the consumption of the polymerization inhibitor and locker LINO3 with the
formation of inorganic Li salts at the electrochemical interface, followed by instanta-
neous polymerization of the cyclic ether solvent triggered by the initiator
FSO,NSO,- radical (Figure 1B). The SEI exhibits excellent flexibility and elasticity
properties during its evolution process, with a drastic self-thinning process through
inflation and a further stretching process through a self-healing mechanism, which
suppresses continuous SEI growth and enables an ultrahigh CE of 99.73% for Li
plating and stripping (Figure S1 and Note S1).
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Figure 2. Characterization of the electrochemically formed SEI formed before the onset of Li nucleation and after Li deposition
(A and B) GPC results of the SEl formed upon discharge to 0V at 0.1 mA cm ™2 and after one Li plating-stripping cycle at 0.1 mA cm ™2 for 0.5 mAh cm 2.

(C and D) Topography (C) and the corresponding 2D mapping (D) of C-O stretches of the SEl based on AFM-nanolR. The SEl layer was obtained ona Cu

substrate in Li||Cu coin cell after one cycle of plating/stripping 3 mAh cm ™2 Li at 0.5 mA cm ™2,

(E-G) XPS spectra of the SEl on Cu upon discharge to 1.4 V and 0V and on 2 mAh cm ™2 Li deposition obtained at 0.5 mA cm ™2
(H and I) TOF-SIMS based 3D renders of O°, C,H,O~ and CHO, ™ upon discharge to 0V and after Li deposition for 2 mAh cm 2 at0.5mA cm 2 The X-y
dimensions of the reneged volume are 100 x 100 um.

RESULTS AND DISCUSSION

Chemical composition and structure of the polymeric-inorganic SEI

The presence of polymeric content in the SEl was identified by gel permeation chro-
matography (GPC) analysis of the SEI from discharged/cycled Li||Cu coin cells
(Figures 2A, 2B, S2, and Table S1), which confirms the occurrence of polymerization
process during the SEI formation. The avg. M,, of polymer in the SEI formed upon
discharge to 0 V versus Li/Li* and prior to the onset of Li nucleation amounts to
8,461 g mol™", which increases to 20,240 g mol™" after the first metallic Li plating-
stripping cycle, indicating more intensive polymerization upon the presence of Li
deposits. The polymeric compounds in the SEI layer were further identified to be
poly-DOL, which, as the product from the familiar ring-opening polymerization of cy-
clic ethers and DOL here, is confirmed by atomic force microscopy-infrared nano-
spectroscopy (AFM-nanolR) and synchrotron Fourier transform infrared (s-FTIR)
spectra (Figures S3 and S4A). In those spectra, the peaks at 865 and 1,081 em™!
are derived from the long-chain -CH;- and C-O stretches of poly-DOL, respec-
tively.” Two-dimensional mapping of C-O stretches in the SEI (Figures 2C, 2D,
and S4B) reveals the homogeneous distribution of poly-DOL in the SEI layer.

To further elucidate the chemistry and structure of the polymeric-inorganic SEI, we
performed depth-profiling XPS characterizations on the SEI formed on Cu

Cell Reports Physical Science 3, 101057, October 19, 2022 3
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electrodes at various stages of the electrochemical process (Figures 2E-2G). The
major content on the surface layer of the SEIl formed upon discharge to 1.4 V versus
Li/Li* is poly-DOL, according to the strong signals of C-C/C-H and C-O bonds in the
C 1s and O 1s regions. Meanwhile, inorganic compounds, LiF, Li,O, Li3zN, and
LixNO,, are also observed owing to the decomposition of the LiFSI and LiNOj3 in
the electrolyte. When discharged to 0 V, no evident changes are observed in the
spectra, suggesting that the chemical composition of the SEl surface remains rather
stable. In comparison, the signals of Li,O become significantly stronger when 2 mAh
cm~2 Li is deposited. The XPS spectra after 30 s Ar sputtering (Figure S5) resemble
those before sputtering, except that the signals related to poly-DOL become
weaker, while the inorganic compounds, particularly Li,O, appear more dominant.
This indicates that the SEls are rich in Li,O in the inner part, while the outer layer
is enriched with polymer.

To evaluate the three-dimensional distribution of polymeric and inorganic compo-
nents in the SEI, time-of-flight secondary ion mass spectrometry (TOF-SIMS)
experiments were carried out. In good agreement with the XPS results, TOF-SIMS
also detects strong intensities of both inorganic compounds (indicator: O™) and
organic fragments arising from polymeric species (indicators: C,H,O~ and
CHO,") (Figures 2H, 21, S6A, and S6B), suggesting the existence of Li,O adjacent
to poly-DOL. Two-dimensional mapping of these fragments overlaps with each
other (Figures S6C-S6J), indicating their homogeneous distribution at the micro-
meter scale, which is consistent with the s-FTIR-based mapping result (Figure S4B).
Meanwhile, the uniform topography, together with the homogeneous distribution of
the elastic modulus obtained from atomic force microscopy (AFM) (Figure S7), sug-
gest that the polymeric-inorganic SEI layer is uniform in polymeric and inorganic
compounds. These characteristics of the SEI ensure homogeneous Li-ion transport
across the SELI

In light of the spectral results, we unveil the chemical composition and structure of
the polymeric-inorganic SEI formed by the “locking and unlocking” mechanism of
polymerization. As illustrated in Figure 1A, both polymeric (poly-DOL) and inorganic
(LizO, LiF, LizN, etc.) compounds are present and distributed evenly in the SEI, while
gradients of inorganic and polymeric components still exist, with the former rela-
tively concentrating in the inner and the latter enriched in the outer part of the
SEl. The rich polymeric content promotes the flexibility of the polymeric-inorganic
SEl, while the inorganic compounds, especially Li,O, improve the compactness
and mechanical strength of the SEI. Meanwhile, the homogeneous polymeric-inor-
ganic distribution facilitates uniform Li-ion transport in the SEI, which suppresses
the dendritic Li deposition contributing to high CEs.

Formation mechanism of the polymeric-inorganic SEI

To elucidate the forming process of the operando polymerized SEI, we conducted
theoretical computations on the decomposition pathway of the LiFSI-LINO3-DOL
electrolyte. The initial reductions of NO3~ and FSI~ triggered by Li® were simulated
using quantum mechanics-based molecular dynamics (QM-MD) (Figure 3A and Note
S2). For FSI7, we found that one of its S-F bonds easily splits into F~ plus one
FSO,NSO;- radical (denoted as FSI-F) in the electrolyte, consistent with the previ-
ously reported FSI~ decomposition pathway.” Meanwhile, rapid and complete
NO;3;~ decomposition is observed in the QM-MD, which has received insufficient
attention. These reactions start from the fast diffusion of NO3;™ to the Li anode, fol-
lowed with quick breaking of all N-O and N=O bonds leading to the formation of
Li,O and LisN precipitates. Hybrid ab initio and reactive force field (HAIR) MD
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Figure 3. Theoretical computations on the SEI formation process
(A) The reactive snapshots of the decomposition of FSI™ (I-ll) and NO3™ (I'-V') based on QM-MD simulation of the LiFSI-LINO3-DOL system. The
reactions involve (I, I1) FSI™ = F~ + (-)SO,NSOSF, (I, II', 1) NO3 ™~ +2e~ — NO, ™ + 0?7, (IV)NO, ™ +2e~ — NO~ + 0%? and (V)NO +4e~ — N3~ + O?".

(B) The snapshots from HAIR-MD simulations of LiFSI-LiINO3-DOL at 0 ps and 110 ps. Color code: H, white; Li, purple; C, gray; N, blue; O, red; F, cyan; S,
yellow.

(C) Calculated Gibbs free energy profile of the ring-opening polymerization of DOL initiated by FSI-F radicals. The insets are photographs of as-
prepared and aged electrolytes of 1 M LiFSl in DOL and the electrolyte with 4 wt.% LiNOj3 after 12 h aging.

simulations®® were further used to investigate the decomposition processes of salts
and solvent on Li® with an extended time scale (Figures 3B and S8-S11). The forma-
tion of FSI-F and the continuous reduction of NO3™ are also captured using HAIR
simulations (Figure S8). We also found that FSI-F subsequently decomposes via
N-S bond cleavage to form LiF and Li,O (Figure 3B). The DOL ring-opening process
occurs after 110 ps, which further generates Li,O, CO,, C;Hy, etc. (Figures S9 and
$10). The significant decomposition of NO3™ anions and DOL leads to the rich
LiO content and high Li,O/LiF ratio in the SEI layer (Figure S11). Meanwhile, the
CO, generated may combine with O~ from the decomposition of NO3 ™ (Figure 3A),
which may explain the presence of Li,COj3 in the XPS spectra (Figures 2E-2G).

Although the polymerization process (with a time scale far beyond the brute force
atomic scale simulation) has yet been directly captured, density functional theory
(DFT) calculations provide a detailed reaction pathway of DOL polymerization initi-
ated by FSI-F radicals (Figures 3C and S12). It starts with the binding of a DOL mole-
cule to the FSI-F radical forming a DOL-FSI-F complex, where the donation of the
lone pair electrons from O of the DOL molecule to S of the FSI-F radical yields a
strong binding energy of —1.584 eV from the DFT prediction. The formation of
DOL-FSI-F complex activates the C-O bond in the DOL molecule allowing it to
bind with another DOL molecule, which triggers a ring-opening reaction of the
DOL molecule binding with the FSI-F radical, thus forming a DOL-L-FSI-F complex.
The ring-opening reaction is energetically favorable with a Gibbs free energy (4 G) of

Cell Reports Physical Science 3, 101057, October 19, 2022 5



¢? CellPress

OPEN ACCESS

—1.102 eV. The polymerization process propagates with a second DOL, whose bind-
ing with the DOL-L-FSI-F complex is also favorable, with a 4G of —0.277 eV. 4G of
the following ring-opening reaction is slightly positive (0.139 eV) but surmountable
atroom temperature. Overall, the DFT predicted thermodynamics (Table S2) reveals
that the FSI-F radical-initiated DOL polymerization is energetically favored.

The polymerization of DOL predicted by DFT calculations has been verified by the
mixture of LiFSI and DOL, which forms a transparent liquid but polymerizes and solid-
ifies spontaneously and uncontrolledly within 12 h forming a thick gel/polymer electro-
lyte (Figure 3C, inset and Figure S13A). This is probably caused by the defluorination of
FSI™ anions in the presence of Li* in the electrolyte solution, forming FSI-F radicals that
initiate the DOL polymerization. The defluorination of FSI™ can be facilitated by strong
interactions between Li" (i.e., Lewis acid) and F~ (i.e., Lewis base) and the precipitation
of LiF due to the virtual insolubility of LiF in organic solvents.?” Notably, the DOL poly-
merization can be suppressed significantly by LiINO3. With sufficient NO3™ (>0.4 wt. %,
Figure S14), the electrolyte remains as a fluid liquid (Figure 3B, inset, and Figure S13F).
In addition, LiNOj3 can still prevent the continuous polymerization of the LiFSI-DOL so-
lution, even after the polymerization reaction has been initiated (Figure S15). Therefore,
NO;~ serves as an effective inhibitor to the polymerization reaction in the electrolyte
solution. The underlying mechanism is that NO3~ binds stronger to FSI-F radicals
than the DOL molecule (—3.911 eV versus —1.584 eV, Table S3), which drastically sup-
presses the formation of the DOL-FSI-F complex. Meanwhile, LINO;3 also boosts the
reduction stability of FSI-F radical (Figure S16).

Based on the results above, we propose a controlled “locking and unlocking” mech-
anism of the interphase-confined operando polymerization for the formation of
polymeric-inorganic SEIl in the LiFSI-LiINO3-DOL electrolyte, as illustrated in Fig-
ure 1B. (1) The “unlocking” polymerization at the Li-electrolyte interface is because
of the consumption of polymerization inhibitor LINO3. Spontaneous defluorination
of FSI™ takes place on the aggressively reductive Li® (or on Cu at low voltage versus
Li/Li*), which derives FSI-F radicals as an initiator for DOL polymerization. In the
meantime, the polymerization inhibitor LINO3; decomposes at the Li metal-electro-
lyte interface forming inorganic Li salts (e.g., Li;O and LiN,O,), which largely
contribute to the inner part of the SEI, resulting in a temporary LiNO3-depletion layer
near the Li metal surface. The emergence of this temporary LINO3-depletion layer
promotes the interaction of FSI-F radicals with DOL molecules, instantaneously
inducing the ring-opening polymerization of DOL at the Li-electrolyte interface to
form the outer part of the SEI. This polymerization process terminates after a layer
of uniform and stable SEl is formed on the surface of Li® due to the weaker electrical
activation of FSI-F. Besides, the polymerization is “unlocking” after the decomposi-
tion of LINO3 forming inorganic Li salts like Li;O, which explains the phenomenon
that the inner part of the SEl is rich in Li,O while the outer part contains more
polymer. (2) The “locking” DOL polymerization in the electrolyte bulk results from
the co-existence of polymerization initiator and inhibitor. A high concentration of
LiINOj interacts with the FSI-F radicals in the bulk electrolyte, which effectively blocks
interactions of the FSI-F radicals with DOL molecules and prevents the bulk electro-
lyte from polymerization. Therefore, the radical-induced polymerization is localized
at the Li-electrolyte interface, which completely differs from the cation-initiated and
continuous DOL polymerization that results in polymerized or gelled electrolyte with

relatively poor Li-ion diffusion kinetics.***?

The controlled polymerization mechanism can be extended beyond the DOL-FSI-F
complex and to alternative anions (Figures S16 and S17). Table S4 shows 4G of
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different anions binding to the FSI-F radical, which can be used to evaluate their abil-
ity to prevent DOL polymerization. When the 4G is more negative than that of the
binding between the FSI-F radical and DOL molecule (—1.584 eV, —36.52 kcal
mol™"), DOL polymerization would be suppressed or inhibited, and otherwise not.
Our results reveal that ClO,~ cannot effectively suppress the DOL polymerization
since the 4G for FSI-F radical reacting with CIO4™ is —1.53 eV (—36.52 kcal mol™),
comparable to that between the FSI-F radical and DOL molecule. In comparison,
the 4G of NO,™ interacting with the FSI-F radical is much more negative (—2.718
eV = —62.68 kcal mol™"), suggesting that NO,~ is capable of inhibiting the DOL
polymerization. These calculation predictions have been verified experimentally,
where the LiFSI-NaNO,-DOL electrolyte preserves the liquid state over a month
(Figure S13D), while the LiFSI-LiCIO4-DOL electrolyte solidifies within 2 days
(Figure S13B).

Morphological evolution of the polymeric-inorganic SEl under Cryo-TEM and
in situ EC-AFM

We further performed cryogenic transmission electron microscopy (cryo-TEM) char-
acterizations to investigate the morphological evolution of the polymeric-inorganic
SEllayer during an Li plating process. Figure 4A shows that thick (~100 nm) and wrin-
kled SEl layers are formed at the initial stage of Li deposition (150 s). Surprisingly, the
SEl gets drastically stretched and thinned to ~20 nm after 12 min Li deposition and
eventually to 7 nm after 24 min Li deposition (Figures 4B and 4C), which suggests the
polymerized SEl is highly flexible and compact and agrees well with its polymer-rich
feature. The organic/polymeric nature of the SEl layer is also corroborated by the
extremely high sensitivity of the SEI to the electron beam during cryo-TEM imaging
(Figures S18-S23, Videos S1, S2, S3, S4, S5, and Sé, and Note S3).

The polymer in the SEI endows it with excellent flexibility to thin down and accom-
modate the large volumetric expansion of Li during the Li growth. Meanwhile, the
inorganic Li salts endow the SEI with the high compactness to prevent the severe
penetration of electrolytes after the stretching, which inhibits the decomposition
of electrolytes and further growth/re-thickening of the SEI. Such a high compactness
and excellent flexibility minimizes the breaking/repairing and continuous growth of
the SEI, which mitigates the active Li loss and contributes to the ultrahigh CEs.
Therefore, the compactness and flexibility are two important parameters for the
SEl, which requires the sophisticated mixing and appropriate ratio of the polymeric
and inorganic compounds in the SEI. The apparent thinning of the SEl in microscope
agrees with the rendered 3D illustrations of O~, C;H,0O~, and CHO,™ fragments in
Figures 2H and 2I, which shows that the SEI on the Li deposits appears to be signif-
icantly thinner than that formed on discharge to 0 V and before Li nucleation.

The ex situ morphologies of these Li deposits were revealed by micrographs and to-
mograms based on cryo-TEM and SEM (Figures 4D-4F, S24-S26, and Videos S7, S8,
and S9). Li deposits of 150 s appear like deflated balls (the deflation might be a
consequence of galvanic corrosion'’) with its walls made of the SEI layer
(Figures 4D and S24A). In the following process, the morphology of Li deposits pro-
gresses gradually from partially to fully filled balls and then to a bar shape. The balls
range from 100 nm to 1 to 2 um, while the bars are 2 to 4 um in diameter and several
to tens of micrometers in length (Figure S25). Tomography images and videos
(Figures S24B and S24C, and Videos S7, S8, and S9) show that these large balls (Fig-
ure S24B) and bars (Figure S24C) are plump without evident cracks or pits. With the
proceeding of deposition, the Li bars grow longer and bend, eventually leading to a
flat surface (Figure S25F) due to mechanical compression from the stack pressure
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Figure 4. Morphological evolution of Li deposition and the interface-confined SEI

(A-C) Cryo-TEM images of the SEl layers on 150 s (~0.02 mAh cm™), 12 min (0.1 mAh cm~?), and
24 min (0.2 mAh cm™?) Li deposits.

(D-F) Cryo-TEM micrographs. The total electron dosage used for imaging amounts to 15, 20.5, 41,
2.5,0.75, and 0.25 e A~2 for (A), (B), (C), (D), (E), and (F), respectively.

(G) Schematic of the morphological evolution of Li deposition and SEI.

inside the coin cells. These micron-sized Li deposits, either spherical or bar-like,
exhibit low tortuosity and high surface smoothness, which contributes to negligible
“dead” Li® upon Li stripping and high CEs for Li plating/stripping.**

Figure 4G schematically illustrates the process of SEI formation and Li® growth. The
SEl formation happens mainly at the initial stage of Li deposition (Figure S27 and
Table S5), forming thick and wrinkled polymeric SEI shells. Subsequently, Li ions
travel across the ionically conductive SEl and get reduced underneath as the depo-
sition proceeds, gradually inflating the SEl, and stretching and thinning the SEI
shells. The Li® deposits appear like an inflated ball with a smooth surface, probably
due to the uniformity of the SEI shell that induces the homogeneous Li-ion transport
and conformal growth of Li deposits. Subsequently, Li° balls grow toward Li® bars,
and the SEI gets further stretched along the direction perpendicular to the elec-
trode/electrolyte interface, whose polymeric shell effectively constrains the volu-
metric expansion of Li deposition through its own flexible deformation.

In situ electrochemical AFM (EC-AFM) was performed to investigate the real-time

nucleation and growth of Li° that simulates the condition of real batteries (Figure 5A,
528,529, and Video S10). AFM images in Figure 5 show the morphological evolution
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Figure 5. Morphological evolution of Li deposits monitored by in situ EC-AFM

Li deposition was obtained on a Cu substrate at 0.5 mA cm™?for 720 s. All scale bars, 1 um. Regions
A and B indicate the different deposition morphologies between the top and sides of the
deposited Li. The red arrow represents the growth direction of deposited Li.

of a single Li° particle formed during electrodeposition. Unlike the concave
morphology of the initial Li deposition revealed by ex situ probes (including AFM
in Figure S30, SEM in Figures S25A-S25C, and cryo-TEM in Figures 4D and 4E
and S24A), the deposited Li° appears to be plump spheres (Figures S28A-528J) un-
der in situ AFM, due to the absence of galvanic corrosion. The Li® deposits after 540 s
are obviously elongated in the region as marked by red arrows in Figure 5. The size of
deposited Li gradually grows from 600 nm at the initial 15 sto 3 pm at 720's, which is
equivalent to a volumetric expansion rate of more than 100 times.

Nanoscale morphological differences of Li surface can also be identified by the sur-
face micrographs in Figure 5. The top of the deposited Li (Region A) is smooth and
flat, while peculiar texture patterns are clearly visible on the side of the Li° particles
(Region B), which are also verified by the ex situ SEM image (marked by red arrows in
Figure S25D) and Cryo-TEM based 3D tomograms (Figure S24). These wrinkled
patterns are similar to stretched marks left on the skin due to the rapid growth of
the human body, suggesting the self-thinning and self-healing process of the poly-
meric-inorganic SEl at the fast-growing areas of Li deposition. The polymerized SEI
drastically stretches itself during the initial Li growth, and consequently repairs itself
instantaneously at overstretched regions thanks to the fast operando polymerization
of DOL confined at the Li-electrolyte interface.

The operando polymerized Li-SEI demonstrates significant advantages to promote
the reversibility of Li metal anodes: (1) It exhibits excellent mechanical flexibility and
self-healing property upon breakage and exposure of freshly deposited Li to the
liquid electrolyte during cycling, which effectively prevents exposure of new Li® sur-
faces, and suppresses the localized Li deposition and continuous SEI growth. (2) It
facilitates fast and homogeneous Li-ion conduction due to the nanometer thickness
and homogeneity of the polymerized interphase. Therefore, the operando polymer-
ized Li-SEl promotes spherical or bar-like Li deposits with low tortuosity and low sur-
face areas, contributing to negligible “dead” Li° evolution upon Li stripping and
minimizing the consumption of Li to form the SEIl for an ultrahigh CE of 99.73% for
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Figure 6. Electrochemical performance of Li metal batteries in LiFSI-LiNO3-DOL and LiFSI-LiNO3-
DME electrolytes

(A) Voltage-time profile of Li plating/stripping based on the method by Zhang et al.*”

(B) Coulombic efficiency of Li plating/stripping at a current density of 0.5 mA cm~2 and plating
capacity of 2 mAh cm =2 for each cycle.

(C) Specific discharge capacity and Coulombic efficiency of Li||LFP full cells (N/P ratio = 1) cycled at
0.33C between 2.6 and 3.8V (1 C = 160 mAh g’1)4

metallic Li plating/stripping (Figure 6A). In comparison, a lower CE of 99.32% is ob-
tained in the 1,2-Dimethoxyethane (DME)-replacing electrolyte (LiFSI-LINO3-DME)
without such an operando polymerization process. Moreover, the operando poly-
merized SEl enables better electrochemical kinetics (Note S4) and facilitates better
long-term cycling stability in Li/Cu half cells (Figure 6B) and Li||LFP full cells (Fig-
ure 6C) with a low N/P ratio of 1 (N/P ratio is defined as the capacity of negative elec-
trode to capacity of positive electrode).

Based on the above chemical/electrochemical and morphological analyses, we
conclude that (1) fast and homogeneous Li-ion transport and (2) high flexibility
and compactness are the two most important key performance indicators (KPls) of
an ideal Li-SEl. (1) To satisfy the first KPI, homogeneous distribution of inorganic
Li-salt (e.g., LiF and Li,O) grains within an interconnected polymeric framework
(high polymerization degree) in the SEl layer and the intimate interfacial contacts be-
tween each other would be essential to accelerate Li-ion diffusion throughout the
polymeric network. A low SEI thickness is also crucial to reduce the Li-ion diffusion
distance. (2) The second KPI requires an optimal polymeric/inorganic ratio in the
SEl layer. An inorganic-organic composite with the inorganic content too high suf-
fers from the sluggish Li* conduction and increasing brittleness, which is more prone
to cracking, once itis enriched with inorganic Li salts. For comparison, when organic/
polymeric content is dominant, the SEl struggles with the poor capability of prevent-
ing the electrolyte penetration of electrolytes and continuous SEI growth.
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In this work, we unveil the formation process of an operando polymerized SEI through
the "locking and unlocking” mechanism of interface-confined polymerization in a cyclic
ether-based electrolyte, which can only be “unlocking” by Li® at the electrochemical
interface while being “locking” in the electrolyte bulk. Our study further reveals that
the FSI-F radical acts as an initiator, while LINO3 as an inhibitor, for the polymerization
of DOL. This operando formed SEl is a conformal polymeric-inorganic composite that
exhibits fast and homogeneous transport of Li ions, facilitating micron-sized and low-
tortuosity Li deposition. With the excellent flexibility and robustness, the polymeric-
inorganic SEI effectively accommodates Li%-growth by 100 times through stretching
and healing itself while still preventing the newly deposited Li from exposure to the
liquid electrolyte. In this way, irreversible capacity loss is minimized with this thin and
flexible SEI, leading to an ultrahigh Li plating-stripping CE of 99.73%. This "“locking
and unlocking” mechanism of the polymeric-inorganic SEI formation sheds light on
the elusive dynamic process of SEI, guiding us to establish the KPIs of an ideal Li-SEl
and to develop the rational design of SEI for practical Li metal batteries.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for the resources are available from the lead con-
tact, Shuhong Jiao (jiaosh@ustc.edu.cn).

Materials availability
No unique materials were generated by this study.

Data and code availability
The data that support the findings of this study are available from the corresponding
authors on reasonable request.

Materials

Battery-grade LiFSI (99.8%), LINO3;, and DME (99.95%) were purchased from DoDo
Chem, and DOL (99.8%, anhydrous) from Sigma-Aldrich. LiFSI and LiINO3 were dried
at 80°C for 12 h before use. DOL and DME were used as received. Molecular sieves
were dried at 500°C for 3 h and transferred immediately to the transfer chamber of
the glove box before use. LiFePOy (LFP) cathode material was kindly provided by Yu-
huang Co. Carbon-coated Al foil (purity) was purchased from Alfa Asear. Li foils (250-
pm thick, 1.91-cm diameter) and copper (Cu) foil (25 pm in thickness) were purchased
from Kelding MTI Corporation. Li was used as received, while the Cu foil was washed
with ethanol (1x), 1 mol L™" hydrochloric acid (99%, SCRC) (1x), ethanol (1x) and
acetone (purity, SCRC) (1x). The Cu foil was dried in a vacuum drying oven, and then
transferred to the glovebox. All of the chemicals except ethanol, hydrochloric acid,
and acetone were kept and handled in a glovebox (Mikrouna) circulated with high-purity
argon gas (<1 ppm Oz and <1 ppm H,0). The working electrolyte was 1 M LiFSI in DOL
with 4 wt.% LiNO3. Meanwhile, 1 M LiFSI-DME + 4 wt.% LiNOz and commercial 1M LiPF,
in EC/DMC (v/v = 1:1) were tested as reference electrolytes. Note that 4 wt.% LiNO3 is
close to the saturation concentration in 1 M LiFSI-DOL. The poly-DOL were obtained
from 1 M LiFSI-DOL (without LiINO; additive) after 48 h aging for full polymerization.
The characterization of LiFSI-LiINO3-DOL electrolyte and poly-DOL is shown in Note S5.

Electrochemical testing

All of the electrochemical tests were performed using CR2032 coin-type cells placed
in a temperature-constant chamber operating at 25°C. In each cell, a piece of Cel-
gard 2,325 separator and 40 pL electrolyte were used.
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LiflLi symmetric cells and Li||Cu half cells

In Li[|Li symmetric cells, two pieces of Li chips (250 pm in thickness) were used as the
working and the counter electrode. In Li||Cu half cells, a Li chip (250 pm in thickness)
was used as the reference and the counter electrode and a piece of Cu foil was used
as the working electrode. Cyclic voltammetry tests in the range between 1 and
—0.4V versus Li/Li* were performed using Li||Cu cells with a piece of Li foil as the refer-
ence and the counter electrode and a piece of Cu foil as the working electrode by using
CHI760E electrochemical workstation (CH Instruments), at a scanning rate of 5 mV s
Electrochemical impedance spectroscopy (EIS) in the frequency of 100 kHz to 0.1 Hz
(amplitude: 10 mV) was performed using Li||Cu cells, measured by Solartron analytical
EnergylLab. Before the EIS test, the cells were performed a linear sweep voltammetry

process from 1 to —0.4 V versus Li/Li", at a scanning rate of 5 mV s™".

Lil|LiFePO, (LFP) full cells

Li||LFP full cells were constructed by using a piece of copper foil with 100% excess Li
or a piece of Li chip as the anode, a piece of LFP electrode (1.13 cm?) as the cathode,
and a piece of 2,325 separator. LFP cathode preparation: The LFP electrode was pre-
pared by casting the slurry mixture (80 wt.% active material, 10 wt.% TIMCAL
Graphite & Carbon Super P (KeJing MTI Co) and 10 wt.% HSV00 poly(vinylene fluo-
ride) binder (KeJing MTI Co) in N-methyl-2-pyrrolidone) onto the carbon-coated
aluminium (Al) current collector foil via blade-coating. The active material mass
was ~9.4 mg (~8.3 mg cm~?). The LFP cathode was dried at 110°C overnight to re-
move the moisture. The dried LFP electrode was immediately transferred to the glo-
vebox to prevent degradation.

Characterization

All electrode samples for characterizations were obtained from cycled Li||Cu coin
cells. Cells were dissembled in the glovebox before the characterizations. All of
the samples except GPC samples were rinsed with DOL to remove the electrolytes
left on the surface of the electrodes and dried in the glove box.

SEM

Morphological characterizations of the plated Li on the Cu working electrodes
(applying a negative polarization for different times on the Cu electrodes at a current
density of 0.5 mA cm~2) were performed by scanning electron microscopy (SEM; FEI
Apero), where the Helios accelerating focused ion beam was set as 2 kV. The elec-
trode samples were sealed in an airtight container during transfer. Once the
container was opened, the samples were loaded into the vacuum chamber of SEM
within 10s.

Cryo-TEM

Eppendorf tubes containing the TEM grids (bare Cu TEM grids, 600 Mesh, Science
Services, Munich, Germany) with Li deposits were immersed into a Dewar filled with
liquid nitrogen (LN,) and were then crushed quickly with a cutter plier while
immersed in LN in order to avoid exposing the TEM grids to the ambient atmo-
sphere. The TEM grids were either transferred directly to a JEOL JEM-2100 transmis-
sion electron microscope (JEOL GmbH, Eching, Germany) using a cryo transfer
tomography holder (Gatan 914; Gatan, Munich, Germany) or stored in LN,. Imaging
was carried out at temperatures around 90 K and the TEM was operated at an accel-
eration voltage of 200 kV. Cryo-TEM micrographs were recorded at several magni-
fications with a bottom-mounted 4k x 4k CMOS camera (TemCam-F416; TVIPS,
Gauting, Germany). Tomographic tilt series were acquired using the Serial-EM
acquisition software package”’ with a tilt range of &60° and a 2° angular increment.
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Tilt series were aligned using patch tracking and then reconstructed using weighted
back-projection with the IMOD software package.”' Segmentation was performed
using Amira (FEI Company, Eindhoven, The Netherlands) and movies of segmented

volumes were generated with UCSF Chimera.*?

GPC

The molecular weight distributions of the polymer in SEI or electrolytes were per-
formed by GPC (Elite P230ll) equipped with a refractive index detector (Shodex
R1-201H) and an Agress O1100 column oven with the eluent (THF, 40°C) at
1.0 mL min~" 5 mg poly-DOL dissolved in 2 mL THF (Sigma-Aldrich), and the poly-
mer composition of the SEl on Cu surface (washed by DME) dissolved and enriched
by THF solvent for GPC analysis. GPC analysis of the SEl formed upon discharge to
0V was prepared from the cells discharged to 0V at 0.1 mA cm 2 then held at 0 V for
8 h, and the cycled one was obtained from the cells after one Li plating-stripping cy-
cle at 0.1 mA cm~2 for 0.5 mAh cm 2. Two hundred microliters of as-prepared elec-
trolyte was dispersed in 2 mL THF before concentration, and the cycled electrolyte
was obtained from the separators extracted from the cycled coin cells. In order to
collect enough polymer, at least 20 coin cells were required in each extraction exper-
iment for GPC testing. All the enrichment processes are implemented by the evap-
oration of excess THF to 200 pL at room temperature.

Synchrotron FTIR

The synchrotron FTIR spectra and imaging of the Cu electrodes (with SEl on top) af-
ter three Li plating-stripping cycles in Li||Cu coin cells (at 0.5 mA cm~2 for 1 mAh
cm~?) were collected on the infrared spectroscopy and microspectroscopy beamline
(BLO1B) at the National Synchrotron Radiation Laboratory (NSRL), China, which is
equipped with a Bruker Vertex 70 FTIR spectrometer coupling with a Hyperion
2000 microscope. The spectra were measured in the range of 3,900 to 600 cm™'
with a total of 32 scans at aperture of 6 X 6 um, coupled with mapping step size
25 pm. All of the spectra were smoothed three times and normalized with the Bruker
OPUS software. The data were used to determine the distribution of polymer com-
pounds on the cycled Cu electrodes.

The cycled Cu electrodes were transferred in an airtight container. Before the tests, all
of the samples were exposed in the air for an hour to allow the Li alkoxides in the SEl to
be converted to carbonates by reacting with CO, and H,O in the air, which usually com-
pletes within few minutes at room temperature.*® Polymer compounds like polyethers
in the SEI are stable in the air,?® and thus remained after air exposure. Therefore, the
remaining C-O species detected by FTIR would be related to the polymer compounds.

AFM-nanolR

Topography and chemistry of the SEI layer were studied by a nanolR3 system
(Bruker) equipped with Bruker Hyperspectral QCL. The SEI sample was obtained
by plating Li on the Cu electrode (areal capacity of 3 mAh cm™?) in the Li[|Cu coin
cell with a current density of 0.5 mA cm ™2, and then completely stripping the plated
Li with a cutoff voltage of 1V versus Li/Li*. Both topography and AFM-IR measure-
ments were conducted in the contact mode. The IR spectrum in the range of 800 to

1,900 cm ™" was recorded with the spectral resolution of 2 cm™".

AFM
The topography of the plated Li (areal capacity: 1 mAh cm~2) was obtained with AFM

(Dimension lcon, BRUKER) in the peak force tapping mode with sharp AFM tips
(Bruker ScanAsyst Air). The modulus distribution of the SEI layer above the Li was
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obtained in peak force quantitative nanomechanical mapping (QNM) mode with
sharp AFM tips (Bruker RTESPA-300). After the electrochemical processes, the cells
were dissembled in the glovebox and the samples were rinsed with DOL. Then the
samples were loaded onto the sample stage of AFM, which was placed in the same
glovebox, thus preventing the exposure of samples in the air. For the peak force
QNM mode, the indentation depth was set at 5 nm. Since the thickness of the SEI
layeris generally >10 nm and >7 nm in this work, the modulus was from the SEl layer
rather than Li metal.

In situ EC-AFM

The Cu film prepared by the magnetron sputtering system (JGP450, SKY Technol-
ogy Development Co., Ltd., CAS) was used as a flat substrate (working electrode)
for Li deposition. Cu was deposited on the mica flakes with atomic level flat surface
for 30 min, and the sputtering pressure and power were 0.4 Pa and 50 W, respec-
tively. All in situ AFM height images and corresponding peak-force error images
were obtained in the peak force tapping mode on Dimension Icon AFM (BRUKER,
in the glovebox) with sharp AFM tips (Bruker ScanAsyst Fluid). The electrolyte of
1 M LiFSI in DOL with 4 wt.% LiINO3 was used as the working electrolyte. A piece
of Li ring was used as the reference and the counter electrode. The schematic dia-
gram of in situ AFM is shown in Figure S31, and the in situ EC-AFM fluid cell was ob-
tained from Bruker Corporation. CHI760E electrochemical workstation was used for
galvanostatic tests at a current density of 0.5 mA cm~2. The electrochemical cell was
held at 0 V when acquiring AFM images. During the whole test, the electrochemical
cell was relatively sealed to prevent the volatilization of the electrolyte.

XPS

SEI chemistry for Cu electrodes at different discharge state (discharging Li||Cu coin
cellto 1.4V and 0V versus Li/Li*, or passing through areal capacity of 2mAh cm 2 on
Cu electrodes) were performed by XPS (PHI-5000 VersaProbe) with a focused mono-
chromatic Al Ka X-ray source. All the spectra results were calibrated with the C 1s
photoemission peak at 284.8 eV to get rid of the charging effect. Depth-profiling re-
sults were obtained after Ar cluster ions sputtering (5 keV) on samples for 30s. All
samples from the glove box were transferred to an airtight container to avoid air
exposure. All of spectra were fitted using the XPSpeak software.

TOF-SIMS

SEI chemistry depth profiles for Cu electrodes discharged to 0 V and for 4 h (areal
capacity of 2 mAh cm~?) were obtained by a time-of-flight secondary ion mass spec-
trometer (TOF.SIMS5-100) with a 1 keV Cs™ beam for sputtering. A 10 keV Bi* beam
was used for analysis over a 100 pm X 100 um area.

NMR

1 M LiFSI/DOL with 4 wt.% LiNOj3 (200 pL) or solid poly-DOL (30 mg) were dispersed
in 0.5 mL DMSO-d, (Sigma-Aldrich) using an airtight NMR tube for "H and "*C NMR
experiment, which was recorded on a Bruker AVANCE IlI 400 spectrometer. 'H and
13C spectra were referenced to DMSO-d, at 2.50 ppm (5 "H) and 39.5 ppm (3 °C).

Computational details

In the QM-MD simulation, we used 1 LiFSI - 1 LINO3 - 14 DOL to simulate the LiFSI-
LINO3-DOL electrolyte. The Li anode was simulated by using 3 by 3 by 6 Li (100) sur-
face with 54 Li atoms. The vacuum between the anode and its periodic image is set
according to the experimental density of the three electrolytes, respectively. Then,
the components of the electrolyte were randomly inserted to the vacuum, forming
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the electrolyte/anode half-cell with two explicit electrolyte/anode interfaces. We
then carried out QM optimization followed by MD equilibration and 10 ps MD
NVT simulation to investigate the initial reaction. Significant initial chemical reac-
tions were observed in 10 ps of QM-MD simulations for these three systems. The
QM-MD calculations were carried out using the VASP software®**® (version 5.4.4).

In the hybrid ab initio and reactive force field reactive dynamics-molecular dynamics
(HAIR-MD) simulations, the Li metal anode was represented by a six-layer (3 X 3) super-
cell slab. Where the two bottom layers of the slab were fixed, we used the Li (100) sur-
face to react with the electrolyte. To represent the electrolyte, we placed 13 DOL mol-
ecules in a periodic box. The desired 1 M concentration of Li salts is achieved with one
molecule of LiFSI and LiINO; and the final simulation periodic cell was
10.5 x 10.5 x 26.5 A, approximately. During the HAIR-MD simulation procedure, mo-
lecular dynamics simulations start with the AIMD (0.5 ps), followed by ReaxFF MD (5 ps),
and continued alternatively using the NVT ensemble at 300 K, which lasts for 550 ps
(100 cycles) with a 10-time acceleration. The timesteps for AIMD and ReaxFF were
set at 1 fs and 0.25 fs, respectively, to guarantee good energy conservation during
the HAIR simulations while ensuring efficient convergence for collisions and smooth re-
actions. The AIMD simulations are carried out using the Vienna ab Initio Simulation
Package (VASP 5.4.4) while the ReaxFF simulations used the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS 2018) software.

Although it is almost impossible to directly capture the polymerization due to its
limited time scale, the most favorable reaction pathway (Figure S12) has been pro-
posed based on our previous study“® and confirmed from hybrid function calcula-
tions. To study the mechanism of DOL molecular polymerization, molecular geom-
etries of all model were optimized without constraints by DFT calculations using the
B3LYP functional®’ with 6-31G(d) basis set for all atoms. To take the dispersion inter-
actions into account, we consider the DFT-D3 dispersion correction.”® The vibra-
tional frequencies were computed at the same level to evaluate its zero-point vibra-
tional energy and thermal corrections at 298 K. In terms of considering solvent
effects, the single-point energy calculations were performed at the B3LYP with the
6-311+G(d,p) basis set level for all atoms. Besides, solvent effects were considered
using the continuum solvent model SMD*? for 1,3-dioxolane (DOL, dielectric con-
stant is 7.13), which was used as the solvent in this experimental study. The Gibbs
free energy for each species is taken as the sum of the thermal correction to free en-
ergies in the gas phase and the single-point energy in solution.

The time-dependent density functional theory (TD-DFT)>%-"
electronic properties of different acidic group with FSI-F systems. The frontier mo-
lecular orbitals (FMOs) and their energies were obtained at B3LYP/6-311+G(d,p)
level. At the same time, the solvent effects of DOL were considered by using the con-
tinuum solvent model SMD. All calculations were performed with the Gaussian 16

was used to explore the

suite of programs® (Revision A.01).
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