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Rechargeable lithium (Li) metal batteries face challenges in achieving stable cycling due to
the instability of the solid electrolyte interphase (SEI). The Li-ion solvation structure and
its desolvation process are crucial for the formation of a stable SEI on Li metal anodes and
improving Li plating/stripping kinetics. This research introduces an interfacial desolvation
coating technique to actively modulate the Li-ion solvation structure at the Li metal
interface and regulate the participation of the electrolyte solvent in SEI formation.
Through experimental investigations conducted using a carbonate electrolyte with limited
compatibility to Li metal, the optimized desolvation coating layer, composed of 12-crown-4
ether-modified silica materials, selectively displaces strongly coordinating solvents while
simultaneously enriching weakly coordinating fluorinated solvents at the Li
metal/electrolyte interface. This selective desolvation and enrichment effect reduce solvent
participation to SEI and thus facilitate the formation of a LiF-dominant SEI with greatly
reduced organic species on the Li metal surface, as conclusively verified through various
characterization techniques including XPS, quantitative NMR, operando NMR, cryo-TEM,
EELS, and EDS. The interfacial desolvation coating technique enables excellent rate
cycling stability (i.e., 1C) of the Li metal anode and prolonged cycling life of the Li||LiCoO,
pouch cell in conventional carbonate electrolyte (E/C 2.6 g/Ah), with 80% capacity
retention after 333 cycles.

lithium metal anode | solid electrolyte interphase | selective desolvation coating

Significance

Forming a stable solid electrolyte interphase (SEI) on Li metal anodes is challenging while
pivotal to enable rechargeable lithium (Li) metal batteries with high-energy-density and long
cycle life. Addressing this challenge, this research presents an interfacial desolvation coating
technique that actively modulates the Li-ion solvation structure at the Li metal interface. By
selectively displacing strongly coordinating solvents and enriching weakly coordinating
fluorinated solvents, the optimized desolvation coating layer promotes the formation of a LiF-
dominant SEI on the Li metal surface. This desolvation technique significantly reduces solvent
participation in SEI formation, leading to substantially enhanced stability of Li metal anode even
in the challenging conventional carbonate electrolyte.
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Rechargeable Li metal batteries are one of the most promising next-generation high-energy-
density battery technologies (1). However, the stable cycling of Li metal anodes has long been
hindered by uncontrollable Li dendrite formation and low Coulombic efficiency (CE) due to the
repeated breakdown/reformation of SEI layer derived from electrolyte decomposition on the Li
metal anode surface (2, 3). The intrinsic process of SEI formation involves solvated Li-ion
transport through an electric double layer, its desolvation at the inner Helmholtz plane, followed
by Li-ion reduction and the desolvated solvent reduction on Li metal. The composition and
structure of SEI contributed by electrolyte decomposition are affected by the composition of the
electrolyte, including Li salts, solvents, additives, and the solvation structure of Li-ion. So far,
considerable strategies have been explored to generate a robust SEI for Li metal anode, including
tuning electrolyte composition (4-10), engineering interfacial properties (11-14), and applying a
protective layer to block/mitigate electrolyte decomposition during SEI formation (15-17). The
developed strategies validate that the formation of an electrochemically and mechanically stable
SEI layer can improve the cycling life of Li metal anodes by regulating the formation of SEI
layers with components such as LiF (18) and Li,O (19), and by controlling their nanoscale
spatial distribution, such as mosaic, layered, or monolithic structures, within the SEI layer (20,
21). However, as the SEI may still experience cracking and damage upon Li plating/striping, the
electrolyte will inevitably contact Li metal to participate SEI reformation process, and thus the
electrolyte-derived SEI still plays an essential role in sustaining the (re)formed SEI layer to

enable stable Li metal cycling (22, 23).

The liquid electrolyte-directed SEI comprises the inorganic and organic components with its
composition and structures governed by the intrinsic solvation of Li-ion with organic electrolyte

solvents and by the reactivities of anions and solvents with Li metal anodes (24). The recent
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development of SEI chemistry and engineering typically employed fluorinated co-solvent and/or
fluorine-containing Li salts to enhance the generation of inorganic component in SEI with
controlled nanostructures (25, 26). While, it is still challenging to regulate the involvement of
organic solvent in the SEI formation process since Li-ion coordinating organic solvent inevitably
participate the SEI formation and often randomly contributes to form the organic component
during the SEI formation (27). Thus far, the actual fine-tuning of Li-ion solvation structure at the
Li metal/electrolyte interface, tailoring of organic solvent participation in the SEI formation

process, and control of SEI functionality on Li metal anodes are particularly important.

Herein, we demonstrate a strategy of desolvation coating technique to alter the Li-ion solvation
structure at the Li metal/electrolyte interface, tune the electrolyte solvent contribution to SEI
formation, and thus control the composition and nanostructure of the self-formed SEI layer. In
this coating layer schematically illustrated in Fig. 1, the strongly Li-ion coordinating solvent is
selectively displaced to the bulk electrolyte, and simultaneously the weakly Li-ion coordinating
fluorinated solvent increasingly involves Li-ion solvation, resulting in suppressed electrolyte
solvent participation in SEI formation process and a stable LiF-dominant SEI layer with greatly
reduced organic species. We first explore various functional molecules of linear ether, branched
amine, and crown ether to study their effects on Li-ion solvation structures by **C nuclear
magnetic resonance (NMR) techniques, and density functional theory (DFT) calculations and
molecular dynamics (MD) simulations. The 12-crown-4 ether (12-C-4) was identified to show a
strong effect on changing the solvation structure of Li-ion. The desolvation coating layer is
therefore fabricated using surface-functionalized silica materials covalently modified with 12-C-
4 or linear ether. As a proof of concept, we applied a desolvation coating layer on Li metal in

conventional carbonate electrolyte to mitigate the pronounced reactivity between carbonate
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electrolytes and the Li metal anode, thus addressing the significant challenges associated with the
utilization of these electrolytes in Li metal batteries. The 12-C-4 ether functionalized silica (CES)
coating layer demonstrates a desolvation selectivity on strongly coordinating electrolyte solvent
ethylene carbonate (EC) over weakly coordinating solvents such as diethyl carbonate (DEC) and
fluoroethylene carbonate (FEC), in contrast to negligible desolvation effect observed from the
liner polyethylene oxide functionalized silica (PEOS) coating layer. In addition, the desolvation
coating layer CES also enables increased participation of FEC, a weakly coordinating solvent
that has the capability of generating LiF and is typically used as an SEI forming agent (28), in
Li-ion solvation. As a result, the introduced CES alters the Li-ion solvation structure at the
Li/electrolyte interface, reduces the solvent contribution to the SEI formation and facilitates an
inorganic-rich SEI with LiF as the dominant species, as verified by high-resolution and depth-
profiling X-ray photoelectron spectroscopy (XPS) analysis and cryogenic transmission electron
microscopy (cryo-TEM). The use of CES coating layer with the selective desolvation
functionality boosts Li plating/striping CE to 99.1% in conventional carbonate electrolyte,
delivers improved rate performance of Li metal anodes, and enables a remarkable cycling life of
a Li||LiCoO;, (LCO) pouch cell with an 80% capacity retention after 333 cycles under practical
conditions (LCO 3.3 mAh/cm?, negative/positive electrode capacity (N/P) ratio of 3.0 and
electrolyte/capacity (E/C) ratio of 2.6 g/Ah). The selective desolvation coating layer effectively
retards the electrolyte decomposition verified by quantitative °F and *H NMR technique and
unveils the solution to the conundrum of incompatibility between Li metal anodes and

electrolytes.
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Selective displacement of strongly Li-ion coordinating solvent & enrichment of SEI forming agent
of interfacial Li-ion solvation by a desolvation coating layer

Tuned Li-ion solvation structure SEI with greatly reduced oganic species

é? zv‘\YL,‘.“ é{ Li-ion

Li meta

Fig. 1. Schematic illustrations of the interfacial Li-ion solvation structure tuned by a selective desolvation coating
technique. The solvation structure of Li-ion can be tuned and selectively desolvated by the 12-C-4 ether installed coating layer.
The developed selective desolvation technique facilitates a stable inorganic-rich SEI with LiF as the dominant species and greatly
reduced organic species.

Results and discussions

Starting from functional molecules with strong Li-ion coordinating capability for Li-ion
enrichment effects (29, 30), we investigate the branched amine (polyethylenimine, PEI), linear
ether (polyethylene oxide, PEO), and crown ether 12-C-4 to reveal their potential in altering Li-
ion solvation structure. The PEI, PEO, and 12-C-4 with an equivalent mole of coordination sites
(N or O) were added separately to the single-solvent electrolyte of 1M LiPFg in DEC. The
resulting electrolytes were analyzed by using *C NMR technique (SI Appendix, Fig. S1).
Interestingly, only in the presence of 12-C-4, the carbonyl carbon of DEC showed a noticeable
upfield chemical shift (0.24 ppm), suggesting an increase of free DEC molecules and change of
Li-ion solvation structure by the addition of 12-C-4, attributed to the specific

selectivity/coordination ability of 12-C-4 to Li-ion (31).
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Fig. 2. Chemical structures of PEOS, CES and the NMR spectroscopic analysis of electrolytes. (A) The chemical structure
of POES. (B) The chemical structure of CES. (C) The 3C NMR spectra of electrolytes with different concentrations of LiPFg in
EC/DEC (1:1 v/v) with 15 wt% FEC. (D) The plots of chemical shift differences of the EC, DEC and FEC carbonyl carbons with
different LiPFs concentrations. (E) The *C NMR spectra of pristine mixed carbonate electrolyte, PEOS-added and CES-added
electrolytes. (F) The plots of chemical shift differences of the EC, DEC and FEC carbonyl carbons in the pristine electrolyte,
PEOS-added and CES-added electrolyte. (G—I) The *H NMR determined molar ratios of EC, DEC and FEC of the pristine
electrolyte (G), PEOS-added electrolyte (H) and CES-added electrolyte (), the molar ratio values were obtained by averaging

the results from 3 parallel experiments.
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To realize interfacial manipulation of Li-ion desolvation for SEI formation, the 12-C-4 ether
were covalently installed onto the silica nanoparticles surface, followed by coating on top of the
Li metal anode to serve as a desolvation coating layer. The coating layer is designed to promote
the Li-ion desolvation at the interface of Li metal, aiming to facilitate an inorganic-rich robust
SEI formation by mitigating the parasitic reactions between organic electrolyte solvent and Li
metal anode. A PEOS coating layer containing linear PEO functional groups with mainly Li-ion
enrichment effects and negligible desolvation effect was also synthesized as a control and

evaluated to prove the superiority of the CES coating layer (SI Appendix, Scheme S1-3).

With PEOS and CES materials in hand, we investigate the Li-ion solvation in a conventional
mixed carbonate electrolyte (1 M LiPFg in EC/DEC (v/v = 1:1) with 15 wt % FEC) using °C
NMR analysis. First, as shown in Fig. 2C, the electrolytes with different concentrations of LiPFg
were studied by the *C NMR technique showing chemical shift differences of carbonate
solvents of EC, DEC and FEC. The **C chemical shifts of the carbonyl carbons of EC, DEC,
and FEC all gradually move upfield as the concentrations of LiPFgs decrease, reflecting the
changes in the chemical environment for the carbonyl carbons of EC, DEC, and FEC due to the
weaker solvation of carbonate solvents with Li-ion and more free carbonate solvents.
Interestingly, the chemical shift difference between the specific LiPFg concentration and 1 M
LiPFs among the carbonyl carbons increases orderly from FEC, DEC to EC (Fig. 2D), indicating
the strongest coordination capability between EC and Li-ion while the weakest coordination
capability of FEC with Li-ion. Next, when PEOS added into the electrolyte of 1 M LiPFg in
EC/DEC (v/v = 1:1) with 15 wt% FEC, very slight upfield chemical shifts of the carbonyl
carbons (< 0.1 ppm) in **C NMR are observed. This result indicates that the PEOS with Li-ion

coordination functionality negligibly influences the Li-ion solvation structure. In contrast,
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noticeable upfield chemical shift differences, i.e., 0.48 ppm for EC, 0.24 ppm for DEC and 0.18
ppm for FEC, are observed when the CES is added to the electrolyte (Fig. 2E and 2F). The
distinguished upfield chemical shifts of EC, DEC and FEC between PEOS-added and CES-
added electrolytes indicate that the CES can not only effectively dissociate the solvation
complexes of Li-ion with carbonate solvents (i.e., desolvation), but also demonstrate a
preferential desolvation effect on the strong Li-ion-coordination solvent EC (higher upfield
chemical shift of 0.48 ppm for EC than that for DEC and FEC) over the weakly coordinating
solvents DEC and FEC in CES-added electrolyte. It is worth noting that the CES can also
facilitate the desolvation effect of Li-ion in the ether-based electrolyte, such as the localized
high-concentration electrolyte LiFSI-1.2DME-3TTE (molar ratio, DME: 1,2-dimethoxyethane,

TTE: 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether) (SI Appendix, Fig. S16).

To quantitatively verify the disclosed desolvation effect, the molar ratios of EC, DEC, and
FEC in the CES-added or PEOS-added electrolyte and pristine mixed carbonate electrolyte were
determined by 'H quantitative NMR analysis (Fig. 2G—I). Compared to the pristine electrolyte,
the CES-added electrolyte showed an increased EC molar ratio from 56.2% to 59.4%, a slightly
increased DEC molar ratio from 31.1% to 31.8%, and a much-decreased FEC molar ratio from
12.5% to 8.5%. In contrast, the PEOS-added electrolyte showed a negligible difference in molar
ratios of each solvent compared to the pristine electrolyte. These quantitative results revealed by
'H NMR, suggest that the CES material enables the preferential displacement of EC into the bulk
electrolyte solution, while demonstrating an enrichment of FEC within the CES material matrix.
With the Li-ion solvation structure tuned by CES material, the contribution of the solvents EC

and FEC to the SEI formation at the Li metal/electrolyte interface can be significantly altered.
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Fig. 3. DFT and MD studies of the Li-ion solvation structures. Electronic structure of 12-C-4 (A), triglyme (B), EC (C),
DEC (D) and FEC (E) molecules included in electrolyte, represented by electrostatic potential map. Blue, white and red color
correspond to electrostatic potential varying from minimum level of -78.76 kJ mol™* to maximum level of 78.76 kJ mol ™. Li
local environment and coordination ability represented in terms of the interactions with carbonyl oxygen atom of EC, DEC and
FEC for neat pristine electrolyte (F), pristine electrolyte reached by 12-C-4 (G) and ethylendioxy (H) moieties, based on radial
distribution function, g(r), and running coordination number, cn(r). Probability distribution (in %) of Li-molecular complexes in
the first solvation shell of Li for neat pristine electrolyte (1), pristine electrolyte reached by 12-C-4 (J) and ethylendioxy (K)
moieties, where Li-molecular complexes with probability < 3.5% are merged and represented as a combined contribution
LiCESEC,FECLDEC, and LiPEOS,EC;FECDEC, for clarity (see also SI Appendix, Fig. S22). Illustration of the ensemble
averaged Li-ion solvation structure for neat pristine electrolyte (L), pristine electrolyte reached by 12-C-4 (M) and triglyme (N)
moieties.

The DFT calculations were further employed to support the NMR measurements on the Li-ion

solvation structure. The preliminary analysis of the electronic structure of the electrolyte
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constituents shows a high electron density at the vicinity of ether oxygen for 12-C-4 and
triglyme, representing CES and PEOS, respectively (Fig. 3A-B), whereas the EC, DEC and FEC
featured by a relatively higher electron density on carbonyl oxygen (Fig. 3C—E). Introducing Li"
to PEOS results in the formation of two energetically favorable configurations with open-chain
and curled structures, similar to those obtained for Li*/CES complexes (SI Appendix, Fig. S21).
The addition of solvent molecules to the Li*/CES and Li*/PEOS complexes does not alter the
PEOS and CES structure and also demonstrates a higher binding energy for EC compared to
FEC and DEC. On the other hand, for all the considered ion-molecular complexes, a higher
binding energy was found for curled PEOS structures, which seemingly contradicts the CES
desolvation ability. To gain further insight into the Li solvation structure, MD simulations of the

condensed phase with a large ensemble of particles were further conducted.

The MD simulations of the Li-ion solvation environment in pristine electrolyte show that
while there is no preferential localization of the cation with respect to counterions or solvent
molecules, the coordination ability of Li-ion to electrolyte constituents/additives is higher for EC
molecules (coordination number, cn = 2.14) than for DEC (cn = 1.94); and FEC (cn = 0.05) has
the poorest Li-ion coordination ability, as shown in Fig. 3F-H, consistent to semi-competitive
solvation phenomenon in the carbonate-based electrolytes (32). Unlike PEQOS, the CES can
redistribute the Li-ion local coordination environment, leading to a weakening of Li coordination
ability to EC and DEC (cn 1.94 and 1.69, respectively), and an increase for FEC (cn = 0.069). A
statistical description of the Li-ion coordination ability within the solvation shell (Fig. 31-K)
shows dominant contribution of EC and DEC molecules (LIEC,DEC,, Fig. 3L) for all the

considered systems, where the probability of such ion-molecular complex reduces from 44.5% in
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242 Fig. 4. The XPS depth profiling data of the formed SEI layer. (A-F) High-resolution C 1s and F 1s depth
243 profiling XPS spectra of the formed SEI of bare Li (A and B), PEOS@L.i (B and E) and CES@L.i (C and F), after
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247  fraction of CES in the Li-ion solvation shell of is around 16.4%, e.g., LICES;EC,DEC; +

248  LICES.EC,, (Fig. 3M) in contrast to the negligible contribution fraction (< 3.5%) of PEOS in Li-
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ion solvation shell (Fig. 3N). Together, all these NMR and theoretical modeling results
corroborate the selective desolvation on EC over DEC and FEC and an enrichment of FEC in the

presence of CES material.

Further studies were conducted to apply the CES coating material on Li metal with the
desolvation function to alter SEI formation process and tune compositional distribution and
structure of SEI on Li metal. To reveal the SEI composition aroused by the application of the
CES desolvation layer, we elucidated the interfacial chemical compositions using the XPS depth
profiling analysis on Li metal anodes obtained from Li||LCO pouch cells after 10 cycles. As
shown in the high-resolution C 1s and F 1s XPS spectra (Fig. 4A-F). The peak intensities and
relative contents of R-O-CO,- species (at ~289.8 eV) and C=0 (at ~288.2 eV), which can be
only generated from the decomposition of the carbonate solvents (EC, DEC, and FEC), clearly
reduce in the presence of CES coating layer (Fig. 4C), indicating the mitigated parasitic reaction
between the carbonate solvent and Li metal anode. Meanwhile, the peaks at 684.8 eV in the F 1s
spectra attributed to LiF show an apparent increase in peak intensities, suggesting a LiF-
dominant SEI formed on the Li metal anode with the CES coating layer (Fig. 4F), compared with
bare Li (Fig. 4D) and PEOS-coated Li metal anode (Fig. 4E). Furthermore, the abundance depth
profiles of SEI components (R-O-CO,-, C=0 species, and LiF) quantitatively verify reduced
content of organic SEI components of R-O-CO,- and C=0 species and increased content of LiF
SEI component in the CES coating layer than PEOS coating layer and bare Li metal (Fig. 4G-1).
Echoing the **C and *H NMR studies, the generation of an inorganic-rich SEI with LiF as the
dominant species can be explained by the decreased participation of organic solvent EC and

DEC in SEI formation due to the desolvation effect of the CES coating layer, along with an
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274 Fig. 5. The nanostructures of SEI layer and the operando ‘Li NMR analysis. (A and B) The cryo-TEM images
275 of the formed SEI facilitated by CES. (C and D) The HAADF-STEM image and the corresponding Li K-edge
276  spectra (C) and EDS mapping of elements C, F(D). (E-G) Operando 'Li NMR spectroscopy results of symmetric
277 Li[|Li cells with and without coating. "Li NMR spectra taken prior to plating (E) and after 4 h (14400 s) of Li metal
278  plating at a current density of 1 mA/cm? (F). Areal intensities of the Li microstructures ("Li NMR chemical shifts
279  >245 ppm) relative to bulk metallic Li (chemical shift of 245 ppm) during plating (G).

280
281 The formed SEIs with and without the CES coating layer are further investigated using cryo-
282  TEM techniques, showing significant differences in both nanostructures and dominant species.

283  Fig. 5A shows a high-resolution cryo-TEM image of SEI on CES-coated Li metal, displaying
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three-layer structures from top to bottom with different contrasts assigned to the CES coating
layer, SEI, and the deposited Li metal. The formed SEI is dense, uniform, and thin (thickness
around 14 nm). In the CES coating layer, a lattice spacing of 0.264 nm (Fig. 5A and 5B, the
squared region in maroon) confirmed by the Fast Fourier Transform (FFT) technique (SI
Appendix, Fig. S35) matches well with the {220} SiO, plane. In the SEI, the {111} LiF plane
with a lattice spacing of 0.233 nm (Fig. 5A and 5B, the squared region in yellow) and the {200}
Li plane with a lattice spacing of 0.171 nm (Fig. 5A and 5B, the squared region in blush) were
observed and confirmed by the FFT technique (SI Appendix, Fig. S35). Accordingly, the LiF
species is dominant in the formed SEI, which is consistent with SEI composition illustrated in
XPS depth profiling. The inorganic LiF dominant SEI composition improves robustness of the
SElI, facilitates uniform Li deposition, and suppresses Li dendrite growth (34). In contrast, the
formed SEI on the bare Li metal anode is much thicker (thickness around 20 nm) and shows a
laminar Li,O as the thin outer layer along with an amorphous phase dominant inner layer (SI

Appendix, Fig. S37 and S38), similar to previously reported results (35).

The LiF-dominant SEI on the CES-coated Li metal was further verified by electron energy
loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDS) studies. As shown in
Fig. 5C, a high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image was obtained for the formed SEI with the CES coating layer. Three selected
regions representing the CES coating layer (in maroon), SEI (in pink), and the deposited Li layer
(in blue) were analyzed pixel by pixel. The Li K-edge spectrum obtained from the top maroon
area shows low Li intensity, as indicative of the CES coating layer. In the middle pink area for
SEl, the peak shape corresponds to LiF, suggesting the formation of a LiF-dominant SEI. The

spectrum taken from the bottom blue area corresponds to the metallic Li. Based on the HAADF-
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STEM image, the EDS elemental mapping image of C and F was collected, as shown in Fig. 5D.
The top layer containing a strong C signal corresponds to the CES coating layer. The middle SEI
shows a very weak C signal but evidently strong F signal, suggesting much reduced organic
solvent decomposition during the SEI formation process, and a robust F-dominant SEI layer with
greatly reduced organic species, when using the CES desolvation coating layer. The bottom layer
with very weak C, and F signals was assigned to the metallic Li. In contrast, in the EDS
elemental mapping image of C and F for a bare Li metal anode, the formed SEI shows a very
weak F signal and a clearly strong C signal, indicating an organic-rich SEI formed (SI Appendix,
Fig. S37D). Overall, these microscopic characterization results are consistent with the XPS depth
profiling analysis, and further verify the generation of a LiF-dominant SEI with greatly reduced
organic species due to the selective desolvation of the strongly Li-ion coordinating EC and the
enrichment of the weakly Li-ion coordinating FEC by the CES coating layer, resulting in

suppressed carbonate decomposition during the SEI formation.

Furthermore, operando ’Li solid-state NMR spectroscopy was employed to evaluate the
impact of the PEOS and CES coatings on the resulting microstructures of the deposited Li (Fig.
5E-G and SI Appendix, Fig. S40). The NMR spectra were acquired by plating 4 mAh/cm? Li
under a current density of 1 mA/cm?. The chemical shift of Li correlates with the roughness of Li
microstructures and, as a general trend, the rougher the surface, the higher the observable
chemical shift (36, 37). The chemical shift of bulk Li metal typically ranges between 245 ppm
and 247 ppm, whereas signals reflecting more inhomogeneous Li microstructures, such as mossy
and dendritic deposits, have chemical shifts between 250 ppm and 280 ppm (38, 39). As
demonstrated in Fig. 5E and 5F, compared to bulk Li, a shoulder-like peak forms after plating

for 4 h (14400 s) that can be assigned to Li microstructures. All ‘Li NMR spectra were fitted
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with a custom-made MATLAB script, detailed representative fits are included in the Methods
section. Based on chemical shifts of 260 ppm and 264 ppm in the case of bare and coated Li
metal electrodes, respectively, the microstructures are mostly comparable to mossy-type Li
deposits. The slightly higher chemical shift of PEOS and CES-coated Li metal could be
attributed to interfacial reactions that roughen/affect the Li surface to a larger extent compared to
the bare Li. The development of the shoulder related to Li microstructure over time is shown in
Fig. 5G. Note that the intensity (integrated peak area) of the shoulder peaks is reported relative to
the total Li metal signal intensity (microstructure + bulk metal). Bare Li metal electrodes
accumulate comparably large amounts of microstructural deposits starting from 15 % during the
initial phase until ca. 36 % after 14400 s (4 h) of plating, whereas the coated electrodes exhibit
lower ratios of microstructural deposits, with CES having the lowest amount throughout the
whole time of the experiment. After about 10000 s (2.8 h), the ratio of microstructures for PEOS-
coated Li is close to that of the bare Li, indicating that the limit may be reached (corresponding
to 2.8 mAh/cm?). Moreover, the SEM studies of the cycled Li metal anodes morphologies
consistently reveal that the CES coating layer promotes a much uniform surface with the least
mossy Li formation, compared with the bare and PEOS-coated Li metal anodes (SI Appendix,

Fig. S28), suggesting the superiority of CES to facilitate uniform Li deposition.
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Fig. 6. Electrochemical performance and the NMR spectroscopic analysis on electrolyte evolution. (A) CE
measurement of Li plating/striping in Li||Cu cells. (B and C) Arrhenius behavior and comparison of the activation
energies in Li||Li symmetric cells with/without coating. E,; represents the activation energy in the transport of Li-ion
in SEI layer (B), and E,, represents the activation energy in the desolvation process of Li-ion (C). (D) Voltage
profiles of Li (50 um) |[LCO full cells for the pre-cycling cycles at 0.1 C, 2.5-4.3 V. (E) Electrochemical
performance of Li (50 um) ||LCO full cells between 2.5-4.3 V, charging@0.2C and discharging@0.5C. (F) The *H
quantitative NMR spectroscopic analysis of carbonate solvents (EC and DEC) in Li (50 um) ||LCO full cells after 50
cycles, acetonitrile (CHsCN) was used as the internal reference. DMSO: dimethyl sulfoxide. (G) The “°F
quantitative NMR spectroscopic analysis of F-containing species (FEC and LiPFg) in Li||[LCO full cells after 50
cycles, hexafluorobenzene (CgFs) was used as the internal reference. (H) Electrochemical performance of Li (50
um) ||[LCO full cells between 2.5-4.3 V at different C rates. 20 pL of 1 M LiPFg in EC/DEC (v/v = 1:1) with 15 wt%
FEC was used for each case. 1C = 2.5 mA/cm?. (1) Electrochemical performance of Li (50 um) ||[LCO pouch cell
between 2.8-4.3 V, 2.6 g/Ah of 1 M LiPFg in EC/DEC (v/v = 1:1) with 15 wt% FEC was used. 1C = 3.3 mA/cm?.
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Encouraged by the results above, we next evaluated the electrochemical behaviors of Li metal
anodes with/without the coating layer. Firstly, the Li||Cu half cells were utilized to evaluate the
Li plating/striping CE (40) in the conventional mixed carbonate electrolyte (1 M LiPFg in
EC/DEC (v/v = 1:1) with 15 wt% FEC). As shown in Fig. 6A, an apparently improved CE of
99.1% was achieved in the presence of the CES-coated Cu, compared to a CE of 97.3% for bare
Cu and a slightly improved CE of 97.7% for the PEOS-coated Cu, under a current density of 0.5
mA/cm 2 and Li deposition capacity of 1.0 mAh/cm?. Furthermore, the Li||Cu half-cell using
CES-coated Cu delivered improved and stable CEs over 400 cycles. In contrast, the bare Cu and
PEOS-coated Cu showed a rapid drop after only 130 and 215 cycles, respectively (SI Appendix,
Fig. S41). To evaluate the kinetics of Li-ion transfer with/without the coating layer on the Li
metal anode surface, the temperature dependent electrochemical impedance spectroscopy (EIS)
studies of Li||Li symmetric cells were conducted to calculate the activation energies of the Li-ion
transport processes (SI Appendix, Fig. S42). As shown in Fig. 6B and 6C, both the activation
energy Ea corresponding to the transport process of Li-ion in SEl layer and the Eg
corresponding to the desolvation energy of Li-ion are in line with the law of Arrhenius (41). The
Li||Li cell with CES coating exhibits a significantly lower activation energy, Ea; (34.2 kJ/mol),
compared to bare Li (62.4 kJ/mol) and PEOS coating (50.9 kJ/mol). More importantly, the CES
coating shows a noticeably lower activation energy, Ea, (47.3 kJ/mol), compared to bare Li (64.2
kJ/mol) and PEOS coating (56.9 kJ/mol), confirming the effectiveness of CES coating to
facilitate the desolvation process of Li-ion. The revealed smaller E;; and E,, enabled by CES
coating verified the enhanced kinetics of Li-ion transfer both in the SEI layer and the desolvation

process.
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The Li||LCO full cells were next assembled with 50 um thin Li anodes and LCO cathode of
2.5 mAh/cm? areal capacity using the conventional mixed carbonate electrolyte, and
electrochemically tested between 2.5-4.3 V. After pre-cycling at 0.1C for one cycle, the Li||LCO
full cells were then cycled at 0.2 C for charge and 0.5 C for discharge. All cells exhibited similar
charge/discharge voltage profiles during pre-cycling and delivered comparable discharge-
specific capacities of approximately 160 mAh/g (Fig. 6D). As shown in Fig. 6E, the cell with
bare Li metal anode decays fast and reaches 80% of capacity retention only after 62 cycles. With
PEOS-coated Li metal anode, the cell shows an improved cycling performance, reaching 80% of
capacity retention after 293 cycles. In contrast, the cell with CES-coated Li metal anode
demonstrates significantly improved cycling performance, delivering an 80% capacity retention
after 404 cycles. The efficacy of CES coating was further confirmed through parallel cells (SI
Appendix, Fig. S51). The *H quantitative NMR spectroscopic analysis was conducted to study
the carbonate solvent evolution upon cycling in Li||LCO full cells. After 50 cycles, excellent
retentions of EC (90.7%) and DEC (89.0%) were achieved with the CES-coated Li metal anode
(Fig. 6F), in contrast to the considerable consumption of EC and DEC with bare Li (36.8%
retention of EC and 16.0% retention of DEC) and PEOS-coated Li metal anode (68.3% retention
of EC and 42.8% retention of DEC). The '°F quantitative NMR spectroscopic analysis disclosed
the evolution of F-containing species (FEC and LiPFg). As shown in Fig. 6G, the CES coating
layer also significantly delays the consumption of FEC (88.1% retention) and LiPFgs (90.9%
retention). The above quantitative NMR results evidently reveal the retarded consumption of
carbonate solvents (EC and DEC) and F-containing compounds (FEC and LiPFg) in the presence
of CES-coated L., illustrating the suppressed electrolyte decomposition via the selective Li-ion

desolvation layer. The rate performance of the Li||[LCO full cells is further tested (Fig. 6H). The
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cell incorporating the CES-coated Li metal anode delivers stable cyclability at all C rates (0.2 C,
0.5 C, 1C and 2C) along with the higher capacities, compared with bare Li and PEOS-coated Ll
metal anode. Furthermore, a Li||LCO pouch cell using CES-coated Li metal anode was
assembled and tested under practical conditions, with a high areal capacity (3.3 mAh/cm?) of
LCO cathode, 50 pum thin Li metal anode (N/P ratio of 3.0) and lean electrolyte (E/C ratio of 2.6
g/Ah). The pouch cell can deliver a high gravimetric energy density of 312 Wh/kg (based on
cathode electrode, Li metal electrode, separator, electrolyte and the applied CES coating
material, SI Appendix, Table S1), and demonstrated an unprecedented cycling performance with
an 80% capacity retention after 333 cycles using the conventional mixed carbonate electrolyte of

1 M LiPFs in EC/DEC (v/v = 1:1) with 15 wt% FEC (Fig. 61).

Conclusions

In summary, this study presents a novel strategy employing a desolvation coating layer
containing 12-C-4 ether structural moieties to actively modulate the Li-ion solvation structure at
the interface and thereby influence organic solvent participation in SEI formation. This approach
offers a distinct pathway for altering the desolvation process in SEI formation by actively
controlling the organic components, distinguishing it from widely reported approaches focused
on promoting inorganic component generation. Experimental investigations in a Li metal
incompatible carbonate electrolyte revealed that the desolvation coating layer selectively
displaces strongly coordinating solvent, enriching weakly coordinating fluorinated solvents at the
Li metal/electrolyte interface. This selective desolvation and enrichment result in the formation
of a LiF-dominant SEI with greatly reduced organic species on the Li metal surface, as
confirmed by XPS, NMR, cryo-TEM, EELS, and EDS characterizations. By tailoring the

desolvation functionality, this study demonstrates the ability to manipulate the composition and
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structure of SEI layer on Li metal, leading to excellent rate performance and long cycling life of

Li metal batteries in practical conditions.
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Materials and Methods

Materials

The LCO cathode electrode was purchased from Guangdong Canrd New Energy Technology
Co.Ltd. with the active material loading of ~16.0 mg/cm’® (discharge capacity: ~160
mAh/g@0.1C, 2.5-4.3 V) and punched into small discs with an electrode area of 0.785 cm? for
the Li||LCO coin cells assembly. Battery-grade LiPFs, FEC, EC, DEC and ethyl methyl
carbonate (EMC) were purchased from Gotion. PEI (branched, average M, ~10000), PEO
(average M, ~1000000) and 12-crown-4 (98%) were purchased from Sigma-Aldrich and used as

received without further purification. Li chips with the thickness of 600 um for Li||Cu half cells,
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and Li foil with the thickness of 50 um bonded to Cu substrate (~5 um) were purchased from
China Energy and used as received without further treatment. The Cu foil with the thickness of 9
um for Li||Cu half cells was purchased from MTI. Celgard 2325 with the thickness of 25 um was
used as separators for all cells. Electrolyte (1 M LiPFg in EC/DEC (v/v = 1:1) with 15 wt % FEC)
was prepared inside an Ar-filled glovebox (O, <0.1ppm, H,O <0.1ppm) and used freshly. All
other reagents and solvents were purchased from Sigma-Aldrich and used without further

purification unless otherwise stated.

Electrochemical testing

Electrochemical testing of cells was carried out on Landt battery testers using CR2016 coin cells
under galvanostatic charging/discharging conditions. The Li||Cu half cells cycling CE testing
was carried out by depositing 1 mAh/cm? of Li onto the Cu electrode followed by stripping to
1.0 V, under a current density of 0.5 mA/cm? with 50 pL of electrolytes. For the CE testing, a
standard protocol was followed: 1) run one initial formation cycle with Li deposition capacity of
5 mAh/cm? on Cu substrate under a current density of 0.5 mA/cm? and then strip to 1.0 V; 2)
deposit 5 mAh/cm? of Li as a Li reservoir onto Cu substrate under 0.5 mA/cm?; 3) repeatedly
strip/deposit Li of 1 mAh/cm? under 0.5 mA/cm? for 9 cycles; 4) strip all the Li metal to 1.0 V.
All of the Li||LCO coin cells were assembled with 50 pum Li anodes and 20 puL of 1 M LiPFg in
EC/DEC (v/v = 1:1) with 15 wt % FEC as electrolyte. After one formation cycle at 0.1C for
charge/discharge, the coin cells were cycled at 0.2C for charge and 0.5C for discharge between
2.5-4.3V. For the rate performance evaluation, after one formation cycle at 0.1C for
charge/discharge, the Li||LCO coin cells were then cycled at the corresponding C-rates (0.2C,

0.5C, 1C and 2C) for charge/discharge between 2.5-4.3V.

Characterizations
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SEM images were captured on Nova NanoSEM 630 instrument. XPS experiments were carried
out on PHI VersaProbe Il Scanning XPS Microprobe. The air and moisture sensitive samples
were loaded in a glovebox and transferred into the instrument through a vacuum transfer vessel.
For the XPS measurements, the Li metal anode obtained by disassembling the Li||LCO pouch
cells after 10 cycles (pre-cycling at 0.1C for one cycle, the cells were then cycled for 10 cycles
with a charge rate of 0.2C and a discharge rate of 0.5C) were washed with EMC for 3 times to
remove the electrolyte residues on surface. *H, *C and *°F NMR spectra were carried out on
Bruker AVANCE NEO-400 instruments. The coaxial set (Wilmad® coaxial insert, complete set,
inner tube O.D. x I.D. 2.52 mm x 1.5 mm) was used for the **C NMR studies on the solvation
structure of electrolytes to eliminate the potential influence on solvation structure aroused by
deuterated solvents, the peaks observed in the recorded **C spectra are referenced relative to the
internal standard (DMSO, & = 39.40 ppm) loaded in inner tube of the coaxial insert. Acetonitrile
was used as the internal reference for the 'H quantitative analysis of electrolyte evolution after
50 cycles. Hexafluorobenzene was used as the internal reference for the *°F quantitative analysis
of electrolyte evolution after 50 cycles. For every single Li||LCO coin cell, 20 pL of 1 M LiPFg
in EC/DEC (v/iv = 1:1) with 15 wt % FEC was used. After 50 cycles, the corresponding coin
cells were disassembled and carefully rinsed with DMSO-dg (~2 mL). To the collected solution,
3.0 pL of acetonitrile and 2.0 pL of hexafluorobenzene were added as internal references. The
EIS measurements of the Li||Cu half cells were carried out on Solartron ModuLab in the

frequency range of 1 MHz to 0.01 Hz with an amplitude of 10 mV.

Operando 'Li NMR spectroscopy was performed at a Bruker Avance I1l 200 MHz (4.7 T)
spectrometer equipped with a custom-made broadband (*H,*F//(X= ®Li — 'Li) probe. Symmetric

Li||Li pouch type cells (electrode thickness 300 um, area 1.25 cm?) were polarized at 20 °C with
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a current density of 1 mA/cm? for 4 h (4 mAh/cm?). The spectrometer was operated at resonance
frequency of 77.8 MHz, the pulse length of the rf pulse was set to 16 us at a power of 80 W.
Calibration of the reference shift (0 ppm) was carried out with a 1 M LiCl + 0.1 g/L CuSO4
standard solution in a pouch type cell. For signal averaging, a relaxation delay of 1 s was
optimized for the peak assigned to bulk Li metal at around 246 ppm. Note that the corresponding
"Li NMR peaks of the electrolyte and SEI compounds were in the range of —20 and 20 ppm and
therefore not considered in the optimization range. Data processing and fitting was performed

using Bruker Topspin software and a custom-made MATLAB script, respectively.

Cryo-TEM experiment

The bare Li sample without coating was prepared by depositing Li on bare Cu grid, with a
deposition capacity of 0.25 mAh/cm? under a current density of 0.5 mA/cm?. The obtained bare
Li sample on Cu grid was washed with EMC and dried in vacuum for 10 minutes. Afterwards,
the obtained bare Li metal sample was immediately transferred to the cryo-TEM holder for
characterization to minimize its exposure to air. The CES-coated Li sample for cross-sectional
TEM was prepared on an FEI Helios Nanolab 660 Dual Beam focused ion beam using the ‘in
situ lift-out” technique. A thin section was extracted from the cycled CES-coated Li metal anode
and then attached to a TEM grid using an initial ion beam voltage of 30 kV. The resultant sample
underwent a thinning process using lower ion beam voltages in a successive manner. Starting
from the initial voltage, the voltage was gradually reduced until it reached 2 kV, resulting in a
final thickness of approximately 100 nm. Afterwards, the obtained sample for CES-coated Li
was immediately transferred to the cryo-TEM holder for characterization to minimize its
exposure to air. TEM and STEM images were then acquired using a dual spherical aberration-

corrected FEI Titan2 G2 60-300 STEM operating at an accelerating voltage of 200 kV. The EDS
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maps were acquired in STEM mode using Bruker Super-X quad X-ray detectors, which, when
coupled with a high-brightness X-field emission gun source, were able to produce high-quality
elemental maps within 5 minutes at a beam current of around 0.1 nA. EELS spectral imaging
was carried out using a Gatan GIF Quantum ERS 966 system. The EELS data was collected with
an exposure time of 0.1 s and a dispersion of 0.05 eV per channel, while maintaining a pixel size

of 10 nm.

Fabrication and electrochemical testing of the pouch cell

For the double layer pouch cell, one piece of double-side coated LCO electrode (active material
mass loading: ~21.0 mg/cm? for every single side, purchased from Guangdong Canrd New
Energy Technology Co.,Ltd.) with area of 11.31 cm? (length: 3.9 cm, width: 2.9 cm), two pieces
of Li foil (thickness: 50 pm, area of 12.0 cm?, length: 4.0 cm, width: 3.0 cm) one-side laminated
onto Cu substrate (thickness: ~5 um) and two pieces of Celgard 2325 (thickness: 25 pum) with
area of 12.0 cm? (length: 4.0 cm, width: 3.0 cm) were stacked together. 194 mg of 1 M LiPFg in
EC/DEC (v/v = 1:1) with 15 wt % FEC was added as electrolyte (E/C ratio: 2.6 g/Ah). The
pouch cell was evaluated under constant-current—constant-voltage conditions. After cycling one
formation cycle at 0.1C for charge/discharge, then the pouch cell was charged to 4.3 V at 0.2C

and held at 4.3 V until the anodic current dropped below C/20 before discharged to 2.8 V at 0.5C.

Computation details

All the DFT calculations were conducted in gas phase using B3LYP/6-31G(2df, p) level of
theory under Gaussian code, v16. Electrostatic potential map was generated using MultiWwFN,
v3.8 (42). Binding energy of the considered ion-molecular complexes was accounted with basis
set superposition error. All MD simulations were carried out based on OPLS/AA force field

database (43, 44) from GROMACS, v2016.3. Equations of motion were integrated using leap-



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

frog algorithm with a time-step of 1 fs. The time-step selection was justified by utilization of
C—H bonds constrains, which was achieved with LINCS algorithm (45). The electrostatic
interactions within the cut-off range of 1.4 nm were accounted by the Particle Mesh Ewald
algorithm (46), using the same cut-off distance for the real-space component. The 12-6 Lennard-
Jones interactions were treated by the shifted force technique with a switch region between 1.2

and 1.3 nm.
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