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Akey challenge to enable Li metal batteries as next-generation energy

storage devices is to stabilize the interface between the Li metal and

the electrolyte. A promising strategy is to promote the formation of a
salt-derived robust and stable solid electrolyte interphase (SEI). Here

we report asalt-philic, solvent-phobic (SP?) polymer coating for Li metal
electrode that selectively transports salt over solvent and thus promotes
salt-derived SEI formation. Unlike previously reported artificial SEIs, this SP?
coating approach resulted in enhanced cycling performance in several types
of solvent, such as ether, carbonate and fluorinated ether. Specifically, the
SP? coating further enhanced the cycle life of arecently reported
high-performance fluorinated ether electrolyte to give a~400 cycle life

(50 pm Li, 2.5 mAh cm ™ nickel manganese cobalt oxide and 80% capacity
retention). Our coating design concept can be further fine tuned as
promising electrolytes become available.

Batteries with Li metal negative electrodes show great potential as
next-generation energy storage devices due to their high theoreti-
cal specific capacity'. However, lithium metal batteries (LMBs) suffer
from quick capacity fading. One major reason is the unstable inter-
face between the lithium metal and the electrolyte’. Specifically, the
solid electrolyte interphase (SEI) formed from Li metal contacting
theelectrolyte is non-uniform and fragile. It cracks and further grows
in a uncontrolled way repeatedly during lithium metal plating and
stripping’. Its heterogeneity is amplified throughout battery cycling,
resulting in depositing whisker-shaped lithium and capacity fading®.

Toimprove the performance of the negative electrode, there are
three parallel routes: electrolyte engineering® ™", interfacial design®
or a hybrid of both™', As an interfacial design approach, applying a
polymer layer to the Li electrode helps to stabilize this interface and
promote the long-term operation of LMBs®. Polymers are desirable for
their tunable chemical composition'®. This polymer layer is expected
to have both physical and chemical interactions with the underlying
Li metal.

It is known that a viscoelastic polymer layer provides mechanical
suppression of the Li metal and maintains a uniform coverage of the
electrode during cycling”*°. By introducing moieties that interact with
Li* (refs. 21,22) or alter the Li* solvation environment**, a polymer layer
canmodulatethetransportofLi*attheinterface. A polymer layer may also
have afavourable interaction with the electrolyte to promote ion trans-
portat the interface”?*. Chemically, this polymer layer can react with Li
metal***"*® and produce an interfacial layer. For example, polyvinylidene
fluoride is used as a layer to react with Li, and the reaction product, LiF,
canhomogenizethelLi’ fluxattheinterface. Polymers canalso composite
with other inorganic materials to improve the electron conduction and
nucleation process'®***, The general aimis to produce arobust SEI, which
is necessary to promote stable operation of the Li electrode® .

When Limetalisindirect contact with the electrolyte, it typically
reacts with both the lithium salt and the solvent to form a SEI. Many
recentelectrolyte designs populate the concept of ananion-richinner
solvation sheath®>*. The resulting salt-derived SEls are robust and
promote stable long-term operation of the battery®***,
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Fig.1|Design concept of the SP? coating. a, A polymer layer with selective salt-over-solvent transport capability can induce the formation of arobust salt-derived SEI
(top), and an unstable SEl is formed when Li reacts with the electrolyte non-selectively (bottom). b, The material requirements of the SP? coating.

In this article, we propose a design concept of using a polymer
coating to promote the salt-derived SEI formation. Our polymer design,
based on a polysiloxane backbone, was found to be applicable to sev-
eral typical electrolyte chemistries (ether, carbonate and fluorinated
ether). Inthe full cell cycling, cells with polymer-coated 50-pum-thick Li
negative electrodes and 2.5 mAh cmlithium nickel manganese cobalt
oxide (NMC)-positive electrodes experience a-2.5-foldincreasein cycle
life (80% capacity retention) in the carbonate electrolyte, and a-2-fold
increase in the fluorinated ether electrolyte.

Materials design
We hypothesize that, if a polymer coating allows the selective transport
of lithium salts instead of solvent molecules, salts would have a higher
probability of beingin physical contact with the Li metal. This can pro-
mote salt-derived SEIl formation (Fig. 1a). Our strategy intercepts the
self-amplifying process of heterogeneous Li deposition by tuning the
chemical composition of the SEI. Our polymer design incorporates both
salt-philicand solvent-phobic (SP?) moieties as polymer side chains to
facilitate the selective transport. The molecular design requirements
for this coating are selective transport of salt over solvent, viscoelas-
ticity to maintain electrode coverage and chemical stability (Fig. 1b).
Siloxane-based polymers have been shown to improve the cou-
lombic efficiency (CE) in Li||Cu cells*. Beyond its chemical stability, the
polysiloxane chainis flexible and has alow glass transition temperature
(about 150 °C) (ref. 37). The fluid nature of the siloxane backbone
offers flexibility in altering the chemical compositions of the polymer
viaside chain engineering, while maintaining the viscous mechanical
property of the polymer?®. Past theoretical and experimental studies
have shown that a viscous artificial SEI prevents cracks and pinholes.
It also helps to maintain an uniform Li* transport during cycling®.
In this study, we selected four types of side chain to systematically
investigate the effects of salt versus solvent reactivity on the cycling
stability of Li: (1) glyme, a salt-solvating unit that is often used as an
electrolyte solvent®, (2) pyrrolidinium bis(trifluoromethylsulfonyl)
imide (PyTFSI), an electrochemically stable salt-solvating ionic liquid
moiety*’, (3) a perfluorinated side chain, which has poor solubility of
the lithium salt and repels most other organic solvents®** and (4) an
alkyl chain, also not salt-solvating, but miscible with many non-polar
organic solvents. Furthermore, a previous study demonstrated that
polymer coating with a Py* cationic side chain improved Li deposi-
tion morphology. Specifically, Py" shielded Li* from charging surface
protrusions during deposition via electrostatic repulsion*’. Figure 2a
shows the corresponding chemical structures.

We first examined the salt philicity by measuring the solubility
of the LiTFSI salt in the small-molecule version of the correspond-
ing polymer side chain. Specifically, we selected diglyme for the
glyme side chain; hexane for the alkyl; 1,1,1,2,2,3,3,4,4-nonafluoro-
6-propoxyhexane for the perfluorinated side chain; and Py, TFSI for
the ionic liquid (Supplementary Fig. 1). As seen from the saturated
molar ratio of LiTFSI to these molecules (Fig. 2b), both the diglyme
and Py, TFSl dissolve a good amount of LiTFSI salt (molar ratios of
1.25and 0.5, respectively)****. In comparison, hexane exhibited poor
saltsolubility, and no LiTFSI signal was detected in the*C nuclear mag-
neticresonance (NMR) spectrum.The1,1,1,2,2,3,3,4,4-nonafluoro-6-p
ropoxyhexane can solvate a small amount of LiTFSI (molar ratio 0.01,
FNMR; Supplementary Fig. 2), showing alow level of salt philicity. We
cross-validated the trend of the salt philicity with a density function
theory (DFT) simulation, where the interaction energy between the
model side chain and the LiTFSI salt was calculated (Supplementary
Fig.3). Wefound the trend in salt philicity agreed with the trend in salt
solvation: alkyl has the lowest interaction energy (71 k) mol™), glyme
has the highest interaction energy (234 k) mol™) and PyTFSI has a
relatively high interaction energy (189 k) mol™) (Fig. 2b).

Beyond the salt philicity, we further characterized the solvent
phobicity of various polymer side chains through contact angle meas-
urements. Amore solvent-philic polymer is expected to exhibitalower
contact angle with the corresponding solvent. To perform this study,
we dropped 10 pl of the following solvents to polymer-coated silica
wafers: (1) carbonate (ethylene carbonate, diethyl carbonate (EC/DEC),
with 10% fluoroethylene carbonate (FEC)), (2) ether (1,3-dioxolane,
dimethoxyethane (DOL/DME)) and (3) fluorinated ether (fluorinated
1,4-dimethoxylbutane (FDMB))**. These solvents were selected from
commonly used electrolyte formulations®. Inaddition to having a high
affinity to lithium salt, the glyme side chain was found to be solvent
philic, as seen from the low (<8°) contact angles for all three solvent
types.Incomparison, the polymer with the salt-philic PyTFSI side chain
has higher contact angles (-20° for ether and fluorinated ether, ~35° for
carbonate). Both the alkyl and the perfluorinated side chains showed
higher levels of solvent phobicity on the basis of their contact angles of
30-40°for (fluorinated) ether solvents and >50° for carbonate solvents
(Fig. 2c). We also examined the solvent phobicity of these polymersin
the presence of salts. Specifically, we measured the contact angles of
electrolytes in the same experimental setup. Electrolytes used were
ether (1M LiTFSI DOL/DME 1 wt% LiNO;), carbonate (1M LiPF, EC/
DEC 10% FEC, lithium hexafluorophosphate) and fluorinated ether
(1 MLiFSI, FDMB, lithium bis(fluorosulphonyl)imide) (Supplementary
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Fig.2| Characterization of the salt philicity and the solvent phobicity of
polymers and side chains. a, The chemical structures of polymers with different
side chains that represent various levels of salt philicity and solvent phobicity,
and the strucutre of the TFSIanion. b, The salt philicity of the polymer side chains
quantified by DFT and NMR: the interaction energy between Lisalt and the

side chain was calculated from DFT, and the saturation of Li salt concentration
measured with NMR. *Not detected. ¢, The contact angle measurements on
polymer-coated Si wafers with three types of solvent, including ether (DOL/
DME), carbonate (EC/DEC/FEC) and FDMB.

Fig.4). When salts were present, the contact angles of ether and fluori-
nated electrolytes were slightly higher (2-5°) than in the case with no
salt (Supplementary Fig. 5). However, this did not change the over-
all observed correlation between the polymer chemistry and the
solvent phobicity.

We identified the PyTFSI side chains as salt philic with a moder-
ate solvent phobicity. To further increase the solvent phobicity of the
polymer, wereplaced 40% of the PyTFSI side chains with perfluorinated
chains (SP’,.;) or alkyl chains (SP%)). SP?,..¢ increased the contact
angle from 20° to 32° in ether, from 35° to 44° in carbonate and from
22°to 29°in fluorinated ether solvents, and SP?,,,, showed similar
improvements (Fig. 2c). This design strategy produces a polymer coat-
ing thatis expected to selectively transport salt over solvent.

Asasummary, we investigated six different polymers, eachrepre-
senting a different level of salt philicity and solvent phobicity: glyme
is salt philic but not solvent phobic, alkyl and perfluorinated chains
are solvent phobic but not salt philic and PyTFSl is salt philic and has
moderate solvent phobicity; SP? designs have both salt-philic and
solvent-phobic moieties.

Selective transport of salt over solvent

Tocharacterize the selective transport of the SP? polymer, we designed
an H-cell experiment using the polymer as the bridge (Fig. 3a). The
left-hand side (LHS) of the H-cell was initially filled with 3 ml of 1M
LiTFSIDME electrolyte, and the right-hand side (RHS) was filled with
6 ml DME solvent. The two sides were separated by two layers of sepa-
rators with100 mg of polymer sandwiched between them. As the sys-
tem equilibrates, the concentration difference drives the diffusion of
salt from LHS to RHS, and vice versa for the solvent. To avoid vacuum
build-up upon solvent flowing, the caps of the H-cell were loosened.
Figure 3b shows cartoons and digital images of the H-cell results.

Visually, the lowering of the liquid line on the RHS is an indication of
DME diffusion fromright to left. The salt concentration was evaluated
with F NMR spectroscopy by comparing with a standard electrolyte
(Supplementary Fig. 6). Exemplary spectra of the samples are shown
inSupplementary Fig. 7, and the molarity calculationis summarizedin
Supplementary Table 1. To probe the detection limit of this NMR-based
technique, we measured three dilute samples of the same concentra-
tion. We calculated the concentration of the solution as 8.4 x 10> M
withas.d. of 6.5x107° M (Supplementary Fig. 8 and Supplementary
Table 2). With an error margin in the range of 107, this NMR-based
techniqueis sufficient to measure the salt concentration in this study,
whichis in the range 0of 10°-1072 M.

Whenthere was no polymer present, the liquid levels of the two
sides equilibrated after 3 h, indicating DME diffusion from right to
left. Thereisalso salt transport from LHS to RHS, resulting in the RHS
salt concentration reaching 0.019 M. The polymer with PyTFSIside
chains has medium solvent phobicity. When using PyTFSI polymer
as the bridge, the liquid level on the RHS almost matched that of
the LHS, indicating solvent migration. Since PyTFSlis salt philic, we
observed enhanced LiTFSI transport compared with the no polymer
scenario, with the RHS concentration reaching 0.051 M. When the
SP?,..r polymer was inserted, the liquid level difference was main-
tained for more than 3 hand the LHS salt concentration rose from O
to 0.025 M, demonstrating selective transport of salt over solvent.
We noted that the LiTFSI concentration remained at1 M on the LHS
instead of lowering, and we attributed this to the slight evaporation of
DME. SP? s polymer also showed selective transport at a higher salt
concentration (starting condition: LHS, 3 ml 4 M LiTFSI DME; RHS,
6 mIDME). No appreciable solvent diffusion across the polymer was
observed, while the LHS reached a concentration of 0.07 M after 3 h
(Supplementary Fig. 9). Polymers with either perfluorinated or alkyl
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Fig.3|Selectivity of PyTFSland SP? .. polymers. a, A cartoon (top) and digital
image (bottom) of the H-cell experiment setup: 3 ml of 1 M LiTFSI on the LHS and
6 ml DME on the RHS. Circles with arrows represent stiring during the experiment
and dot-capped linesin the digitalimage represent the liquid level. b, Cartoons
(top) and digital images (bottom) of the H-cell experimental result. The blue dots
roughly represent the LiTFSI concentration, the red arrows show the lowering
oftheliquid level and coloured blocks represent polymer bridges (blue: PyTFSI;
purple: SP?,..s). NMR-measured salt concentrations after 3 hare listed below the
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cartoons. ¢, d, Rheological frequency sweep of polymers PyTFSI (c) and SP?,..¢
(d).Alineisdrawn at 10 rad s, and the calculated tan(6) (G”/G’) at this frequency
islisted. e, Conductivity (25 °C) of the polymer before and after soaking in

DME solvent for 8 h. Individual measurements are represented by black dots,
and the average of the three measurements is given. f, Oxygen O 1s XPS of SEI
onthe negative electrode, and the signals attributed to either salt or solvent
decomposition are separated, with their relative percentage marked.

side chains were found to be solvent phobic (Fig. 2b), although the
perfluorinated chain showed a slightly higher salt philicity (Fig. 2c).
We sandwiched the SP?,,,, polymer in the H-cell with a starting condi-
tion of 1 M LiTFSI (as above; Supplementary Fig. 10). As with SP? ¢,

we observed the selective transport of salt over solvent. However,
the concentration of LiTFSI on the LHS after 3 h was 0.01 M, lower
than that of the SP?,.;. We attributed this to the lower salt philicity
of SP?,1.
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Fig. 4| Electrochemical characterization of SP?,; with different electrolytes.
a, The CE measured on coated Cu in Li||Cu cells with 40 pl of ether (LM LiTFSI
DOL/DME 1wt% LiNO,), carbonate (1 M LiPF, EC/DEC10% FEC) or FDMB (1M
LiFSIFDMB) electrolyte. Individual measurements, s.d. and averages of three
measurements are represented by dots, black lines and listed numbers,

respectively. b, EIS measurement over time with coated Li||Li symmetric cellin
electrolytes. ¢, The calculated impedance increase (%) over 100 h. d, A voltage
curve of Li||Li symmetric cell with and without SP?, coating. e, SEM top view
image of deposited Li on Cu electrode in carbonate electrolyte. Scale bar, 10 pm.

Theintegrated SP?designis applicable to other polymer chemis-
tries. Specifically, we examined a previously reported acrylate-based
polymer with ionic liquid and fluorinated alkyl side chains (PIL 15)
(ref. 42). This coating also increased the salt-derived SEI content. In
the H-cell experiment, PIL 15 demonstrated a salt-over-solvent trans-
port behaviour (Supplementary Fig. 11). However, the PIL 15 polymer
incorporated relatively few reactive functionalities such asureabonds,
limiting its ability to further improve the cycling performance.

The presence of a solvent-phobic side chain is also expected to
limit the swelling of the polymer in solvents. Specifically, we com-
pared the mechanical properties and ionic conductivities of the PyTFSI
(Fig. 3c) and the SP? ¢ (Fig. 3d) polymers before and after soaking in
DME. We characterized the frequency-dependent modulus of the poly-
mer inthe rheological measurement: the loss modulus (G”) represents
the liquid characteristic and the storage modulus (G’) represents the
solid characteristic. We applied an oscillatory strain to the material
andrecordedits stressresponse. The G”and G’ values were acquired by
separating the out-of-phase and in-phase responses. Before soaking,
both the SP?,.; and the PyTFSI polymers showed viscous behaviour,
with G” higher than G’ in the characterized frequency range. After
swelling, the polymer showed a decrease in both storage and loss
moduli, indicating reduction in mechanical strength. Specifically, we
characterized therelative liquid to solid characteristic of the polymer
by calculating the tan(6) (the ratio between G” and G’) at the angular
frequency of 10 rad s™.. For the PyTFSI polymer, the tan(6) increased
by close to an order of magnitude (1.7 to 16) upon soaking, while the
tan(6) of the SP?,; polymer remained relatively constant (2.3 to 2.4).
After swelling, the PyTFSI polymer becomes more liquid like, indicating
that it is less resistive to solvent swelling. We also measured the ionic
conductivities of the polymers before and after soaking (Fig. 3e) with

electrochemical impedance spectroscopy (EIS) at 25 °C. The ionic
conductivity is attributed to ionic dissociation of the PyTFSI. After
soaking the polymerintheelectrolyte, the conductivity of the PyTFSI
polymer increased by an order of magnitude (0.011to 0.115 mS cm™),
while the conductivity of the SP?, did notincrease as much (0.013 to
0.042 mS cm™). This is consistent with the higher solvent resistance of
the SP?,.; polymer. On the basis of both the mechanical characteriza-
tionand theionic conductivity measurements, we concluded that the
addition ofthe solvent-phobicside chaincanreduce the solvent uptake.

We further examined the SP?,,. polymer’s ability to affect the SEI
formation process. We assembled a Li||Cu cell with a polymer-coated
Cu current collector. We stripped and plated Li through the polymer
layer in1M LiTFSI DOL/DME 1wt% LiNO; electrolyte for ten cycles to
produce alayer of SEl underneath the polymer coating. Supplemen-
tary Fig. 12 shows the cross-section scanning electron microscopy
(SEM) images of the SEI. The SEl on uncoated Cu is ~17.80 pm, with
irregular granular structures. The SElon SP?,.; coated Cu was thinner
(-12.86 pm) and initially covered with the polymer. We removed the
polymer with tetrahydrofuran (THF), revealing the uniform and com-
pact SElunderneath. The SEI chemistry was characterized with X-ray
photoelectron spectroscopy (XPS). The XPS samples were not washed
with solventsto preserve the original SEI chemistry. The O 1s spectra of
the cycled Cu electrode after 2 min of sputtering are shown in Fig. 3f.
Whenthe Cusurface was not sputtered, we observed alarge amount of
Cand Sisignals. After 1 min of sputtering, the C signal reduced and the
Sisignal was no longer recognizable, whichindicated that the polymer
layer was removed. Further sputtering did not change the observed
spectrum, indicating that the SEIl composition was not influenced by
the sputtering process (Supplementary Fig. 13). We attributed the
peakat530.9 eVto-NO,/SO, (saltbreakdown) and the peak at 533.8 eV
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Fig.5|Cycling of SP?,,,; coated LiinLi | INMC cells. a,b, Rate capabilities with
carbonate (a) and FDMB (b) electrolytes. ¢,d, Long-term cycling with carbonate
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retention) plotted against excess lithium amount of the SP? .. coating with
other coatings/electrolyte strategies. The x-axis locations of 4,5,7,11and 12 are
10 mAh cm™, and they are adjusted slightly to dodge.

to -RO-CO,-Li (solvent breakdown). By calculating the percentage of
the peak areaattributed to salt/solvent breakdown, we can quantify the
ability of the polymer toinduce salt-derived SEl formation. When there
was no coating, 56% of the SEI was attributed to salt decomposition.
When the PyTFSI polymers were present, the salt-derived SEl content
increased to 63%. This content can be further improved to 73% when
the SP?, coating was present. We also found SP?,;-coated samples
had higher salt-derived content at different rinsing (improved from
14% to 31%) and sputtering conditions (Supplementary Fig. 14). We
further examined the SEI chemistry when SP?,.; was paired with the
carbonate (1M LiPF, EC/DEC with 10% FEC), as well as the fluorinated
ether (1 MLiFSIin FDMB)** electrolyte through calculating the elemen-
tal ratio. For XPS measurements, the carbon signal was derived from
solvent breakdown, while P, S and F signals were derived only from salt
breakdown. A higher ratio of P, S or F to Creflects a more salt-derived
SEL Compared with the bare sample, SP?,..; increased the P/C intensity
ratio from 2.94 x 102 to 1.48 x 107" in the carbonate electrolyte and
increased the S/C intensity ratio from 9.62 x 107 t0 2.55 x107in the
FDMB electrolyte. In additive-free ether (1 MLiTFSIDOL/DME) or car-
bonate (1 MLiPF,EC/DEC) electrolytes, SP* . increased the S/C (ether)
and F/C (carbonate) ratios by approximately threefold, and consistent
results were observed at different sputtering times (Supplementary
Fig.15). Due to the selective transporting ability of the SP? s polymer,
the deposited Li has limited access to solvent molecules, and a more
salt-derived SEl is formed at various electrolyte conditions®.

Electrochemical cycling

We investigated the coating’s stability on the electrode at both the
macroscopic and the microscopic scale. During in situ optical cell
cycling, SP?,..- maintained coverage of the electrode surface, result-
ing in a homogeneous Li deposition underneath the coating. In con-
trast, on bare electrodes, Li deposits irregularly at locations of high
electric field concentrations (Supplementary Fig. 16). We also took
cross-section SEM images of Li cycled at 0.2 mA cmZand 0.5 mA cm™
current densities and observed our coating remaining on the Li sur-
face (Supplementary Fig. 17). After rinsing off the polymer coating,

we revealed relatively homogeneous Li deposition. We compared the
viscosities of the electrolyte-swelled polymer and just the electrolyte.
The viscosity of the soaked polymer complex is four to five orders of
magnitude higher (Supplementary Fig. 18).

Theability of the SP*,.,; polymer to tune the SEI's composition led
to marked improvements in the cycling performance in Li||Cu cells.
Asshownin Fig. 4a, we compared the CEunder ashort-termten-cycle
0.5 mA cm™1mAh cm™ cycling protocol*. In 1M LiTFSI DOL/DME
1wt% LiNO; electrolyte, the coating increased the CE from 98.3% to
99.5%. In the carbonate electrolyte, the CE increased from 96.0% to
97.0%.Inthe FDMB electrolyte, since the baseline electrolytes already
achieves a high CE in this short-term cycling protocol, we observed
asmall increase with the addition of a SP?,,; coating (from 99.4% to
99.5%). We also cycled Lil|Cu cells, and found SP?,s can also increase
the CE in standard carbonate and ether electrolytes (Supplementary
Fig.19). The improvement in CE with a layer of coating is higher for
electrolytes without additives. This is because the more advanced
electrolyte has limited room for improvement. We also paired the
SP? coating with the state-of-the-art Li metal electrolyte: 1.2 M LiFSI
in 1,2-bis(2,2-difluoroethoxy)ethane (F4DEE)*, and the CE increased
from 99.5% t0 99.6% (Supplementary Fig. 20).

The SP?,,,,; polymer has alower salt philicity compared with SP? ...,
but still shows selective transport of salt over solvent. To examine
the performance of an SP%,,, battery, we cycled SP?,,-coated Li||Cu
cells with the previously mentioned short-term cycling protocol.
For the carbonate electrolyte, SP%,,,,improved the performance (CE
increased from 96.0% to 96.6%). However, in the FDMB electrolyte,
the CE decreased from 99.4% to 98.9%. Supplementary Fig. 21 shows
the average ands.d. of deposition overpotentials (absolute values) for
Lil|Cu cells. The SP%,,,;-coated cell has a higher overpotential (0.049 V)
than the SP?-coated cell (0.041V), and the s.d. was doubled. Due to
the lower salt philicity of SP?,,,, the ion transport at the electrode
interface was impeded. Especially in electrolytes with limited ionic
conductivity, the large deposition overpotential drives undesirable
degradation (low CE) and operational instability (highs.d.)**. Overall,
we found thatitis critical to fine tune the balance between the solvent
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phobicity and salt philicity, and the SP*,.; coating showed a superior
cycling performance.

Since both the carbonate and the FDMB electrolytes were cycled
with the Lil[NMC configuration, we characterized how SP?,,,; coating
affects the electrolytes’ stability with Li through EIS measurements
and long-term cyclings of Lil|Li cells. Figure 4b shows the interfacial
impedance of SP?,.-coated Li in carbonate or FDMB electrolytes at
differenttimepoints. The uncoated cells were used as comparison. For
bothelectrolytes, the SP? s layer was observed to suppress the imped-
anceincrease. We measured the impedance value atnorestand 100 h
of rest (Supplementary Fig. 22). We quantified the increase with the
formula (hoo — Ip)/I, (%). For the first 100 h, SP?,.; reduced the imped-
anceincrease from104%to33% in the carbonate electrolyte and from
153% to 42% in the FDMB electrolyte (Fig. 4c). Since the polymer was
coated ontheLisurface with the THF solvent, we also examined THF’s
influence on the interfacialimpedance. We treated bare Li metal with
THF and tracked itsimpedance evolutionin the carbonate electrolyte
(Supplementary Fig. 23). With or without THF treatment, Li electrodes
experienced a similar ~-100% impedance increase, indicating that the
SP?,..r polymer is the reason for the reduced impedance increase.

Wealso cycled Li|Li symmetric cells at 1 mA cm™ current density
and 1 mAh cm™ capacity (Fig. 4d). For the carbonate electrolyte, the
addition of SP’ .. coating resulted in a higher deposition overpotential,
whichwasstable over cycles. For the uncoated Li electrode, the overpo-
tential decreased between 25and 40 cycles. Thisis due to anincrease
inthe surface area from the irregular whisker-shaped lithium deposi-
tion*$, which was verified by SEM (Fig. 4e). The addition of the SP? ¢
coating promoted homogeneous deposition. For the FDMB electrolyte,
alayer of SP?,; polymer maintained a stable overpotential over time.
Without the SP?,..; coating, the FDMB electrolyte continued to react
with the lithium metal and increased the deposition overpotential*.
Inboth cases, a layer of SP?,; coating limited the solvent breakdown
attheLielectrode and sustained a stable operation.

To further understand the range of solvent phobicity and salt
philicity required at the interface, we assembled Li||Cu cells with a
solvent-philic polymer coating (siloxane-glyme). In the carbonate
electrolyte, this coating had a limited improvement on CE (96.0% to
96.1%, Supplementary Fig. 24). The lithium deposition morphology
remained whisker shaped (Supplementary Fig. 25). This confirmed
theimportance of a solvent-phobic interface.

SP?,.-coated thinLinegative electrodes (50 pm) were also assem-
bled into Li||[NMC cells. To understand how the SP’,.. coating performs
whenthereisinitial Li presence, we built asymmetric cells of thin coated
Lillthick Li (50 pm||600 pm). The uncoated cell experienced an overpo-
tentialincrease at around 70 hwhile the coated cell had stable overpo-
tential (Supplementary Fig. 26). SEland dead Liformationon the thin Li
reducestheionand electron conductivity at the interface, contributing
to theincreased overpotential. This experiment allowed us to isolate
the performance of just the SP’,-coated Li electrodes. We also cycled
Lil[NMC full cells at different C rates (2.5 mAh cm2areal capacity) and
found reasonable capacity (>200 mAh g™) can be achieved at C/10
and C/3 for both the carbonate and the FDMB electrolytes (Fig. 5a,b).
For the high-capacity cathodes (5 mAh cm™), reasonable capacity was
achieved at C/10 and C/5 Crates (Supplementary Fig.27). We proceeded
with C/5 charging and C/3 discharging for the long-term cycling. We
cycled full cells with 2.5 mAh cm™ NMC-positive electrodes. For the
carbonate electrolyte, a cycle life of 240 was reached (Fig. 5c) and for
FDMB electrolyte, a cycle life of ~400 was reached (Fig. 5d). The CE of
each cyclefor both carbonate and FDMB electrolytes is shown in Sup-
plementary Figs. 28 and 29. The charging voltage profile of the 100th
cycleforthe FDMB electrolyte is shownin Supplementary Fig. 30, with
the coated sample showing a higher overpotential. Other repetitions
ofthe cell are shownin Supplementary Figs. 31and 32, where asimilar
trend of SP?, . coating increasing the cell cycle life was observed. We
tested the Li||[NMC cell with a higher-capacity (5 mAh cm™) positive

electrode in the FDMB electrolyte, and found an increase (close to
twofold) inthe cell cycle life (Supplementary Fig. 33). We further tested
the Li|[NMC cell at the lean electrolyte condition (-3 g Ah™) and SP? ...
improved the performance two- tofourfold in the carbonate electrolyte
(Supplementary Fig. 34). Our SP’,.; polymer design is applicable to
various electrolyte chemistries and configurations, and is a marked
improvement in cell cycle life versus excess Li amount when com-
pared with other state-of-the-art strategies (Fig. 5e and Supplementary
Table 3)7,14,21,24,42,4‘7755‘

Conclusions

The chemistry of the SEl is crucial for the stable operation of LMBs.
In this work, we demonstrated a SP? interfacial design that promoted
the formation of the salt-derived SEl and improved the cycling perfor-
mance. Through physical interactions, we tuned the chemical reac-
tionatthe electrode-electrolyte interface. We optimized our coating
through material and electrochemical characterizations, and we arrived
at a polymer composition that can improve the cell performance in
three major electrolyte categories (ether, carbonate and fluorinated
ether). In full cell cycling, our coating improved the battery cycling
performance with a state-of-the-art electrolyte. The SP? design concept
canbe extended to other polymer chemistries and potentially pair with
other emerging electrolytes.

Methods

Materials

LiTFSI was purchased from Tokyo Chemical Industry; LiFSI from Flu-
olyte; polymethylhydrosiloxane, trimethylsilyl terminated (siloxane
polymer backbone, molecular weight of 2,100-2,400 g mol™) and
glyme side chain from Gelest and 1 MLiPF.in EC/DEC electrolyte from
Gotion. Other general chemicals used in this study were purchased
from Sigma-Aldrich. For adetailed polymer synthesis method*, please
refer to Supplementary Notes and Supplementary Figs. 35-50. The
NMC-positive electrode was purchased from Targray. Thin lithium
foil (50 pm) was purchased from Uniglobe Kisco Inc. The Celgard 2325
separator was purchased from Celgard. Cu electrodes, lithium chips
(600 um), 2032-type battery casings, stainless steel spacers, springs
and Al-clad coin cell cases were purchased from MTI Corporation.

DFT calculations

The geometry optimizations and the energy for the ground states
were calculated by DFT at the M06-2X/6-311G ++ (d, p) level . Al DFT
calculations were carried out with Gaussian 16 on Sherlock server at
Stanford University.

Materials characterization

To apply a layer of polymer coating on Cu or Silicon wafer, 100 mg of
polymer was dissolved in 1 ml of acetonitrile or 1,3-trifluorobenzene.
The polymer was spin coated on the substrate at 1,000 r.p.m. spin
rate. The coated sample was dried inavacuumovenat 80 °Cfor 24 hto
further remove organic solvents*’. The coating thickness was charac-
terized by a profilometer to be around 0.2 pm. The contact angle was
measured by dropping 10 pl of solvents or electrolytes on the coated
Si wafer. The H-cell experiment was performed in an Ar environment
(glove box) at room temperature with both sides of the H-cell under
constant stirring (200 r.p.m.). The caps of the H-cell were left loose.
One-hundred milligrams of polymer was sandwiched between two lay-
ersof separators. The experiment was runfor 3 hbefore stopping,anda
picture of the liquid level was taken. Afterwards, 1 ml of the liquids from
bothsideswas collected and 100 pl of1,1,2,2- tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE) was added into the solution as internal
concentrationstandard. F-NMR experiments were performed ona Var-
ian400 MHz NMR, and the concentration of Lisalt was calculated. The
'HNMR and ®CNMR spectra (500 MHz) were recorded on a Bruker DRX
500 NMR spectrometer in deuterated solvents at 25 °C. The chemical
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shift data for each signal are reported in units of § (p.p.m.). The rheo-
logical measurements were conducted on a TA ARES G2 rheometer
with an 8 mm parallel plate geometry. The ionic conductivity was
measured with abiologic VMP3 system at room temperature in SS||SS
(stainless steel) coin cell geometry. The XPS profile was collected on
aPHI VersaProbe 3 XPS with an Al K-alpha source, and the sample was
transferred from the Ar glove box to the testing stage in an airtight ves-
sel. The O1s XPS was collected after the sample surface was sputtered
with Arat2 kV 1pA for 2 min.

Electrochemical characterization

Li||Cu cellswere assembled with thick Li chip (1 cm?) and polymer-coated
Cuelectrodes with40 plof electrolyte and the Celgard 2325 separator.
For CE measurements, the electrode surface was first cleaned by ten
cycles of charge and discharge at 0.02 mA cm2between O Vand 1V.
Then, 5 mAh cm?was deposited at 0.5 mA cm™, followed by ten cycles
of stripand plate at the same current density and 1 mAh cm™ capacity,
and finally completely stripping the deposited lithium from the copper
electrode. The XPS signal was collected on the Cu electrode cycled at
0.5 mA cm™current density and1 mAh cm™ capacity for ten cycles. For
the SEMimages, we plated and stripped 1 mAh cm™of Liat the current
density of 0.5 mA cm™ for five cycles before plating 1 mAh cm™ of Li
at the same current density. Before the SEM imaging, the sample was
quickly dipped in 1,3-trifluorobenzene to remove the polymer coat-
ingand excess saltand solvent molecules. Li electrode was dip coated
with 0.1 g ml™ SP? polymer suspended in anhydrous THF solvent. The
electrode wasdriedinthe Ar environment at 80 °C for 8 hbefore being
assembled into a coin cell. All cells were rested for 8 h before cycling.

Data availability

The datasets analysed and generated during the current study are
includedinthe paper and its Supplementary Information file. Source
dataare provided with this paper.
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