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Solid polymers are promising electrolytes for Li-metal batteries, but

they have limitations: they cannot simultaneously achieve high ionic
conductivity, good mechanical strength and compatibility with high-voltage
cathodes while suppressing Li dendrites. Here, we design a class of

locally high-concentration solid polymer electrolytes based on polymer
blends, which are termed Li-polymer in F diluter (LPIFD). The Li-polymer
(polymer-in-salt) ensures continuous Li-ion conduction channels and
contributes to the solid electrolyte interphase (SEI), and the F diluter

(inert fluorinated polymer) adds mechanical strength. Studies reveal that
asingle-phase LPIFD, which is based on a miscible polymer blend, lacks
phase boundaries and forms an organic-less and LiF-rich SEI, effectively
suppressing lithium dendrites. The single-phase LPIFD delivers ionic
conductivity of 3.0 x10™*S cm™, and enables the Lianode to reach a high
coulombic efficiency 0f 99.1% and a critical current density of 3.7 mA cm™.
Furthermore, the ability to form an F-rich cathode electrolyte interphase
allows LiNi, 3Co,;Mn,0,||Li cells to achieve a cycle life of 450 cycles at a high
operating voltage of 4.5 V. This design will inspire efforts to commercialize
polymer electrolytes for high-energy Li-metal batteries.

Lithium (Li) metal batteries are recognized as the next generation of
energy storage devices due to their high energy density and safety’.
However, the growth of Lidendrites on Lianodes and the instability of
high-voltage cathodes remain unresolved challenges and limit their
commercialization®®. Since most electrolytes are not stable against
Li-metal anodes, asolid electrolyte interphase (SEI) on the Lianode is

formed”’. However, the SEl is not robust enough to suppress lithium
dendrites'", which reduces the Li plating/stripping coulombic effi-
ciency (CE) and the cycle life of the cell.

Studies with liquid electrolytes have demonstrated that
inorganic-rich (especially LiF-rich) SEIs can suppress Li dendrites.
This is because LiF is highly lithiophobic (that is, it has a weak affinity
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Fig.1|Schematic of the logic for designing single-phase LPIFD SPEs. a, Salt-in-polymer electrolyte. b, Polymer-in-salt electrolyte. ¢, Phase-separated LPIFD.

d, Single-phase LPIFD. Poly, polymer.

toLi). Therefore, Limigrates along the Li/SElinterface but Li dendrites
do not grow through a LiF SEI (refs. 12-14). In addition, LiF cathode
electrolyte interphases (CEls) have a high anodic stability of >6.0 V,
which enables the use of high-voltage cathodes™". In liquid electro-
lytes, the reduction of fluorinated inorganic anions (such as PF,and
bis(fluorosulfonyl)imide (FSI")) produces an inorganic lithiopho-
bic LiF-rich SEI, whereas the reduction of organic solvents forms an
organic/inorganic lithophilic SEI. To promote anion reduction and
suppress solvent reduction, researchers have explored the use of
high-concentration electrolytes” . To reduce the electrolyte viscos-
ity while maintaining the same SEI composition, high-concentration
electrolytes have been dissolved in fluorinated diluents to formlocal-
ized high-concentration electrolytes®**2. On a different note, solid
ceramicelectrolytes have high mechanical strength and forminorganic
SEls, which should be ideal for Li-metal batteries?*?*. However, the criti-
cal current density (CCD) of solid ceramic electrolytes is still limited,
partly due to the inability to form LiF SEls from the reduction of solid
ceramic electrolytes. Additionally, the existence of grain boundaries
promotes Li-dendrite growth® 7,

Solid polymer electrolytes (SPEs) can potentially combine the
merits of liquid electrolytes (formation of LiF SEl and low interfacial
resistance) and solid ceramic electrolytes (high mechanical strength).
However, high CE values are rarely reported for SPEs in Li-metal

batteries?®*, and most Li-metal cells with SPEs have alow areal capac-

ity’®due to the low CCD. This is because the organic-rich SEls formed
in SPEs cannot suppress the growth of lithium dendrites (Fig. 1a). To
form LiF-rich SEls, a fluoroethylene carbonate (FEC) liquid solvent
hasbeenaddedto SPEs. However, the reduction of FEC also generates
substantial organic compositionin SEls. Therefore, the Li CE reaches
only 97.6% with a CCD of 3.2 mA cm™, which is still limited®>*"*, Like
high-concentration electrolytes, high-concentration polymer elec-
trolytes (polymer-in-salt based on polyacrylonitrile or polyethyl-
ene oxide (PEO)) have also been reported to form LiF-rich SEIs****,
The high salt concentration and the solvent residues absorbed by
the salt enhance the ionic conductivity. However, these also result
in poor mechanical strength, thereby limiting their application in
Li-metal batteries (Fig. 1b). Researchers have attempted to enhance
the mechanical strength of these electrolytes by adding an inert
support matrix®® or using block copolymers®. For instance, Zhao
et al. incorporated a combination of poly(ethylene carbonate) and
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) witha
concentrated saltlocalized to the poly(ethylene carbonate) (ref. 40).
However, these systems are typically phase-separated and inhomo-
geneous, which is unfavourable for achieving uniform Li deposition
and SEl formation. Notably, Li dendrites cansstill grow along the phase
boundaries**** (Fig. 1c).
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Herein, we demonstrate a new electrolyte based on a polymer
blend, which we term Li-polymer in F diluter (LPIFD). The single-phase
LPIFD is a locally high-concentration polymer electrolyte formed by
combining two miscible polymers: Li-polymer (polymer-in-salt) and F
diluter (inert fluorinated polymer) (Fig. 1d). The F diluter, whichisinert
for Li-ion conduction, imparts high mechanical strength. Moreover,
the Li-polymer, along with a high salt content, provides high Li-ion
conduction and contributes to the formation of a LiF-rich SEI, effec-
tively suppressing Li-dendrite growth. Crucially, the high miscibil-
ity of the Li-polymer with the F diluter eliminates phase boundaries,
further enhancing the ability to suppress Li dendrites. As aresult, the
single-phase LPIFD exhibits both high mechanical strength and good
Li-dendrite suppression.

As a concept demonstration, a fluorine-rich PVDF-HFP was
selected as the inert F diluter. PVDF and its corresponding polymer
blends have been widely investigated for polymer electrolytes**, but
thereisanotable gap inguidance for their design to attain high perfor-
mance withanLianode. Toillustrate the influences of phase boundary
andSElonthe performance of LPIFD, we studied aseries of polymers for
the Li-polymers: poly(propylene carbonate) (PPC), PEO, poly(methyl
methacrylate) (PMMA), poly(vinylsulfonyl fluoride) (PVSF) and
poly(bis(trifluoroethoxy)phosphazene) (PTFEP). The salt was lithium
bis(fluorosulfonyl)imide (LiFSI). Among these Li-polymers, PPC and
PEO are not miscible with PVDF-HFP, resulting in phase-separated
LPIFD**¢ (Fig. 1c). PMMA is miscible with PVDF-HFP (ref. 47), but the
reduction of an ester group gives rise to an organic-rich SEI, which
reduces Li CE and dendrite suppression ability. The fluorination of
polymers (PVSF and PTFEP) enhances their compatibility with the F
diluter*®. Moreover, fluorination increases the F content and weakens
theinteractionwith Li*, thus promoting the formation of inorganic-rich
fluorinated SEI. Consequently, the single-phase LPIFD electrolytes with
inorganic-rich fluorinated SEl exhibit strong Li-dendrite suppression,
as indicated by a high Li plating/stripping CE of 99.1% and a CCD of
3.7 mA cm™. In addition, the single-phase LPIFD electrolyte forms an
F-rich CElwith a high-voltage stability to 5.4 V. This would allow batter-
iestocycleatacutoffvoltage >4.5V, whichis yet tobe demonstrated®.
Consequently, our electrolytes enable Li||LiNi, sCo,;Mn,;0, (NMC811)
cells to reach a CE of 99.95% for 450 cycles at a cutoff voltage of 4.5V
and a CE 0f 99.91% for over 200 cycles even at a cutoff voltage of 4.6 V.
The exceptional performance of these cells is attributed to (1) excel-
lent Li-dendrite suppression due to the formation of organic-less and
LiF-rich SEI and the lack of phase boundaries along with uniform Li
deposition; (2) high-voltage stability due to the formation of a F-rich
CEl; and (3) enhanced ionic conductivity (3.0 x10™* S cm™) and mechan-
ical strength. Additionally, the LPIFD concept for designing polymer
electrolytes is versatile and can be applied as an interlayer or binder
for ceramic solid-state electrolytes and also for micro-siliconanodes.

Design of LPIFD electrolytes

Wesselected PVDF-HFP as the F diluter because it has excellent mechani-
cal properties and relatively high stability with lithium metal and
high-voltage cathodes®® . We selected inorganic LiFSI as the salt
because it is reduced to form a LiF-rich inorganic SEIl on Li metal
without organic by-products, unlike LiTFSI. The high content of LiFSI
facilitates the formation of aggregated interconnective ionic clusters,
thus promoting the formation of LiF SEl and providing percolation
pathways for ion migration®***, For the Li-polymer, we wanted a poly-
mer that was miscible with the F diluter, so that their mixture would
form a single-phase LPIFD. We also wanted the polymer to have the
capability to form LiF-rich SEI. With these considerations in mind, we
investigated five polymers (Fig. 2).

The first two polymers, PPC and PEO, are non-miscible with
PVDF-HFP, which forms phase-separated LPIFD. Of these two, PEO dem-
onstrates greater stability with lithium metal compared to PPC-LPIFD
because the decomposition of polycarbonate could result in a high
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Fig.2|Design of LPIFD electrolytes. LPIFD electrolytes are composed of F
diluter (PVDF-HFP) and an Li-polymer (LiFSIwith (1) PPC, (2) PEO, (3) PMMA, (4)
PVSF or (5) PTFEP).

Inorganic-rich SEI

amount of organic composition in SEl while polyethers are relatively
stable atlow potential. However, the phase separation notably weakens
the Li-dendrite suppression. Of the three polymers that are miscible
with PVDF-HFP, PMMA was found to form an organic-rich SEI, whichis
notdesirable. PVSFis an upgraded version of PMMA. Even though the
S=0onPVSF hasastronginteraction with Li, which tends tobe reduced,
the almostinorganic nature promotes the formation of an organic-less
SEl with the LiF in it (reduction of S-F). Meantime, PTFEP is enriched
with inorganic elements, and its weaker interaction with Li promotes
the reduction of anion, allowing for an organic-less and LiF-rich SEI.
Tounderscore theimportance of developing asingle-phase structure
and aninorganic-rich fluorinated SEI, we choose three representative
LPIFDs, namely those based on PEO, PMMA and PTFEP, for a detailed
structural and property characterization. To comprehensively illus-
tratetheelectrolyte design principle, the electrochemical performance
of five LPIFD electrolytes was also compared.

The composition of the LPIFD was first optimized. To check the
miscibility of PTFEP and PVDF-HFP, their blends were investigated by
scanningelectron microscopy (SEM), energy-dispersive X-ray spectros-
copy (Supplementary Figs.1-3) and differential scanning calorimetry
(Supplementary Fig. 4). PTFEP is semi-crystalline® but has consider-
able backbone flexibility***” and the strong electron-withdrawing
ability of the trifluoromethyl group implies a weaker interaction of
PTFEP with Li* (ref. 58), which is promising for ionic conduction. At a
PTFEP/PVDF-HFP weight ratio of 0.4, a homogeneous structure with
continuous ionic conduction channels was formed, as can be seen from
the uniform morphology obtained from SEM and energy-dispersive
X-ray spectroscopy and from the single glass-transition temperature
(T, from differential scanning calorimetry (Supplementary Note 1).
LiFSI was then added into the above polymer blend (Supplementary
Note 2) until the salt content reached 63 wt%. The resulting electro-
lyte (denoted as PTFEP-LPIFD) has a low 7, of -63 °C (Supplementary
Fig.4c)andahighionic conductivity 3.0 x10™S cm™at room tempera-
ture with a low activation energy £, = 0.18 eV (Supplementary Fig. 5).
The highionic conductivity is attributed to the high concentration of
salt and the solvent absorbed by the salt.

For comparison, we prepared PMMA-LPIFD and PEO-LPIFD with
the same composition ratio as the PTFEP-LPIFD. The precursor solu-
tions of the three LPIFDs and images of the membranes are shown
in Supplementary Figs. 6 and 7. The solvent residues remaining in
the electrolytes were estimated with nuclear magnetic resonance
(NMR) spectroscopy (Supplementary Fig. 8). We found that 16-19 wt%
1,2-dimethoxyethane (DME) was presentin all cases. These remaining
solvents served as ahigh-concentration plasticizer strongly bound with
Li* ions that are localized against inert PVDF-HFP (ref. 59). Although
the solvent residue and high salt content can potentially weaken the
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mechanical properties of polymer electrolytes, all three LPIFDs still had
astrong solid-like rheology (Supplementary Fig. 9, with their storage
modulus G’ » their loss modulus G”) (Supplementary Note 3). Among
thethree, PEO-LPIFD shows phase separation (Supplementary Fig.10),
with S elements (LiFSI) present more in the O-rich domain (PEO-rich)
(Supplementary Fig. 11), consistent with the immiscibility of PEO and
PVDF-HFP. In contrast, PMMA-LPIFD and PTFEP-LPIFD exhibit a flat
and uniformsurface (Supplementary Figs.12 and 14) and uniformele-
ment mapping (Supplementary Figs. 13 and 15), as expected from the
miscibility of the polymers. Moreover, the single-phase LPIFDs were
very dense and lacking the distinct porous structure often observed
in PVDF-based polymer electrolytes**.

Structure and properties of LPIFD electrolytes

To understand the structure and chemistry of PEO-, PMMA- and
PTFEP-LPIFD polymer electrolytes, aselected membrane region from
each was characterized by scanning transmission X-ray microscopy
(STXM) at the C, O and F K-edges (Fig. 3). The different colours in
Fig. 3a-crepresent different regions on the LPIFD electrolytes and
their corresponding absorption information (Fig. 3d-f). The spectra
for PEO-LPIFD show the immiscibility between PEO and the PVDF-HFP.
Note the distinct spectrain the green and red regions (Fig. 3a,d and
Supplementary Fig.16a,d). The red region is PEO-rich. In the C-edge
spectra, the peak at 289.3 eV corresponds to the C-O bonds in PEO
(ref.60). The greenregionisrichin PVDF-HFP, and the peak at292.3 eV
corresponds to the C-F resonance in PVDF-HFP (ref. 61). In sharp con-
trast, both the PMMA- and PTFEP-LPIFD spectra show the miscibility of
their constituent polymers (Fig. 3b,e and Supplementary Fig.16b,e for
PMMA and Fig. 3¢,fand Supplementary Fig. 16¢,f for PTFEP). Molecu-
lar dynamics simulations were conducted to complement the STXM
observations at the atomistic level. The snapshots and the density
profiles again confirm the poor miscibility of PEO with PVDF-HFP and
apredominance of LiFSlin the PEO-rich region (Fig. 3g). In contrast,
both PMMA and PTFEP are largely miscible with PVDF-HFP (Fig. 3h-i).
This could be aresult of the difference in the polarity of the polymers
(Supplementary Fig.17).

The STXM atthe N and F K-edges (Supplementary Figs. 18 and 19)
alsoreveal information about the extent of Li-FSl aggregation: this is
higherinthe PTFEP-LPIFD electrolyte thanin the PEO-and PMMA-LPIFD
electrolytes (Supplementary Note 4). This is attributed to the weaker
interaction of PTFEP with Li* due to the electron-withdrawing -CF,
group on the side chain, which has been quantitatively confirmed
(SupplementaryFig.20).Indeed, Li*is prone tointeract with more polar
monomer fragments with highly negatively charged atomicsites, par-
ticularly -O- of PEO, O=and -O- of PMMA, and =N-and -O-in PTFEP.
The coordination ability of Li - --«(O=)FSI calculated from the Li* local
environment indicates strong Li-FSlinterionic interactions inherent
to LPIFDs (Supplementary Fig. 21)*>°*"**. The high coordination ability
of FSland a high probability of Li-FSl aggregates (Supplementary Figs.
22and23)in LPIFDis attributed to the high concentration of Lisalt and
the presence of the fluorinated diluter.

The coordination environment of three LPIFD samples was char-
acterized using oxygen K-edge X-ray absorption spectroscopy (XAS)
before and after mixing with LiFSI salt (Fig. 3j). Upon mixing LiFSlI salt
into PEO/PVDF-HFP blends, the C-O peak at 532.08 eV shifts to higher
energy due to the solvation of ethereal oxygen by Li* (ref. 65). Simi-
larly, the C=0 and C-0O peaks inthe PMMA/PVDF-HFP blend (at 531.1
and 531.9 eV) also shift to higher energy in the corresponding LPIFD
(ref. 66). A similar shift of the O peak at 532.0 eV in the PTFEP/
PVDF-HFP blend is also observed in the corresponding LPIFD, sug-
gesting that Li" solvation with O also occurs in this system. Moreo-
ver, the Fourier transform infrared (FTIR) spectroscopy (Fig. 3k,
detailed analysis in Supplementary Note 5) proves the interaction
of Li* with O and -P=N-in PTFEP. These interactions provide fast
channels for Li* conduction, resulting in the high ionic conductivity

of the LPIFDs. The weak interaction of Li* with PVDF-HFP was also
confirmed (Fig. 3k).

The relative interaction strengths of Li*, FSI” and the polymer
could be inferred from the large peaks beyond 535 eV (Fig. 3j), which
were ascribed to S=0 bonds®*%, As this molecular orbital is antibond-
ing in nature, a higher energy level suggests a stronger interaction
between Li*and FSI". Thisimplies thatin PTFEP-LPIFD, the interaction
between Li* and FSI™ is stronger than that of other LPIFDs, while the
interaction between Li* and the polymer is weaker, promoting the
reduction of anion to form an organic-less SEI. In addition, the XAS
results of the three LPIFDs before and after mixing with LiFSI salt were
also calculated using density functional theory (DFT) (Supplementary
Fig. 24). Good agreement with the experimental peaks was found
(Supplementary Fig. 25).

InLPIFD electrolytes, the ionic conductivity, transference number
and mechanical strength are well correlated with the single-phase
structure. InSupplementaryFig. 5, it is observed that PEO-LPIFD exhib-
its the lowest ionic conductivity and highest activation energy (E,)
among the three LPIFDs because the phase separation between PEO
and PVDF-HFP blocks the ion-conductive channels. Conversely, the
single-phase structures of PMMA-LPIFD and PTFEP-LPIFD result in
higherionic conductivity. The latter has the highest conductivity, which
isprobably dueto the weaker interaction of Li"and the corresponding
higher solventresiduein that case. Turning now to the Li-ion transfer-
ence number (¢,;+), its values are 0.38 for PEO-LPIFD (Supplementary
Fig.26a),0.53 for PMMA-LPIFD (Supplementary Fig. 26b) and 0.64 for
PTFEP-LPIFD (Supplementary Fig. 26¢), Again, the higher ¢, ;+ for the
latter twois because of their single-phase structure, which ensures that
thereisahomogeneousdistribution of the Lisalt. Note that the ¢, ;+ for
PTFEP-LPIFD surpasses that of typical SPEs (ref. 69). The high ¢, ;+ facili-
tates efficient Li* transport and also helps to suppress Li dendrites by
reducing the concentration gradient’®”",

Next, regarding the mechanical properties, PEO isimmiscible with
PVDF-HFP, resulting in mechanically weaker PEO/PVDF-HFP blends
compared to PVDF-HFP. In contrast, both PMMA and PTFEP are misci-
ble with PVDF-HFP, enhancing the mechanical properties of PMMA/
PVDF-HFP and PTFEP/PVDF-HFP blends over PVDF-HFP (Supplemen-
taryFig.27). Asaresult, even with a higher Lisalt content, PTFEP-LPIFD
is much stronger (modulus 23.3 MPa, Supplementary Fig. 28)
and more thermally stable (Supplementary Figs. 29 and 30) than
well-known PEO-based SPEs (Supplementary Note 6). This highlights
the superiority of the single-phase LPIFD design.

SEl chemistry and Li anode stability with LPIFD
electrolytes

The distinctive Li-polymer compositions of the three LPIFDs result
in varied SEI chemistry. Figure 4 presents an X-ray photoelectron
spectroscopy (XPS) analysis of SEl on Lianodes after cycling for three
LPIFDs. Asintended, LPIFD promotes the formation of organic-less SEI
dueto the high LiFSI salt concentration. During the argon sputtering
(depth profiling fromtop to bottom), anotable decrease in the ratio of
carbon (organic species) inthe SEl of PEO-LPIFD is observed (Fig. 4a).
Thistrendisalso evidentinthe C1sand O 1sspectra, for which the C-C
peak and Li,CO; peaks decrease (Supplementary Fig. 31a), whereas
the Li,O peak gradually increases (Supplementary Fig. 32a) and the
LiF peak remains strong (Supplementary Fig. 33a). In contrast, the SEI
formed in PMMA-LPIFD (Fig. 4b, and Supplementary Figs. 31b-34b)
exhibits a considerably higher ratio of organic to inorganic compo-
nents compared to that of PEO-LPIFD. This is attributed to the lower
stability of the ester functional group of PMMA with Li metal than
polyether, similar to liquid localized high-concentration carbonate
electrolytes, for which the solvent decomposition leads to an elevated
carbon content in the SEI (refs. 15,72). No C-F is detected in the SEI
of PEO-LPIFD and PMMA-LPIFD, whereas C-F is present in the SEI
of PTFEP-LPIFD (Supplementary Figs. 31c and 33c), indicating the
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Fig. 4| SEl composition and electrochemical performance of LPIFD polymer
electrolytes with lithium. a-c, Quantified atomic composition ratios of the SEI
at different sputtering times (0,120,300, 600 and 1,200 s from top to bottom)
for PEO-LPIFD (a), PMMA-LPIFD (b) and PTFEP-LPIFD (c). d, Cycling profile for Li
symmetric cells of Li|PEO-LPIFD|Li, LiPMMA-LPIFD|Li and Li|PTFEP-LPIFDILi at

Capacity (mAh cm™)

acurrent density of 0.5 mA cm™with 1 h/1 h plating/stripping time. e, CE of PEO-
LPIFD (0.3 mA cm2), PMMA-LPIFD (0.3 mA cm™) and PTFEP-LPIFD (0.5 mA cm™).
f, Li-metal plating/stripping profiles of a LilPTFEP-LPIFD|Cu cell. The inset is an
enlargement of part of the charge/discharge curve of 10th, 100th, 200th, 400th
and 650th cycles.

inertness of PVDF-HFP and implying the non-uniform SEI formed in
phase-separated LPIFD.

In contrast to the non-uniform SEl observed in PEO-LPIFD and the
organic-rich SElin PMMA-LPIFD, the atomic ratio of different elements
in the SEI of PTFEP-LPIFD is almost constant from the surface to the
inner SEI (Fig. 4c), and the peak intensities of different compositions
are consistent at different depths (Supplementary Figs. 31c-34c).
Moreover, relatively fewer C signals and higher F signals were detected
in SEI, indicating an organic-less fluorinated SEI due to the high inor-
ganic element ratio in PTFEP. In particular, a much stronger LiF peak
was observedin the SElof PTFEP-LPIFD (Supplementary Fig. 33c). The
homogeneous LiF-rich SEl structure in PTFEP-LPIFD is attributed to

the uniform distribution of PTFEP in the PVDF-HFP. LiF, being highly
lithiophobic with weak bonding and high interfacial energy with Li
metal, suffers less stress and retains good mechanical strength during
Li plating/stripping, promoting the lateral deposition of metallic Liand
suppressing the growth of Lidendrites”. As aresult, the homogeneous,
organic-lessand LiF-rich SElin PTFEP-LPIFD substantially contributes
to suppressing Li dendrites®.

Thedistinctive structural features (with or without phase bound-
aries) and SEI chemistry of the three LPIFDs result in the different
Li-dendrite suppression abilities and Li plating/stripping CEs. The
Li-dendrite suppression was evaluated using the CCD and the cycling
stability in symmetric Li||Li cells. For PEO-LPIFD, short-circuiting was
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quickly observed at 0.6 mA cm™ (Supplementary Fig. 35a). Although
PEOQitself has high stability against Li metal and forms organic-less SEI
duetotheether-based functional group, the phase separationresultsin
non-uniform Li deposition and SEI formation, allowing Li dendrites to
grow along the phase boundaries between PEO and PVDF-HFP. PMMA
is fully miscible with PVDF-HFP and forms a single-phase LPIFD. How-
ever, the ester-based functional group of PMMA forms an organic-rich
SEl that promotes Li-dendrite formation, especially at high current
densities. Therefore, short-circuiting is observed when the current den-
sity reaches 1.4 mA cm™ (Supplementary Fig. 35b). In sharp contrast,
PTFEP-LPIFD, with its single-phase structure and LiF-rich SEI, shows
noshort-circuiting until a high current of 3.7 mA cm (Supplementary
Fig. 35c). The Lil|Li cell with PTFEP-LPIFD was also tested under an
increasing current density from 0.5to 8.5 mA cm™at afixed capacity of
0.5 mAh cm™(Supplementary Fig. 36). The results indicate its potential
for high-current-density applications. Figure 4d illustrates the cycling
stability of Li||Licells using the three LPIFDs ata current of 0.5 mA cm™
for 1h charge/discharge. PTFEP-LPIFD exhibits much longer cycling
stability compared to PEO-LPIFD and PMMA-LPIFD. The results of an
additional Li||Li test areillustrated in Supplementary Fig. 37.

To directly assess the effectiveness of Li-dendrite suppression in
a single-phase structure and LiF-rich SEI, we examined the morphol-
ogy of three LPIFD membranes after Li||Li cycling and identified Li
dendrites inside the solid electrolytes using solid-state’LiNMR spectra
with magicangle spinning”7¢. The PEO-LPIFD sample revealed visible
metallic Li on both the surface and inner regions (Supplementary
Fig.38a), indicating the growth of Li dendrites into the PEO-LPIFD due
to the phase separation. In contrast, only a few dark spots, referred
to as ‘dark lithium’, were observed in single-phase PMMA-LPIFD and
PTFEP-LPIFD (Supplementary Fig. 38b,c). The more pronounced
decompositionin PMMA-LPIFDis attributed to the higher organic con-
tentinthe SEI, in contrast to the PTFEP-LPIFD, which forms an LiF-rich
SEland exhibits enhanced stability. In the NMR spectra of PEO-LPIFD,
aprominent’Li NMR signal at 264 ppm (green star in Supplementary
Fig.39a) was observed in cycled PEO-LPIFD, but this was absent in the
fresh PEO-LPIFD, indicating that there was serious lithium-dendrite
growth within the PEO-LPIFD. Conversely, only a weak peak corre-
sponding to metallic lithium was observed in the amplified spectra
of cycled PMMA-LPIFD and PTFEP-LPIFD (Supplementary Fig. 39b,c).
The robust Li-dendrite suppression for the single-phase structure
and LiF-rich SElis further supported by the bulky and smooth lithium
morphology (Supplementary Fig.40) as well as the cell electrochemical
impedance (Supplementary Fig.41) for PTFEP-LPIFD electrolytes after
cycling (additional details in Supplementary Note 7).

The Cul|Li half cells were used to investigate the Li plating/strip-
ping CE. The Li CE is mainly controlled by whether the phase is sin-
gle or separated and by the SEI chemistry. As shown in Fig. 4e (red)
and Supplementary Fig. 42a, the CE of PEO-LPIFD at a low current
density of 0.3 mA cm™ can quickly reach 98% due to the good stabil-
ity of the ether group of PEO and organic-less SEI. However, phase
separation leads to a quick short circuit (Supplementary Fig. 42a).
The single-phase PMMA-LPIFD shows a much longer cycling stability
(Supplementary Fig. 42b), but the Li CE could reach only 95% at the
same current of 0.3 mA cm™ after 300 cycles (Fig. 4e, pink). The low
Li CEof PMMA-LPIFD s attributed to the organic-rich SEl generated by
the reduction of the ester group in PMMA. When the current density
was increased to 0.5 mA cm™, the cell short-circuited within100 cycles
and the Li CE was further reduced (Supplementary Fig. 43). In sharp
contrast, even at a current density of 0.5 mA cm™, the Li||Cu half-cell
using PTFEP-LPIFD reached a high CE = 99.1% after 300 cycles (Fig. 4e,
blue; for more CE test results, see also Supplementary Fig. 44). Along
cycle with stable voltage polarization was also observed (Fig. 4f).

The morphology of Li metal deposited onto Cu was also
investigated. At a current density of 0.3 mA cm™and a capacity of
0.6 mAh cm™, the top view of the deposited Li shows a nodule-like

structure rather than a whisker-like dendrite structure (Fig. 5a,b),
which agrees with the organic-less SEl in PEO-LPIFD. However, phase
separation between PEO and F diluter results in non-uniform Li plating.
A cross-sectional image of deposited Li shows that it has a thickness
0f 9.2 pmwith anon-uniformstructure and numerous holes (Fig. 5c).
For PMMA-LPIFD, the morphology of deposited lithium exhibits a
whiskery structure (Fig. 5d,e), which is consistent with its low CE
of 95%. A cross-sectional image of Li after plating of 1.0 mAh cm™
shows thatit hasathickness of 9.0 umwith aloosely packed structure
(Fig. 5f).Insharp contrast, the Li after plating for 2.0 mAh cm2using
PTFEP-LPIFD exhibited a very dense surface with acompact structure
and a thickness of 10.1 um (Fig. 5g-i). This chunky Li was deposited
with low tortuosity and an intimate connection to maintain the bulk
integrity, asthe robust LiF-rich SEl prevented the growth of dendrites
in the deposited Li*""”7%,

To comprehensively demonstrate the design criteria (aiming for
asingle-phase structure and LiF-rich SEI), we conducted tests with
additional polymers in Fig. 2 and summarized the results in the table
in Fig. 5j. Like PEO, PPC is immiscible with PVDF-HFP, resulting in a
phase-separated PPC-LPIFD (Supplementary Fig. 45). In addition, the
reduction of polycarbonate forms an organic-rich SEl compared to
PEO-LPIFD. Asaresult, the PPC-LPIFD has the lowest CCD (0.3 mA cm™)
and CE (<90%) (Supplementary Fig. 45) among these polymer blends.
In contrast, PVSF is miscible with PVDF-HFP. An almost inorganic
structure contributes to an organic-less SEI. Therefore, PVSF achieves
both a higher CE (99%) and a higher CCD (2.4 mA cm™) (Supplemen-
tary Fig. 46). Overall, the formation of a LiF-rich and organic-less
SEl with a single-phase structure underscores the excellent stabil-
ity of single-phase LPIFD with Li and its superior lithium-dendrite
suppression.

Performance of Li//NMCS8I11 full cells at high
voltage

Like liquid localized high-concentration electrolytes, a high concentra-
tion of LiFSland a high ratio of Fin LPIFD enables LPIFD to achieve high
anodic stability, supporting the high-voltage cathode (NMC811). As
showninFig. 6a, PTFEP-LPIFD exhibited anodic decomposition above
4.9V, whichincreased to 5.4 V after two passivation cycles®>”’. Note
that the utilization of SPEs with high-voltage cathodes has traditionally
been limited to a voltage of 4.3 V (refs. 30,79).

The electrochemical behaviour of NMC811 using PTFEP-LPIFD
was evaluated in Li|[NMC811 coin cells with excess Li and an aggres-
sive cutoff voltage of 2.8-4.5 V. The NMC8I11 cathode’s areal capac-
ity was around 1-1.3 mAh cm™. As shown in Fig. 6b,c, the NMC811 in
PTFEP-LPIFD delivers a very high initial CE (ICE) of 93.95%, and the
CE quickly reached >99.9% within five cycles, indicating that a robust
CEl quickly formed on the NMC811 surface with minimal capacity loss
during the CEIl formation. Moreover, the cell had a superior cycle life
of >400 cycles (80% retention) at 0.5C with a high average CE 0f 99.95%
(Fig. 6¢) and little decay of the average voltage (Fig. 6d), indicating
excellent stability at high voltage. To verify the scalability, a pouch
cell was assembled using NMC811and 20 um Li foil (negative/positive
electrode capacity ratio N/P =4.3) with a PTFEP-LPIFD electrolyte
(Fig. 6e). After five pre-cycles, there was no obvious capacity fading
over100 cyclesat 0.3C, and the average CE remained high at 99.945%,
consistent with the good performance observed in coin cells with thin
Li (Supplementary Figs. 47 and 48).

Fast charging of batteries is crucial for electric vehicles, but
it remains an unresolved challenge. Achieving fast charging in a
Li|[NMC811 battery with SPEs is particularly challenging due to larger
overpotential and poorer contacts compared to liquid electrolytes.
Therefore, the high-voltage stability of the SPEs is extremely important
for fast charging because a high cutoff charging voltage can offset
the large overpotential at high current density, thereby mitigating
the capacity loss attributed to the overpotential. Here, PTFEP-LPIFD
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Fig. 5| Different Li deposition behaviours of LPIFDs, and summary of design
criteria. a-i, Surface and cross-section morphology of metallic Li deposited on

the Cu substrate for PEO-LPIFD (0.3 mA cm, 0.6 mAh cm2) (a-c), PMMA-LPIFD
(0.3 mA cm ™2, 1mAhcm™) (d-f) PTFEP-LPIFD (0.5 mA cm™,2mAh cm™) (g-i). To

Organic-rich Organic-less Organic-less,

LiF-rich
Yes
1.4 2.4 3.7
~95 ~99 ~99

ensure consistency, the current density used for deposition s the same as that
ofthe CE test. j, Table summarizing Li||Cu CEs and CCDs of different LPIFDs with
different Li-polymers.

demonstrated remarkable stability at a high voltage of 4.6 V, reflected
by a high-capacity retention of 79.7% after 200 cycles with an average
CE 0f99.91% for Li|[NMC811 cells (Supplementary Fig. 49a). Moreover,
the CE reached 99.94% at a high rate of 1C (Supplementary Fig. 49b).
This high stability at high voltage allows PTFEP-LPIFD to support
Li|[NMC8I1 cells at a high cutoff voltage in delivering a high capacity
at a high C rate. As illustrated in Fig. 6f and Supplementary Fig. 50a,
if the Li|[NMC811 cell is limited to being charged only up to 4.35V, a
reversible specific capacity of148.7and 77 mAh g canbe delivered at a
rate of 1Cand 2C, respectively. The much lower capacity at 2Cis attrib-
uted to the overpotential and contact issues associated with polymer
electrolytes. In comparison, the Li|PTFEP-LPIFD|NMC811 cell with a
cutoff voltage of 4.6 V delivered high reversible specific capacities of
186 and 101.2 mAh g™ at 1C and 2C, respectively. At a higher working
temperature of 45 °C, by chargingto 4.6 V, the cellcaneven work at 2C,
3Cand4Cwith highreversible capacities 0f202.2,146.7and 105 mAh g™
(Fig. 6f and Supplementary Fig. 50b, additional high-rate data are
showninSupplementary Fig. 51).

The high stability and high-rate capability observed in NMC811
can be attributed to the thin (<2 nm) and uniform CEl in single-phase
PTFEP-LPIFD (Fig. 6g). The cycled NMC811 particle surface maintains a
layered structure without rock-salt structure, indicating that the detri-
mental phase transition was effectively suppressed with PTFEP-LPIFD.
The thickness of this highly stable CEl remained unchanged even after
200 cycles (Supplementary Fig. 52), which is also supported by the
steady resistance evolution of Li|PTFEP-LPIFD|NMC811 full cells (Supple-
mentary Fig. 53). XPS measurements were conducted to analyse the CEI
composition. Compared to a cathode cycled in commercial carbonate
electrolytes (1M LiPF,inethylene carbonate/diethyl carbonate, Supple-
mentary Fig. 54a-c), NMC811cycled in PTFEP-LPIFD has amuch stronger
F signal owing to the high F content ratio in this LPIFD (Supplementary
Fig.54e). Moreover, notably fewer O signals were observed (Supplemen-
tary Fig.54d,f), indicating the excellent suppression of oxygen dissolu-
tion on the cathode. Thermodynamically, these fluorine-containing
species are much more resistant to oxidation than oxide species, which
effectively suppress the side reaction on the cathode.

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-023-01443-0

a b
0.14 -
on st 0.010
:Zinj 0.008 *E
— r =
(\“E 0.10 + 0.006 1 -
o 2
E 0.08 - 0.004 ©
< 2 38 ast00)
£ 0.06 0.002 < — 2th
S =
£ o £ 4 — 7th (0.5C)
3 0.04 4.0 § ’ —— 50th
o — 100th
0.02 4 28 200th
300th
0 400th
T T T 24 T T T T T T
3 4 5 6 0 50 100 150 200 250
Voltage (V) Capacity (mAh g™)
C
=
o
<
£ 2
2 &
©
3
O 100 @ PTFEP-LPIFD discharge
O PTFEP-LPIFD CE
50 4.5V/0.5C
o I T T T T T T T T T 0
0 50 100 150 200 250 300 350 400 450
Number of cycles
d e
4.4 350
Average discharge voltage -
300 £ Average CE: 99.95%
__ 40
s ~ 250 -
[ o o N— T ——
o < 200
= < Q
o £ m
> < 150 | ~
S = 50 &8
S 34r 3
5 & 2 100 |-
2 8
32 50 |
4.35V/0.3C
3.0 L 3
0r 20 pm Li
2.8 T T T T T T T T — O
0 100 200 300 400 0 20 40 60 80 100
Number of cycles Number of cycles
f 30 ‘
30°c i 45°c 140
300 - !
= 0.1C ! 120
2 2504 9 oac ! o
=< ~_._05C ' 9c 1C 1100 5 d=0.204.nm
E 200 1c 1c (55 Gy 3
> ‘ fististstitistitete O Teo Z
S 150 ‘ - @
g ] gmm I o 60 &
S 2C | ! 5
S 100 1 3 ; = lao 5
iy 3
5 ; G >
I3 D PTFEP-LPIFD charge 4.6 V ! 20 &
« @ PTFEP-LPIFD disharge !
0 - O PTFEP-LPIFD charge 4.35 V ! FO
@ PTFEP-LPIFD disharge |
T T T T
0 20 40 60

Number of cycles

Fig. 6| Full-cell performance of single-phase LPIFD. a, Electrochemical
stability window of PTFEP-LPIFD. The inset is an enlargement of part of the curve.
b-d, Voltage profiles (b), cycling performance (c) and average discharge voltage
(d) of the coin cells with NMC811 cathodes at 4.5 V cutoff voltage using PTFEP-
LPIFD. e, Cycling performance of the homemade pouch cell (V/P=4.3) with 20 pm
Lifoil at4.35V cutoffvoltage using PTFEP-LPIFD. The dimension of the electrode

inthe pouch cellis 3.7 cm x 3.7 cm. The Crate is 0.3C. The inset is a photograph of
the cell. f, Rate performance (1C =200 mAh g™, with capacity retention at right y
axis) at30 °Cand 45 °C at 4.35 Vversus 4.6 V cutoff voltages using PTFEP-LPIFD.
During therate test, both cells were charged to 4.6 Vin the first cycle to ensure that
the same CEl formed. g, TEM images of cycled NMC811 electrodes collected from
Li|PTFEP-LPIFDINMCS8I11 cell after 100 cycles. ICE, initial CE.
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Versatility of LPIFDs

By preventing dendrite growth and high-voltage decomposition, our
single-phase LPIFDs exhibit excellent interfacial stability at both elec-
trodes. They have good mechanical properties and can be fabricated
easily. For these reasons, LPIFDs are attractive for various solid-state
batteries (detailsin Supplementary Note 8). Ceramic electrolytesinher-
ently possess grain boundaries that can facilitate Li-dendrite growth.
Single-phase LPIFD can serve as aninterlayer that prevents dendrites
from growing through grain boundaries, leading to an improved CE
of over 98% and a high CCD of 3.7 mA cm™ (Supplementary Figs. 55
and 56), allowing the Li|[NMC811 full cell to achieve 150 cycles (Sup-
plementaryFig. 57). Furthermore, an LPIFD can serve as the binder for
polymer/ceramic hybrid composites, which allows for thin Li;PS;Cl
(LPSC) membranes having good stability with Limetal (Supplementary
Figs.58-61) and thereby enhance full-cell performance (Supplementary
Fig. 62). An LPIFD can also be used in a cell with micro-sized Si, which
canbecycled over400 times (Supplementary Fig. 63). In this case, the
LPIFD acts as abuffer against volume expansion and forms LiF-rich SEI
to stabilize the Sianode.

Conclusions

We have designed single-phase, locally high-concentration polymer
electrolytes due to the high miscibility between Li-polymer and an
inert fluorinated diluter polymer. The single-phase LPIFD lacks phase
boundaries, facilitating uniform Li deposition and ensuring a homoge-
neous LiF-rich SElto stabilize the Lianode. Simultaneously, an F-rich CEI
isformed to stabilize the NMC811 cathode at high voltage. As aresult,
the LPIFD achieves a high CE 0f99.1% and a high CCD of 3.7 mA cm™on
Lianodes, along with a high CE 0f99.95% at 4.5 V with a cycle life exceed-
ing 450 cycles in Li|[NMC811 cells. Moreover, Li|[NMC811 cells can be
chargedto4.6 Vwithahighrate of upto4Cat45°C. The LPIFD concept
canbeextendedto other solid-state electrolytes (for example, ceram-
ics) and in batteries with other electrodes (for example, micro-sized
Sianodes). Thus, LPIFDs could prove to be the electrolytes of choice
for arange of high-energy batteries.

Methods

Materials and methods

Materials and preparation of electrolytes. LiFSI was purchased
from Nippon Shokubai. PVDF-HFP (pellets), PPC (average Mn
~50,000, pellets), PEO (viscosity average molar mass of 100,000,
powder), PMMA (average molecular weight of ~15,000, powder) and
poly(bis(2,2,2-trifluoroethoxy)phosphazene) (PTFEP, powder) were
purchased from Sigma-Aldrich. Allwere dried at 90 °C under vacuum
for 24 hto remove moisture. Ethenesulfonyl fluoride was used to syn-
thesize the PVSF by the reported method®®*'. Basic information about
these polymers (7,and T;,) islisted in Supplementary Table 1. Acetoni-
trile (AN; 299.9%, boiling point 82 °C) and DME (99.9%, inhibitor-free,
boiling point 85 °C) were bought from Sigma-Aldrich and dried over-
night using molecular sieves.

Allthe fabrication processes, including the preparation of polymer
electrolytes and the assembly of batteries, were done in an Ar-filled
glovebox with H,0 content <0.1 ppm to avoid moisture in the air. The
LPIFDs were made by the solution cast method. DME can dissolve
most of the polymersin this work, thereby enhancing the accuracy of
comparisons of different polymer electrolytes. In detail, all polymers
(PMMA, PTFEP, PPC, PVSF and PVDF-HFP) were dissolved separately
in DME at a concentration of 5 wt% (PVDF-HFP had to be dissolved by
stirringitonahotplateat 55 °C).Inall cases, transparent polymer solu-
tions were obtained. Because of the limited solubility of PEO in DME,
PEO alone was dissolved in the AN at 3 wt%. Thereafter, the solution of
PEO, PMMA, PTFEP, PPC or PVSF (Li-polymer) was mixed with the solu-
tion of PVDF-HFP (F diluter) at aweight ratio of 1:2.5to get the solution
of polymerblends. Thenthe LiFSI (63 wt%in LPIFD) was added into the
polymer blend solutionto get the LPIFD solution. The LPIFD solutions

were then poured into Teflon dishes and dried at room temperature
to evaporate most of the DME, then these membranes were further
driedinavacuumovenat 70 °C overnight and 75 °C for 2-3 htoremove
solvents. The LPIFD SPEs were then peeled off from the dishes and cut
into different sizes for testing.

The LPSC solid electrolyte was prepared by milling Li,S, P,S;and
LiCl at a stoichiometric ratio followed by annealing at 550 °C for 4 h.
LPSC pellets were made by pressing the LPSC electrolyte at 360 MPa.
The PTFEP-LPIFD interlayer was formed by dropping 60-80 pl of
LPIFD solution onto the surface of a LPSC pellet (20 pl per time), fol-
lowed by drying using the same conditions as above for forming LPIFD
membranes.

AnLPSC membrane witha polytetrafluoroethylene (PTFE) binder
was made as follows. The LPSC powder was hand milled with 1% PTFE
androll-pressedinto afree-standing sheet. Then the sheet was pressed
at 360 MPa to obtain thin solid electrolytes.

An LPSC membrane with a LPIFD binder was made as follows.
The LPSC powder was well dispersed into the PTFEP-LPIFD precursor
solution, then the suspension was poured onto a Teflon dishand dried
quickly ata high temperature of 70 °C and in vacuum. To improve the
mechanical properties, we used a lower salt content (53 wt% LiFSI).
Thenthe sheet was pressed at 360 MPa to obtain thinsolid electrolytes.

The composite cathode was created by directly filling a diluted
polymer solutioninto the cathode and drying using the same process
as above. Specifically, the LPIFD solution was diluted four times with
DME, and then a certainamount of polymer solution was dropped onto
a LiNiogMn,;Co,,0, (NMC811) cathode in multiple times and dried
together with LPIFD. Anuncalendered NMC811 cathode (95 wt% active
materials) coated on Al foil with aloading of around 1-1.3 mAh cm™at
4.5 Vwaskindly provided by Saft America, Inc. A cathode with aloading
of 2-3 mg cm™was used for the high-rate cycling test.

To coat the micro-silicon electrodes, a slurry was first prepared
by dispersingsilicon (Si) particles (average particle size 1-5 pm, 99.9%
metals basis), lithium polyacrylate binder (10 wt% aqueous solutions)
and C65 carbon black in water with a weight ratio of 6:2:2. The slurry
was cast onto a copper (Cu) foil, dried at room temperature for 24 hand
further dried at 90 °C overnight under vacuum. A composite Si-LPIFD
anode was made by combining the Si anode with a diluted LPIFD solu-
tioninamanneridentical to that used to make the composite cathode.

Electrochemical measurements. The ionic conductivities of LPIFD
membranes at different temperatures (25-80 °C) were determined by
electrochemical impedance spectroscopy over a frequency range of
1.0 MHz to 0.1 Hz on a Gamry workstation (Gamry Instruments, Inc.)
using SS|LPIFD|SS coin cells (SS, stainless steel electrodes). The ionic
conductivities were calculated as follows:

o= —, 1)

where L is the thickness of the LPIFD, R is the resistance of the bulk
electrolyte and Sis the effective contacting area between the electro-
lyte and SS electrodes. The transference number ¢, was calculated as
follows:

_ Is(AV—1IoRo)

b= Io (AV = IsRs)’

2

where AV is the voltage polarization applied, /s and Rs are the
steady-state current and resistance, respectively, and /o and Ry are the
initial current and resistance, respectively.

The cyclic voltammogram of the Li|LPIFD|Ti cells was meas-
ured with a scan rate of 1 mV s™ on an electrochemical workstation
(CHI600E, CH Instruments). The interfacial stability of Li-electrolyte
was measured for asymmetric cell (Li|LPIFD|Li) with Li with a diameter
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of 8 mm. The CE of metallic Li was calculated using Li|LPIFD|Cu. Rough
copper was used to increase the contact between the polymer electro-
lytes and Cu. The electrochemical performances of the Li-metal batter-
ieswere all examined using 2032-type coin cells, which were assembled
and disassembledinan Ar-filled glovebox with O, and a moisture con-
tentlower than1ppm. Allthe charge and discharge processes of Li||Cu,
Li symmetrical and Li|[NCM8I11 full cells were tested with a battery
testing system (Landt Instruments) at 30 or 35 °C when there was no
specific comment. For galvanostatic tests of NMC811|LPIFD|Li cells, Ti
was used to prevent the corrosion of LiFSI on the stainless steel when
charging to the high voltage. Thus, 14 mm of Ti was placed between the
cathode and coin cell case. NCM811 cathodes with diameters of 9 or
9.5 mmwere coupled to al2 mm polymer membrane so that the poly-
mer membrane was notin contact with the coin cell case at the cathode
side. For thethinLi, alarger diameter of Li was used to prevent contact
between the cathode and anode. The cells were charged and discharged
betweenthevoltageranges2.8-4.35V,2.8-4.5Vand 2.8-4.6 V. Two for-
mationcycles at C/10 werefirst conducted before long-termcyclingata
higher current density of C/2. Cyclic voltammetry and electrochemical
impedance spectroscopy were all conducted on an electrochemical
workstation (CHI 600E, CH Instruments). A two-electrode Li|LPSC|Li
symmetric cell was assembled in a solid-state cell mould by attaching
Li foil on both sides of the electrolyte pellet. The stack pressure was
about2.0 MPa.For LPSCwith a PTFEP-LPIFD interlayer, both Li||Liand
composite NMC8I11||Li cells were tested in coin cells due to the good
contact between the electrolyte and the lithium.

Characterization. FTIR was recorded by a NEXUS 670 FTIR instru-
ment. The morphologies were characterized using SEM. The SEM
and high-resolution transmission electron microscopy (TEM) images
in the present work were taken at the University of Maryland using a
scanning electron microscope (SU-70 Analytical, GEG Hitachi) and a
transmission electron microscope (JEM-2100 LaB6, JEOL) withan elec-
tron accelerating voltage of 200 keV. After cycling, all the electrodes
were rinsed in DME (DME/AN for PEO-LPIFD) several times to remove
any residual polymer electrolytes. XPS measurements were acquired
with a K-alpha Thermo system using Al Ka radiation (hv=1,486.6 eV)
under ultra-high vacuum (1 x 10-12 atm) with a measured spot size
of 400 pm in diameter. A flood gun was used during the analysis to
compensate for the charging of the samples. The samples were trans-
ferred from the argon glovebox into the XPS chamber with a vacuum
transfer vessel to avoid exposure to air. Sputter depth profiling was
carried outusingan Ar*iongunwithionenergy of 200 eVand aroster
size of 2 mm. The angle between the surface normal and the ion gun
beamwas 0°. The sputter procedure was applied four times for 120 s,
3005, 600 s and 1200 s. The binding energy was corrected based on
the Clsspectrum, assigning C-Cto 284.8 eV. Relative atomic concen-
trations were calculated by integrating respective peaks with a Shirley
background using the CasaXPS software to account for the respective
atomic sensitivity factors.

STXM measurements were performed at the SM beamline of
the Canadian Light Source. The polymer electrolyte was spin-coated
on Si;N, windows for the STXM at the C, O and F K-edges. In STXM, a
monochromatic X-ray beam was focused by a Fresnel zone plate to a
30 nm spot on the sample, and the sample was raster-scanned with
synchronized detection of the transmitted X-rays to generate image
sequences (stacks) over arange of photonenergies. The obtained STXM
data were analysed using aXis2000 (http://unicorn.mcmaster.ca/
aXis2000.html). The principal component analysis and the following
cluster analysis of the STXM data were performed using the PCA_GUI
1.1.1(Stony Brook University) free software®.

The total electron yield of oxygen K-edge XAS spectrain the soft
XAS was measured at the 23-ID-2 beamline (I0S) of National Synchro-
tron Light Source II, Brookhaven National Laboratory. The data were
analysed using the Athena software®.

All rheological experiments were done with arheometer (HR 20
Discovery Hybrid Rheometer, TA Instruments) at 60 or 100 °C using a
parallel-plate geometry (25 mm diameter). For the oscillatory shear
experiments (dynamicrheology), polymer or SPE samples were cutinto
discs of 20 mm diameter. The linear viscoelastic region of the samples
was obtained in stress-sweep experiments. A strain (0.5%) within this
region was used to run the frequency-sweep experiments.

Quantification solution'H NMR experiments for all samples were
run on a Bruker AVANCE 111 600 MHz NMR spectrometer with a BBFO
probe. The polymer electrolytes were dissolved in dimethyl sulfoxide
at 50 °C for one night while being stirred. A one-pulse programme
with a pulse delay of 30 sand 16 scans was employed to collect 'HNMR
spectrawithreference to tetramethylsilane. Solid-state ’Li NMR spectra
with magic angle spinning of all samples were collected on a Bruker
Avance NEO solid-state 500 MHz NMR spectrometer with a double
resonance H/F-X probe. Briefly, samples were packed ina3.2 mmouter
diameter zirconia rotor with a Kel-F endcap spinning at 10 or 8 kHz.
The one-pulse programme was used with a 1t/2 pulse length of 2.5 s
and arecycle delay of 5s. Each “Li NMR spectrum was collected from
128 scans and the line broadening for the spectrumwas 20 Hz. Each’Li
NMR spectrumwas referenced to10 M LiClinaD,0 solution by setting
the’Lichemical shift at O ppm.

Computational details. In the classical molecular dynamics simula-
tion, LPIFD systems composing three different polymer blends based
on (1) PVDF-HFP, (2) conductive PEO, PMMA or PTFEP and (3) LiFSI
salt were assembled inthe same composition used in the experiment,
namely 1:0.4:2.4. The non-polarizable all-atomic optimized potentials
for liquid simulations (OPLS(-AA)) force field®** as available in the
database for the Gromacs simulation package®°°, was utilized to
adjust most of the intra-and intermolecular potential parameters that
describe covalent terms for bond stretching, angle bending and dihe-
dral angle torsion along the covalent bond. Non-covalent terms were
represented by the van der Waals and Coulombinteractions. For PTFEP,
all the missing intermolecular parameters related to the -P=N-bond
were generated using amodified version of OPLS-AA(-M) (ref. 91) avail-
able fromthe LigParGen web service®. The Coulomb interactions were
described by the partial charges evaluated in the Merz-Singh-Kollman
scheme” based on the trimmer configuration. The latter was initially
optimized using HF/6-31 G(d) level of theory, followed by an analysis
inMP2/cc-pVTZ as available in Gaussian 16 (ref. 94).

A chain length of 50 monomers was selected for each polymer.
To keep the amorphous structure of PVDF-HFP, the VDF to HFP molar
ratiowasset to4:1(refs. 95-98), while maintaining the VDF/HFP mono-
mer sequence reported previously®?%, Each initial system contain-
ing ~50,000 atoms was generated by Packmol and placed into an
orthorhombic box of size 20 x 20 x 60 nm?* with three-dimensional
periodic boundary conditions. This system size was selected to avoid
deleterious pressure fluctuations and to reduce the influence of the
finite size on the polymer dynamics and electrostatic interactions
during the equilibration stage®. A considerably larger box was used
to avoid intermolecular and interchain clashes.

All molecular dynamics simulations were carried out using
Gromacsv.2016.3. The equations of motion were integrated using the
leap-frog algorithm'® with a time step of 2 x 107° ns. The time-step
selectionwas justified due to the C-Hbonds constraints, which were
implemented with LINCS, a linear constraint solver algorithm'".
Theelectrostatic long-range interactions within the cutoff range of
1.4 nm were accounted for by the computationally efficient particle
mesh Ewald algorithm'®?, using the same cutoff distance for the
real-space component. The 12-6 Lennard-Jones interactions were
treated by the conventional shifted force technique with a switch
region between 1.2 and 1.3 nm. Cross interactions between differ-
ent atom types were derived using the standard Lorentz-Berthelot
combination rule.
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The LPIFD systems considered were energy-minimized using the
steepest descent algorithm followed by a series of equilibration steps
inisothermal and isobaric (npT) and canonical (nVT) ensembles. To
facilitate blending and to reduce the computational costs at certain
steps, the temperature was increased by 230 or 330 K with respect to
experimental conditions: (1) 0.1 ns of npT compression at 1 kbar and
533K, (2)0.1nsof npT compressionat4 kbarand 533K, (3) 0.5 nsof npT
compressionat4 kbarand 533 K, (4) 1 ns of npT relaxation at 0.001 kbar
and 533K, (5) 0.5 ns of npT heating at 0.001 kbar and 633 K, (6) 0.5 ns
of npT cooling at 0.001 kbar and 533 K, (7) 1 ns of nVT relaxation at
533K;,(8) 6.3 nsof npTrelaxation at 0.001 kbarand 533 K, (9) 1,000 ns
of npTblendingat 0.001 kbar and 533 Kand (10) 200 ns of npT cooling
0.001 kbar and 303 K according to experimental conditions. For steps
1-8, the temperature and pressure were kept constant by applying
the Berendsen thermostat and barostat'*® with coupling constants of
3x10™*and 5 x10™* ns, respectively. For step 8, a velocity-rescaling'®*
thermostat and Parrinello-Rahman barostat'” were set with further
substitution by a Nose-Hoover thermostat (8 x 10 ns) for the last
two steps 9 and 10. All the structure properties presented in this work
were derived from an additional 10 ns of nVT trajectory by saving the
coordinates each 1x 107 ns and additionally enhanced by the Travis
code'*'”” version 21 May 2021.

Theinitial geometry configurations obtained from the molecular
dynamic simulations were cut down to limit the polymeric repeating
units to only two or three units of PMMA, PEO or PTFEP, which were
in close proximity to (interacting with) the LiFSI. The cutdown was
madeto limit the computational costs when performing the quantum
chemistry calculations. The generated structures were then optimized
using the GFN2-XTB method'*®, which is an accurate and broadly para-
metrized self-consistent tight-binding method. The optimized geom-
etries were used to calculate the XAS spectra.

All calculations were performed using the ORCA software v.5.0.3
(ref.109). The oxygen K-edge XAS spectra were calculated using DFT
combined with the restricted open-shell configuration interaction
with singles (DFT-ROCIS) method". This method was chosen as sev-
eral studies have reported it to be an excellent method for predicting
experimental XAS measurements accurately™. Throughout our calcu-
lations, the B3LYP">'" functional was used with the Ahlrichs polarized
def2-TZVP basis sets*" together with the auxiliary def2/J (refs.116,117)
to accelerate the calculations in the presence of RJCOSX approxima-
tions. Additionally, scalar relativistic effects were implemented by
employing ZORA corrections"® explicitly. Scaling parameters c1=0.18,
¢2=0.20 and c3 = 0.40 were used as they were proven to be the best
set of parameters for a chosen test set"'’. The excitation window was
constructed by specifying one donor space corresponding to the exci-
tation donor orbitals and an acceptor orbital space that corresponds
toallsingly occupied states and the entire virtual orbitals space. A total
of 100 roots were requested to cover as many single excitation states
as possible. The data files for generating plots were produced using a
utility called Orca_mapspc that is integrated into the ORCA program
suite. The peaks were normalized and a constant energy shift of +13.2
to +15 eV was made to match with the pre-edge peak energy positions
of the experimental measurements.

Data availability

Alldata are available in the main text or the supplementary materials.
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