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Unlocking Superior Li* Transport and Anodic Compatibility for
Solid Polymer Electrolytes by Zwitterionic Metal-Organic Filler-
Mediated Li* Coordination Engineering

Mochun Zhang,*? Zhengguang Li,* Yuyan Liu,° Bo Hong,>%¢8 Fuhua Yang,>®¢*8 Mengran Wang,*
adefe Die Liu,*P Pingshan Wang,® Yanging Lai*>defeh

Residual solvents such as DMF in vinylidene fluoride (VDF)-based solid polymer electrolytes (SPEs) promote lithium salt
dissociation but trigger parasitic reactions with the Li metal anode, limiting interfacial stability. Here, we introduce a
multifunctional zwitterionic filler (LS) into the poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) matrix to
regulate Li* coordination and suppress solvent-induced degradation. The LS filler contains borate groups that compete
with DMF for Li* binding, weakening Li*-DMF interactions, while Zn?* sites in its metal-organic cage immobilize TFSI~ anions
and establish a Li*-dominated, weakly coordinated solvation structure. This dual regulation accelerates Li* transport and
promotes the formation of an inorganic, F- and N-rich solid electrolyte interphase (SEl) on the Li metal anode. As a result,
the optimized electrolyte (LSPH) delivers a high ionic conductivity of 0.641 mS cm™ and a Li-ion transference number of
0.83 at room temperature, outperforming the filler-free control. The Li|LSPH|Li symmetric cells exhibit a high critical
current density of 3.4 mA cm= and stable cycling for over 1000 h at 1.0 mA cm=. Furthermore, the Li|LSPH|NCM811 full
cells deliver an outstanding discharge capacity of 136.3 mAh g™ at 5 C and retain 70% capacity after 1000 cycles at 1 C and
4.3 V. This strategy effectively overcomes the trade-off associated with residual solvents in VDF-based electrolytes and

advances the development of high-performance solid polymer electrolytes for lithium metal batteries.

Introduction

Lithium metal is widely regarded as the ideal anode material
for next-generation high-energy-density batteries because of
its outstanding properties, including an extremely low
electrochemical potential (—3.04 V vs. SHE) and a very high
theoretical specific capacity (3860 mAh g).13 Despite these
advantages, the practical application of lithium metal anodes
with organic liquid electrolytes still faces serious challenges,
such as uncontrolled dendrite growth, poor cycling durability,
and safety risks.* > A promising approach to address these
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issues is to replace liquid electrolytes with highly safe and
high-performance solid-state electrolytes.®’

Among various solid-state electrolytes, solid polymer
electrolytes (SPEs) are particularly attractive because of their
mechanical flexibility, interfacial compatibility, ease of
processing, and cost-effectiveness.®1® Within the family of
SPEs, vinylidene fluoride (VDF)-based polymers, including
polyvinylidene difluoride (PVDF) and its derivative
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP),
have recently emerged as highly promising candidates due to
their high mechanical strength and high anti-oxidation
ability.**'* However, the rigidity of VDF-based polymer matrix
exhibits limited Li* conductivity and interfacial compatibility,
hindering its practical application. To overcome these intrinsic
drawbacks, researchers normally improve the ionic
conductivity of VDF-based SPEs by retaining a certain amount
of solvent (15~25 wt %) in the polymer matrix, such as N,N-
dimethylformamide  (DMF) or  N-methyl-2-pyrrolidone
(NMP).1>17 Residual solvent plasticizes the polymer matrix and
dissolves lithium salts, producing solvated [Li(DMF)y]* species.
Through enhanced salt dissociation and increased carrier
concentration, this process improves ionic conductivity. Chen
et al. showed that incorporating about 15 wt % DMF into PVDF
promotes lithium salt dissociation and generates more mobile
charge carriers, thereby facilitating Li* transport within the
polymer matrix.’® Although excessive residual solvents (DMF
or NMP) are beneficial for Li* conduction, the strong
interaction between Li* and DMF/NMP leads to unexpected
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anodic side reactions, destabilizes the anode-electrolyte
interface, and shortens cycle life. Therefore, mitigating the
impact of residual solvents on the anode is a key focus for the
development of VDF-based SPEs.

Recent studies reported several strategies to improve the
anodic compatibility of VDF-based electrolytes, such as
introducing film-forming additives, immobilizing the residual
solvent molecules, or reducing the content of DMF/NMP
solvents. Wang et al. employed lithium difluoro(oxalato)borate
(LiDFOB) as an additive, whose DFOB~ anion forms ion-dipole
interactions with NMP, effectively confining NMP and
stabilizing the Li anode.l® Zhou et al. introduced 3A zeolite
fillers to immobilize DMF, weakening the interaction between
DMF and Li* and improving anodic interfacial stability.?° More
recently, an amorphous polymer system (BPE) with strong Li
affinity was incorporated into PVDF to weaken the interaction
between Li* and DMF, leading to reduced DMF content, which
enhances the anodic compatibility.?* Collectively, these studies
demonstrate that residual solvents have detrimental effects on
the stability of the anode-electrolyte interface and emphasize
the need to mitigate strong Li*-~DMF/NMP interactions or
replace them with weakly coordinating solvents. Nevertheless,
these strategies face difficulty in simultaneously improving Li*
conduction and enhancing interfacial stability. Therefore,
constructing a stable anodic SEI and optimizing the Li*
transport environment is essential to further enhance the
battery performance.

Herein, we design a multifunctional zwitterionic metal-
organic filler (LS) incorporated into the PVDF-HFP matrix to
regulate the Li* coordination environment and interfacial
chemistry. As illustrated in Fig. 1, the borate groups in LS act as
cation donor sites that compete with DMF molecules for Li+
coordination, effectively weakening the strong Li*-DMF
interaction, while the sites within the metal-organic cage serve
as anion anchor sites to immobilize free TFSI~ and establish a
Li*-dominated conduction network. This dual-site design
promotes fast Li* transport and suppresses interfacial side
reactions, leading to the formation of a stable F- and N-rich
interphase on the lithium metal surface. Benefiting from these
effects, the optimized SPE (LSPH) delivers an ionic conductivity
of 0.641 mS cm™ and a Li* transference number of 0.83 at
room temperature, markedly higher than those of the filler-
free SPE (PH-Li, 0.456 mS cm™ and 0.47, respectively).
Li|LSPH|Li symmetric cells exhibit a high critical current
density of 3.4 mA cm= and stable cycling for over 1000 h at 1.0
mA cm™2, whereas the symmetric cells using PH-Li fails within
300 h. The Li|LSPH|NCMS811 full cells demonstrate superior
rate capability, with a discharge capacity of 136.3 mAh g at 5
C, far exceeding the 92.5 mAh g of the PH-Li electrolyte, and
retain 70% capacity after 1000 cycles at 1 C and 4.3 V. These
results establish the rational design of multifunctional
zwitterionic fillers as a robust and effective pathway to
overcome the intrinsic limitations of conventional VDF-based
electrolytes for high-performance lithium metal batteries.

Results and discussion

2| J. Name., 2012, 00, 1-3

As shown in Fig. 2a, the multifunctional fillertS owas
synthesized via a Schiff base condensdtidnlbEEAEEYCHFgIa
metal-organic cage bearing terminal aldehyde groups and a
flexible lithium salt segment (LiB5AB) terminated with amino
groups. The self-assembly of ligand L with Zinc (ll) nitrate
hexahydrate (1.5 equiv.) was conducted by heating at 65 °C for
8 h in a solvent mixture (MeOH:CHCl; = 1:1, v/v) (Fig. S1).%?
Upon cooling to room temperature, anion metathesis was
conducted by adding excess LiTFSIl. The intermediate, ligand L
and the metal-organic cage were fully characterized by H
NMR, 3C NMR, and electrospray ionization mass spectrometry
(ESI-MS) (Fig. S2-S8). All signals of ligand L and the metal-
organic cage could be well assigned with the aid of 2D
correlation spectroscopy (2D-COSY), 2D nuclear Overhauser
effect spectroscopy (2D-NOESY) (Fig. S9-S11). The
characteristic shifts of the aromatic and pyridyl protons further
confirm the successful formation of the metal-organic cage
(Fig. S12). The delocalized, negatively charged LiB5AB salt was
synthesized following a previously reported method (Fig.
$13).2% 24 |ts chemical structure was confirmed by 'H and !B
nuclear magnetic resonance (NMR) spectroscopy, and its
molecular weight was determined by mass spectrometry (MS)
(Fig. S14). X-ray photoelectron spectroscopy (XPS) confirmed
the successful condensation of the cage and LiB5AB, as
evidenced by the presence of C=N and C—N bonding signals in
the LS filler (Fig. 2b). The LSPH and PH-Li electrolytes were
prepared via a solution-casting method and formed self-
standing films with distinct appearances (yellow for LSPH and
white for PH-Li) that exhibited good flexibility (Fig. 2c, 2d and
S15). Compared with PH-Li, LSPH exhibits a flatter surface
morphology, which is favourable for improving interfacial
contact with lithium metal. Cross-sectional EDS mapping
further confirms that Zn and B signals are uniformly distributed
throughout the membrane thickness, indicating homogeneous
dispersion of the LS filler without noticeable aggregation (Fig.
S16). To evaluate the effect of LS content on electrochemical
performance, a series of PVDF-HFP-based solid electrolytes
with different LS loadings (10~50 wt%) were investigated (Fig.
S17). Among them, LSPH-30 exhibited the optimal ionic
conductivity and Li* transport performance, therefore it was
selected for detailed study and denoted as LSPH. For
comparison, control electrolytes containing only cage-type
units (PH-Cage) or only borate units (PH-LB) were also
examined under identical conditions. Although both controls
exhibit a modest increase in the Li-ion transference number,
no appreciable improvement in ionic conductivity is observed.
Specifically, PH-Cage partially enhances TFSI~ immobilization
through Zn?* coordination but fails to modulate Li*—~DMF
interactions, whereas PH-LB provides alternative Li*
coordination sites but lacks the ability to anchor anions.
Neither component alone can replicate the dual-regulation
effect achieved by the LS filler. In contrast, LSPH
simultaneously achieves high ionic conductivity and Li-ion
transference number, highlighting the necessity of integrating
LS fillers.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Schematic illustration of the Li* coordination regulation and interfacial stabilization mechanism enabled by the multifunctional
zwitterionic filler (LS) in VDF-based solid polymer electrolytes. (a) Comparison of ion coordination structures between the PH-Li and LSPH
electrolytes. The incorporation of LS transforms the Li* coordination environment from contact ion pairs to aggregated states by anchoring
TFSI~ and weakening Li*-DMF interactions, thereby facilitating Li* diffusion. (b) Illustration of the Li* transport and interfacial stabilization
mechanism in the LSPH electrolyte. The metal-organic cage core containing Zn?* sites function as an anion anchor, while the borate
segment acts as a cation donor, synergistically enhancing the ionic conductivity, Li-ion transference number, and interfacial stability.

X-ray diffraction (XRD) indicated a marked decrease in
PVDF-HFP crystallinity upon LS incorporation, which favours
faster ion transport (Fig. S18). Mechanical testing showed that
LSPH achieved a tensile strength of 8.6 MPa and ~150%
elongation at break, compared to only 1.9 MPa and ~65% for
PH-Li (Fig. 2e). These enhancements are attributed to the
introduction of the LS filler, which reinforces the polymer
network and improves the mechanical integrity of the
electrolyte. To further assess the role of the LS filler, the
electro chemical performance of LSPH was evaluated. As
shown in Fig. 2f and S19, the activation energy (E.) for Li*
transport in LSPH was 0.167 eV, significantly lower than the
0.221 eV of PH-Li. Additionally, LSPH exhibited a room-
temperature ionic conductivity of 0.641 x 103 S cm™ and a Li-
ion transference number of 0.83, outperforming PH-Li (0.456 x
102 S cm™, ty+ = 0.47) (Fig. 2g). Notably, the residual DMF

This journal is © The Royal Society of Chemistry 20xx

content in LSPH (4.0 wt %) was significantly lower than that in
PH-Li (15.1 wt %). This

result indicates that the enhanced ionic conductivity of LSPH
cannot be rationalized solely by residual solvent effects and is
instead mainly governed by the incorporation of the LS filler
(Fig. S20). Although residual DMF acts as a plasticizer that
enhances polymer chain segmental mobility, the excessive
DMF content in PH-Li (15.1 wt%) compromises mechanical
integrity and promotes solvent-induced interfacial degradation
during cycling. In contrast, the low residual DMF content in
LSPH ensures a more mechanically robust membrane, while
the LS filler compensates by providing alternative Li* hopping
sites to maintain high ionic conductivity. In terms of oxidation
stability, as shown in Fig. 2h, linear sweep voltammetry (LSV)
revealed an expanded electrochemical stability window from
4.31 to 4.75 V in LSPH, indicating improved compatibility with

J. Name., 2013, 00, 1-3 | 3
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high-voltage cathodes. This enhancement is attributed to the
LS-induced reduction of PVDF-HFP crystallinity, which reduces
DMF encapsulation within crystalline domains and thereby
suppresses solvent oxidation. Moreover, the presence of LS

Journal Name

modifies the local solvent environment and polymer, structiiie,
contributing to the enhanced oxidatid 1StHBRIBPSGTS3PRB
electrolyte.
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Fig. 2 (a) Schematic of the LS filler synthesis and structure. (b) N 1s XPS spectra of the cage, LIB5AB, and LS, confirming the formation of
imine and C-N bonds after condensation. SEM images and optical photographs (inset) of the (c) LSPH and (d) PH-Li electrolyte membranes.
(e) Stress-strain curves of the LSPH and PH-Li electrolytes. (f) Arrhenius plots of ionic conductivity for LSPH and PH-Li electrolytes. (g) Room-
temperature ionic conductivity and Li* transference number of the LSPH and PH-Li electrolytes. (h) Linear sweep voltammetry (LSV) curves

of the LSPH and PH-Li electrolytes.

To elucidate the role of the functional filler LS in
modulating the Li* coordination structure of SPEs, FT-IR
spectroscopy was employed to examine the chemical

interactions within the polymer electrolyte membrane (Fig. 3a).

In the FT-IR spectrum of LSPH, the characteristic peaks
corresponding to C-F, S—N-S, and S—N shifted to lower
wavenumbers (1185.3, 1056.9, and 744.2 cm™ respectively),
indicating coordination between the LS filler and TFSI~.?! These
shifts highlight the functionality of LS, where Zn?* centres in
the cage act as anion receptors that capture TFSI~. Although
FT-IR primarily evidences anion coordination, the borate ester
groups, serving as Li* donors, are expected to compete with
DMF for Li* coordination. This competitive interaction weakens
the Li*-DMF association and collectively contributes to a
looser Li* coordination environment, thereby facilitating fast
Li* conduction. To further substantiate this inference and
resolve the coordination evolution, Raman spectroscopy was
performed to analyse the specific association states of TFSI~

4| J. Name., 2012, 00, 1-3

anions. In LSPH, the S—N-S vibration band of TFSI- was
deconvoluted into signals representing free TFSI~ (741 cm™),
contact ion pairs (CIP, 745 cm™), and aggregated clusters (AGG,
751 cm™).2>27 Upon LS incorporation, the proportions of free
TFSI~ and CIP decreased from 39.1% and 52.1% to 15.8% and
42.0%, respectively, while that of AGG increased markedly
from 8.8% to 42.2% (Fig. 3b). This shift toward aggregated
states confirms that regulating the Li solvation structure may
facilitate Li* conduction and enhance interfacial stability.?® To
further probe the lithium coordination structure, solid-state
nuclear magnetic resonance (ss-NMR) spectroscopy was
conducted. In the “Li NMR spectrum (Fig. 3c), a downfield shift
was observed for LSPH relative to PH-Li, indicating a weakened
shielding effect around Li* and looser coordination with
surrounding ligands.?® This interpretation was corroborated by
the °F NMR spectrum of TFSI- (Fig. S21), which revealed that
the addition of LS significantly weakened Li* coordination with
both TFSI~ and DMF, thereby facilitating faster dissociation and

This journal is © The Royal Society of Chemistry 20xx
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ion transport.3® Binding energy calculations further confirmed
this mechanism (Fig. S22). LS exhibits stronger binding to TFSI~
than PVDF-HFP or DMF, thereby weakening Li*—TFSI~
interactions and promoting Li* release. Meanwhile, the binding
energies of Li* with other electrolyte components remain
comparable, producing an overall weakly coordinated
solvation structure, which is favourable for rapid Li* transport.

ARTICLE

Specifically, the borate ester groups in LS provjde weak ki
coordination sites (binding energy: -1.593!:éV)0ghap6éehpeE8
with DMF (-2.192 eV), while the Zn?* centres anchoring TFSI- (-
4.670 eV). This dual regulation simultaneously enhances Li*
mobility and suppresses anion transport, which is conducive to
achieving a high Li-ion transference number of 0.83.
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Fig. 3 (a) The FT-IR spectra of PH, PH-Li and LSPH membranes, with an enlarged view of the TFSI~ belonging to PH-Li and LSPH electrolytes.
(b) Raman spectra and (c) ’Li solid-state nuclear magnetic resonance (ss-NMR) spectra of the LSPH and PH-Li electrolytes. (d) The migration
model of Li*, TFSI~ and DMF in LSPH under an applied electric field. () Mean square displacement (MSD) of Li* and calculated diffusion

coefficients. (f) Radial distribution functions (RDFs) showing the coordination environment of Li* in the LSPH and PH-Li electrolytes.

Based on the coordination structure identified by
spectroscopic characterization and binding energy analysis, the
diffusion kinetics of Li* in the LSPH electrolyte were further
assessed via ab initio molecular dynamics (AIMD) simulations
(Fig. 3d and S23). In LSPH, Li* exhibits weaker coordination
with surrounding species, which reduces the binding strength
and facilitates dissociation. Under the cooperative transport of
multiple components, Li* achieves much faster migration than
in PH-Li. In contrast, in the PH-Li electrolyte, the dissociation of

This journal is © The Royal Society of Chemistry 20xx

the lithium salt is more difficult, and the transport of Li* is
relatively slow and irregular within the amorphous PVDF-HFP
region. Mean square displacement (MSD) analysis confirmed
that the diffusion coefficient in LSPH (Dyi+ = 5.32 x 107° cm? s7?)
is more than an order of magnitude higher than that in PH-Li
(Dus = 3.20 x 107 cm? s71), demonstrating a significant
enhancement in Li+ mobility (Fig. 3e). Radial distribution
function (RDF) analysis revealed a dominant Li—O peak at 0.20
nm, suggesting that O atoms from DMF and TFSI~ primarily

J. Name., 2013, 00, 1-3 | 5
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mediate Li* transport (Fig. 3f). Compared with PH-Li, the
reduced intensity of the Li-O (DMF) contribution in LSPH
indicates weaker Li—-DMF coordination, consistent with
competitive binding from the borate groups in LS. A secondary
Li-B peak at 0.25 nm was attributed to electrostatic
interactions with borate anions in LS, which weaken Li*—TFSI~
/DMF binding and facilitate dissociation. These results confirm
that the LS filler promotes ion-pair dissociation by restricting
TFSI~ mobility and enabling Li* hopping via multicomponent co-
transport, ultimately achieving an enhanced Li-ion
transference number and Li* conductivity. This mechanistic
insight supports the conclusion that LS effectively modulates
the coordination structure and dynamics, enabling rapid and
stable Li* transport in solid polymer electrolytes.

To evaluate the interfacial compatibility between the
electrolyte and lithium metal, the lithium plating/stripping
behavior and interfacial charge transfer kinetics were
examined using Li| |Li symmetric cells. As shown in Fig. 4a, the
critical current density (CCD) of the Li|LSPH|Li cell reached 3.4
mA cm~2, markedly higher than that of the Li|PH-Li|Li cell (1.7
mA cm™), indicating enhanced electrochemical stability. The

raargins

Journal Name

Tafel curves reveal that the exchange current densjty fjs).96the
Li|LSPH|Li cell (0.283 mA cm™) is significaRtl{CHigteP tHats that
of the Li|PH-Li|Li cell (0.106 mA cm™), indicating that the LS
filler constructs a more kinetically favourable charge-transfer
interface between the lithium metal anode and the electrolyte
(Figure S24). The long-term cycling performance at 1.0 mA cm~
2 and 0.5 mAh cm™ further demonstrated that the Li|LSPH|Li
cell maintained stable cycling for over 1000 h with a low
voltage polarization voltage of ~60 mV (Fig. 4b). The enlarged
voltage profiles at different stages reveal that the
overpotential of LSPH remains consistently low, increasing only
slightly from 89 to 140 and 150 mV (at 10h, 120h and 240 h),
indicating a stable electrode/electrolyte interface throughout
prolonged cycling. In contrast, the PH-Li cell exhibits
substantially higher overpotentials (90, 630, and 840 mV at the
corresponding  stages), reflecting  severe interfacial
degradation and unstable Li plating/stripping behaviour. In
contrast, the Li|PH-Li|Li cell showed rapid voltage escalation
and a cycle life of less than 300 h due to severe side reactions
between DMF and the lithium metal anode.
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Fig. 4 (a) Critical current density (CCD) of the Li| LSPH|Li and Li| PH-Li|Li symmetric cells with a fixed Li deposition and delamination time of
30 min. (b) Galvanostatic cycling curves of the Li| |Li symmetric cells with the PH-Li and LSPH electrolytes. The insets show enlarged voltage

profiles at selected time intervals. (c) Performance comparison of the LSPH system with other reported works using VDF-based polymer
electrolytes in Li| | Li symmetric cells. (d) Schematic illustration of Li deposition and dendrite growth on the lithium metal anode using LSPH

(left) and PH-Li (right) electrolytes. (e) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling of several secondary ion
fragments on the SEI using the LSPH and PH-Li electrolytes. (f) ToF-SIMS 3D reconstruction of the sputtered volume on the SEI using the

LSPH and PH-Li electrolytes.

It is worth noting that although the PH-Li electrolyte
intentionally retains a higher amount of residual DMF to

6 | J. Name., 2012, 00, 1-3

enhance polymer flexibility and ionic conductivity, this does
not translate into improved interfacial stability. The

This journal is © The Royal Society of Chemistry 20xx
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comparison between PH-Li and LSPH clearly shows that a
higher residual DMF content is not positively correlated with
long-term interfacial robustness. Instead, excessive Li*—~DMF
coordination accelerates solvent-driven side reactions at the
lithium metal interface, leading to rapid polarization growth
and premature failure. By contrast, the LSPH electrolyte
achieves a balanced optimization by reducing the residual DMF
content while regulating Li* coordination through the LS filler,
thereby maintaining sufficient interfacial kinetics without
sacrificing long-term stability.

To benchmark the performance, we compared the LSPH
electrolyte with other VDF-based electrolytes based on current
density, cycle life, and residual solvent content. As depicted in
Fig. 4c and Table S1, the LSPH system displayed superior
interfacial stability and comprehensive performance,
underscoring the advantages of our designed VDF-based
electrolyte. Notably, the incorporation of the zwitterionic filler
not only mitigates solvent-induced side reactions but also
promotes the formation of a stable, inorganic-rich SEIl, further
enhancing interfacial compatibility and
stability.

Post-cycling morphological analysis via optical imaging and
SEM revealed a smooth and compact lithium surface in the
LSPH system, whereas the PH-Li system exhibited deposition
with scattered black spots (Fig. S25). SEM images confirmed
that the PH-Li cell suffered from dendritic growth and dead
lithium accumulation, while the LSPH cell showed a uniform
morphology without dendrites. These observations are
schematically illustrated in Fig. 4d, highlighting the distinct
deposition behaviours. In the PH-Li system, disordered lithium
growth is attributed to uneven Li* distribution and unstable
interfaces. In contrast, the LSPH system supports uniform Li*
flux and homogeneous deposition, contributing to a stabilized
anode interface.3!

To elucidate the underlying stabilization mechanism, ToF-
SIMS was employed to characterize the SEI composition (Fig.
4e). Strong signals of LiF,, LisN~, together with minor B-related
contributions, suggest an inorganic-rich SEl in the LSPH system
(Fig. 4f).32 In contrast, the PH-Li system displayed
predominantly organic fragments arising from extensive side
reactions. Further XPS analysis of the C 1s, F 1s, and Li 1s
spectra revealed a compositional gradient within the SEI for
both the LSPH and PH-Li systems (Fig. S26).33 Notably, the F 1s
spectrum of LSPH showed increasing LiF intensity with
sputtering depth, consistent with the ToF-SIMS results. These
findings confirm the formation of a stable SEI enriched in F and
N species, which promotes rapid and uniform Li deposition,
suppresses dendrite growth, and thereby extends cycling
stability and service life. This inorganic-rich interphase is
attributed to the synergistic effects of LS-mediated solvation
regulation and reduced residual DMF content. The weakened
Li* coordination promotes more TFSI- decomposition at the
interface, generating abundant LiF,~, LisN~, while the low DMF
content (4.0 wt%) suppresses the formation of organic by-
products.

Considering the excellent Li* conductivity and favourable
interfacial compatibility of the LSPH electrolyte with lithium

long-term cycling

This journal is © The Royal Society of Chemistry 20xx
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metal, its application in Li| [INCM811 full cells,was.further
explored. Cyclic voltammetry (CV) cup{réslOdREWPEHASIPRB
Li|LSPH|NCM811 battery exhibits superior redox reaction
reversibility and kinetics (Fig. S27). As shown in Fig. 5a, the
Li|LSPH|NCM811 battery exhibited outstanding rate
performance, delivering discharge capacities of 197.7, 167.3,
161.2, 158.9, 149.8, 144.8, and 136.3 mAh g™ at current rates
of 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C, respectively. Upon
returning to 1.0 C, a high capacity of 166.1 mAh g? was
recovered, indicating excellent reversibility and structural
integrity. In contrast, the Li|PH-Li|NCM811 cell showed
significantly lower capacities and poor rate recovery. The
corresponding charge-discharge curves revealed two inclined
voltage plateaus associated with the (de)lithiation of NCM811
(Fig. 5b and S28). Notably, the LSPH-based system showed
minimal voltage hysteresis even under high-rate conditions.
The cycling stability of both full cells at 1.0 C is shown in Fig. 5c
and 5d. The Li|LSPH|NCM811 cell maintained 70% capacity
retention after 1000 cycles, demonstrating exceptional
durability and interfacial stability consistent with observations
in Li| | Li symmetric cells. In contrast, the Li|PH-Li|[NCM811 cell
exhibited rapid capacity fading and increased voltage
polarization during cycling at 1.0 C (Fig. S29). The charge-
discharge profiles of PH-Li at representative cycles show
progressively distorted voltage plateaus and significantly
enlarged overpotential from the 1st to the 300th cycle,
indicating severe interfacial degradation. A direct comparison
of both cells at corresponding cycles further confirms that the
LSPH cell maintains stable voltage plateaus with minimal
polarization growth, whereas the PH-Li cell suffers from
continuous impedance increase, consistent with its inferior
cycling stability (Fig. S30). Furthermore, after cycling, the
charge-transfer resistance (R«) of the Li|PH-Li|NCM811 cell
increased significantly, whereas only a minor change was
observed for the Li|LSPH|NCM®811 cell. This contrast indicates
a much more stable electrode-electrolyte interface in the
LSPH-based system (Fig. S31). When the cut-off voltage was
increased to 4.5 V, the LSPH-based cell delivered a high initial
capacity of 214 mAh g and maintained 87.9% of its capacity
after 100 cycles, with a Coulombic efficiency exceeding 99%
(Fig. 5e and 5f). These results highlight the synergistic effect
between the =zwitterionic filler and lithium salts, which
enhances Li* transport kinetics and offers a new strategy for
optimizing polymer electrolyte performance.

To further investigate the interfacial dynamics between the
solid electrolyte and cathode, in situ impedance spectroscopy
combined with the distribution of relaxation time (DRT)
analysis was performed. As shown in Fig. 5g, impedance
spectra were collected at different voltage stages during
charge-discharge cycling at 0.1 C. The DRT results resolved
distinct relaxation processes. The peak observed in the 10~ to
1073 s range was assigned to the bulk resistance (Ro), whereas
the peaks in the 1073 to 107! s range were attributed to the
anode-electrolyte interfacial resistance (Rsg) and the cathode-
electrolyte interfacial resistance (Rcg).3* Compared with the
PH-Li system, the LSPH-based cell consistently exhibited lower
Rser and Rce values, demonstrating faster Li* transport both

J. Name., 2013, 00, 1-3 | 7
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within the bulk electrolyte and across the electrode-electrolyte
interface.

This enhanced interfacial stability and reduced resistance
are further corroborated by the microstructural
characterization of the cycled NCM811 cathodes. High-
resolution transmission electron microscopy (HRTEM) images
(Fig. 5h) visually confirm that the NCM811 cathode cycled in
the LSPH electrolyte features a thin, uniform, and robust CEI
layer. Benefiting from this high-quality CEl, the highly ordered

raargins

Journal Name

layered structure of the cathode is well-preserved,at the.nears
surface region. In sharp contrast, the catR6dé &yeied i tRéPFR
Li system suffers from severe interfacial side reactions, leading
to a thick, irregular CEl layer and obvious structural
degradation from a layered phase to a disordered rock-salt
phase at the surface. This structural preservation in the LSPH
system effectively prevents the increase in charge transfer
resistance during cycling.
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Fig. 5 Electrochemical performance of L|| |NCM811 cells. (a) Rate performance with the LSPH and PH-Li electrolytes. Galvanostatic charge-
discharge profiles of the cell with LSPH (b) at different rates and (c) at 1.0 C. Cycling performance at (d) a 4.3 V cut-off voltage (comparing
LSPH and PH-Li) and (e) a 4.5 V cut-off voltage (for LSPH). (f) Charge-discharge profiles of the cell with LSPH at 4.5 V. (g) DRT spectra for
Li| LSPH|NCM811 and Li| PH-Li|NCM811 cells. (h) HRTEM images and (i) XPS C 1s and F 1s spectra of the cycled NCM811 cathodes using the

LSPH and PH-Li electrolytes.

C—Xmetat bonds emerged in the C 1s spectrum of the
NCM811 cathode cycled with the PH-Li electrolyte, indicating
significant electrolyte decomposition at the NCM811 interface
(Fig. 5i).3> This might be attributed to the continuous
decomposition of residual DMF, which compromised the
interfacial stability. Moreover, a stronger LiF signal in the F 1s
spectrum confirmed that the LSPH electrolyte promoted the
formation of an anion-derived, inorganic-rich CEl, enhancing
the interfacial stability. In summary, the incorporation of the
LS filler reduces the residual DMF content, facilitates Li*

8 | J. Name., 2012, 00, 1-3

transport through new conduction pathways, and promotes
the formation of a compact, robust CEIl. These effects alleviate
structural degradation in the NCM811 cathode and
significantly improve the long-term cycling stability of the
solid-state Li|LSPH|NCM811 battery under ambient conditions.

Conclusions

In summary, a multifunctional zwitterionic metal-organic
cage filler was designed and introduced into the PVDF-HFP

This journal is © The Royal Society of Chemistry 20xx
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matrix to weaken the dependence of Li* transport on residual
solvents and stabilize the Li metal anode interface. The borate
groups in the filler act as Li* donors that compete with DMF for
coordination to form a weakly coordinated structure, while the
Zn** centers immobilize TFSI~. Together, these functions
attenuate the strong Li*—solvent coordination and lower the
activation barrier for ion migration, leading to faster Li*
transport and improved battery performance. Experimental
analyses and AIMD simulations confirm that the zwitterionic
filler effectively reconstructs the Li* coordination structure,
weakens Li*—~DMF/TFSI™ interactions, and accelerates ion
transport, thereby validating the proposed design strategy and
its synergistic enhancement of both mechanism and
performance. As a result, the LSPH electrolyte achieves a high
ionic conductivity of 0.641 mS cm™, a Li-ion transference
number of 0.83, and an expanded electrochemical stability
window up to 4.75 V. The Li|LSPH|Li symmetric cells deliver a
high critical current density of 3.4 mA cm™ and stable cycling
for over 1000 h, accompanied by uniform lithium deposition
and the formation of an inorganic-rich SEIl. Furthermore,
Li|[LSPH|NCM811 full cell demonstrates excellent rate
capability, delivering 136.3 mAh g at 5 C, and long-term
cycling stability, maintaining 70% capacity retention over 1000
cycles at 1.0 C and 4.3 V. Overall, this study proposed a
promising strategy of regulating the Li* coordination
environment with a multifunctional zwitterionic filler to
overcome the limitations of VDF-based electrolytes, offering a
generalizable approach to high-performance solid-state
lithium metal batteries.
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