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ARTICLE INFO ABSTRACT

Keywords: Gel polymer electrolytes are a promising alternative to flammable organic electrolytes for Na-metal batteries.
Coordination However, their utilization is hindered by interfacial instability and reduced ionic conductivity, particularly at
Encapsulation

low temperatures. This work presents a molecular engineering strategy that improves electrolyte performance
through molecular coordination and physical encapsulation. An encapsulated gel polymer electrolyte (EGPE) is
created by confining sodium bis(trifluoromethanesulfonyl)imide, succinonitrile (SN), and trimethyl phosphate
(TMP) within a poly(vinylene carbonate) network formed via in situ polymerization. This network not only
provides effective encapsulation by physically immobilizing reactive liquid components for enhanced interfacial
stability but also facilitates hydrogen bonding between SN and TMP, enabling efficient ion transport. This
approach yields good ionic conductivities (0.10, 0.23, and 0.78 mS cm ™! at —20, 0, and 40 °C), a low activation
energy (0.24 eV), and stable interfacial performance, with interfacial impedance remaining stable over 30 days
and 1500 h of cycling in Na|EGPE|Na symmetric cells. Na|EGPE|Na3V2(PO4)3 cells also show stable cycling,

Gel polymer electrolyte
Na-metal batteries
Low-temperature batteries

reaching 82.2 mAh g~ ! after 1000 cycles at 2C (25 °C) and 99.3 mAh g~ ! after 700 cycles at 0.2C (—10 °C).

1. Introduction

Na-ion batteries are emerging as an attractive alternative to Li-ion
technology, thanks to the abundance of Na and an inherently cheaper
design that supports Co-free cathodes and allows Al to replace Cu in
current collectors [1-3]. Utilizing a Na-metal anode, with its low redox
potential (—2.71 V vs. the standard hydrogen electrode) and high
theoretical specific capacity (1166 mAh g—1) [3,4], increases the energy
density of Na-metal batteries (NMBs) compared to their conventional
counterparts. However, significant challenges arise when the Na-metal
anode interacts with conventional organic liquid electrolytes; its high
reactivity can lead to ongoing electrolyte consumption and the forma-
tion of unstable solid electrolyte interphases (SEIs) [5,6]. Additionally,
in NMBs, dendrite formation can occur, potentially causing performance
degradation and safety hazards [5,7]. Substituting conventional liquid

electrolytes with gel polymer electrolytes (GPEs) is an approach to
address these issues [8,9]. However, conventional GPEs for NMBs face
substantial challenges, including low ionic conductivity, interfacial
instability, limited electrochemical windows, and poor cycling perfor-
mance, especially at low temperatures [10,11].

Using plastic crystals, such as succinonitrile (SN), in place of con-
ventional organic liquid solvents offers a promising path to safer elec-
trolytes [12,13]. As a molecular plastic crystal, SN coordinates strongly
with Li* and Na*, enhancing salt dissociation [14]. Furthermore, as a
plasticizer, it facilitates the movement of polymer chains, potentially
improving ionic conductivity [15,16]. Nevertheless, the utilization of SN
presents challenges. Specifically, direct contact between SN and alkali
metals can catalyze the polymerization of SN, and the development of an
insufficient passivation layer on the electrode surface may elevate
interfacial resistance and impede electrochemical reversibility [17,18].
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While using a high salt concentration in electrolytes can prevent
solvent reduction [19-21], this approach is often impractical due to the
resulting high viscosity, which limits ionic conductivity and causes poor
electrode wettability. A more effective strategy is to engineer a stable
solvation shell around cations at lower concentrations by strengthening
solvent-cation interactions through weak forces, such as hydrogen bonds
[22]. This principle guides component selection; for instance, combining
SN with ethylene carbonate (EC) utilizing hydrogen bonds creates a
favorable coordination environment for Na™ [23]. However, the flam-
mability of organic carbonates, such as EC, poses a significant safety
risk. This concern motivates substituting flammable EC with trimethyl
phosphate (TMP), a flame retardant, whose methyl groups can form
hydrogen bonds with SN. This choice, however, poses a critical chal-
lenge, as both unconfined TMP and SN are problematic on their own.
TMP is readily reduced by alkali metals, resulting in poor compatibility
and low Coulombic efficiency (CE) [24], whereas, as described above,
SN can cause significant interfacial instability [25]. Therefore, the
central requirement for developing a functional GPE with SN and TMP is
to overcome the inherent interfacial incompatibility with Na metal.
Given the larger ionic radius and higher reactivity of Na* compared to
Li*, a simple transplantation of classical strategies or materials is
insufficient. Instead, a specific re-engineering of the intermolecular in-
teractions is required.

To effectively address interfacial instability and suppress detrimental
reactions between electrolyte constituents and the reactive Na electrode,
a key strategy to address this is the creation of a stable SEI [26]. One
approach involves using dual-salt electrolytes, where an anion from a
second salt is preferentially reduced to form a protective SEI layer that
alleviates these side reactions [21,27,28]. However, this method has a
significant drawback, as it can also reduce the electrolyte’s overall ionic
conductivity [29]. A more common alternative is the use of a
film-forming additive [30], such as vinylene carbonate (VC). VC is
widely employed owing to its ability to polymerize into durable oligo-
mers, constructing a stable SEI layer on the metal anode with high
thermal stability [31]. While highly effective as an additive, VC is un-
suitable as a primary electrolyte component. If extensively incorporated
within the polymer matrix, the resulting poly(vinylene carbonate) (pVC)
serves as the principal medium for ion conduction. However, this
polymer matrix’s inherent backbone rigidity severely hinders fast ion
mobility, as it induces a glassy state with limited segmental motion at
ambient temperature, resulting in a prohibitively low ionic conductivity
on the order of 10° S cm™! and consequently rendering the electrolyte
impractical [32-34].

This limitation can be circumvented in a GPE design. In such a sys-
tem, the polymer network functions as a structural scaffold rather than
serving as the primary ion-conducting medium. Building upon this
principle, we hereby present an encapsulated gel polymer electrolyte
(EGPE) produced through the in situ polymerization of VC within a
porous polytetrafluoroethylene (PTFE) scaffold. The resulting EGPE is
composed of a flame-retardant solvent (TMP), a solid plasticizer (SN),
and sodium bis(trifluoromethanesulfonyl)imide (NaTFSI), all of which
are confined within a composite network. This dual-component frame-
work is key to our design, where the PTFE scaffold provides mechanical
flexibility and high fracture toughness, and concomitantly, the poly
(vinylene carbonate) (pVC) network contributes to stable SEI formation,
ensuring high interfacial stability. Unlike a dense polymer matrix that
impose severe steric hindrance on large Na*, the porous PTFE scaffold
hosts a percolation network where SN-mediated molecular bridging
pathways facilitate the rapid transport of bulky Na'. To explicitly
differentiate our work from prior arts utilizing similar raw materials, a
detailed comparison of the core design principles and mechanisms is
provided in Table S1. Benefiting from this coordination-regulated
encapsulation, the EGPE exhibits exceptional properties, including
good ionic conductivities (~0.59 and 0.10 mS cm ! at 25 and —20 °C,
respectively), non-flammability, and long-term stability during Na
stripping and plating for 1500 h. Furthermore, full Na|EGPE|

Energy Storage Materials 84 (2026) 104834

NagVa(PO4)s (NVP) cells demonstrate excellent cycling stability,
retaining ~96.5 % of their initial capacity after 1000 cycles at 25 °C and
delivering 99.3 mAh g~! for 700 cycles even at —10 °C. These results
provide a new perspective on the development of GPEs via
polymerization-mediated coordination, offering pathways to produce
high-performance NMBs in challenging operational environments.

2. Results and discussion
2.1. Electrolyte design and optimization

The preparation process of EGPE is illustrated in Fig. 1a. EGPE was
synthesized via the in situ polymerization of a flowable precursor so-
lution (Figure S1a) with a porous PTFE framework (Fig. 1b). The PTFE
support was chosen to facilitate rapid infiltration of the precursor while
providing mechanical robustness and thermal stability [35]. Following
free-radical polymerization at 60 °C, the liquid transformed into a
quasi-solid state (Figure S1b), resulting in a flat, smooth, and pore-free
membrane with a thickness of ~145 pm (Fig. 1¢) and endowed with
flexibility (Fig. 1d). To maximize ionic conductivity, the ratios of VC,
SN, and NaTFSI were systematically varied while the volume of TMP
was held constant. The corresponding ionic conductivities are summa-
rized in Table S2 and Fig. 1e. The optimal formulation, with a VC:SN:
NaTFSI molar ratio of 1:1:2.2, achieved the highest ionic conductivity of
0.59 mS cm ™! at 25 °C. This optimized EGPE also demonstrated excel-
lent temperature-dependent performance, with conductivities of 0.10,
0.23, and 0.78 mS em ! at —20, 0, and 40 °C, respectively (Figure S2a).
An Arrhenius plot derived from these temperature-dependent mea-
surements yielded a low activation energy of 0.24 eV (Figure S2b).
These transport metrics are superior to those of many recently reported
Na-based polymer electrolytes, as summarized in Table S3.

To elucidate the polymerization mechanism, EGPE was character-
ized by fourier transform infrared (FTIR) and nuclear magnetic reso-
nance (NMR) spectroscopy. The FTIR spectrum of EGPE (Fig. 1f) shows
that the C=0 stretching bonds from 1774 cm ! to 1826 cm ™! origi-
nating from the VC monomer remain unchanged, which could provide
pathways for Na' conduction [36]. Crucially, the absence of the C=C
stretching bond at ~1563 cm ™! in the EGPE spectrum confirms the
successful transformation of VC into pVC [37]. This conversion is further
supported by 'H NMR spectroscopy (Fig. 1g), which reveals the disap-
pearance of the -CH—CH- bond of VC at ~7.7 ppm and the emergence
of a new signal corresponding to the polymer backbone (-CHy-CH>-) at
~5.4 ppm [34]. Based on peak-area analysis (Figure S3), the residual
unreacted VC was only 0.10 %, indicating highly efficient polymeriza-
tion. The '3C NMR spectrum (Figure S4) also shows the disappearance
of the -CH—CH- bond (~133.1 ppm) [34]. The resulting pVC structure
serves multiple functions in the electrolyte: i) its unique structural
integrity effectively encapsulates the SN and TMP solvents; ii) the small
amount of residual VC can act as a film-forming additive, enhancing
interfacial and cycling stability [38,39]; and iii) the polar C=0 groups
within the polymer chains create favorable pathways for Na™ migration
[36]. Both FTIR and NMR spectra (Fig. 1f and 1g) confirm that the SN
and TMP components remained chemically intact throughout the
polymerization process.

2.2. Intermolecular interactions and solvation structure

Beyond formulation and polymerization, the performance of an
electrolyte is critically dependent on its solvation structure and the
intermolecular interactions therein. To clarify the specific configuration
within EGPE, a combination of spectroscopic analyses and theoretical
calculations was used. FTIR analysis revealed shifts in the vibrational
modes of the electrolyte components, indicating a change in the solva-
tion environment (Fig. 2a). The characteristic peaks for the -CHs group
in TMP (~2960 cm 1) and the —-C=N group in SN (~2254 cm™}) both
exhibit a blueshift in EGPE. This effect is more pronounced in EGPE
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Fig. 1. Design and characterization of EGPE. (a) Schematic of the formulation strategy. Surface and cross-sectional (inset) SEM images of (b) the pristine PTFE
framework and (c) the EGPE membrane. (d) Photographs of the EGPE membrane demonstrating its flexibility. (e) Ternary phase of ionic conductivity of various
EGPEs at 25 °C. (f) FTIR and (g) H NMR spectra of the constituent components and EGPE.

compared to control electrolytes lacking either SN or TMP, indicating a
specific, enhanced interaction between the two solvent molecules [40,
41]. To further assess the thermodynamic stability of this coordination,
variable-temperature FTIR spectroscopy was conducted from O to 40 °C.
The characteristic vibrational peaks corresponding to the -CHz, -C=N,
and P=0 functional groups show negligible shift throughout the tem-
perature range (Figure S5), demonstrating structural integrity of the
TMP-SN complex. The interaction was further clarified by NMR spec-
troscopy. The 'H NMR spectrum shows a more significant shift for the
—CH3 band of TMP in the presence of SN, confirming their interaction
(Figure S6). Furthermore, 3¢ NMR spectra (Fig. 2b) show a distinct
up-field shift for both —CH3 and —C=N, which is characteristic of
intermolecular hydrogen bond formation (C=N---H3C-) between SN
and TMP.

Raman spectroscopy was used to correlate this interaction with
electrolyte performance. As shown in Fig. 2¢, distinct peak shifts are
observed in the characteristic regions of EGPE compared to SN and TMP.
Specifically, the —C=N group of SN exhibits a clear blueshift at ~2254
em ™. Moreover, the spectral region ~740 cm™!, which contains over-
lapping signals from the P-O-C stretching of TMP and the S-N-S sym-
metric stretching vibration of TFSI™, exhibits distinct shifts in EGPE
[42]. Given that TMP concentration is held constant across formulations
(except for the TMP-free control), variations in this overlapping band
predominantly arise from changes in TFSI™ coordination states.
Accordingly, this band was assigned to solvent-separated ion pairs
(SSIPs), contact ion pairs (CIPs), and aggregates (AGGs) (Figure S7)
[43]. As detailed in Table S4, the optimized EGPE achieves a high SSIP

fraction of 64.10 %, significantly surpassing the control electrolytes
without TMP (40.69 %) or SN (46.10 %). This quantitative evidence
confirms that the TMP---SN coordination synergistically weakens the
Na'-TFSI~ association.

The functional benefit of this unique solvation structure on interfa-
cial stability was visually confirmed by contacting the electrolytes with
Na metal (Fig. 2d). The Na metal surface remained pristine and glossy
after prolonged contact with EGPE. In contrast, the Na metal surface
showed significant degradation and turned a dull yellow in the TMP-free
EGPE, SN-free EGPE, and SN-based liquid electrolyte (ESLE). These re-
sults demonstrate that the combination of TMP-SN interaction and
polymer encapsulation is crucial for creating a stable interface with the
Na-metal anode.

To validate the proposed mechanism, classical molecular dynamics
(MD) and density functional theory (DFT) calculations were performed.
The MD simulations provided direct evidence for hydrogen bonding,
revealing that TMP and SN molecules maintain a close proximity of
approximately 0.25 to 0.26 nm (Fig. 2e). To quantify the effect of the
hydrogen bond on Na* coordination, the binding energies were calcu-
lated (Fig. 2f-h). The binding energy between Na™ and the hydrogen-
bonded TMP---SN complex was —0.94 eV. This value is more negative
than the binding energies of Na™ with individual TMP (AE = —0.88 eV)
or SN (AE = —0.60 eV) molecules. The robust binding energy confirms
that the P=0 bond acts as the primary active site for Na' coordination.
We further monitored the bond length of P=0. The bond length elon-
gates from 1.4824 A in pure TMP to 1.4869 A in the TMP-Na* system,
confirming the weakening of the P=0 bond character induced by the



J. Chen et al.

—~
o
N

(b)

Energy Storage Materials 84 (2026) 104834

—_~
(e
~

H
'
'
'
i
'
'
'
'
'
T
'
'
'
'
'

Intensity (a.u.)

2960 cm™
—CH,
Blue shift:

2254 cm™!
—C=N

Transmittance (a.u.)

—-C=N

|
Q
-

Intensity (a.u.)

Free Free

Solvated Solvated

2970 2960 2250 2240
Wavenumber (cm™)

540 542 544 546 1192
Chemical shift (ppm)

2300228022602240 760 740 720 700
Raman shift (cm™)

AE=—0.88 ¢V © AE=-0.60 eV
(h) H bond I

€

AE=-0.94 eV

TMP

Schematic diagram of solvation structure

e
=
SN o N Na* 4
(]

H bond

Fig. 2. The solvation structure and intermolecular interactions within EGPE. (a) FTIR, (b) 3¢ NMR, and (c) Raman spectra comparing EGPE with its constituent
components. (d) Digital photographs comparing Na-metal after contact with different electrolytes. (e) Snapshot of the MD simulation box for EGPE. DFT optimized
structures and calculated binding energies for Na™ complexed with (f) a single TMP molecule, (g) a single SN molecule, and (h) the hydrogen-bonded TMP---SN
complex. (i) Schematic of the proposed solvation structure within EGPE, highlighting the hydrogen bonding between SN and TMP and the resulting coordination

with Na™.

polarization effect of the coordinated Na™ [5,44]. Notably, in the
SN---TMP-Na™ complex, the bond length is observed to be 1.4872 A. This
sustained elongation demonstrates the introduction of SN and main-
taining the critical coordination between the P=0O bond and Na™.
Furthermore, the formation of the hydrogen bond network effectively
stabilizes the solvation shell. This demonstrates a synergistic effect,
where the hydrogen bond between the solvents creates a cooperative
interaction that enhances their ability to coordinate with Na*t (Fig. 2i).

Beyond hydrogen bonds, the specific coordination geometry plays a
pivotal role in determining the continuity of ion transport pathways.
Considering that each SN molecule possesses two —-C=N sites, we further
investigated two potential coordination modes: “single-site coordina-
tion” (one SN coordinated with one TMP) and ‘“dual-site coordination”
(one SN coordinated with two TMPs). Comparative DFT calculations
(Figure S8) reveal that the total binding energy of the dual-site complex
(TMP---SN---TMP) is —0.22 eV, which is energetically more favorable
than that of the single-site complex (-0.04 eV), suggesting that the dual-
site mode dominates the solvation network. This preference enables SN
to function as a molecular bridge, interconnecting adjacent TMP mole-
cules to construct a continuous percolation network, thereby facilitating
Na™ transport. We should note that the experimental EGPE formulation
contains an excess of SN relative to TMP. This excess not only forms a
molecular bridge, but also leverages the plastic-crystalline nature of the
surplus SN to facilitate ion transport [12].

2.3. Basic properties and electrochemical performance

X-ray diffraction analysis confirmed that EGPE is amorphous
(Figure S9), which facilitates Na' transport. The thermal stability of
EGPE and ESLE was assessed by thermogravimetric analysis. As shown
in Figure S10, EGPE and ESLE exhibited a similar onset of weight loss at
~100 °C, which can be attributed to the volatility of TMP [24].
Furthermore, ESLE displayed a sharp mass loss profile, undergoing rapid
evaporation with an ~70 % mass reduction before reaching 200 °C. In
contrast, EGPE exhibited a more gradual degradation behavior, with
<45 % weight loss observed across the same temperature range up to
200 °C. This behavior suggests that the pVC matrix not only encapsu-
lates the volatile components but also controls their release rate upon
heating. Furthermore, EGPE is mechanically robust, with a tensile
strength of ~26 MPa (Figure S11). While this is slightly lower than the
pristine PTFE substrate (~35 MPa), it remains higher than that of many
recently reported GPEs (~10 MPa) [45,46].

Electrochemical voltage window is a key figure of merit for elec-
trolytes. The anodic stability of EGPE was determined using LSV
(Figure S12). At 0.01 mA cm~2, EGPE exhibits an oxidation potential of
4.63 V vs. Na/Na™, a significant improvement over the 4.29 V observed
for ESLE. This enhancement suggests that EGPE is suitable for use with
high-voltage cathodes.

To assess interfacial stability, Na||Na and Na||SS cells were assem-
bled and characterized by electrochemical impedance spectroscopy
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(EIS) and cyclic voltammetry (CV), respectively. The EIS data revealed a
stark contrast between the two electrolytes. For the cell using the
unpolymerized ESLE, the charge-transfer resistance (R.) increased
progressively from 11.6 to 39.1 kQ over 30 days (Fig. 3a), indicating
continuous and unfavorable interfacial degradation. Conversely, the R
for the EGPE-based cell rose modestly from 8.2 to 9.5 kQ during the
initial 10 days and remained relatively stable thereafter (Fig. 3b), which
suggests the formation of a stabilized SEI. These findings were corrob-
orated by CV, which showed that Na stripping and plating were highly
reversible with EGPE (Figure S13a), whereas significant side reactions
were evident with ESLE (Figure S13b). This confirms that the in situ
polymerization and encapsulation strategy effectively suppresses the
decomposition of reactive liquid components, thereby enabling superior
interfacial compatibility.

The practical implications of this enhanced stability were further
supported by long-term galvanostatic cycling. The Na|EGPE|Na cell
exhibited exceptional room-temperature durability, cycling for 1500 h
at 0.1 mA cm 2 with a low and stable voltage of ~290 mV (Fig. 3¢). In
contrast, the Na|ESLE|Na cell short-circuited after 407 h. The preceding
voltage fluctuations are attributed to parasitic reactions between the
unconfined liquid electrolyte and the Na anode, resulting in an inho-
mogeneous SEI and uncontrolled dendrite growth. The robustness of the
EGPE was further highlighted by its ability to sustain stable cycling for
600 h at an elevated current density of 0.2 mA cm~2 (Figure $14) and
for 500 h at a low temperature of -10 °C (Figure S15).

Post-mortem analysis of the Na metal electrodes provided direct
morphological evidence for the observed electrochemical performance.
The electrode cycled with ESLE presented a loose, porous surface, with
inhomogeneous deposition and the clear formation of dendrites over
time (Fig. 3d). Conversely, the electrode from the EGPE cell (Fig. 3e)

(a) (b)
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maintained a smooth and compact morphology. This direct morpho-
logical evidence confirms the unique advantage of the proposed
coordination-encapsulation structure for NMBs. The in situ polymerized
VC framework, combined with the robust SN-TMP percolating coordi-
nation network, effectively regulates the homogeneous flux of Na™. This
outstanding electrochemical performance, which surpasses that of many
recently reported electrolytes (Fig. 3f and Table S3), is attributed to two
synergistic factors. First, the combination of a regulated solvation
structure and in situ polymerization suppresses side reactions between
the highly reactive SN and TMP components and the anode. Second, the
resulting stable interface promotes uniform Na deposition, effectively
inhibiting dendrite growth and ensuring long-term cycling stability
(Fig. 3g).

To investigate the microstructure and chemical composition of the
resulting interfacial layers, Na||Na cells were disassembled after 100
cycles for detailed analysis. Post-cycling characterization of the anode
surfaces immediately revealed stark morphological differences
(Figure S16). Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was further employed to probe the chemical compositions of the
interface formed by Na and EGPE. The resulting 3D and 2D chemical
maps show that the SEI is predominantly composed of inorganic species,
including NaF3, NagF3, and NaO~ fragments, which are distributed
throughout the layer (Fig. 4a-b). In contrast, organic fragments such as
CF3 and CoH30™™ were present only in low abundance. These inorganic
components were also found to be distributed with high homogeneity
across the interface (Figure S17). The formation of such a uniform,
inorganic-rich SEI, particularly one with a high concentration of NaF, is
known to be highly beneficial for stable cycling. It effectively suppresses
dendrite formation and facilitates uniform ion transport, thereby
enhancing interfacial stability [47-49].
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Fig. 3. Electrochemical performance of the Na||Na cells with EGPE. EIS of the (a) Na|ESLE|Na and (b) Na|EGPE|Na symmetric cells with the elapsed days. (c) Na
stripping and plating profiles of the Na|EGPE|Na symmetrical cell. SEM images of the cells with (d) ESLE and (e) EGPE from 5 to 60 min. (f) Comparison of stripping
and plating performance of the Na|EGPE|Na cell with recently published works. (g) A possible mechanism governs the high stability of EGPE.
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Fig. 4. Chemical composition and structure of the SEI on the Na-metal anode. (a) 3D and (b) 2D TOF-SIMS chemical maps showing the distribution of various
fragment ions on the Na electrode from a cycled Na|EGPE|Na cell. High-resolution XPS spectra comparing the surface composition of the SEI formed using EGPE
versus ESLE for the (c) C 1s, (d) N 1s, and (e) P 2p. In-depth XPS spectra of the (f) F 1s and (g) N 1s regions for the SEI formed using EGPE. (h) Schematic of the
proposed composition and layered structure of the SEI formed on the Na-metal anode with the EGPE.

To further characterize the chemical composition of the SEI layers, X-
ray photoelectron spectroscopy (XPS) was conducted on the cycled Na-
metal electrodes. The survey spectra confirmed that the surfaces are
primarily composed of carbon, oxygen, and fluorine (Figure S18).
Detailed analysis of the high-resolution F 1s spectra (Figure S19) reveals
that the SEI layer is dominated by species assigned to NaF (683.7 eV)
and C-F (688.8 eV) [36], with NaF likely resulting from the decompo-
sition of the NaTFSI salt. Significantly, the relative content of beneficial,
inorganic NaF is much higher in the SEI layer formed with EGPE
compared to that formed with ESLE. The C 1s spectra (Fig. 4c) show the
presence of C-F bonds (~292.5 eV) [36], along with other characteristic
peaks corresponding to C-C (~284.8 eV), C=N (~286.3 eV), C-O
(~286.7 eV), and C=0 (~288.7 eV) [50,51]. The O 1s spectra
(Figure S20) exhibit characteristic peaks for NasO (~529.8 eV), C=0
(~531.2eV), C-O (~532.3 eV), and a Na-Auger signal (~535.5 eV) [52,
53]. Notably, the relative ratio of organic C-O species is lower in the SEI
from EGPE than that in ESLE, whereas the C=0 signal becomes more
prominent. This reduction in C-O species is attributed to the encapsu-
lation effect of the in situ polymerized VC, which limits direct contact
between the liquid components and the anode. The distinct differences
in the N 1s spectra (Fig. 4d) and the suppressed P 2p spectra (Fig. 4e)

further support this conclusion, indicating that the combined effects of
encapsulation and the unique solvation structure in EGPE effectively
suppress the decomposition of its core components.

XPS depth profiling was performed using Ar sputtering to charac-
terize the SEI structure. The depth profile reveals a compositional
gradient within the SEI formed with EGPE. As sputtering progressed
from the surface (0 s) into the inner layer (10 and 50 s), the overall
atomic concentrations of C, O, and N decreased, indicating that organic
species are concentrated at the outer surface (Figure S21). This layered
structure was confirmed by high-resolution spectra of the individual
elements. F 1s spectra analysis revealed that surface C-F bonds were
progressively replaced by NaF, which was the dominant fluorine-
containing species in the bulk of the SEI (Fig. 4f). Similarly, the char-
acteristic peak for NaO in the O 1s spectra decreased in intensity with
increasing depth, suggesting that Na;O was an outer-layer component of
the SEI (Figure $22). The peak intensity and atomic percentage (from
1.3 % to 1.2 %) of N 1s remained low throughout the etching process
(Fig. 4g), confirming that SN decomposition was minimal. Furthermore,
the atomic concentration of phosphorus detected within the SEI was
negligible (~0.3 %) (Figure S23), which provides strong evidence that
the degradation of TMP was suppressed. Fig. 4h illustrates a schematic
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of the proposed composition and layered structure of the SEI formed on
the Na-metal anode with EGPE, where robust, electronically insulating
species are critical for creating a stable interphase.

To assess its practical viability, the EGPE was evaluated in Na||NVP
full cells. At 25 °C and 0.5C, the Na|EGPE|NVP cell delivered an initial
discharge capacity of ~96.4 mAh g~! and showed excellent cycling
stability, retaining a capacity of ~92.3 mAh g~! with a CE of >99 %
after 480 cycles (Fig. 5a). In contrast, the cell using the unpolymerized
ESLE failed rapidly; its discharge capacity plummeted after 110 cycles
and dropped below 6.1 mAh g~! within 120 cycles. This poor perfor-
mance was attributed to side reactions at the anode, which was
consistent with the high and unstable polarization voltage (>0.4 V) of
the ESLE cell compared to the stable ~0.2 V hysteresis of the EGPE cell
(Figure S24). Furthermore, the Na|EGPE|NVP cell exhibited superior
rate capability, delivering higher discharge capacities of 102.8 mAh g~*
(0.2C), 101.5 mAh g~! (0.5C), 97.1 mAh g~ (1C), and 82.4 mAh g~}
(20C), respectively (Figure S25 and S26). The robustness of EGPE was
further demonstrated under more demanding conditions. When cycled
at a high rate of 2C, the Na|EGPE|NVP cell maintained a capacity
retentain of ~96.5 % and a discharge capacity of 82.2 mAh g™ after
1000 cycles, with a CE above 99.6 % (Fig. 5b). The electrolyte also
proved highly effective at low temperatures; at ~10 °C and 0.2C, the Na|
EGPE|NVP cell delivered a discharge capacity of 99.3 mAh g~ ! with a CE
above 99.9 % for over 700 cycles (Fig. 5¢). This outstanding perfor-
mance is mechanistically supported by MD simulations conducted at low
temperature (Figure $27). As shown in Fig. 5d, the corresponding Na™*
diffusion coefficient (Dy,+) remains a high level of 3.22 x 10° cm?s7!
at —20 °C, a magnitude comparable to ion transport in liquid-state
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environments [54]. Crucially, the radial distribution function (RDF)
analysis (Fig. 5e) reveals that Na' is preferentially solvated by the ox-
ygen atoms of TMP (Na-Oryp) rather than the polymer matrix. This
specific coordination environment implies that at such low tempera-
tures, the TMP-dominated solvation shell remains active. The observa-
tion is consistent with the DFT results that the SN-mediated hydrogen
bond network bridges neighboring TMP molecules to facilitate ion
transport.

Based on its wide electrochemical stability window, the EGPE’s
performance at high voltages was also investigated. As shown in Fig. 5f,
the EGPE-based cell maintained a negligible and low leakage current at
applied voltages up to 4.5 V. In stark contrast, the ESLE-based cell
exhibited rapid current runaway, indicating severe electrolyte decom-
position at high potentials. This stability enabled an Na|EGPE|NVP cell
to be cycled in an extended voltage window of 2.0-4.5 V (Fig. 5g and
5h). The cell delivered exceptional performance, retaining 99.0 % of its
capacity after 120 cycles with a stable CE greater than 99.2 %. Collec-
tively, these results confirm that the synergistic effects of encapsulation
and coordination enable the EGPE to operate with outstanding stability
across a wide range of conditions, including high operating voltages and
both ambient and low temperatures.

The cycling stability of the Na|EGPE|NVP cell was also critically
dependent on the formation of a stable cathode electrolyte interlayer
(CEI) on the NVP cathode. Transmission electron microscopy (TEM)
analysis revealed stark differences in the CEI morphology. Compared to
the pristine NVP surface (Fig. 6a), the cathode cycled with ESLE formed
a non-uniform and incomplete CEI layer (Fig. 6b). In contrast, cycling
with EGPE resulted in a dense, well-connected, and uniform CEI of ~8.5
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Fig. 5. Electrochemical performance of the Na||NVP full cells with EGPE. (a) Comparative cycling performance and CE of Na||NVP cells using either EGPE or ESLE at
25 °C and 0.5C (1C = 117 mA g~ !). (b) Long-term cycling stability of the Na|EGPE|NVP cell at 25 °C and 2C. (c) Low-temperature cycling performance of the Na|
EGPE|NVP cell at —10 °C and 0.2C. (d) The calculated MSD of Na* in EGPE at —20 °C. (e) Radial distribution function g(r) with reference to Na" in EGPE at —20 °C.
(f) Electrochemical floating test comparing the leakage current of EGPE and ESLE-based cells at sequentially increasing voltages up to 4.5 V. (g) Charge and discharge
profiles and (h) corresponding long-term cycling stability of the Na|EGPE|NVP cell operated in an extended voltage window of 2.0 V to 4.5 V.
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Fig. 6. TEM images of (a) the pristine and cycled NVP cathodes with (b) ESLE and (c) EGPE. (d) O 1s, (e) N 1s, and (f) F 1s of the CEI layer on the cycled NVP cathode
with ESLE and EGPE. (g) Safety evaluation of the Na|EGPE|NVP pouch cell under destructive conditions.

nm thick (Fig. 6¢). This indicated superior interfacial compatibility be-
tween the cathode and EGPE. XPS was used to further probe the
chemical composition of this interphase. The O 1s spectra indicate that
the CEI formed with ESLE exhibited a significantly higher intensity for
the lattice oxygen peak (~531.2 eV) compared to the CEI from the EGPE
system (Fig. 6d). This suggested that the non-uniform layer in the ESLE
system exposed parts of the NVP active material directly to the elec-
trolyte. The N 1s spectra (Fig. 6e) show lower peak intensity and atomic
percentage in the EGPE system, confirming that the decomposition of SN
was effectively suppressed at the cathode surface. The F 1s spectra in
both systems display a prominent C-F peak (~688.8 eV), originating
from the PVDF binder in the cathode. Notably, the cell utilizing EGPE
exhibits a distinct Na-F peak (~683.7 eV), where NaF is crucial for
forming a more stable and robust CEI (Fig. 6f).

The flammability of the EGPE was evaluated through direct flam-
mability tests against control materials. As shown in Figure S28a and
Video S1, a commercial polypropylene (PP) separator proved highly
flammable, igniting immediately and burning out completely upon
exposure to a flame. An EGPE formulated without TMP also eventually
burned under continuous ignition, though it showed a slight retarding
effect from SN (Figure S28b and Video S2). In stark contrast, the
complete EGPE demonstrated exceptional fire resistance, failing to
ignite and retaining its original appearance even after prolonged and
direct contact with a flame (Figure S28c and Video S3). Beyond its
inherent non-flammability, the practical safety and mechanical robust-
ness of EGPE were confirmed using a pouch cell. An Na|EGPE|NVP
pouch cell successfully powered a light-emitting diode without failure,
even while being subjected to severe physical abuse such as being fol-
ded, punctured, and cut (Fig. 6g). This remarkable resilience under
destructive conditions underscores the excellent safety and practicality

of EGPE for demanding battery applications.
3. Conclusions

In this work, we have designed EGPEs that enable durable, safe, and
high-performance NMBs capable of robust operation under both
ambient and low-temperature conditions. The success of this electrolyte
is attributed to a multi-scale encapsulation strategy that combines
physical confinement via a porous PTFE-reinforced in situ polymeriza-
tion network with engineered intermolecular interactions. Specifically,
the polymerization of VC creates a robust framework that encapsulates
the liquid components while simultaneously forming a stable SEIL
Concurrently, hydrogen bonding between SN and TMP fosters the for-
mation of a TMP---SN complex where SN functions as a molecular bridge
to interconnect neighboring TMP molecules that primarily coordinate
with Na™. This unique solvation structure not only promotes high ionic
conductivity (~0.59 and ~0.10 mS cm™! at 25 and —20 °C, respec-
tively) but also crucially passivates the reactive SN against the Na-metal
anode. This multi-faceted design directly translates into exceptional
electrochemical performance. Na||[NVP full cells exhibit outstanding
long-term cycling stability, with a capacity retention of ~96.5 % after
1000 cycles at 2C and 25 °C, and a superior ~99.9 % retention after 700
cycles at 0.2C and —10 °C. The resulting cells exhibit exceptional
robustness, maintaining stable cycling across a wide 2.0-4.5 V window
while also demonstrating significantly enhanced safety in pouch cell
ignition. This work demonstrates that a synergistic strategy, which
intelligently combines in situ polymerization-enabled encapsulation
with engineered intermolecular interactions, is a novel pathway toward
highly compatible and safe electrolytes for next-generation NMBs.
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