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Cellulose Derivative and Polyionic Liquid Crosslinked
Network Gel Electrolytes for Sodium Metal
Quasi-Solid-State Batteries

Shuzhi Zhao, Yixing Shen, Haiying Che, Maher Jabeen, Chu Lu, Xiao-Zhen Liao,*
and Zi-Feng Ma*

Sodium metal batteries have gained attention as a potential solution
to the low energy densities presented by current sodium-ion batteries.
However, the commonly available electrolyte systems usually fall short
in safety performance. Gel polymer electrolytes, closely resembling liquid
electrolytes, offer a promising balance of performance and developmental
potential. A proposed polymer plastic-crystal ionic gel composite
electrolyte, featuring a polycation auxiliary chain, innovatively copolymerizes
ionic liquid cations with electrolyte additives. These auxiliary chains crosslink
with the main chain, attracting anions from the ionic liquid and sodium
salts. Both experimental evidence and theoretical calculations affirm that this
electrolyte exhibits high cation transference numbers and significant mean
square displacement radii. By facilitating uniform sodium ion migration,
the electrolyte has powered sodium symmetrical cells for over 550 h and has
supported stable cycling of Na3V2(PO4)3 (NVP)-sodium metal batteries at a 1
C rate for more than 800 cycles. These achievements underscore its potential
in advancing the development of condensed-state sodium metal batteries.

1. Introduction

Lithium-ion batteries are integral to modern technology, pow-
ering devices from mobile phones to electric vehicles. How-
ever, the cost and uneven global distribution of lithium and
other critical metals like cobalt have spurred interest in sodium-
ion batteries.[1] Sodium-ion batteries, similar in design and
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manufacturing to lithium-ion variants, of-
fer superior rate and low-temperature per-
formance, though they currently suffer
from lower energy density.[2] Sodium metal
is an especially promising anode material
for these batteries due to its low potential
(−2.71 V vs standard hydrogen) and high
specific capacity (1166 mA h g−1).[3] De-
spite their potential, sodium-ion batteries
face challenges with current electrolyte sys-
tems, which can react with sodium metal
anodes.[4] These reactions consume large
amounts of electrolytes, produce gas, and
lead to the formation of sodium dendrites
that can cause short circuits by piercing the
separator.[5] The use of toxic, flammable,
and leak-prone organic solvents in these
electrolytes further increases safety risks.[6]

Solid electrolytes, both inorganic and
polymer-based, are emerging as solu-
tions due to their stable chemical and
electrochemical properties and mechanical
strength, making them suitable for use with

sodium metal anodes.[7] Inorganic solid electrolytes, however,
can be rigid, leading to poor contact at the electrode interface.[8]

Polymer solid electrolytes, in contrast, are more flexible and pro-
vide better contact due to their plasticity. While pure solid poly-
mer electrolytes have low ionic conductivity, making them less
practical, gel polymer electrolytes (GPEs) offer higher conduc-
tivity, good plasticity, and sufficient mechanical strength, posi-
tioning them as a viable option for sodium metal batteries.[9]

Nonetheless, challenges remain, including leakage of organic sol-
vents and uneven metal surface deposition, primarily due to low
cation transference numbers, which limit their broader applica-
tion in sodium metal batteries.[10] It has taken many efforts to
synthesize stable GPE directly, rather than soaking the polymer
matrix in a liquid electrolyte so that the liquid component is com-
pletely stable within the polymer framework.[11] In spite of this,
due to the reduction in the liquid composition to mass ratio, the
resulting ionic conductivity of GPEs is low, and the interface con-
tact is also problematic. Furthermore, the safety of GPEs cannot
be guaranteed.[12] Consequently, flame retardant and non-volatile
ionic liquids are used to replace the solvent portion of GPEs,
thereby further improving the ionic conductivity and safety of the
electrolytes.[13] Research has been conducted on GPEs contain-
ing ionic liquid in order to achieve good application scenarios.
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According to Tiago et al., their application of C3mPyrFSI
and NaFSI in combination with PVDF-HFP polymer to form
GPE achieved a specific capacity of 83 mAh g−1 at a 1 C charge–
discharge rate of Na3V2(PO4)3 (NVP)–sodium metal battery, and
a capacity retention rate of 92% after 150 cycles.[6b] Furthermore,
Jun et al. used the electron-rich Nerolin additive to enhance
salt ionization in GPE composed of PVDF-HFP, NaTFSI, and
EmimFSI, as well as to inhibit cation movement in the ionic liq-
uid. As a result, an ion transference number of 0.79 was obtained
in the electrolyte and an excellent cycle performance and rate per-
formance were obtained in the NVP–sodium metal battery.[14]

Despite some research progress in GPE, its poor mechanical
properties and ionic conductivity still need to be improved, as
well as the sustainability of resources. Cellulose triacetate (CTA),
a readily available cellulose derivative, is known for its robust me-
chanical properties and chemical stability, as well as a high di-
electric constant that promotes ion dissociation.[15] Membranes
based on CTA have been widely utilized in applications such as
water treatment and gas separation.[16] While CTA has been ex-
plored in lithium-ion battery polymer electrolytes, its applications
in sodium-ion batteries have been less examined.[17] Previously,
we developed a CTA-based polymer ionic gel polymer electrolyte
that facilitated stable cycling of sodium metal batteries at elevated
temperatures, although its room temperature performance was
suboptimal.[18] Plastic crystals are solid crystals that have plastic-
ity, typically small organic molecules with high polarity.[19] Be-
cause the crystal has a low molecular rotation potential barrier,
even though the intermolecular arrangement still maintains the
periodicity of the 3D lattice and can maintain its basic charac-
teristics, the crystal is still able to maintain its periodicity due to
the low molecular rotation potential barrier. The rotation of the
molecule at equilibrium causes orientation disorder, which facil-
itates intermolecular sliding and contributes to the plasticity of
the crystal. Thus, plastic crystals have been applied to enhance
ionic conductivity and, on the other hand, can promote salt dis-
sociation by coordinating with alkali metal ions.[20] So far, succi-
nonitrile (SN) is the most widely used and frequently used plastic
crystal.

In our current study, we introduce a plastic-crystal composite
gel polymer electrolyte (PCGPE) featuring CTA as the primary
chain and a polyionic liquid as the crosslinking agent. This con-
figuration offers enhanced mechanical strength and flexibility.
Unlike a GPE that is formed by soaking the polymer matrix in
the electrolyte under normal circumstances, the electrolyte film
behaves as a no-free-liquid form, with no liquid on the surface
and no liquid leakage when heated or compressed, which min-
imizes the risk of liquid leakage to a large extent. The polyionic
liquid, embodying both ionic and polymer properties, stabilizes
cations within the network and attracts charges from its anions
and those in the sodium salts, improving sodium ion migration.
This enhancement leads to higher cation transference numbers
and promotes more uniform sodium deposition and stripping
on the metal surface. Employing this PCGPE, significant perfor-
mance has been achieved: a specific capacity exceeding 100 mAh
g−1 at a 1 C rate with an NVP cathode at 30 °C, maintaining 80.0%
capacity retention over 790 cycles. Additionally, cycled at a current
density of 0.05 mA cm−2, the Na symmetric cell cycled over 550
h. These results underscore the potential of this novel electrolyte
in advancing sodium metal battery technology.

2. Results and Discussion

Figure 1 illustrates the synthesis process for the PCGPE.
The procedure begins with the preparation of a solution
containing 1-Allyl-3-methylimidazolium chloride (AMImCl and
sodium bis(trifluoromethylsulfonyl)imide (NaTFSI) in acetoni-
trile, where an anion exchange reaction produces AMIMTFSI
and NaCl. This resultant solution is then mixed with a CTA solu-
tion in dichloromethane (DCM) at a predetermined ratio. To this
mixture, SN and vinylene carbonate (VC) are added to achieve a
homogeneous solution. Following the incorporation of the photo-
initiator 2-hydroxy-2-methylpropiophenone (HMPP), the solu-
tion is exposed to UV light, turning it yellow as polymerization
occurs. The resulting composition includes CTA, polymerized
p(AMImcoVC), SN, and NaTFSI, and is named pAMIm for use.
The mixture is then poured onto a flat PTFE surface and covered
with a glass plate, allowing for the slow evaporation of the sol-
vents. After 24 h, the solvents have sufficiently evaporated, and
the semi-solid film is carefully peeled from the surface. The film
undergoes a final drying process in a vacuum oven at 50 °C for 6
h, resulting in the ready-to-use PCGPE. This material is noted
for its potential applications in sodium metal batteries due to
its enhanced ionic conductivity and mechanical stability. In this
structure, CTA serves as the main backbone, taking advantage
of its strong mechanical properties. Several oxygen groups are
present in CTA, which actively interact with sodium ions. As a re-
sult of these interactions, Na ions are transported and dissociated
more efficiently, which is essential to the efficient operation of
batteries.

Crosslinked to the CTA main chain is p(AMImcoVC), which
serves to anchor nitrogen cations along the polymer chain. The
cross-linking of the electrolyte plays a critical role in its structural
stability and ionic functionality. Through electrostatic forces,
TFSI anions are attracted to p(AMImcoVC) chains. As a result
of this arrangement, concentration polarization is greatly miti-
gated by minimizing anion mobility, thereby promoting a more
uniform distribution of the electric field within the electrolyte. A
high degree of uniformity enhances interfacial stability and pre-
vents the growth of dendrites, which are detrimental to battery
performance and safety.

Additionally, a PCGPE that utilizes conventional ionic liquids
was also synthesized which does not involve a polymerization
process and is named PyR14.

In the study of the PCGPE, a non-polymerizable ionic liq-
uid, PyR14TFSI, as a comparison to assess electrochemical per-
formance and other physical properties was included. Infrared
spectroscopy results depicted in Figure 2c reveal that after UV
exposure, the absorption peaks at 1833 and 1800 cm−1, corre-
spond to the double bond absorptions of AMIm and VC van-
ished. This indicates the successful polymerization of AMIm
and VC within the electrolyte, with a noticeable blue shift in
peaks due to the electron-withdrawing effects from cationic
aromatic rings or oxygen groups attached to these double
bonds.

An X-ray diffraction (XRD) analysis is an important tool for
determining a sample’s crystal structure. Previously, Hindeleh
et al. analyzed the crystallinity of CTA crystallized after heat treat-
ment at different temperatures based on the XRD pattern anal-
ysis of CTA.[21] As can be seen from Figure 2a, the analytical
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Figure 1. Preparation route of PCGPEs.

processing results of PyR14 indicate that its peaks correspond
to the crystal faces (210), (111), and (320) of CTA crystals. Based
on the XRD results of pAMIm, its peaks correspond to the
crystal faces of CTA (110), (210), (111), (410), and (320). In
terms of the diffraction peak intensity of (111) crystal plane,
pAMIm has a slightly stronger signal than PyR14, and it has
a slightly stronger crystallinity because it has more crystal
plane peaks. By testing the strain–stress curves of pAMIm and
PyR14, it is found that pAMIm has a higher fracture stress
(≈0.2 MPa) and a higher strain (≈10%), as shown in Figure S3
(Supporting Information) demonstrated stronger mechanical
properties than PyR14 (less than 0.1MPa and ≈6%). Auxiliary
chains obtained by copolymerization can also contribute to the
mechanical strength of pAMIm PCGPE, in addition to CTA
polymer.

A thermogravimetric analysis (TGA) in Figure 2b indicates
that both pAMIm and AMIm show slightly lower thermal sta-
bility when compared to PyR14, beginning to decompose ≈50 °C
earlier. In this case, the reduced stability may be attributed to the
plasticizing effect of the AMIm ionic liquid on the CTA chain,
which makes the chain more susceptible to degradation.[22] No-

tably, pAMIm displays slightly improved thermal stability over
AMIm, correlating with the polymerization effect of the liquid
component in the AMIm PCGPE system. These changes result
from the cross-linking effect between the ionic liquid polymeriza-
tion and the CTA backbone. The primary thermal decomposition
peak at 285 °C corresponds to the decomposition of the main
CTA chain. For PyR14, the decomposition peak at 414 °C corre-
sponds with the decomposition temperature of the PyR14TFSI
ionic liquid. In the AMIm and pAMIm samples, no distinct
peaks for ionic liquid decomposition were noted, but the mass
loss at 285 °C was more pronounced than in PyR14, suggest-
ing some decomposition of the ionic liquid due to interaction
with CTA. The final decomposition peak at 439 °C is attributed
to NaTFSI.[23]

A minor endothermic peak ≈32 °C observed in the differential
scanning calorimetry (DSC) graph, Figure S1 (Supporting Infor-
mation), could indicate the melting of pAMIm polymer chains.
The endothermic peak at 180 °C corresponded with the melt-
ing of CTA polymer chains. In an ignition test using a polyethy-
lene (PE) separator and commercial electrolyte, the electrolytes
showed high flammability when exposed to an open flame with
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Figure 2. a) XRD spectra of pAMIm, AMIm, and PyR14 PCGPE; b) TGA and dTG curves of pAMIm, AMIm, and PyR14 PCGPE; c) FT-IR spectra of pAMIm
and AMIm PCGPE, with magnification (f); d,e). flammability test of the liquid electrolyte and PCGPE.

continuous intense burning. The pAMIm electrolyte film, how-
ever, eventually charred, but did not ignite, demonstrating signif-
icantly improved safety when compared to traditional electrolytes
and separators.

Quantum chemical calculations were first performed to opti-
mize molecular geometries and frequencies of the CTA chain,
p(AMImcoVC) chain, PyR14

+ cation, TFSI− anion, VC molecule,
and SN molecule using the Gaussian 16 package at B3LYP/6-
31g(d) level of theory.[24] The electrostatic potential (ESP) figures
of different molecules further used are shown in Figures S5–S7
(Supporting Information). It can be seen from ESP results that
the p(AMImcoVC) chain contains imidazole centers with a rel-
atively concentrated positive charge (labeled N+ center), and in
the TFSI anion, the negative charge is relatively concentrated in
the oxygen group. The added SN has a great polarity and pro-
motes the release of sodium ions from anion bondage. Results
from ab initio molecular dynamics (AIMD) simulations high-
light significant enhancements in the mobility of sodium atoms
with the incorporation of pAMIm chains, noting an increase in
their mobility range from 0 picoseconds (ps) to 2 ps. The sim-
ulation was conducted on ORCA under the r2SCAN-3c level of
theory.[25] The temperature was controlled with canonical sam-
pling through a velocity rescaling (CSVR) thermostat at 298.15 K
for 2000fs with one step of 1fs. Based on the simulation results,
the Na-N spacing for NaTFSI is optimized by Gaussian to 3.57 Å
at 0ps. The Na-N spacing in NaTFSI is slightly reduced to 3.46 Å
after a 2-ps dynamic simulation. When combined with pAMIm,
however, the Na-N distance in NaTFSI expanded to 6.87 Å after
2ps dynamic simulation, which is consistent with the hypothesis
that the pAMIm cochain promotes the dissociation of NaTFSI.

In the time range of 2ps, the sodium ions in the pAMIm model
have a larger mobile range than the sodium ions in NaTFSI, in
other words, it is easier to decoupage from the TFSI anion and
bind to SN. Molecule dynamic simulations from GROMACS fur-
ther elucidate this finding, showing that within a 10 nanosec-
ond (ns) timeframe, the mean square displacement (MSD) for
pAMIm exceeds that of PyR14.[26] Correspondingly, diffusion co-
efficients derived from these simulations indicate that pAMIm
(5.5924) supports faster sodium ion diffusion compared to PyR14
(2.6735).

Figure 3d,h provide additional insights, illustrating that in the
pAMIm system, sodium ions predominantly coordinate with SN,
whereas in PyR14, sodium coordination occurs more frequently
with corresponding anions. In Figure 3d, the snapshot of molec-
ular dynamic simulation from GROMACS demonstrates intu-
itively the difference in the coordination environment of sodium
ions. The enlarged local structure from PyR14 and pAMIm
showed that the main ligands around sodium ions are TFSI anion
and SN. This result is consistent with the coordination relation-
ship between SN and Na ions obtained in Figure 3h. It illustrates
that the SN ligands in pAMIm and PyR14 PCGPE are arranged in
a bilayer structure, exhibiting inner coordination numbers of 0.8
and 0.5, respectively, and overall coordination numbers of ≈4.0
and 3.0. This suggests that in pAMIm PCGPE, the sodium ions
are predominantly coordinated with SN ligands, with minimal
involvement of TFSI anions. Conversely, in PyR14 PCGPE, the
lower SN coordination number indicates a significant likelihood
of TFSI anions participating in the coordination. This anion coor-
dination in PyR14 leads to clustering, which poses challenges and
results in greater polarization under high current densities. Ionic
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Figure 3. a) Molecular structure of NaTFSI and pAMIm before DFT-MD simulation (0 ps) and after simulation (1 ps and 2 ps); b) Ionic conductivity
of pAMIm and PyR14 PCGPE; c) The mean square displacement and e) diffusion coefficients of Na+ in pAMIm and PyR14 electrolytes; d) Snapshot of
molecular dynamics simulation of pAMIm and PyR14 electrolytes; f,g) LSV curves of pAMIm and PyR14 electrolytes. h) Coordination number of Na+

with SN in pAMIm and PyR14 electrolytes.

conductivity tests further support the data from molecular dy-
namics simulations, indicating that pAMIm (6.72 × 10−4 S cm−1)
achieves slightly higher ionic conductivity than PyR14 (5.70 ×
10−4 S cm−1). Notably, at elevated temperatures (60 °C), PyR14 ex-
hibits a decrease in ionic conductivity due to instability in its elec-
trolyte film, characterized by liquid exudation. In contrast, the
pAMIm electrolyte, by copolymerizing ionic liquid cations with
VC and forming a crosslinked structure, stabilizes SN within

the polymer network, enhancing its thermal stability. Further-
more, electrochemical tests reveal that pAMIm has a higher elec-
trochemical window (5.30V) compared to PyR14 (4.51V). This
superiority is attributed to the stable crosslinked polymer net-
work in pAMIm, which effectively prevents oxidation of SN or
VC at the cathode surface, thereby enhancing the overall stabil-
ity and performance of the electrolyte under various operational
conditions.
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The impedances of pAMIm and PyR14 PCGPE before and
after chronoamperometry experiments can be determined by
fitting Figure 4b. The impedance of pAMIm before and after
the chronoamperometry experiment was 905.2 and 990.6 Ω, re-
spectively. PyR14 has an impedance of 4887 Ω before and after
the chronoamperometry experiment of 4920 Ω. Ion transference
number measurements show that the pAMIm electrolyte has a
significantly higher ion transference number (0.726) compared
to PyR14 (0.535). This finding aligns with our molecular dynam-
ics simulations, which suggest that pAMIm effectively restricts
the transmission and movement of most TFSI anions through
the charge attraction of cations.

The stability of sodium metal with the PCGPE was evalu-
ated using symmetric sodium metal batteries. In Figure 4c, the
pAMIm electrolyte enabled the symmetric battery to operate suc-
cessfully for over 550 h under a current density of 0.05 mA
cm−2. By contrast, the PyR14 electrolyte showed signs of inter-
face deterioration after just over 150 h. With pAMIm, this en-
hanced performance can be attributed to its higher cation trans-
ference number, which facilitates uniform ion deposition and
stripping at the electrolyte-sodium metal interface, which is es-
sential to the long-term stability of the battery. It can also be
seen in Figure S14 (Supporting Information) that the sodium-
symmetric battery with pAMIm PCGPE and 0.1 mA cm−2 cur-
rent density cycled smoothly for more than 250 h.

Scanning Electron Microscopy (SEM) observations of the
sodium metal surfaces after 100 h of operation in symmetric bat-
teries further illustrate these differences. As seen in the surface
morphology of SEM images, the sodium metal surface is rela-
tively flat and uniform when pAMIm PCGPE is used, and its poor
electrical conductivity indicates an organic-rich layer. As opposed
to PyR14 PCGPE, which presents strike-shaped bumps and ex-
posed sodium metal of varying sizes on the sodium metal sur-
face. Dendrites begin to form on the sodium metal surface when
a basic 1m NaPF6 in EC/PC electrolyte (BASE) is used. Compared
with PyR14 and BASE, pAMIm PCGPE exhibits more uniform
sodium ion migration, and a small amount of TFSI anion in the
solvation structure promotes uniform SEI formation. As a result
of uneven sodium ion migration and a large amount of TFSI an-
ions in the solvation structure, PyR14 PCGPE produces uneven
deposition structures on the surface of sodium metal.

Figure 5a–c illustrates the charge-discharge performance of
sodium metal batteries using NVP cathodes and different elec-
trolytes, evaluated at a 1C rate with a pre-cycling at a 0.1C rate
for two cycles. The pAMIm PCGPE demonstrates superior dis-
charge capacity and cycling stability compared to PyR14 and com-
mercial liquid electrolytes. The initial charge–discharge curves
for batteries assembled under PCGPE conditions reveal a dual
voltage plateau, suggesting an incomplete formation of the solid
electrolyte interface (SEI) layer and discontinuous interface con-
tact between the gel electrolyte and sodium metal in early cy-
cles. In the long-cycle test of charge and discharge at 1 C rate,
pAMIm PCGPE has the highest initial specific capacity, reach-
ing 105.9 mAh g−1. The initial specific capacity of PyR14 PCGPE
and the electrolyte has a small difference, but both are smaller
than that of pAMIm PCGPE. 92.3 and 90.5 mAh g−1, respec-
tively. By the 50th cycle, both PyR14 and commercial electrolytes
exhibit notable capacity reductions, while the pAMIm electrolyte
maintains ≈99% capacity retention. Impressively, by the 200th

cycle, pAMIm sustains 89.8% capacity retention, significantly
outperforming PyR14 and commercial electrolytes, which main-
tain only 74% and 26.3% respectively. To evaluate the long-cycle
performance of the pAMIm-based PCGPE electrolyte, NVP cath-
ode material, and sodium metal anode material were used to test
the battery for charge and discharge cycles at 1 C and 30 °C and
the quasi-solid-state battery maintained 80% capacity retention at
780 cycles, which was shown in Figure S16 (Supporting Informa-
tion).

SEM images taken after 200 cycles were used to further inves-
tigate the surface of sodium metal after cycling a long-term range
at 1 C rate, as shown in Figure 5e,f, indicating that the sodium
surface with pAMIm was smoother. As demonstrated by EDS
analysis, sodium and sulfur elements, which are derived from
TFSI anions, were evidently observed on the surface of sodium
metal using PyR14 PCGPE. This indicates that sodium dendrites
are formed during the deposition process, and the area of TFSI
anion reduction makes sodium deposition at this site more diffi-
cult. This irregularity in the SEI layer and surface deposits leads
to regions that are impervious to sodium ion passage, causing lo-
calized sodium deposition and uneven surfaces. Such conditions
exacerbate exposure to sodium metal, precipitating battery fail-
ure. A uniform distribution of sodium elements can be observed
on the surface of sodium metal using pAMIm PCGPE, while a
small concentration of other elements can also be observed in the
surface gaps due to the reduction of free mobile anions as a result
of polyionic liquid cation attraction. In the solvated layer, only a
small amount of TFSI anions are reduced by the co-deposition
of Na ions to form stable SEI. Figures S9 and S10 (Supporting
Information) show the SEM images of the NVP cathode mate-
rial cycled at 1C using PyR14 and pAMIm PCGPE, respectively.
It can be observed from the figures that the NVP cathode mate-
rial using pAMIm PCGPE has more complete NVP pellets and a
more uniform binder distribution. On the contrary, the NVP cath-
ode material using PyR14 PCGPE is more fragmented, and the
binder is unevenly distributed. Compared with Figure S8 (Sup-
porting Information), which exhibited the NVP cathode material
before cycling, the cathode with pAMIm PCGPE was more intact.
This is also one of the reasons why the capacity of NVP-Na cells
utilizing PyR14 PCGPE plunged at 200 cycles.

Additional rate capability tests with NVP-sodium metal bat-
teries, ranging from 0.1 to 2 C, reveal that batteries using the
pAMIm electrolyte achieve a capacity of 106.0 mAh g−1 at 0.1
C and maintain 95.1 mAh g−1 at 2 C, with a capacity retention
rate of 89.7%. Conversely, the PyR14 electrolyte, while starting
at a slightly higher capacity of 106.5 mAh g−1 at 0.1 C, drops to
79.6 mAh g−1 at 2 C, with a retention rate of 74.7%, underscoring
that the polycation auxiliary chain in pAMIm significantly boosts
rate performance. In addition, it can be seen that the coulomb
efficiency of pAMIm PCGPE is higher than that of PyR14 in the
magnification performance test. This is related to the smooth and
stable SEI layer formed by pAMIm PCGPE, while PyR14 PCGPE
leads to decomposition and reorganization of SEI.

Figure 5h depicts a flexible pouch battery setup, which af-
ter charging, powers a signboard effectively. Despite undergoing
folding and cutting operations, the battery continues to discharge
without any safety incidents such as fire or smoke, demon-
strating its reliability and safety. This level of performance and
stability in the pAMIm electrolyte highlights its potential for
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Figure 4. a) The current–time curve of the Na symmetric cell using pAMIm or PyR14 as PCGPE with simultaneous illustration; b) Electrochemical
impedance spectroscopy (EIS) spectra of the Na symmetric cell using pAMIm or PyR14 as PCGPE before and after the chronoamperometry test; c)
Comparison of cycling performance of Na symmetric cells with pAMIm or PyR14 at 0.05 mA cm−2; d) Voltage profiles of repeated Na plating/stripping
in symmetric cells with different current densities; e–g) SEM figures of cycled Na surface with pAMIm, PyR14 and liquid electrolyte, separately.
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Figure 5. Charge/discharge curves at 1, 50, and 200 cycles of solid-state NVP/ Na cells using a) pAMIm, b) PyR14, and c) liquid electrolyte at 1 C, 30 °C,
respectively; d) Cycling performance of NVP/Na cells with pAMIm, PyR14 and liquid electrolyte at 1 C, 30 °C; e,f) SEM and EDS spectra of sodium
surfaces cycled with pAMIm and PyR14; g) Rate performance of NVP/ Na cells using pAMIm and PyR14 PCGPE from 0.1 to 2 C, 30 °C; h) Illustration of
NVP-Na pouch cells lighting a light board.
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Figure 6. a,b) C1s and F1s XPS etching analysis spectra from 0 nm to 50 nm of pAMIm, PyR14 PCGPE, and liquid electrolyte; c) HRTEM image showing
the distribution of the SEI component from cryo-TEM characterization of sodium deposited on a copper mesh grid; d–f) FFT images of different areas
of SEI.
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advancing sodium metal battery technology with enhanced safety
and operational durability.

To enhance our understanding of the SEI layer in PCGPE,
depth profiling X-ray photoelectron spectroscopy (XPS) was per-
formed on the sodium surface of an NVP-sodium metal battery
after 200 cycles at a 1 C rate. The analysis focused on the charac-
terization of C1s and F1s spectral regions.

At the surface layer (0 nm), the C1s spectra predominantly dis-
played signals from organic species, including C─C, C═O, and
polycarbonate structures. Notably, the sodium piece with pAMIm
electrolyte showed a distinct -CF3 signal, absent in the PyR14
electrolyte despite an equivalent amount of TFSI anions present.
This suggests that the uneven SEI formation by PyR14 resulted
in the exposure of a more inorganic-rich layer within the XPS ob-
servation area. At a deeper layer (25 nm), commercial electrolytes
continued to show primarily organic species such as C─C and
C═O, while the PCGPE signal revealed more sodium-related C
signals. In the PyR14 electrolyte, a ─CN signal indicative of suc-
cinonitrile leakage was detected, absent in the pAMIm sample.
Further etching to 50 nm exposed a strong polycarbonate sig-
nal in the pAMIm electrolyte, while C─C signals were more pro-
nounced in PyR14, suggesting that larger organic molecules in
PyR14 are more stable and contribute to smoother SEI layers, re-
flecting a higher structural integrity and smoothness in pAMIm’s
SEI.

At the surface (0 nm), strong signals from TFSI and PF6 an-
ions were noted in both pAMIm and commercial electrolytes,
with minimal NaF signal. However, PyR14’s surface XPS showed
smaller differences between TFSI anions and NaF signals, in-
dicative of its irregular SEI film. As etching depth increased, the
NaF signal strengthened while organic fluoride signals dimin-
ished, demonstrating the layered structure of the SEI with an
outer amorphous layer and an inner layer rich in inorganic com-
ponents. The N1s etching data, as shown in Figure S18 (Sup-
porting Information), the similarities and differences between
pAMIm PCGPE and PyR14 PCGPE can be concluded. At 0nm,
the surface, the XPS N signal of the ionic liquid cations, and the
N signal of the SN can be observed, both of which have similar
signal types. However, as the etching progresses, inside the SEI
layer, pAMIm PCGPE can observe the NaN3 signal, that is, the
N signal of the inorganic substance, while only the SN signal can
be observed in the PyR14 PCGPE pattern. This shows that the in-
ner layer of SEI on the surface of PyR14 PCGPE corresponding
to sodium tablets is still dominated by organic matter, which may
also cause the uneven SEI on the surface of Na corresponding to
PyR14 PCGPE.

Cryogenic electron microscopy (cryo-TEM) was employed to
visually explore the SEI’s structure and components. High-
resolution cryo-TEM images showed an amorphous layer ≈7.14
nm thick near the vacuum interface, devoid of inorganic com-
pound crystals. The inner part of this amorphous layer, ≈9.37 nm
thick, was rich in inorganic compounds including NaF (Fm3m)
and Na2CO3 (C12/m1), with deposited sodium metal at the in-
nermost layer.[27] In the inorganic rich layer of SEI, there is a
wide range of NaF, which has been shown to be an effective strat-
egy for forming good SEI on the surface of sodium metal, so
that the sodium metal and electrolyte can maintain good contact,
improving the cycle’s stability.[28] FFT transform images corre-
sponding to NaF, Na2CO3, and sodium metal from Figure 6d–f

validated the crystalline structure within the rich-inorganic
layer.

These findings provide a comprehensive view of the SEI struc-
ture in PCGPE, underscoring the superior stability and unifor-
mity of the SEI in pAMIm-enhanced electrolytes, which con-
tributes to the improved performance and safety of the associated
sodium metal batteries.

3. Conclusion

This research successfully demonstrates significant advance-
ments in the design and application of PCGPE through strategic
polymer chain engineering and polycation crosslinking. These
design choices have notably enhanced the ionic conductivity, elec-
trochemical window, and cation transference number of the elec-
trolyte. A straightforward film-forming method was employed to
produce the electrolyte, which has proven effective in enabling
stable charge–discharge cycling of NVP-sodium metal batteries.
This method not only simplifies the manufacturing process but
also ensures the production of a robust and functional elec-
trolyte suitable for practical applications. In-depth investigations
into the SEI layer on the sodium metal surface were conducted.
These studies confirmed and detailed the SEI’s structure, reveal-
ing an outer amorphous layer and an inner layer rich in inorganic
components. Such detailed characterization helps in understand-
ing the dynamics at the electrolyte-sodium metal electrode in-
terface, which is crucial for optimizing battery performance and
longevity. It should be noted, however, that the energy density of
the cathode material chosen has a limit, which restricts the im-
provement of the energy density of the system. In this regard,
future development may be based on the matching of various
high specific energy cathodes materials, such as sulfur electrodes
which have a higher specific capacity, or high voltage cathode ma-
terials such as Na2Fe2(SO4)3.[29]

Overall, this work not only showcases the enhanced electro-
chemical performance of the gel electrolyte but also deepens the
understanding of the internal structure of the electrolyte and its
interaction with the sodium metal electrode. The insights gained
from theoretical calculations and advanced characterization tech-
niques contribute significantly to the development of practical,
high-performance sodium metal battery polymer gel solid elec-
trolytes, marking a step forward in battery technology.
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