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Gel polymer electrolytes for room-temperature
sodium sulfur batteries+

Hao Nguyen, Jiahan Li, 2 Raju Vadthya and Shuya Wei*

Sodium sulfur batteries have gained attention owing to their advantages of low cost and high specific
capacity. However, the current electrolytes have a few main disadvantages including sodium-dendrite
growth, sulfur shuttling and electrolyte leakage, which hinder their practical application. Herein, we report
the preparation of poly(vinylidene fluoride-co-hexafluoropropylene)-based gel polymer electrolytes using
a simple solution casting technique for room-temperature sodium sulfur battery applications. The gel
polymer electrolyte was activated by soaking the freshly prepared gel polymer membranes in a liquid

1 at

electrolyte solution. Our gel polymer electrolyte exhibited a high ionic conductivity of 1.37 mS cm
ambient temperature, with an electrochemical stability window of 4.5 V versus Na*/Na. Furthermore,
sodium symmetric cells showed stable stripping/plating of Na* up to 3000 hours, with a transference
number of 0.648. The cells achieved a specific capacity of 398 mA h g~ for the initial reversible discharge
specific capacity and 75 mA h gt at cycle 200 with 99.9% coulombic efficiency at 0.1 C rate. Our results

demonstrate that these polymer electrolytes are potential candidates for sodium sulfur batteries with

rsc.li/nanoscale desired performance.
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1. Introduction

Nowadays, lithium-ion batteries are widely used for daily life
activities in energy storage devices ranging from small portable
electronic devices to medium electric vehicles and large power
grid.»? However, lithium is scarce, and its cost is rising due to
the ongoing surge in demand for this battery technology. In
view of that, developing materials that offer high energy
density, greater abundance, and lower production costs is of
utmost importance. Therefore, sodium-sulfur batteries
(NaSBs), which use inexpensive and environmentally benign
materials of sodium and sulfur, have attracted substantial
interest in recent years due to their high specific capacity
(1675 mA h guup: '). Analogous to the components of a
lithium-ion battery cell, a NaSB also comprises a cathode, an
anode, a separator and an electrolyte. The major drawback of
this conventional cell’s configuration is the lack of safety due
to flammable organic electrolytes in the system. Despite
having high ionic conductivities (107 to 107> S cm™), conven-
tional organic liquid electrolytes (LEs) present several signifi-
cant issues. LEs can cause dendrite growth due to nonuniform
current distribution. The main concern of using LEs arises
from the risk of leakage leading to fire hazards.>”> Moreover,
LEs suffer from significant disadvantages due to polysulfide
shuttling effects. Compared to LEs, polymer electrolytes (PEs)
are profoundly favored for energy storage applications since
they can accommodate the volume changes of the electrodes
amid electrochemical processes and encourage the adaptable
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designs of batteries with diverse shapes. Furthermore, the hin-
dering effects such as leakage of electrolyte can be minimized
by using polymer electrolytes.®™® However, solid polymer elec-
trolytes also have some drawbacks such as low electrical con-
ductivity (1078 to 107> S em™") at room temperature and poor
electrode/electrolyte interfaces.'®"® Various approaches have
been explored to develop PEs that exhibit enhanced conduc-
tivity at room temperature and maintain stable interfaces
between electrodes and electrolytes. Researchers have focused
on improving the ionic conductivity of PEs under ambient con-
ditions while ensuring robust interfacial properties to enhance
the overall battery performance."*™"”

With the aim to overcome the above-mentioned issues, the
liquid electrolytes were incorporated into a solid polymer
membrane to form gel polymer electrolytes (GPEs), which
embraces both the characteristics of PEs and LEs."* The pro-
perties of the polymer membrane, essentially porosity, wett-
ability, and tortuosity of the pores, are greatly influenced by its
processing methods that involve distinctive techniques such as
solution casting, phase inversion, UV curing, in situ polymeriz-
ation and electrospinning method.'®*®*>* Among the available
methods, solution casting stands out as the most straight-
forward yet modestly scalable approach. This technique
involves blending the LEs with the polymer precursor, spread-
ing the mixture onto a glass surface and then allowing it to dry
in a vacuum chamber. Once the gel polymer electrolyte (GPE)
membrane is freshly prepared, it is immersed in the same
liquid electrolyte to absorb the solution and swell.

In GPEs, polyvinylidene fluoride (PVDF), poly vinylidene
fluoride-co-hexafluoropropylene (PVDF-HFP), polyacrylonitrile
(PAN), and polymethyl methacrylate (PMMA) have been widely
used as polymer hosts. Among them, PVDF-HFP has received
great attention because of their amorphous nature and its
potentiality to display high room-temperature ionic conduc-
tivity, strong chemical resistance, high thermal stability and
flexibility.>*>® Moreover, PVDF-HFP-based GPEs have a high
dielectric constant of 8.4 and a strong electron-withdrawing
functional group (-C-F), which advances to the greater disinte-
gration of salts and subsequently supports a high concen-
tration of charge carriers.”” Kumar et al.’ successfully fabri-
cated GPE using a PVDF-HFP backbone and SiO, as an addi-
tive for NaSBs. Despite having a high conductivity of 4.1 mS
em ™' and a sodium ion transport number of 0.52, the batteries
failed to run multiple cycles and only produced a specific
capacity of 165 mA h g™* on the first discharge. Janakiraman
et al.*® reported the preparation of PVDF-HFP using a simple
electrospinning technique and the GPE was activated by
soaking in LE. The GPE has higher an ionic conductivity of
1.13 x 107> S cm™" than commercial separator Celgard 2400
with 0.36 x 10™* S cm™. However, there are many drawbacks
in using the electrospinning technique, such as low commer-
cial impact and scalability for large-scale applications due to
limited production rate and another problem is its mechanical
strength limitation, which could be a concern for energy
storage where structural integrity is required.”® The PVDF-HFP
copolymer has received great attention as a polymer host
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GPE.>**° However, there are very few reports on PVDF-HFP as
a polymer host synthesized by a solution casting technique for
room-temperature NaSB applications. In particular, there is no
report on how different compositions of organic electrolytes
affect the conductivity and the performance of room-tempera-
ture sodium-sulfur batteries.

In the present work, we prepared a PVDF-HFP-based GPE
by a solution casting technique. The ionic conductivities with
different compositions of organic electrolytes were investi-
gated. The GPE consists of 1 M sodium perchlorate (NaClO,)
in propylene carbonate (PC): ethylene carbonate (EC) (4 : 1
volume ratio), which showed the highest ionic conductivity of
1.37 mS em ™" with a wide potential operation stability window
of 4.5 V vs. Na'/Na. Electrochemical characterization tests
including cyclic voltammetry and galvanic charge-discharge
cycles were conducted using assembled full cells. Notably,
symmetric sodium cells underwent a stripping and plating test
that continued uninterrupted for 3000 hours. This impressive
performance indicates significant proficiency for developing
sustainable sodium-sulfur batteries that offer high energy
density and enhanced safety features.

2. Experimental section
2.1 Materials

Sodium cube (Na, 99.9%, Sigma-Aldrich), sodium perchlorate
(NaClO,, >98.0%, Sigma-Aldrich), propylene carbonate (PC,
>99%, Sigma-Aldrich), ethylene carbonate (EC, 98%, Sigma-
Aldrich),  polyvinylidene  fluoride-co-hexafluoropropylene
(PVDF-HFP, average M,y 400 000, pellets, Sigma-Aldrich), and
N-methyl-2-pyrrolidone (NMP, 99.9%, MSE Supplies) were
stored in an Ar-filled glovebox (Vacuum Technology Inc., O,
and H,O < 0.01 ppm).

2.2 Material synthesis

2.2.1 Preparation for GPE membrane. The LEs were pre-
pared by dissolving 1 M NaClO, in PC: EC (x/1 volume ratio,
where x = 1 and 4) and 1 M NaClO, in PC under stirring over-
night and the obtained LEs will be denoted as LE11, LE41 and
LEPC. First, gel polymer precursors were prepared by dissol-
ving poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP, average My, 534 000, powder, Sigma-Aldrich) in
NMP with 1:4 weight ratio overnight. Then, the gel polymer
precursors will be stirred with different LEs at 1: 1 weight ratio
at 50 °C overnight and will become GPE precursors. After that,
GPE precursors were cast at 80 pm thickness on a 50 °C pre-
heated glass plate using doctor blade and will be dried at
50 °C for 12 hours under vacuum environment. The dried GPE
was cut into 2 inch diameter and soaked in the same compo-
sition of its LE overnight and will be denoted as GPE11, GPE41
and GPEPC. For example, 0.4 g of PVDF-HFP and 1.6 g NMP
were mixed overnight. Then, 2 g of LE11 was added and stirred
overnight. After casting, vacuum drying and cutting, the GPE
membrane will be immersed in LE11 overnight and become
GPE11.
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2.2.2 Preparation of sulfur/polyacrylonitrile (SPAN) cath-
odes. SPAN was synthesized following Wei et al. experiment.*
In brief, sulfur (S, 99.998%, Sigma-Aldrich) was mixed with
polyacrylonitrile (PAN, average My 150000 (typical), Sigma-
Aldrich) with 4 : 1 weight ratio using a ball mill machine for
4 hours. The SPAN powder was placed in a tube furnace and
heated at 450 °C at 5 °C min~' ramping rate in an Ar flow
environment for 6 hours. The baked SPAN was mixed with
carbon black (super P, MSE) and 5 wt% PVDF in NMP mixture
with a weight ratio of 8 : 1 : 1, respectively, with additional
NMP to lessen the viscosity. Next, the prepared compound was
mixed by using a vortex mixer and a sonication bath. The as-
prepared slurry was cast onto carbon-coated aluminum foil
(16 pm, MTI Co., USA) with a thickness of 20 pm using doctor
blade. The coating was dried overnight at 70 °C in a vacuum
oven. Finally, cathodes with 12.7 mm diameter were punched
out and stored in the glovebox. The obtained cathodes have an

average sulfur loading of 0.79-1.26 mg cm™>.

3. Characterization
3.1 Physicochemical characterization

Functional group identification and probable inter/intra-mole-
cular interactions were characterized by Fourier transform
infrared (FTIR) spectroscopy (The Nicolet 6700 FTIR
Spectrometer), in the range of ~4000-400 cm™" by averaging
64 scans with a resolution of ~2 cm™'. Scanning electron
microscopy (SEM) was employed (TESCAN VEGA with an accel-
erating voltage of 2.0 kV) on the dried and soaked GPE41
samples to evaluate the morphology. Thermogravimetric ana-
lysis (TGA) was performed using a TGA 5500 in the tempera-
ture range from room temperature to 800 °C with 5 °C min™"
in a N, environment. Differential scanning calorimeter (DSC)
data were acquired using a Netzsch STA 449 F3 Jupiter TGA/
DSC instrument. The sample with ~10-20 mg was cooled to
—100 °C from its initial temperature and then it was heated
from —100 °C to 100 °C at 5 °C min™' rate under a N,
atmosphere.

3.2 Electrochemical characterization

Electrochemical tests were performed in R2032 cells
assembled in an Ar-filled glovebox (O,, H,O < 0.01 ppm). Fresh
Na metal cube was cut, pressed and punched into 12.7 mm
diameter electrode with a thickness of ~0.2 mm. A full cell
consists of a Na metal anode, a GPE and a SPAN cathode. For
LE cells, Whatman™ GF/A separators were used and punched
into 2 inch diameter with 80 pL electrolyte of 1 M NaClO, in
PC. Cell fabrication was carried out in an argon-filled glovebox
and rested for 12 hours before electrochemical characteriz-
ation. For linear sweep voltammetry (LSV) study, a cell with
stainless steel as the working electrode and sodium metal as
the counter electrode/reference electrode will be examined at a
scan rate of 0.1 mV s along the voltage window between —0.2
and 5 V vs. Na/Na'. Potentiostatic electrochemical impedance
spectroscopy (PEIS) were performed using a Biologic SP-50e
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integrated frequency response analyzer. PEIS was performed at
a constant voltage of 10 mV alternating current with frequen-
cies ranging from 800 kHz to 100 mHz. Cyclic voltammetry
(CV) measurements were performed between 0.8 and 3 V,
using SPAN as the working electrode and sodium as the refer-
ence and counter electrodes with different scan rates using
Biologic MPG-2. Galvanostatic charge/discharge (GCD) and a
stripping/plating test was performed using a NEWARE battery
testing system. Galvanostatic cycling was performed at
different C rates (1C = 1675 mA h g, ') with the voltage
window between 0.8 and 3 V vs. Na/Na".

4. Results and discussion

The morphology evolution of GPE was systematically investi-
gated using SEM shown in Fig. 1(a-c) and Fig. S5. In the dried
state (Fig. 1a and S5at), the GPE membrane exhibited a porous
surface morphology with pores diameter of 1-5 pm. This inter-
connected porous structure facilitates efficient absorption of
liquid electrolyte while mitigating leakage risks.” Moreover,
this porous framework provides sufficient space for the expan-
sion of polymer matrix after LE absorption. Following over-
night soaking in LE, PVDF-HFP matrix underwent significant
swelling (Fig. 1b and S5bt), encapsulating the electrolyte
within its structure. The expansion of the membrane poten-
tially enhances internal surface contract between polymer
chains, thereby promoting ion transport pathways and elevat-
ing ionic conductivity. Additionally, the interfacial contact area
between the electrode and the electrolyte also increases with
swollen GPE, which is critical for electrochemical perform-
ance. Cross-sectional SEM image (Fig. 1c) revealed a uniform
membrane thickness of ~120 pm and the GPE membrane is
thinner than the commercialized Whatman™ GF/A separator
(260-290 pm). Crucially, the polymer matrix retained structural
consistency after both vacuum drying and LE immersion,
demonstrating robust mechanical stability and no observable
degradation of the PVDF-HFP framework.

FTIR spectroscopy studies (Fig. 1d) were performed to
examine the molecular interactions between the liquid electro-
Iyte and the polymer matrix, as well as to analyze the changes
in the polymer host due to the entrapment and dispersion of
the NaClO,-containing liquid electrolyte. Fig. 1d illustrates the
comparative FTIR spectra of pristine PVDF-HFP, LE41, dried
GPE41, and soaked GPE41, within the wavenumber range of
400 to 2000 cm ™', The assignment of the important IR bands
associated with the host polymer PVDF-HFP, PC, EC, and per-
chlorate (ClO,") anions is given in the ESI (Table S17).

The following distinctive features have been extracted from
the spectral response: the peaks at 877 and 842 cm™" present a
phase conformation of the semi-crystalline PVDF-HFP.>*7°
The o phase peaks slightly shift to a higher wave number after
incorporating LE into a polymer matrix.” The peaks at
1675 cm™ " represent the C=0 stretching vibration of the NMP
solvent entrapped in the GPE. The peaks at 1397 cm™' and
1187 ecm™' show C-H, and C-F, stretching in PVDF-HFP,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 SEM image of (a) dried GPE41 and (b) soaked GPE41. (c) SEM image of the cross-section of soaked GPE41. (d) FTIR spectra of pristine
PVDF-HFP, LE41, and GPE41 after vacuum-drying and GPE41 after soaking in LE41. (e) TGA of pristine PVDF-HFP, dried GPE41, soaked GPE41 and

LE41.

respectively.’”>° The peak at 1787 cm™" corresponds to cyclic
carbonate in PC and EC, which shifts to a higher position of
1807 em™' in both dried and soaked GPEs. This behavior
corresponds to the H-C=C-F stretching vibration modes of
polyene, suggesting the partial dehydrofluorination of
PVDF-HFP chains.”® The NMP solvent functions as a Lewis
base, which induces chemical dehydrofluorination of the
PVDF-HFP skeleton to activate the movements of PVDF-HFP
chains, which enhances the interactions among polymer
chains.*’ The dehydrofluorination process can enhance the
amorphous content of the polymer, potentially resulting in
higher LE absorption and improved ionic conductivity of the
electrolyte.*> These observations indicate a complex interplay
between the solvent, polymer and electrolyte components,
leading to structural modifications that may significantly influ-
ence the GPE’s electrochemistry properties.

To further examine the material’s thermal behavior,
thermal gravimetric analysis was used. Fig. le shows the
thermal gravimetric curves from the PVDF-HFP membrane,
LE11, dried GPE41 and soaked GPE41. The PVDF-HFP mem-
brane shows thermal stability until 140 °C and its initial mass
reduction around 170 °C is related to the evaporation of NMP
components. No weight loss has been observed for PVDF-HFP
after 140 °C until reaching 420 °C, where PVDF-HFP decompo-

This journal is © The Royal Society of Chemistry 2025

sition happens. A gradual weight loss of ~5 wt% around
100 °C for dried GPE41 and soaked GPE41 samples is possibly
attributed to the loss of moisture absorbed by the polymer
from the experimental environment. The substantial weight
loss that occurred between 120 °C and 200 °C was due to the
evaporation of LE in dried GPE41 and soaked GPE41. This
weight loss reveals that more than 20 wt% of LE41 was incor-
porated inside the dried GPE41 after the synthesis process.
Along with immersing the dried membrane GPE41 into LE41
overnight, GPE41 swelled and became transparent (showed in
Fig. S1%) increasing the LE content to more than 50 wt%. The
polymer PVDF-HFP and GPE underwent a second significant
mass reduction between 450 °C and 500 °C, matching with the
beginning of its thermal decomposition. During this stage, the
PVDF-HFP structure begins to break down thermally, and the
backbone of the polymer starts to degrade.**** This stage
marks a critical point (indicated by the red arrow in Fig. 1e) in
the material’s thermal behavior and represents polymer mole-
cular structure deterioration due to the high temperatures.

The electrochemical stability window or potential window
represents a voltage range within which an electrolyte can
remain stable without undergoing unwanted side reactions.
This crucial parameter plays a significant role in determining
the maximum operating voltage of a battery, directly influen-
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cing its energy density and longevity. A wider electrochemical
stability window allows for higher operating voltages, poten-
tially enhancing the battery performance. LSV measurements
of GPEs in Fig. 2a illustrates the electrochemical stability
windows of GPEPC, GPE11, and GPE41. The graph shows a
pair of redox peaks at around 0 V, which correspond to the
sodium ion plating and stripping on electrodes.*® The cell ran
steadily with no change in current up to 4.5 V (vs. Na'/Na) at
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ambient temperature, which indicates that the GPE does not
have any impurity during the fabrication process, and it did
not undergo any side reaction with sodium metal. The degra-
dation of the GPE membrane occurs beyond 4.5 V, which is
more than sufficient to operate NaSBs at room temperature.
Typically, an GPE that does not undergo a redox reaction
under the battery working voltage range (0.8 to 3 V in this
work) can be considered as an ideal GPE.*”"*° The wide electro-
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Fig. 2 (a) LSV of GPE containing various compositions in the voltage range of —0.10 V to 5 V at a scan rate of 0.1 mV s™%. (b) VTF fitted plots of ionic
conductivity for polymer electrolytes containing various compositions. The inset table in Fig. 2b summarizes the VTF parameters of B determined

from the linear plot log 6TV versus 1/(T —

zoomed-in view at different times.
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o). (c) Galvanostatic stripping and plating performance of symmetric cells Na|GPE41|Na and (d—f)
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chemical window (0-4.5 V) plays an exceedingly important role
in the electrochemical stability of NaSBs. As the new energy
density and voltage of the new generation of batteries
increases, the separator film also faces challenges of bearing a
high voltage. This wide range of electrochemical potential is
more than sufficient to operate not only for NaSBs but also for
sodium ion batteries, which makes GPE41 as an ideal electro-
lyte candidate for both NaSBs and sodium ion batteries.”>°">*

Table S21 shows the ionic conductivities of GPE PC, GPE 11
and GPE41 at various temperatures using AC impedance spec-
troscopy and conductivity eqn (1):

o= 1)
ARy,
where L is the thickness of the membrane, A is the area of the
membrane, and Ry, is the bulk resistance from the EIS plot.
The GPE membrane was placed between stainless steel sur-
faces to fabricate SS|GPE|SS coin cells for conductivity
measurement. Fig. 2b shows the temperature variations of the
conductivity of all the polymer complexes. As the temperature
increases, the conductivity also increases for all the compo-
sitions. The non-linearity in Arrhenius plots indicates that ion
transport in polymer electrolytes is dependent on polymer seg-
mental motion. The curvature behavior of the plots suggests
that the data can be better described by the Vogel-Tamman-
Fulcher (VTF) equation, typical of disordered systems:>*

6 =AT Y2 exp (ﬁfﬂ)) (2)

where A is a fitting constant proportional to the number of
charge carriers, B the pseudo-activation energy associated with
the motion of the polymer segment, kg the Boltzmann con-
stant and 7, is taken as the equilibrium temperature of the
system corresponding to zero configuration entropy. T, was
found to be equal to T, — 50 K, where T, represents the
thermodynamic glass transition temperature of the samples
(Fig. S61).>°7 As shown in Fig. 2b, the VTF plot was well fitted
for all studied GPE (R* > 0.99). GPE41 had the lowest pseudo-
activation energy at 0.0235 eV and the highest conductivity at
1.37 mS cm™" at ambient temperature, compared to 0.0254 eV
with 1.17 mS cm ™" and 0.0258 eV with 0.7 mS em™" for GPE11
and GPEPC, correspondingly. As the temperature rises,
polymer chains in electrolytes experience more rapid bond
rotations and enhanced segmental motion. This enhanced
molecular mobility creates a more favorable environment for
ion transport, facilitating both inter-chain hopping and intra-
chain movement of ions.>® The combined effect improved ion
transport mechanisms results in an increase in the overall
ionic conductivity of the polymer electrolyte. This temperature-
dependent behavior is crucial for understanding and optimiz-
ing the performance of polymer electrolytes in various appli-
cations. The increased sodium ion mobility leads to improved
overall ionic conductivity in the electrolyte. More efficient ion
transport can lead to more uniform plating and stripping of
sodium at the electrode surfaces, potentially reducing dendrite
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formation and improving long-term cycling stability.’**® To
gain insights into the plating and stripping behavior of Na, the
galvanostatic cycling test was employed in symmetric Na|
GPE41|Na coin cells. The coin cell was applied 0.1 mA cm™>
for 15 minutes of charge and 15 minutes of discharge. The
plating and stripping test in Fig. 2c shows the utilized GPE41
symmetric cell can run over thousands of cycles and approach
3000 hours of operation before the overpotential significantly
increased due to long operation and possibly electrolyte
decomposition/aging.®" There was a slight increase in overpo-
tential from 0.02 V (Fig. 2d) to 0.1 V (Fig. 2e) at 0 hour to
around 1000 hours. The increased overpotential was contribu-
ted by the buildup of the stable solid electrolyte interface (SEI)
layer. Impressively, from 1000 hours to 3000 hours (Fig. 2f),
the coin cells function smoothly without any rise in overpoten-
tial. The stripping/plating of Na using the GPE membrane with
different compositions of organic liquid electrolytes (Fig. S27)
shows that GPE41 had the smallest overpotential compared to
GPEPC and GPE11. This result reveals that a higher amount
of PC is more compatibility with the battery system. The
partial dehydrofluorination process of the PVDF backbone
results in the formation of a stable Na-F SEI, as reported in a
previous study.®®®® The rich Na-F SEI layer not only stabilizes
the sodium ion deposition, but also restrains the growth of
dendrite effectively.®*°*®® These contributions enable excel-
lent cycling performance in Na|GPE41|Na for 3000 hours pro-
gression. A plating and stripping test with alternatetive current
density rate was conducted for Na|GPE41|Na coin cells, shown
in Fig. S3.f The result indicates that GPE41 can steadily
operate from 0.1 to 0.4 mA cm? and only failed at 0.5 mA cm?
current density. The PVDF-based GPE membrane shows an
excellent suppression toward the dendrite formation at the
electrodes’ surface and an effective interfacial contact between
the electrode and electrolyte. As a result, the coin cell was able
to run for extremely long period without any short-circuit.
Moreover, our result proves that the GPE membrane can func-
tion as both the separator and the ion transport medium with
rigid mechanical strength and can tolerate high expansion and
contraction of sodium electrode during charge and discharge.
The membrane can be utilized for not only sodium sulfur bat-
teries but also sodium ion energy storage.

The transference number of Na' (¢y,) is a parameter describ-
ing Na" migration, which is crucial in NaSBs. The value of ty,
was evaluated using combined AC and DC polarization tech-
niques shown in Fig. 3.°>7% In this technique, the GPE was polar-
ized by applying a small constant voltage of 10 mV across the Na|
GPE|Na coin cell for 5 hours. Bulk resistances of the cell were
measured using electrochemical impedance spectroscopy (EIS)
before and after the polarization process. The #y,- of GPE41 was
calculated to be 0.648 using the following equation:

I,(AV — Ro1,)

IO(AV_RSIS) (3)

tNat =

where R,, Ry, I,, Iy and AV are the initial resistance, steady-
state resistance, initial current, steady-state current and polar-
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ized voltage, respectively. ty,- in this work is found to be sig-
nificantly higher than previous studies 0.37°! and 0.49°* .77
In conventional sodium-based electrolytes, because the sol-
vation of Na" with the solvent is stronger than the solvation of
anions, the solvent ty,: is typically less than 0.5.”* A higher
sodium-ion transport is crucial in NaSBs. This means that a
larger fraction of the total current is carried by sodium ions,
resulting in minimizing the concentration polarization.

The oxidation and reduction potential as well as the reversi-
bility and electrolyte stability of full-cell Na|GPE41|SPAN were
conducted via cyclic voltammetry (CV), shown in Fig. 4a.”®
Additionally, the CV curves provide insights into the reaction
kinetics based on the voltage applied and the corresponding
current. The CV curves displayed in Fig. 4a reveal the major
differences during the redox reaction process at the working
electrode surface. During the initial cathodic scan, the current
slope starts at around 1.5 V vs. Na/Na", corresponding to the
solid-liquid transition from sulfur to dissolved Na,S, (x = 4-8),
and the peak at 1 V is related to the formation of solid Na,S

b)
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Fig. 4 (a) Cyclic voltammetry of Na|GPE41|SPAN with 0.1 mV s~ scan rate and 0.8 V-3 V potential window. (b) Capacity versus cycle from the gal-
vanostatic charge and discharge test of full-cell Na|GPE41|SPAN at 0.1C. (c) Voltage profiles of full-cell Na|GPE41|SPAN long cycle at 0.1C.
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and Na,S,, as observed during the first cycle.*®’® The irrevers-
ible peak is characteristic of the SPAN cathode.?’ In a sub-
sequent cycle, this discharge peak shifted to 1.2 V. The peak
shifts during the second cycle go along with a considerable
reduction in the polarization of the electrodes during cycling.
During discharge, both of the peaks indicate the formation of
Na,S, and Na,S.”” Upon charging, Na,$ is converted into poly-
sulfides (S,) at around 1.7 V and all sulfur is bound to PAN in
the fully charged state above 2.28 V vs. Na/Na".”®”° After the
2nd cycle, the repetition of CV redox peaks (Fig. 4a) 2nd-7th
cycle confirms that the GPE41 membrane acts as a functional
separator, which facilitated the Na-SPAN cells to run multiple
cycles.

Long-term galvanostatic cycling of two Na-SPAN cells incor-
porating GPE41 and LEPC was conducted for 200 cycles
(Fig. 4b). The battery test illustrates the stability of the cells
and the high reversibility at 0.1 C. GCD shows that the GPE41
cell exhibited an initial specific capacity of ~1000 mA h g™*
with a reversible capacity of ~398 mA h g~'. With the longevity
examination, the LEPC cell failed after 25 cycles, whereas GPE
still ran steadily to 200 cycles with 99% Coulomb efficiency
(CE) and maintained a specific capacity of 74 mA h g~*. With
the help of the rich Na-F SEI layer from dehydrofluorination
of the PVDF-HFP polymer and the incorporation of GPE mem-
brane prevented the short circuit happening in the
cells.*>%%%7:80 Thig synergistic effect allows the batteries to run
an extensive cycle compared to the conventional LE batteries.
The results further support the sodium ion uniform depo-
sition using the GPE in both full-cell and half-cell configur-
ations. The comparison of full cells using GPEPC, GPE11 and
GPEA41 is shown in Fig. S41 where all of the cells were able to
maintain long cycles without any short circuit with ~99% CE.
Of all, GPE41 provides better compatibility between the elec-
trode and the electrolyte and was capable of discharging
higher 1st and 2nd specific capacities of 1125 and 458 mA h
Zeufur © than the other cells. Fig. 4c shows the voltage profile
of the GPE cell at different cycles. The voltage profile has a
consistent charging plateau of around 1.6 V which is in agree-
ment with CV results (Fig. 4a). The voltage profiles do not
show any shape change or any additional plateau, indicating
that the GPE matrix does not decompose or have any side reac-
tion after a long cycling time.

5. Conclusion

We have successfully prepared a PVDF-HFP-based GPE incor-
porating NaClO, and organic electrolytes with different ratios
via a solution casting technique. Galvanostatic plating and
stripping performed using a Na|GPE41|Na cell exhibit a long-
stability lifespan up to 3000 hours of operation without any
GPE41 membrane, which can achieve a high ionic conductivity
of 1.37 mS em™, high ty,- of ~0.648 at room temperature and
an electrochemical stability window of 4.5 V vs. Na'/Na. Na-
SPAN cells employed a GPE41 electrolyte and delivered a dis-
charge capacity of 3908 mA h g, © at the 1st reversible cycle

This journal is © The Royal Society of Chemistry 2025
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and 75 mA h gy, after cycling for 200 cycles with 99% CE.
The incorporation of GPEs in Na-SPAN batteries at ambient
temperatures presents a promising avenue for advancing
sodium-sulfur batteries technology. By utilizing GPEs, we
anticipate a new paradigm in sodium-sulfur battery develop-
ment, addressing key challenges and opening up innovative
possibilities for high-performance, safer energy storage
solutions.

Abbreviations

LEs Liquid electrolytes

PEs Polymer electrolytes

GPEs  Gel polymer electrolytes

LEPC 1 M NaClO, in PC

LE11 1M NaClO, in PC:EC (1:1v/v)

LE41 1 M NaClO,4 in PC: EC (4:1 v/v)

GPEPC GPE has LEPC entrapped in PVDF-HFP after vacuum
drying and swell after immersing LEPC

GPE11 GPE has LE11 entrapped in PVDF-HFP after vacuum
drying and swell after immersing LE11
GPE41 GPE has LE41 entrapped in PVDF-HFP after vacuum

drying and swell after immersing in LE41
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