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Quasi-solid-state electrolytes are one of the most promising alternative candidates for traditional liquid
state electrolytes with a fast ion transport rate, high mechanical strength and wide temperature
adaptation. Here, we have designed a biomimicking electrolyte film with a Janus-faced honeycomb-like

structure and applied it to sodium ion batteries. The advanced quasi-solid-state sodium ion batteries
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temperature range from —20 °C to 60 °C. Additionally, operando observations of the chemical structure
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Introduction

A revolution, moving from traditional liquid electrolytes to
quasi-solid-state electrolytes and then to all-solid-state electro-
lytes, is underway for alkali metal ion batteries that aim to push
beyond the limits of energy density."™ Quasi-solid-state elec-
trolytes (QSSE), namely gel electrolytes, have been considered to
be one of the most promising candidates for next-generation
rechargeable batteries based on their tremendous chemical,
mechanical and electrochemical merits. QSSEs have improved
mechanical flexibility, alleviated solution leakage, enhanced
cycling stability, and extended working potential window,
among other merits, as compared to liquid electrolytes.>” In
contrast to all-solid-state electrolytes, gel electrolytes address
issues like poor interfacial contact, high operating temperature,
relatively low room-temperature conductivity, etc.*® Moreover,
QSSEs with a polymer matrix are expected to demonstrate more
functionalities and possibilities than those with merely assisted
ion transport with ingenious design.'®'* For instance, gel elec-
trolytes with flexibility, widened operating temperature and
safety insurance have been developed and applied for lithium
ion batteries (LIBs). Nevertheless, as a potential alternative to
LIBs, sodium ion batteries (SIBs) with multi-functional QSSEs
have remained an underdeveloped project and further explo-
ration of their possibilities is needed.”* ™
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Although research on SIBs dates back to 1960s, similarly to
LIBs (1970s), practical problems remain to be solved and their
electrochemical properties have yet to be perfected."'® For
instance, the thermodynamics and kinetics of the growth of
sodium dendrites are not yet fully understood, since they differ
greatly from lithium dendrites.”” These sodium dendrites can
trigger severe damage to cells by consuming electrolytes,
increasing impedance and even worse, penetrating the separa-
tors, which leads to short circuits. According to previous
research,'®?! sodium dendrites have higher plastic compliance
and more unstable SEI growth than lithium dendrites. There-
fore, it is necessary to suppress the growth of sodium dendrites
to obtain stable and safe SIBs.** Strategies that involve opti-
mized electrolytes and interfacial engineering have been
proposed. An electrode-electrolyte interface with enhanced
mechanical strength to prevent dendrites has been confirmed
to be effective and efficient.”® On the cathode side, the trade-off
between high capacity and stable cycling performance creates
complications. Taking Prussian blue analogues (PBAs), e.g.,
Na, ,Fe[Fe(CN)¢], as an example, their theoretical specific
capacity of 171 mAh g (x = 0) is high, but their current
reversible capacity is often below 120 mAh g~ owing to sodium
deficiency. Sodium deficiency also affects cycling stability,
because high sodium contents correspond to a rhombohedral
crystal structure, which has higher structural stability through
charge-discharge cycles than a cubic phase.”*** Modifications
to the fabrication process are the most popular way to synthe-
size PBAs with a sufficient proportion of Na, but require delicate
operation or the inappropriate wastage of raw materials.”® Gel
electrolytes have been considered as an option for broadening
the temperature range and achieving fire resistance for sodium
ion batteries. For thermal stability, Xiu-Li Wang and his
coworkers incorporated diethyl vinylphosphonate (DEVP) into
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a PAN polymer matrix for high temperature stability; the film
can sustain its shape when the temperature rises to 180 °C.*”
Additionally, phosphorus and fluorine are used to extinguish
fire and inhibit its further spread in polymer electrolytes, and
agents such as tri(acryloyloxyethyl) phosphate (TAEP) have
proven to be efficient.”®

Herein, we propose a multi-functional gel electrolyte with
a Janus-faced structure fabricated via phase inversion, with one
‘face’ to suppress sodium dendrites and another to supply
sodium ions and buffer free electrolytes. As a high-performance
QSSE, its microscopic structure should have abundant cavities
to store electrolyte solution and densely arranged shared walls
to resist external stress. The synthesized QSSE film features
a spontaneously formed morphology that resembles natural
honeycomb and consequently attains high flexibility and plas-
ticity. To support as much honey and pollen as possible, as well
as to sustain integrity, natural honeycomb has aligned hives
with shared sides for bees to work on and brood in. The
honeycomb-like Janus-faced (HJ) QSSE has been introduced
into sodium ion batteries and exhibits a sodium-ion diffusion
rate comparable to that of liquid electrolytes. The HJ film has
demonstrated outstanding thermal stability (maintaining its
shape at 300 °C) and self-extinguishing ability. The assembled
quasi-solid-state sodium ion batteries demonstrate a superior
sodium storage capability with an initial capacity of 130 mAh
g7 ', 90% capacity retention after 700 charge-discharge cycles
and robust charge-discharge performance over a wide temper-
ature range. Additionally, assisted by operando tests, the
stability of the crystal chemical structures and interfacial
properties have been demonstrated.

Experimental section
Synthesis of HJ film

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP),
average M,: 40000, pellets, was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd ZSM-5 molecular
sieves were obtained from SINOPEC Shanghai research institute
of petrochemical technology Co., Ltd, as a powder. 1-Methyl-2-
pyrrolidinone (NMP), >99.0%, was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd.

(1) Preparation of 10% PVDF-HFP solution. First, 2 g PVDF-
HFP and 18 g NMP were added to a glass bottle with
a magneton, and the solution was stirred at room temperature
until full dissolution occurred (~4 h).

(2) Preparation of the precursor solution. A certain amount
of ZSM-5 was added to the above-mentioned solution. The
amount of ZSM-5 varied from 3 g (PVDF-HFP : ZSM-5 = 4: 6) to
4.7 ¢ (PVDF-HFP: ZSM-5 = 3: 7) according to our experimental
results. The ratio of PVDF-HFP : ZSM-5 can be deceased to 1:9
with the addition of extra NMP.

(3) Preparation of HJ film. First, the surface of a piece of glass
(20 x 8 cm?) was covered with the solution with the aid of
a scraper. The thickness of the scraper was 100 um; this was
increased to 1000 pum to for the operando optical microscopy
experiment. The glass was then placed into a container filled
with 600 mL deionized water and left there for 6 h for solution
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exchange at room temperature. The film was then taken out and
placed in an oven for drying at 110 °C for 24 h with vacuum

pumping.

Synthesis of PBA cathode

The synthesis process for the PBA powders followed a co-
precipitation method detailed in a previously reported
article.” The PBA powders were then mixed with super P and
PVDF in a ratio of 8:1:1 with certain amount of NMP. The
slurry was scraped on an Al foil with a thickness of 100 pm. The
film was dried at 80 °C in an oven with vacuum pumping, and
the cathode film was then cut into appropriate sizes as needed.

Characterization

The crystal structure of the materials was determined using
a D8 ADVANCE X-ray diffractometer with a Cu Ka radiation line
(A=1.5418 A). SEM images were taken using an SEM5000X from
Chinainstru & Quantumtech (Hefei) Co., Ltd. The TGA analysis
was carried out using an Sdt Q600 V20 9 Build 20 Thermal

Gravimetric Analyzer with a scanning rate of 10 °C min™".

Electrochemical test

A quasi-solid-state cell was assembled with a piece of cathode
film, HJ film swollen with liquid electrolytes (1 M NaClO, in PC/
EC/FEC: 45 : 45 : 10) and sodium metal foil. The control sample
was assembled with the HJ film replaced with glass fiber (GF).
The galvanostatic charge-discharge experiments were carried
out in a LAND CT3002A multichannel battery test system. The
cyclic voltammetry (CV) tests (potential window: 2-4 V) and
electrochemical impedance spectroscopy (EIS, 10> Hz to
10° Hz with an amplitude of 5 mV) were operated using a CHI
660E workstation. The operando optical microscopy experiment
was carried out with an Operando Confocal Microscopy assisted
with a LAND CT3002A.

Results and discussion

In QSSEs, the electrolyte solution can exist in different forms,
either swollen by polymers or filling microscopic pores.
Consequently, a higher porosity translates into a larger elec-
trolyte uptake.*® A porous structure with regular aligned pores
can sustain external compression. Conversely, a dense structure
with fewer pores leads to less contact between the liquid elec-
trolyte solution with the electrode, but at the same time, fewer
side effects. Therefore, the trade-off between the proportion and
distribution of microscopic pores is challenging, yet of impor-
tance. In this work, a phase inversion process was utilized to
fabricate an asymmetric membrane consisting of a polymer-
rich skin layer and a polymer-lean porous sub-layer that
combine high mechanical strength with excellent electro-
chemical performance.

The synthesis process is depicted in Fig. 1a. A solution
containing polymers, molecular sieves and the solvent (NMP)
was cast on a glass plate and placed in a container with a non-
solvent to initiate a solvent (DI water) exchange process. The
membrane formation process is displayed in the ternary phase

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of (a) the synthesis process of the HJ film
and (b) a cell with a Janus-faced gel electrolyte. Microscopic images of
a cross-sectional view of (c) the entire section, (d) the front side and (e)
the back side.

diagram on the right side in Fig. 1a, and the dashed line abcd
describes the evolution progress of the system. After being
placed into the non-solvent, an instant solution exchange takes
place, and a thin-skin layer is formed. The binodal boundary
line divides the diagram into a single-phase region and a binary-
phase region. Thus, a transformation takes place at point b, and
the system breaks into two phases, i.e., the polymer-rich phase
and polymer-lean phase, which finally evolve into the
membrane matrix and the pore regions, respectively. This is
because solvent exchange is rapid at the film surface but slug-
gish in the bulk. The separation process is completed at point c.
The final point d represents the final composition of the system
with a certain ratio of the membrane part (represented by the
point s) and pore part (represented by the point 1). Moreover,
with the phase inversion process, the molecular sieves, which
have the highest hardness in the system, precipitate and gather
at the bottom, creating a concentration gradient from the
bottom to the top. After the non-solvent is removed, the
membrane shows a distinct morphology with a dense front side,
a hard back side and a porous inner layer in between. The
optical images in Fig. S1 show that the HJ film becomes semi-
transparent after being swollen with the electrolyte solution.
The surface also exhibits a typical Turing pattern. A quasi-solid-
state sodium ion cell was assembled with the back side of the HJ
gel electrolytes facing the sodium metal and the front side
facing the cathode, as displayed in Fig. 1b. The cross-section
area was magnified and is shown in the SEM images in
Fig. 1c—e. The cross-section area presents a sponge-like porous
structure, which should accommodate the electrolyte solution
and resist compression. The inorganic particles clustered on
the back side owing to gravity, and this dense layer could resist
sodium metal dendrite penetration, functioning as a safety
mechanism. The structure is relatively dense on the front side to
minimize electrolyte contact with the cathode, suppressing side
reactions and extending cycle life.

The chemical structures, microstructures and physical
properties of synthesized HJ film were characterized. As shown
in Fig. 2a, the molecular sieves (ZSM-5) in the film were indexed
to a tetragonal phase, with the space group P4,2,2, as identified
using the standard diffraction pattern JCPDS#00-044-000. The
cations present in this molecular structure are sodium ions,
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Fig. 2 (a) XRD pattern of ZSM-5 molecular sieves. (b) SEM images of
the honeycomb-like structure, inset image: natural honeycomb. (c)
Elemental mapping of the HJ film. (d—f) Front-side view of the HJ film
at different magnifications. (g—i) Back-side view of the HJ film at
different magnifications.

thus supplying extra sodium ions for the sodium ion batteries.
Moreover, ZSM-5 is a 5 A-type molecular sieve, providing
channels with a radius of ~0.5 nm, which is sufficient for
solvated sodium ions (Stokes radius for Na': ~4.6) to pass
through. In contrast, the XRD pattern of a piece of HJ film
exhibits an extra broad peak from 15° to 30° (Fig. S2), showing
that the PVDF-HFP has an amorphous phase in the film. The
thermostability of the HJ film (Fig. S3a) and a piece of
commercialized PE separator (Fig. S3b) were tested and
compared via thermal analysis. The decomposition tempera-
ture increased to 440 °C for the HJ film compared to 260 °C for
the PE film, indicating a significant improvement for the HJ
film. Beyond 600 °C, the PE film was completely decomposed,
while only PVDF-HFP part of the HJ film was decomposed and
the remaining part (molecular sieve) could survive the high
temperature.

As displayed in Fig. 2b, the microstructure of the HJ film
resembles the pore alignment of honeycomb, which is con-
structed using less material and has higher porosity and high
strength. Owing to its structural superiority, the HJ film is able
to lift a heavy load more than 2000 times its own weight, as
shown in Fig. S4. Additionally, the film is bendable and
stretchable (Fig. S5). Fig. 2c reveals the distribution of the
elements C, Si, Al, Na and F on the surface of a piece of HJ film.
ZSM-5 contains the elements C (absorbed organics), Si and F,
while PVDF-HFP contains the element C and F, corresponding
to the mapping results. The two faces of the HJ film show
different morphologies, as demonstrated via comparison of the
SEM images of the front side (Fig. 2d-f) and back side (Fig. 2g-i)
at different magnifications. As clearly seen from Fig. 2d and g,
there are more molecular sieve particles at the back side than
the front side from the overall view, as verified in Fig. 2e and h.
Different kinds of pore distributions are clearly exhibited in
Fig. 2f and i, demonstrating the distinctive features of the skin
layer and sponge layer. On the front side, the pores generally
have a diameter of less than 300 nm, with most around 100 nm,
showing a dense structure. In contrast, most pores have
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diameters of greater than 400 nm on the back side, and the
shared walls are thin, identical to the structure of sponges. As
shown in Fig. S6, the pore sizes can be modified by changing the
volume of the non-solvent, water, probably due to a change in
the solvent exchange rate. At a lower ratio of DI water (from
600 mL to 400 mL), the pores have an increased diameter of
around 400 nm on the front side. Less water in the system could
result in a slower solvent exchange process, thus producing
a relatively less-compact structure. Additionally, the ratio of
ZSM-5 to PVDF-HFP can be modulated over a wide range from
0 to 9:1 to ensure the integrity of the film. As shown in Fig. S7,
the film with a ratio of 9:1 still has a porous structure con-
structed through the stacking of inorganic particles. However,
the film loses its bendability with a high concentration of ZSM-
5.

Fig. 3a-c displays an overview of the ZSM-5 particles incor-
porated into the HJ film. As calculated by statistical data, the
particles have a relatively uniform size distribution with
a diameter of 2.288 + 0.065 um. To examine the mechanical
strength on the surface on a microscopic basis, approach-
retrace tests were conducted via atomic force microscopy. A
conventional PE film was utilized as a contrast sample in the
examination, and its image in Fig. 3d shows a fabric
morphology with intertwined fibers. Fig. 3e shows a cubic
particle inlayed in the PVDF-HFP matrix, with the same struc-
ture as mentioned above. Quantitative nanomechanical
mapping tests were implemented in the selected area marked
with a red star shown in Fig. 3d and e. Comparatively, the HJ
film has a peak force four times higher than the PE film,
showing high rigidity to resist the penetration of sodium metal.
Additionally, as can be seen from the slope in the repulsion
part, the HJ film has an elastic modulus ten times higher than
the PE film, which indicates a robust surface. In addition to
investigation of its mechanical robustness, tests of the thermal
stability and fire resistance of the HJ film are shown in

Fig. 3 Robustness of the HJ film. (a—c) SEM images of ZSM-5 particles
at different magnifications. Atomic force microscopy images of (d)
conventional PE film and (e) HJ film. Approach and retrace examina-
tion of (f) conventional PE film and (g) HJ film. Ignition tests of (h)
conventional PE film and (i) HJ film with butane.
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Fig. 3h, i and S8. As shown in Fig. 3h and i, both films can be lit
within 0.1s with butane. However, in the case of the PE film, the
fire continues once the source of fire is removed, while the fire is
self-extinguished and the film maintains its shape after the fire
is withdrawn for the HJ film. The self-extinguishing behavior of
the HJ film is due to the high concentration of molecular sieves
and the existence of the element F. To test the high-temperature
stability of our film, two samples, a piece of PE film and HJ film,
were placed on a heat conductor, and the temperature was set
from room temperature to 300 °C. The PE film tended to deform
above 110 °C and melted at 147 °C. Unlike the PE film, the HJ
film sustained its shape even at 300 °C, showing superior
thermal stability. On a cell basis, a battery with PE as the
separator would face issue such as short circuit when exposed to
fire or heat.

Quasi-solid-state electrolytes have the ability to confine
electrolyte solution via swelling with liquids, and thus they have
been reported to enhance the stability and alleviate liquid
leakage problems of rechargeable batteries. For battery tests,
the weight ratio of liquids in the gel electrolytes is 30-40%.
Additionally, the conductivity of QSSEs reaches the order of
magnitude of liquid electrolytes. As depicted in Fig. 4a, a quasi-
solid-state cell was assembled with a piece of a Prussian blue
analogue (PBA)-based cathode, QSSE and sodium metal foil.
The PBA particles were synthesized as previously reported and
have a stacked cubic structure as presented in Fig. S9. The
chemical composition was identified as Na; 53Fe[Fe(CN)¢] and
the crystal structure was confirmed to be a sodium-deficient
cubic phase as previously reported. The Nyquist plots of the

Fe(HS ) —Fe(HS)~

w
ar
Fe(LS)—Fe(LSP| £

Fe(LS) =Fe(LS)"

Fe(HS) LoFe(HS -

Fig.4 Characterization of charge transfer and diffusion. (a) Schematic
illustration of the mechanism of quasi-solid-state sodium ion batteries.
(b) Nyquist plots and (c) corresponding Z’ versus w~Y2 plots in the low-
frequency region of quasi-solid-state and liquid-state SIBs. (d) Initial
charge and discharge curves and (e) CV curves of SIBs with HJ QSSEs
and glass fiber. (f) CV curves of SIBs with HJ QSSEs at different scan-
ning rates. SEM images of the surface oriented towards sodium metal
(g) before and (h) after charge—discharge cycles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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QSS (HJ) and liquid-state (glass fiber, GF) sodium ion batteries
are shown in Fig. 4b for comparison. The contact resistance of
the HJ-based sample (7.7 Q) approaches that of the GF-based
one (7.2 Q), indicating a good interfacial contact between the
electrodes and QSSE. Additionally, the charge transfer resis-
tance is reduced from 18.0 Q to 7.5 Q thanks to the joint effect of
the structural and chemical compositional design. The diffu-
sion resistances of the two samples are characterized by the
slopes of the fitting lines in Fig. 4c. Generally, a steeper line
suggests a higher resistance. Therefore, the cell with HJ has
improved sodium ion transport dynamics compared with the
one with GF. The conductivity of the HJ film was calculated to be
7.8 x 107 S cm'. Additionally, the steady-state current
measurement and impedance spectra before and after polari-
zation on a sodium metal symmetrical cell are shown in
Fig. S10. The current response was obtained with an amplitude
of 50 mV, and the transference number of sodium ions was
determined to be 0.70.

Cubic phase Na-deficient Fe-based PBAs have been reported
to have unstable cycling performance over 200 cycles owing to
poor crystallinity. Moreover, the cubic phase with a low
concentration of Na cannot be restored after the deintercalation
of sodium ions.** However, in our case, with the Na-type sieve-
embedded HJ gel electrolytes, the number of sodium ions that
would intercalate back to the framework of PBAs would be
greater than the number deintercalated. As depicted in Fig. 4d,
the coulombic efficiency of the initial charge-discharge cycle is
more than 100% for the HJ-based sample, and the first
discharge capacity reaches 130 mAh g™ at a current density of
0.1C. The discharge platform in the relatively lower potential
range is also prolonged compared with that of the GF-based
sample. Fig. 4e shows the CV curves of two samples at a scan-
ning rate of 0.1 mV s '. Based on the distance between the
oxidation peak and reduction peak, the polarization was mini-
mized for the H]-based sample. Redox peaks at a lower potential
are responsible for high-spin Fe®>"/Fe** that is connected with N
sites and the peaks at a higher potential correlate with low-spin
Fe*'/Fe*" that is connected with C sites. As revealed by the
distance between the oxidation peaks and reduction peaks of
high-spin Fe*'/Fe®*, the HJ-based battery has minimized
polarization. The reduction peak in the range of 2.5-4.2 V is also
split into two peaks; this phenomenon disappears when the
scanning rate is increased to 0.8 mV s~ ', as displayed in Fig. 4f.
The CV curves maintain their shapes when the scanning rate
rises from 0.1 mV s~ " to 0.8 mV s~ ', indicating an excellent rate
performance. To elucidate the role of the HJ film, post-cycling
SEM and XPS analyses were performed. Fig. 4g and h
compare the anode-side surface of the HJ film before and after
cycling at different magnifications. The images reveal signifi-
cant pore shrinkage and the formation of a dense surface layer
after cycling. Furthermore, the additional peak at 288.3 eV in
the C 1s spectrum, which was assigned to C=0 (Fig. S11),
confirmed electrolyte decomposition on the HJ film.

The phase transition process during a charge-discharge
cycle of QSSE-based sodium ion batteries was revealed using an
in situ XRD test (Fig. 5a). The three peaks at 22.8°, 23.0° and
23.5° were attributed to the ZSM-5 in the gel electrolytes. These
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Fig. 5 Stability of the HJ-based quasi-solid-state SIBs at ambient, low
and high temperature. (a) In situ XRD pattern of PBAs|HJ QSSEs|Na
quasi-solid-state SIBs. (b) Comparison of the cycling stability of SIBs
with HJ and glass fiber. (c) Rate performance of quasi-solid-state SIBs.
0.1C for three cycles, then 0.2C, 0.3C, 0.5C, 1C, 2C, 5C, 10C and 0.2C
for five cycles. Charge—discharge cycles of the quasi-solid-state
liquid-state SIBs at (d) —20 °C and (e) 60 °C. The cycling stability tests
were all carried out at 1C after activation at 0.1C for three cycles.

three peaks remain in fixed positions, which verified that the
molecular sieve ZSM-5 retains its crystal structure, which is
mainly constructed by Si and Al, during the charge-discharge
procedure. Fig. S12 shows the XRD pattern of the PBA-based
cathode; the peaks were identified as reflections from (200),
(220), (400) and (420). When the cell was charged, a shift in the
peaks towards higher angle was detected at 16.8° and 34.2°,
which was assigned to a shortened inter-planar spacing for
(200) and (400) for the PBA-based cathode. Additionally, the
appearance of an extra line at 24.4°, as well as at 39.2°, indicated
that part of the PBA transformed to the rhombohedral phase.**
The peaks return to their initial positions after discharge back
to 2.0 V, implying a reversible phase transformation during
a single charge-discharge cycle.

Due to the integrity of its chemical structure, suppressed
electrolyte solution corrosion, and stabilized electrolyte-elec-
trode interface, the HJ-based cell exhibits excellent cycling
stability over a wide temperature range from —20 °C to 60 °C.
The cycling performance at room temperature or over a wide
temperature range has been investigated for various polymer
electrolytes. Hong Jin Fang et al. applied double-layer polymer
electrolytes to obtain stable sodium ion batteries with 80.4 mAh
¢! capacity after 400 cycles at 1C (room temperature).** L. Du
et al. developed a smart gel polymer electrolyte and applied it to
obtain sodium ion batteries with 80% capacity retention after
500 cycles at 50 °C.** The cycling performance at 25 °C in the
present work is displayed in Fig. 5b. The GF-based cell shows
a dramatic capacity drop after 100 charge-discharge cycles, and
has a low capacity retention of 43% after 300 cycles, mainly due
to the collapse of the crystal structure of PBAs, side reactions in
electrolytes, etc. The cell experiences a large potential drop
during the long-term cycling test, from 0.085 V (1st cycle) to
0.48 V (100th cycle) and 0.76 V (300th cycle), as shown in
Fig. S10b. The coulombic efficiency of the GF-based SIB also
drifts markedly after 200 cycles, which is owing to side effects
and electrolyte exhaustion. For the HJ-gel-based SIB, the
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capacity slowly increases for the first 100 cycles, probably due to
a sodium ion supply process. The capacity retention is 90% even
after 700 cycles, and the coulombic efficiency stays above 99.9%
throughout the entire process. Fig. S13a shows that no obvious
potential drop occurs after cycling tests. Fig. 5¢ shows the rate
performance at current densities from 0.1C to 10C at ambient
temperature. The HJ-based quasi-solid-state SIBs demonstrate
outstanding fast sodium ion storage capability, with a capacity
of 60 mAh g™ even at a current density of 10C. Polymers are
reported to enhance the anti-freezing abilities of liquids.
Therefore, the capacity remains 90 mAh g ' for the gel elec-
trolytes, while it drops to 80 mAh g~ * for liquid electrolytes at
1C. The potential drops in the charge-discharge curves in
Fig. S14 also corroborate the improved conductivity of the gel-
based batteries. When the temperature is decreased to —20 °
C, both the HJ-based and GF-based cells show high capacity
retention of 101% and 99%, respectively, for 100 charge-
discharge cycles, as displayed in Fig. 5d. However, after 50
cycles, the coulombic efficiency of the GF-based cells had
dropped to around 96%. Sodium dendrites remain troublesome
at sub-zero temperature, and they consume a large amount of
electrolyte solution. For the HJ-based cell, the coulombic effi-
ciency remains above 99.9%. Liquid electrolytes are intolerant
to high temperatures due to solvent evaporation and the
acceleration of undesired reactions.* As a result, as shown in
Fig. 5e, the GF-based SIB exhibits an extremely unstable
electrochemical performance at 60 °C, as shown by its
coulombic efficiency. The capacity also drops to below
40 mAh g after 20 cycles. On the other hand, the coulombic
efficiency of the HJ-based SIB remains stable at around
100%, and the capacity retention is 73% after 100 cycles. The
charge-discharge curves for the initial and 100th cycle are
displayed in Fig. S15. Overall, the HJ-based QSSEs are capable of
withstanding temperature variations in the environment.

The thermodynamics and kinetics of the growth of sodium
dendrites remain a project requiring further exploration.
However, it is commonly recognized that sodium metal has an
unstable solid electrolyte interphase, high reactivity with the
electrolyte and non-uniform dendrite growth. Operando
confocal microscopy was thus applied under galvanostatic
conditions to observe the dendrite growth for a quasi-solid-state
SIB and a liquid-state SIB, as shown in Fig. 6. Observations were
conducted at a current density of 0.1C and 1C, and the
respective charge-discharge curves are shown in Fig. 6a.
Confocal microscopic videos were taken with a view concen-
trating on the gel electrolyte or glass fiber, as depicted in Fig. 6b.

The evolution through the charge-discharge process is di-
splayed in Fig. S16 via screenshots from Video S1. Sodium metal
dendrites grew at different positions upon charging to different
voltages. When discharged, some parts of sodium metal
dendrites would size down and redissolve into sodium ions. The
sodium metal dendrites had a moss-like appearance. The
sodium metal dendrites at different current densities for the HJ-
based quasi-solid-state SIB were compared those of the GF-
based liquid-state SIB, and the results are shown in Fig. 6c—e
(from Video S1) and Fig. 6f-h (from Video S2). As shown in
Fig. 6¢c-e, the penetration of sodium dendrites when the rate
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Fig. 6 Operando microscopic observation of quasi-solid-state and
liquid-state SIBs during operation. (a) Charge and discharge curves of
SIBs at different current densities. (b) Schematic illustration of the
observation view. Images of the of quasi-solid-state SIBs in the (c)
initial and (d) charged state at a current density of 0.1C and the (e)
charged state at 1C. Image of the liquid-state SIBs in the (f) initial and
(9) charged state at a current density of 0.1C and (h) charged state at
1C.

was increased from 0.1C to 1C was hindered. Therefore, the risk
of short circuit and other hazards such as electrolyte
consumption, dead sodium, etc., have been minimized. In
contrast, the sodium dendrites clearly penetrated deeper into
the glass fiber when the rate was increased, as can be seen from
Fig. 6f-h. The substantial improvement is partly attributed to
the hardness of the surface with abundant ceramic particles.
Additionally, the limited amount of electrolyte and the sodio-
philic nature of the molecular sieves also contribute to the
improved performance.*

Conclusions

We have fabricated a quasi-solid-state electrolyte film with
a spontaneously formed Janus-faced honeycomb-like structure.
Due to the joint effects of the polymer and molecular sieves, the
film is flexible, bendable, robust and has high conductivity for
sodium ions. When applied to sodium ion batteries, the as-
obtained electrolyte demonstrated its superiority in constrain-
ing extra liquid solvent and supplying sodium ions. The HJ-
based quasi-solid-state SIB achieved excellent performance
with long-term cycling stability, with 90% capacity retention
and a stable coulombic efficiency of over 99.9% after 700 cycles.
The mechanism of the outstanding electrochemical stability
was revealed by in situ XRD measurements and operando
confocal microscopic observation. The evidence testified that
the PBA-based cathode partially experiences a cubic-to-
rhombohedral phase transition; furthermore, the phase tran-
sition and crystal structure expansion process are entirely
reversible. The growth of sodium dendrites is suppressed,
especially at high current density, which contributes to high

© 2026 The Author(s). Published by the Royal Society of Chemistry
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safety, high coulombic efficiency, and long cycle life. Moreover,
the unique structure design broadened the temperature range
to which it can adapt from —20 °C to 60 °C. There is more to
explore in terms of these multi-functional QSS electrolytes than
has been presented in this paper, and we hope these findings
will inspire further research.
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