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A B S T R A C T

Solid-state sodium-ion batteries (SIBs) are promising for the next-generation power sources due to high energy 
density and safety. However, conventional solid-state electrolytes struggle with ionic conductivity, interfacial 
compatibility and manufacturability, impeding their commercial applications. Herein, a biodegradable Na+- 
infused cellulose-based quasi-solid electrolyte (CMC/S-Na QSE) with fast ion transfer kinetics and excellent 
interfacial stability is developed. Through a controlled sulfonation treatment, the breaking of high-crystalline 
cellulose chains is achieved, thereby creating engineered molecular channels for efficient Na+ ion conduction 
(2.1 × 10− 4 S cm− 1 at room temperature). CMC/S-Na QSE also exhibits high Na+ transference number (0.88) and 
wide electrochemical stability window (4.85 V vs Na+/Na), ensuring compatibility with Na-metal anodes and 
various SIBs cathodes. Consequently, CMC/S-Na QSE achieves long-term performance in pouch full-cells for over 
250 cycles, highlighting its exceptional practicality. Importantly, retaining inherent biodegradability, mechan
ical strength, and thermal stability of cellulose, the CMC/S-Na QSE offer potential for developing sustainable and 
high-safety solid-state SIBs.

1. Introduction

The rapid development of modern society and growing demand for 
sustainable energy have fueled interest in safe and eco-friendly energy 
storage technologies [1,2]. Sodium-ion batteries (SIBs) have emerged as 
promising alternative to Lithium-ion batteries (LIBs), due to their low 
cost, resource abundance, and promising electrochemical performance 
[3–7]. However, the progress of SIBs is hindered by challenges associ
ated with traditional liquid electrolytes, such as flammability, leakage 
and environmental risks [8–10]. Solid-state-electrolytes (SSEs) offer a 
safer and more stable option. Among them, solid polymer electrolytes 
(SPEs) are attractive due to their lightweight nature, flexibility, and 
improved interfacial compatibility compared to brittle inorganic solid- 
state electrolytes [11–14]. However, SPEs also suffer from poor me
chanical strength and low ionic conductivity at room temperature 
[15,16]. Ion transport in SPEs typically relies on the movement of 
polymer segments, which is hindered by crystallinity at ambient tem
peratures [17]. Various strategies have been explored to enhance SPE 

performance, including addition of inorganic fillers [18], block co
polymers [19], single-ion conductors [20], and cross-linking networks 
[21]. Yet, achieving a balance between conductivity, ion transference, 
and sustainability remains challenging.

Therefore, it is imperative to radically transform the traditional 
structure and ion-transport mechanism of SPEs. Cellulose, the most 
abundant natural polymer, offers biodegradability, and environmental 
friendliness. Its polar oxygen-containing groups can coordinate with 
cations, enabling ion transport [22]. However, strong hydrogen bonding 
between cellulose chains restricts segmental motion and limits ionic 
conductivity. In 2021, a pioneering work by Hu et al. incorporated Cu2+

coordination with cellulose chains to enlarge the spacing between cel
lulose molecular chains, achieving ultra-fast Li+ conduction [23]. 
Moreover, Tian et al. introduces CH₃COO− groups in cellulose acetate 
(CLA) to reduce hydrogen bonding and enhance Li+ mobility [24]. 
Therefore, breaking the packed cellulose chains and functional group 
modification are crucial to establish molecular channels for fast ion 
diffusion. Nevertheless, using metals like Cu may compromise 
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biodegradability and excessive modification risks may weaken me
chanical strength.

In this work, we explore a facile in-situ sulfonation method to create 
a flexible and biodegradable ionic-conductor for high-safety quasi-solid- 
state SIBs. The mild sulfonation treatment enables controlled modifi
cation, disrupting the dense cellulose structure while preserving me
chanical strength. The introduced sulfonate groups mitigate the 
hydrogen bonding and act as efficient conduction sites, promoting 
directional Na+ transport and achieving a high transference number. 
With the aid of oxygen-containing groups, sulfonate sites, and bound 
solvents, Na+ ions move smoothly through well-structured conduction 
channels (Fig. 1a). The resulting Na+-infused cellulose-based quasi-solid 
electrolyte (CMC/S-Na QSE) demonstrates high ion conductivity (2.1 ×
10− 4 S cm− 1), impressive Na+ transference number of 0.88 and wide 
electrochemical window of 4.85 V (vs. Na+/Na) at ambient temperature. 
It also exhibits exceptional compatibility with Na metal anode, main
taining stable Na-plating/stripping of lifespan exceeding 1000 h. 
Furthermore, CMC/S-Na QSE delivers superior safety features, ensuring 
reliable battery stability even under extreme conditions like acupunc
ture. Most importantly, the hard carbon//NaNi1/3Fe1/3Mn1/3O2 (HC// 
NFM) pouch full battery using CMC/S-Na QSE achieves preferable 
cycling stability with 89 % capacity retention after 250 cycles. These 
results underscore the potential of this innovative cellulose-based QSE 
as a promising candidate for the next generation high-performance SIBs.

2. Results and discussion

2.1. Fabrication and characterization of CMC/S-Na QSE

The cellulose-based quasi-solid electrolyte was prepared via a vac
uum filtration method combined with in-situ sulfonation treatment 
(Scheme S1). Briefly, a dense cellulose membrane (CMC) was obtained 
by vacuum filtration of a mixed suspension containing cellulose nano- 
whisker (CNC) and micro-fibrillated cellulose (MFC), followed by 
pressing between two filter membranes at 10 MPa for 10 min. The CMC 
membrane underwent a sulfonation treatment for 2 weeks, yielding a 
cellulose membrane with sulfonate groups and loosened molecular 
chains (CMC/S) with thickness of approximately 80 μm. Finally, Na+- 
infused cellulose-based quasi-solid electrolyte (CMC/S-Na QSE) was 
obtained by soaking CMC/S in an electrolyte containing NaPF6 in non- 
aqueous solvents. Repeated pressing and wiping of the absorbed sol
vent and evaporating solvent were conducted until all free-solvent were 
thoroughly removed for CMC/S-Na QSE prior to use. A representative 
CMC/S-Na QSE (6 cm × 6 cm) is shown in Fig. 1b, highlighting its 
remarkable ease of production. The evolution of cellulose structure 
during preparation was monitored using two-dimensional small-angle 
X-ray scattering (SAXS) and XRD. XRD analysis (Fig. S1) and SAXS re
sults (Fig. S2a) reveal that pristine cellulose exhibits a typical crystalline 
structure of cellulose Iβ polymorph, characterized by diffraction peaks 
like (002) and (101) (Fig. 1c) [25]. After sulfonation treatment, the 

Fig. 1. (a) Schematic illustration of the cellulose derived from cotton and the 1D Na+ transport pathways in CMC/S-Na QSE. (b) Digital photograph of a 6 cm × 6 cm 
CMC/S-Na QSE. The 2D small-angle diffraction patterns of the CMC (c), CMC/S (d) and CMC/S-Na (e) membranes. (f) The SEM images of CMC/S membrane and its 
EDS mapping of C, O and S element. (g) Thermal stability of CMC/S membrane and PP separator at different temperatures for 30 mins. (h) Flammability mea
surement for CMC/S-Na QSE and PP separator carrying liquid electrolyte.
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crystallinity of cellulose decrease from 96 % to 73 %, as evidenced by the 
blurring of 2D SAXS stripes (Fig. 1d) and fitting results (Fig. S2b-2c), 
suggesting partial disruption of tightly packed cellulose chains and 
reduced hydrogen bonding [26]. The crystallinity further decreased 
after Na+ incorporation (Figs. 1e and S2d), enhancing Na+ migration 
and confirming the effectiveness of the preparation process.

Scanning electron microscope (SEM) images and energy dispersive 
spectroscopy (EDS) mapping of cellulose membranes reveal a smooth 
surface morphology with porosity of 9.3 % and the uniform distribution 
of elements C, O and S (Figs. 1f and S3).The detection of S element in 
EDS mapping confirms the existence of sulfonate groups, supported by 
XPS (X-ray photoelectron spectroscopy) results (Fig. S4). FT-IR (Fourier 
transform infrared spectroscopy) patterns (Fig. S5a-b) and Raman 
analysis [27] (Fig. S6a) also identify sulfonate groups, while elemental 
analysis (Table S1) indicates a slight increase in S content, validating the 
successful sulfonation treatment. Superior mechanical strength and 
thermal stability are essential for QSEs to prevent dendrite growth and 
ensure battery safety. The stress-strain curve for CMC/S-Na QSE depicts 
excellent mechanical strength compared to typical glass fibres (Fig. S7). 
Fig. 1g displays that while PP separator shrinks violently at 140 ◦C, the 
CMC/S membrane remains stable, demonstrating exceptional thermal 
stability. Combustion experiments further confirm the safety of the 
CMC/S-Na QSE. Unlike the PP separator with liquid electrolyte, which 
burns for over 30 s, the CMC/S-Na QSE is hard to maintain continuous 

burning (Fig. 1h). These results collectively highlight the superior me
chanical performance and thermal stability of CMC/S-Na QSE, laying a 
solid foundation for its outstanding role in batteries. Compared to liquid 
electrolytes (LE), CMC/S-Na QSE shows distinct interactions between 
solvent molecules and cellulose molecular chains, as evidenced by var
iations in carbonyl groups in FT-IR and Raman results (Figs. S5c-d and 
S6b). Thermogravimetry (TG) analysis (Fig. S8) show while CMC/S-Na 
QSE decomposes slightly earlier than pristine CMC/S membrane, it 
maintains good thermal stability and mechanical strength, aligning with 
previous results.

2.2. Na+ conduction in CMC/S-Na QSE

Molecular dynamics (MD) simulations were performed to investigate 
the coordination environment of CMC/S-Na QSE. The radial distribution 
function (RDF) analysis exhibits a prominent peak at approximately 0.2 
nm, representing primary solvation shell of Na+ (Fig. S9) [8,28–30]. In 
LE, Na+ primarily interacts with PF₆− , EC, and DMC, with coordination 
number of 2.16, 1.47, and 1.46, respectively (Fig. 2a, d). Conversely, in 
CMC/S-Na QSE, Na+ also exhibits interactions with -OH, except for PF6

− , 
EC, and DMC, with coordination number of 0.69, 2.69, 0.54 and 0.17. 
(Fig. 2b, d). The -OH groups in CMC/S-Na QSE also exhibit a high af
finity for PF6

− , EC, and DMC (Fig. 2c), aligning with Raman and FT-IR 
analysis, confirming the existence of bound solvents. These results 

Fig. 2. RDF of Na+ with solvent and anion for LE (a) and CMC/S-Na QSE (b). (c) RDF of -OH and EC, DMC and PF6
− in CMC/S-Na QSE. (d) The average coordination 

number of solvent and anion of Na+ in CMC/S-Na QSE and LE. (e) The 23Na solid-state NMR spectra for CMC/S-Na QSE. (f) MESP illustration for CMC/S-Na with Na+

and corresponding dissociation energy of CMC/S-Na bound to Na+. (g) The simulated structural snapshots from MD simulations of moving Na+ transporting in CMC/ 
S-Na QSE during 5–7 ns.
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demonstrate the distinct solvation structure of CMC/S-Na QSE 
compared to LE and the importance of oxygen-containing functional 
groups in ion migration. 23Na solid-state nuclear magnetic resonance 
(NMR) spectroscopy (Figs. 2e and S10) further show that, Na+ co
ordinates not only with PF6

− but also with oxygen-containing functional 
groups such as hydroxyl (ROH-), alkoxide (RO− ), and structural sol
vents [23,31]. These structural solvent assist Na+ in continuous con
duction along oxygen-containing functional groups and directional 
conduction sites of sulfonate groups on the cellulose chain. Figs. S11 and 
2f further show that Na+ has stronger coordination with -SO3

− and -OH 
groups indicating the critical role of sulfonated groups in Na+ migration.

The molecular electrostatic potential (MESP) analysis reveals that 
negative charges in CMC/S-Na QSE are primarily located at SO3

− and 
-OH position, facilitating coordination with Na+. Upon coordination, 
positive charges accumulate around Na+, highlighting strong interac
tion. Sulfonate groups are widely recognized as efficient conduction 
sites for single-ion conductors, which significantly enhancing the 
directional conduction of Na+ and enables the attainment of high Na+

transference number [12]. Therefore, Fig. 2g depicts the simulated swift 
migration of Na+ along cellulose chains, with corresponding simulation 
box in Fig. S12. The simulations reveal that Na+ transport rapidly along 
the cellulose molecular chain, while the cellulose skeleton remains 
nearly stationary. This decoupling of ion displacement from the cellu
lose molecular chain facilitates efficient Na+ migration. This ion 

migration model is achieved with the assistance of multiple Na–O co
ordination, directional conduction sites of functionalized sulfonate 
groups and a small number of bound solvent molecules, enabling CMC/ 
S-Na QSE to reach high ion conductivity and Na+ transference number.

2.3. Application of CMC/S-Na QSE in sodium batteries

Electrochemical impedance spectroscopy (EIS) of CMC/S-Na QSE 
was performed across temperature ranging from 20 to 80 ◦C, revealing a 
temperature-sensitive ionic conductivity pattern consistent with the 
Arrhenius equation [32] (Figs. 3a and S13). At room temperature, CMC/ 
S-Na QSE exhibits high ionic conductivity of 2.1 × 10− 4 S cm− 1. Linear 
sweep voltammetry (LSV) shows significantly enhanced electrochemical 
stability and a wider electrochemical window compared to LE (Fig. 3b). 
Density functional theory (DFT) calculations reveal the high electro
chemical stability of CMC/S-Na QSE linked to the values of highest 
occupied molecular orbital (HOMO) with − 6.39 eV and − 6.93 eV for 
CMC/S and CMC (Fig. 3e). The superior antioxidant property primarily 
arises from the electron-withdrawing nature of oxygen-containing 
functional groups on cellulose chains. The Na+ transference number 
for CMC/S-Na QSE is 0.88, significantly higher than that of LE (0.45) 
(Figs. 3c and S14). This performance is due to the efficient Na+ migra
tion channels enabled by oxygen-containing functional groups and 
functionalized sulfonate groups. These results indicate that CMC/S-Na 

Fig. 3. (a) Arrhenius behavior for CMC/S-Na QSE. (b) LSV plots of CMC/S-Na QSE and LE. (c) The polarization curves as well as initial and steady state impedance 
program of Na//Na cell for CMC/S-Na QSE. (d) The cycling performance of Na//AlC half-cell in CMC/S-Na QSE and LE. (e) The HOMO and LUMO energy levels of 
CMC and CMC/S. (f) The cycling performance of Na//Na symmetric cell at 0.1 mA cm− 2 and 0.1 mAh cm− 2 for CMC/S-Na QSE and LE. The in-situ Raman mea
surement of Na//Na battery of CMC/S-Na QSE (g) and corresponding result at second cycling (h).
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QSE offers outstanding electrochemical stability and high ionic con
ductivity, making it compatible with sodium metal and high-voltage 
cathode materials.

To evaluate the compatibility of CMC/S-Na QSE with sodium metal, 
Na//Al@C half cells were fabricated. CMC/S-Na QSE exhibits a higher 
initial Coulombic efficiency (71.4 %) than LE (52.3 %), and maintains 
coulombic efficiency of 95 % over 120 cycles, indicating restrained 
interfacial reactions (Fig. 3d). It also supports stable Na deposition/ 
stripping with steady polarization voltage for 1000 h at 0.1 mA cm− 2 

and 0.1 mAh cm− 2, outperforming LE (Fig. 3f), and perform well at 
higher current densities (Fig. S15). In-situ Raman spectroscopy of CMC/ 
S-Na QSE were collected in Na//Na symmetrical cells to further char
acterize its structural stability during electrochemical cycling (Fig. 3g). 
There are no observable peak shifts during the Na deposition/stripping 

cycles, underscoring the high electrochemical stability of CMC/S-Na 
QSE (Fig. 3h). Overall, CMC/S-Na QSE demonstrates excellent 
compatibility with sodium metal.

Benefiting from its outstanding interfacial and structural stability, 
the Na//NFM cell using CMC/S-Na QSE exhibits good cycling perfor
mance at a high cut-off voltage of 4.3 V at 0.1C (1C = 150 mAh g− 1) 
(Fig. 4a). Simultaneously, Na//NFM cell with cut-off voltage of 4.0 V 
was also assembled, showing stable cycling after 100 cycles at 0.1C 
(Fig. 4b). XPS analysis reveals that the NFM surface cycled in CMC/S-Na 
QSE has higher NaF content, (Fig. 4e) than in LE, originating from the 
decomposition of PF6

− [34], while the O 1 s spectrum (Fig. 4f) shows 
similar compositions for both electrolytes. Moreover, Na//NVP half-cell 
using CMC/S-Na QSE achieves a 93.1 % capacity retention after 500 
cycles at 1C (1C = 100 mAh g− 1) (Fig. 4c), and perform better than LE at 

Fig. 4. Cycling performance of Na//NFM half-cells at 0.1C under 4.3 V (a) and 4.0 V (b) for CMC/S-Na QSE and LE. (c) Cycling performance of Na//NVP half-cell at 
1C for CMC/S-Na QSE and LE. (d) The cycling performance of HC//NFM pouch full-cell for CMC/S-Na QSE at 0.1C (insets show the flexibility and security of pouch 
cell under various harsh conditions). The XPS spectra of F 1s (e) and O 1s (f) for NFM cathode from Na//NFM cycled 10 cycles in CMC/S-Na QSE and LE. (g) The 
spider chart for performance of CMC/S-Na QSE and LE in literature [23,24,28,33]. (h1-h4) Optical photographs of decomposition process of CMC/S membrane in the 
classic Fehling reagent.
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0.1C (Fig. S16). Furthermore, HC//NFM full cells in coin-type with 
CMC/S-Na QSE were also assembled (Fig. S17), while a soft-packaged 
HC//NFM full cell (3 cm × 3 cm) employing CMC/S-Na QSE exhibits 
preferable cycling stability, with over 89 % capacity retention after 250 
cycles at 0.1C (Figs. 4d and S18). The soft-packaged full-cell demon
strates excellent flexibility, maintaining LED brightness even after 90◦

bending or cutting, confirming the reliability of CMC/S-Na QSE. It can 
be seen that the pouch cells in this work exhibit clear advantages in both 
capacity and cycling performance (Table S2).

It is noteworthy that CMC/S membrane is biodegradable, as its 
anhydroglucose-based structure can be broken down by cellulase. The 
membrane almost completely degrades after just 4 days in a cellulase 
medium, implying a satisfactory degradation rate (Fig. 4h1-4h4). This 
makes it a promising eco-friendly QSE, aiding in battery recycling and 
disposal. Generally, CMC/S-Na QSE crafted from biodegradable and 
environmentally friendly cellulose, offers several key attributes, 
including fast ion conductivity, high transference numbers, good sta
bility with sodium metal, ease of processing, and enhanced safety 
(Fig. 4g).

In-situ XRD was employed to investigate the structural evolution of 
NFM and NVP cathodes in LE and CMC/S-Na QSE. During initial 
charging in Na//NFM half-cell, a solid-solution reaction of the O3 phase 
occurs, resulting in expansion along the c-axis and contraction along the 

a-axis. Subsequently, the splitting of peaks (003) and (006), along with a 
weakening of the (104) peak intensity, indicates a two-phase reaction 
between O3 and P3 phase. The transition to the P3 phase completes 
when (104) peak disappears, accompanied by continuous shifts of P3 
phase peaks until 4.0 V, where a monophasic solid-solution reaction 
occurs. During discharge, a reverse transformation from P3 to O3 phase 
occurs [35]. NFM in CMC/S-Na QSE exhibits better structural stability, 
with smaller (003) peak shift (0.026◦) compared to (0.094◦) in LE 
(Fig. 5a-b). Furthermore, the c-axis variation of NFM in CMC/S-Na QSE 
is 0.927, less than 1.038 in LE, indicating less volume expansion and 
irreversible structural collapse (Figs. 5c-d and S19). In HC//NFM pouch 
full-cell, the (003) peak shift is smaller in CMC/S-Na QSE (0.021) than in 
LE (0.029), suggesting better structural integrity, correlating with its 
cycling stability (Fig. 5e-g). For Na//NVP half-cell, XRD reveals that 
during charging, Na3V2(PO4)3 phase undergoes a two-phase process 
transition to NaV2(PO4)3 phase, with fully reversibility upon discharge 
(Fig. S20) [36]. NVP exhibits a similar phase transition process in both 
CMC/S-Na QSE and LE, indicating a similar structural evolution. The 
safety performance of batteries utilizing CMC/S-Na QSE was assessed 
under mechanical abuse, through needle penetration tests. Such abuse 
often causes internal short circuit, risking thermal runaway [37]. A 
needle penetration experiment was conducted on 430 mAh fully- 
charged battery, with a forward-looking infrared (FLIR) camera 

Fig. 5. In-situ XRD result of Na//NFM half-cell at initial cycle of LE (a) and CMC/S-Na QSE (b). The corresponding change of lattice parameter c (c) and a (d) for LE 
and CMC/S-Na QSE. (e) The in-situ XRD measurement for HC//NFM pouch cell. In-situ XRD result of HC//NFM pouch full-cell at initial cycle of LE (f) and CMC/S-Na 
QSE (g). FLIR images of the pouch-cell with LE (h) and CMC/S-Na QSE (i) under acupuncture experiment.
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monitoring real-time temperature changes. While thermal runaway did 
not occur due to relatively low capacity, significant heat accumulation 
and temperature rise were observed in LE-based battery (Fig. 5h). In 
contrast, the battery incorporating CMC/S-Na QSE demonstrates mini
mal temperature variation (Fig. 5i), indicating its ability to prevent 
rapid temperature increase and enhance battery safety under extreme 
conditions.

3. Conclusions

In summary, we have developed an innovative biodegradable and 
flexible cellulose-based quasi-solid electrolyte (CMC/S-Na QSE) for 
high-safety sodium batteries, utilizing a straightforward and reproduc
ible synthesis method. The controlled sulfonation treatment in a weakly- 
acid buffer creates molecular channels for rapid Na+ ion conduction 
(2.1 × 10− 4 S cm− 1 at room temperature) by breaking high-crystalline 
cellulose chains and incorporating sulfonate groups. Experimental re
sults and molecular dynamics (MD) simulations illustrate Na+ conduc
tion along oxygen-containing functional groups and sulfonate groups on 
cellulose chain supported by structural solvent on the basis of loosened 
cellulose molecular chains. CMC/S-Na QSE also exhibits high Na+

transference number (0.88), broad electrochemical stability window 
(4.85 V) and excellent processability, benefiting from regulated Na+

coordination environment. Furthermore, CMC/S-Na QSE delivers 
outstanding safety features, ensuring reliable battery stability under 
mechanical abuse like acupuncture. In pouch full-cell HC//NFM with 
CMC/S-Na QSE, it achieves preferable cycling stability with 89 % ca
pacity retention after 250 cycles. Furthermore, the biodegradable nature 
of CMC/S-Na QSE opens avenues for advanced, cost-effective, and sus
tainable sodium battery solutions.

4. Experiment section

The specific experimental information is provided in the supple
mentary material.
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