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HIGHLIGHTS

e A robust and high-wettability cellulose separator with unique nano-cracked structures is constructed through hydrogen bond-driven

reassembly of cellulose molecules using a green binary solvent.
® The nano-cracked structures endow the separator with high porosity (70.2%) and excellent electrolyte retention (329%).

o The supercapacitors with nano-cracked separators exhibit high specific capacitance (93.6 F g~ at 1.0 A g™!) and a long cycling life
(99.5% retention after 10,000 cycles).

ABSTRACT Separators in supercapacitors (SCs) frequently suffer from
high resistance and the risk of short circuits due to inadequate electrolyte

wettability, depressed mechanical properties, and insufficient thermal sta-

bility. Here, we develop a high-performance regenerated cellulose sepa- hano sra ks 2 /‘m\ o u«° - "
rator with nano-cracked structures for SCs via a binary solvent of super- High-wettability @ e
base-derived ionic liquid and dimethylsulfoxide (DMSO). The unique <+ Heat-resistant ‘Yo ) o b0 By

. . . . « Eco-friendly —  ~~d °:%"°§?\0:%’
nano-cracks with an average width of 7.45 nm arise from the acceleration , . igh-porosity g A i

Mechanically strong Molecular reassembly of cellulose

of cellulose molecular reassembly by DMSO-regulated hydrogen bond-
ing, which endows the separator with high porosity (70.2%) and excellent
electrolyte retention (329%). The outstanding thermal stability (273 °C) and mechanical strength (70 MPa) enable the separator to maintain its
structural integrity under high temperatures and external forces. With these benefits, the SC utilizing the cellulose separator enables a high spe-
cific capacitance of 93.6 F g™' at 1.0 A g™! and a remarkable capacitance retention of 99.5% after 10,000 cycles compared with the commercial
NKK-MPF30AC and NKK-TF4030. The robust and high-wettability cellulose separator holds promise as a superior alternative to commercial

separators for advanced SCs with enhanced performance and improved safety.

KEYWORDS Superbase-derived ionic liquids; Molecular reassembly; Nano-structure; Cellulose separators; Supercapacitor

1 Introduction to their merits of swift charging/discharging abilities, out-

standing cycle life, and high safety [1, 2]. The electrochemi-
Supercapacitors (SCs) have been extensively employed  cal performance of SCs is contingent upon several critical
across numerous sectors, particularly those that necessi-  components, such as electrode, electrolyte, and separator.
tate substantial discharge currents over brief spans, owing  Numerous strategies have been proposed to augment the
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capacitance of SCs through the development or modification
of electrode and electrolyte materials. Nonetheless, com-
paratively little focus has been directed toward designing
separators that facilitate the rapid transport of ions, thereby
reducing the internal resistance and improving the capaci-
tance of SCs. As a vital component of SCs, separators effec-
tively prevent electronic internal short circuits and ensure
optimal interfacial connectivity [3-5]. Generally, separators
for high-performance SCs in practical applications require
excellent mechanical properties, sufficient thermal stabil-
ity, uniform thickness, high porosity, outstanding wettability,
and sufficient electrolyte storage capacity, while also featur-
ing minimal ionic resistance [6, 7]. At present, polyolefin-
based commercial separators, which are fabricated through
extrusion casting or melt-blown methods, prevail in the field
of SCs [8, 9]. However, the shrinkage at high temperatures,
poor electrolyte wettability, low mechanical strength, and
non-renewability of polyolefin-based separators reduce the
safety, stability, and sustainability of SCs [10, 11]. There-
fore, to address these challenges of commercial polyolefin-
based separators, the development of high-performance
separators based on sustainable materials is urgent.
Cellulose, the most abundant renewable polymer on the
earth, exhibits exceptional biocompatibility, remarkable ther-
mal stability, and high hydrophilicity, making it an ideal can-
didate for SC separators [12, 13]. The distinctive attributes of
cellulose-based separators, including flexibility, absorbency,
and biodegradability, can enhance the performance, environ-
mental sustainability, and cost-effectiveness of SCs. Utiliz-
ing such separators, particularly in flexible SCs with high
capacitance and energy density, such as those incorporating
graphene or carbon nanotubes (CNTs), facilitates the develop-
ment of advanced SCs for portable and wearable applications
[14-16]. The commercial cellulose-based separators (e.g.,
NKK-TF4030) are usually made from ultrafine regenerated
cellulose fibers with a diameter of 0.2-2.0 pm. These fibers
are fabricated using N-methylmorpholine-N-oxide (NMMO)/
H,O solvent and processed through a wet-laid nonwoven
fabric paper-making method [2, 17]. It has been reported
that SCs utilizing NKK-TF4030 separators demonstrated
increased ionic conductivity, elevated specific capacitance,
and superior rate capability in comparison with SCs utiliz-
ing polyolefin and nonwoven separators (e.g., Celgard 2400
and NKK-MPF30AC) [18-20]. To elevate the capacitance of
SCs, separators are typically engineered with a porous archi-
tecture that promotes expeditious ion transport. The type of
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pore (micro-, meso-, or macropore) in the separators plays
a pivotal role in determining the capacitance of SCs. Gen-
erally, macropores facilitate electrolyte infiltration, whereas
mesopores and micropores abbreviate the ion diffusion path-
ways and diminish the collision between ions, thereby enhanc-
ing the electrochemical performance of SCs [21]. Neverthe-
less, the commercial cellulose-based separators have large
pore sizes (0.31-0.45 pm), which would result in relatively
high self-discharge rates and insufficient mechanical strength,
thus limit the long-term application of SCs [22]. Therefore,
cellulose-based separators necessitate high porosity to absorb
and retain sufficient electrolyte, along with compatible pore
size that decreases the self-discharge rate, ensuring superior
ionic conductivity and excellent electrochemical performance.

The fabrication of regenerated cellulose materials
depends on the effective dissolution and regeneration of
cellulose [23, 24]. Currently, the prevalent cellulose sol-
vents, such as NaOH/urea aqueous systems, molten salt
hydrates, LiCl/N, N-dimethylacetamide (DMAc), and
N-methylmorpholine-N-oxide (NMMO), encounter chal-
lenges related to suboptimal dissolution efficiency, envi-
ronmental contamination, elevated cost, and safety hazards
[25, 26]. Ionic liquids (ILs), as environmentally friendly
cellulose solvents, have excellent cellulose solubility,
chemical stability, recyclability, and low vapor pressure
[26-29]. Numerous cellulose-based separators with supe-
rior tensile stress, thermal stability, and electrolyte uptake
have been developed using imidazolium-based ILs, such
as 1-allyl-3-methylimidazolium chloride ([Amim]ClI)
and 1-butyl-3-methylimidazolium chloride ([Bmim]Cl)
[30-32]. However, the high viscosity of ILs necessitates
elevated temperatures and extended mixing times for cel-
lulose dissolution [29]. Besides, cellulose films regenerated
from high-viscosity IL/cellulose solutions by the physical
phase inversion utilizing anti-solvents exhibit non-porous
structures, which hinder the rapid ion transport in SCs [4,
33]. The mesoporous structures of these separators com-
monly arise from complex and unsustainable methods
during cellulose regeneration, including the use of porous
templates (e.g., polytetrafluoroethylene) [20, 34], incor-
poration of nanoparticles (e.g., calcium carbonate and
chitosan) followed by acid leaching [18, 35], and produc-
tion of gases through high-temperature decomposition of
substances (e.g., (NH,),CO3) [36]. To date, no technique
enables rapid cellulose dissolution while constructing cel-
lulose films with suitable porous structures by regulating
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the regeneration process. Consequently, it remains chal-
lenging to develop cellulose-based SC separators with high
porosity, exceptional electrolyte wettability, superior ther-
mal stability, and outstanding mechanical strength using
an efficient, sustainable, and eco-friendly approach [2, 35].

Here, we develop a simple and effective method to pre-
pare the regenerated cellulose separator with functional
defect structure. This process employs a novel binary sys-
tem of superbase-derived ionic liquid (SIL) and dimethyl-
sulfoxide (DMSO) to enable efficient dissolution and
rapid regeneration of cellulose, facilitating the formation
of cellulose molecule-reassembled nano-cracked films for
high-performance SC separators (Fig. 1a—d). The dissolu-
tion and regeneration processes are monitored by polar-
ized light microscopy (PLM) and in situ attenuated total
reflection Fourier-transform infrared (FTIR) spectroscopy
to reveal the role of DMSO in disrupting and reorganizing
inter- and intramolecular hydrogen bonds of cellulose. This
pore-formation technique employed in this work is more
straightforward and effective than the dissolution—regen-
eration method used for regenerated cellulose separators.
Specifically, the DMSO involved in the dissolution process
modulates the reassembly of cellulose hydrogen bonds
during regeneration, creating nano-cracked structures that
facilitate ion transport (Fig. le). Compared with commer-
cial polyolefin-based and cellulose-based separators, the
regenerated cellulose separator fabricated from SIL/DMSO
(SORC) exhibits remarkable properties, including robust
mechanical strength, adequate thermal stability, exceptional
dimensional stability, high porosity and electrolyte wettabil-
ity, and superior ionic conductivity (Fig. 1f). Furthermore,
SCs are assembled with potassium hydroxide (KOH) as
the electrolyte, SORC film as the separator, and activated
carbon as the electrodes. Electrochemical performances of
SCs are investigated and compared with those based on the
regenerated cellulose separator fabricated from pure SIL
(SRC) and the commercial separators (NKK-MPF30AC and
NKK-TF4030).

2 Experimental Section
2.1 Materials

Dissolving wood pulp with the polymerization degree of
526 was provided by Tembec Inc. in Canada. The pulp was
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dried at 60 °C for 24 h under vacuum conditions before
use. 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) (99%),
ethoxyacetic acid (CH;CH,0OCH,COOH) (98%), n-Hexane
(99%), DMSO (99.8%), and KOH were purchased from
Shanghai Macklin Biochemical Co., Ltd. NKK-MPF30AC,
NKK-TF4030, activated carbon, acetylene black, and 60
wt% polytetrafluoroethylene (PTFE) emulsion were pur-
chased from Dongguan Canrud New Energy Technique
Co., Ltd. All chemicals and reagents used as received
without further purification.

2.2 Preparation of Cellulose/SIL/DMSO Solutions
and Regenerated Cellulose Films

The SIL was synthesized by acid—base neutralization
described in our previous work [26]. SIL was mixed with
DMSO in different mass ratios. The appropriate amount of
the dissolving wood pulp was immersed into a 50 mL flask
containing SIL/DMSO solvent for 10 min to swell fibers.
The cellulose/SIL/DMSO solution with the cellulose con-
centration of 4 wt% was prepared by stirring magnetically at
80 °C until the pulp was completely dissolved, as observed
by polarized light microscopy (Olympus Corporation Tokyo
163-0914, Japan). The preparation of cellulose/SIL solution
followed the similar procedures. In addition, the fabrication
of RC films adhered to our previously reported methodol-
ogy. Briefly, a 15 mL 4 wt% cellulose solution was cast into
a glass petri dish with a diameter of 9 cm, and the result-
ing RC film was obtained through coagulation with ethanol
and washing with deionized water. All RC films were sub-
jected to vacuum drying in an oven at 60 °C for 12 h. The
film fabricated from the cellulose/SIL solution was named
SRC film, while the film fabricated from the cellulose/SIL/
DMSO solution was named SORC film.

2.3 Assembly of Supercapacitors

The working electrode prepared with 80 wt% activated
carbon, 10 wt% acetylene black, and 10 wt% PTFE was
dried in an oven at 60 °C for 12 h before use. The areal
mass loading of activated carbon for the working elec-
trode is around 2.4 mg cm~2. The electrodes and RC
films were immersed into a 6 M KOH aqueous solution
for 48 h, and excess electrolyte was removed from the

@ Springer
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Fig. 1 Fabrication mechanism and advantages of the nano-cracked cellulose separator. a—¢ Schematic illustration of the preparation of regener-
ated cellulose separator for supercapacitor through efficient dissolution and regeneration of cellulose in a novel binary system (SIL/DMSO). d
Optical photo of regenerated cellulose separator (SORC film). e Schematic illustration of supercapacitor assembled using SORC film as the sep-
arator. The partial magnification shows the microscopic defect structure (nano-cracks) of the separator. f Radar chart demonstrating the advan-
tages of the SORC film as the supercapacitor separator

surface using absorbent tissue paper. The cellulose-based ~ Similar supercapacitors containing commercialized NKK-
supercapacitor was assembled in a CR2432-type coin ~ MPF30AC or NKK-TF4030 as separators were also pre-
cell configuration of electrode//RC film/KOH//electrode.  pared for comparison.
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2.4 Computational Methods

The geometry optimizations of the SIL ([DBUH]
[CH;CH,0CH,COQY]), DMSO, cellobiose (cellulose model),
and ethanol were performed using the density functional the-
ory (DFT) method with the B3LYP functional and the def-
2SVP basis set as implemented in the Gaussian 09 package
[37-39]. Then, the structures of ethanol-SIL, ethanol-cellobi-
ose, ethanol-DMSO, SIL-DMSO, and SIL-DMSO-cellobiose
were optimized on the same basis set, and the gd3bj term was
used for the dispersion correction [40]. To get more accurate
data in the energy, single-point calculations were performed
with 3-zeta basis set in the def2TZVP [39, 41]. The binding
energy (AEy;,qino) between the different components in the
complexes is defined based on Eq. (1):

AEbinding = AEcomplex - AEcompoundl
- AEcompoundZ - AEcompound X €))]

where AE,,unq Fepresents the different components in the
complex, such as cation and anion in SIL, cellobiose, and
DMSO. In addition, the independent gradient model based
on Hirshfeld partition (IGMH) of the complex structures was
calculated by the Multiwfn program, and the corresponding
renderings were performed with the VMD 1.9.3 [42, 43].

2.5 Characterization Methods

The Supplementary Information detailed characterization
methods for the physical properties of solvents and cellulose
solutions, the regeneration process of cellulose, the struc-
ture and properties of separators, and the electrochemical
performance of SCs.

3 Results and Discussion

3.1 Fabrication of the Cellulose Molecule-Reassembled
Nano-Cracked Film

Cellulose was effectively dissolved in a low-viscosity, high-
efficiency SIL/DMSO solvent with the optimized mass
ratio of SIL to DMSO (7:3) (Fig. S1). As illustrated in
PLM images (Fig. 2a and Movies S1, S2), a large clump
of undissolved pulp fibers in pure SIL was detected after
heating at 80 °C for 5 min, whereas few undissolved fibers
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were observed in SIL/DMSO. The accelerated dissolu-
tion of cellulose in SIL/DMSO was mainly attributed to
the presence of DMSO that acted as a hydrogen bonding
acceptor interacting with SIL cations ((DBUH™]) through
the strong hydrogen bonds (Fig. 2b) (Fig. S2 and Table S1).
This may contribute to the increase of free active anion
([CH;CH,0OCH,COO]") and the formation of small ion
clusters in SIL/DMSO solvent, facilitating the disruption of
hydrogen bonds of cellulose (Fig. S3) [44, 45]. The result-
ing low-viscosity homogeneous cellulose/SIL/DMSO solu-
tion exhibited excellent spreadability and processability at
ambient temperature, coupled with outstanding stability at
high shear rates (Fig. S4). Hence, the SIL/DMSO solvent
served as a straightforward and provided a simple and effi-
cient means of preparing a low-viscosity and stable cellulose
solution used for the casting film.

Cellulose regeneration is typically realized through a
physical sol-gel process that utilizes anti-solvents to reas-
semble hydrogen bonding network of cellulose [23, 32, 46].
To investigate the effect of DMSO on molecular reassembly
of cellulose, time-dependent ATR-FTIR was employed to
monitor the diffusion processes of SIL and ethanol (EtOH)
in situ. At the outset, solely the characteristic peaks of SIL
were presented in the spectra, as the thickness of the cellu-
lose solution droplet exceeded the depth of the evanescent
wave penetration (~ 1 pm) (Fig. S5) [47]. As EtOH diffused
into the evanescent field, a characteristic absorption peak at
1050 cm™! attributed to C—O stretching vibration of EtOH
was detected. The peak intensity increased as the diffu-
sion time prolonged, ultimately reaching a balanced state
(Fig. 2c, e). However, the cellulose/SIL/DMSO solution
without EtOH showed a strong absorption peak at around
1050 cm™! due to the stretching vibration of the S=0
bond in DMSO (Fig. 2f). Interestingly, this peak intensity
gradually decreased and exhibited a significant red shift
(from 1049 to 1043 cm™!) as the regeneration proceeded
(Fig. 2h), implying a strong interaction between EtOH and
DMSO [48]. In addition, the characteristic peak of the C=N
stretching vibration of [DBUH]™ in the SIL at 1640 cm™!
shifted to a higher wavenumber with a gradual decrease in
intensity as the EtOH diffused into the cellulose solutions
(Fig. 24, e, g, h). Notably, this characteristic peak detected in
the cellulose/SIL solution from the beginning to a constant
position required a longer time (230 min) than that detected
in the cellulose/SIL/DMSO solution (75 min). This may be
attributed to the low viscosity of the cellulose/SIL/DMSO

@ Springer
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solution and the interaction of DMSO with EtOH, which
improved the mass transfer efficiency of EtOH and accel-
erated the disruption of hydrogen bonds between SIL and
cellulose [49, 50].

The digital photographs taken at different time intervals of
cellulose solutions coagulated in EtOH provided additional
support for the findings above (Fig. 2i, j). Apparently, cel-
lulose/SIL/DMSO solution was completely precipitated after
EtOH diffusion for 36 h, while only 55% cellulose/SIL solu-
tion was precipitated under the same duration. Moreover,
the phase inversion processes of cellulose solutions were
monitored under the PLM by the advancement of the phase

10 min

SIL/DMSO

inversion front in time (Movies S3, S4). Figure 2k displays
the front at =35, 30, 60, 120, and 180 s for the films made
from cellulose solutions and coagulated in EtOH. As com-
pared with cellulose/SIL solution, the cellulose/SIL/DMSO
solution exhibited a higher phase inversion rate and thus the
front proceeded more rapidly. This result was consistent with
the above in situ FTIR analysis. Notably, substantial solvent
diffusion trajectories (at 180 s) were observed in the cellu-
lose/SIL/DMSO solution during phase inversion, implying
the formation of loose structure of regenerated cellulose.
The reorganization of the hydrogen bonding network in
the cellulose regeneration is a vital step toward obtaining

SIL/DMSO
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Fig. 2 Cellulose dissolution and regeneration processes. a PLM images of dissolution process of DWP fibers in SIL/DMSO solvent. b Opti-
mized structures and hydrogen bonds of SIL and SIL-DMSO. Time-dependent FTIR spectra of in situ regeneration from c-e cellulose/SIL solu-
tion in the time 0-240 min and f-h cellulose/SIL/DMSO solution in the time 0-85 min using EtOH as a coagulation bath, displaying at 5 min
interval. i Digital photographs of cellulose regeneration at different time intervals. Left: cellulose/SIL solution in EtOH; right: cellulose/SIL/

DMSO solution in EtOH bath. The yellow lines represent the regenerated

cellulose gels. j Heights of the regenerated cellulose gels at different

time intervals. k Advancement of phase inversion front detected by PLM for cellulose solutions. The arrow points in the direction of EtOH diffu-

sion into the cellulose solution
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satisfactory material properties [51]. To delve into the for-
mation mechanism of cellulose regenerated from cellulose/
SIL/DMSO solution using EtOH as the anti-solvent, DFT
calculations were carried out. The structure of EtOH is gen-
erally considered as a dynamic three-dimensional hydrogen
bond network, with EtOH molecules functioning as both
donors and acceptors of hydrogen bonds [52]. As shown
in Fig. 3a—c, EtOH interacted with SIL, DMSO, and cel-
lulose (with cellobiose as a model compound) through
hydrogen bonds. The strength of hydrogen bonding interac-
tions was in the following order: EtOH-SIL (—19.55 kcal
mol~") > EtOH-cellobiose (— 16.23 kcal mol™") > EtOH-
DMSO (—7.72 kcal mol™!) (Table S2). These interactions
are graphically depicted by the independent gradient model
based on Hirshfeld partition (IGMH) [53], in which van der
Waals forces between EtOH and the components are also
observed (Fig. 3d—f). Hence, the regeneration process com-
menced as the cellulose/SIL/DMSO solution contacted with
EtOH. This process was directly influenced by the compet-
ing hydrogen bonding interactions among cellulose, SIL,
DMSO, and EtOH, which depended on the hydrogen bond
donor/acceptor property of the solvent [25, 54]. Cellulose
interacted with SIL through hydrogen bonds when cellu-
lose was dissolved in SIL/DMSO solvent. DMSO acted as a
weak acceptor of hydrogen bonds, which hardly affected the
strength of interactions between cellulose and SIL. During
the regeneration process of cellulose, EtOH preferentially
formed hydrogen bonds with SIL anions, leading to the
reorganization of both inter- and intramolecular hydrogen
bonds in cellulose. DMSO played a crucial role in optimiz-
ing hydrogen bond network in this process, allowing for a
favorable structure for further applications (Fig. S6). Conse-
quently, the strong hydrogen bonds between EtOH and SIL
were the main driving force for cellulose molecular reas-
sembly. Meanwhile, DMSO significantly reduced the prob-
ability of both intra- and inter-molecular hydrogen bonds
within cellulose, resulting in regenerated cellulose with
loose structures.

According to the investigations above, flexible and trans-
parent renewable cellulose films were fabricated with SIL
and SIL/DMSO as solvents (Fig. S7). The surface morphol-
ogy of the SRC film was dense and devoid of visible pores or
cracks (Figs. 3g and S8a). In contrast, the SORC film exhib-
ited pronounced nano-crack structures with an average width
of 7.45 nm due to the loose structure of cellulose that regen-
erated from the cellulose/SIL/DMSO solution (Figs. 3h, i
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and S8b). This structure endowed the film with high poros-
ity and efficient ion transport, which potentially diminished
the diffusion pathway for ions mitigating ionic collisions,
showing significant potential for utilization as separators of
energy storage devices. Moreover, the uniform distribution
of nano-cracks within the film may be conducive to fine
filtration and substance separation, including applications in
water treatment, gas purification, and biomolecular isolation
[55]. The chemical and crystalline structure of RC films was
further characterized using FTIR, wide-angle X-ray scat-
tering (WAXS), and small-angle X-ray scattering (SAXS).
The FTIR spectrum revealed that bands at 2901, 1424, and
894 cm™! were attributed to C—H stretching, HCH and OCH
bending vibrations, and $-glycosidic linkage, respectively
(Fig. 3j) [24]. No noticeable differences were observed in
RC films, demonstrating that DMSO did not affect the chem-
ical structure of cellulose in dissolution and regeneration.
The WAXS patterns of RC films displayed diffraction peaks
at around 12.5°,20.5°, and 22.0°, which were assigned to the
hydrophilic (1-10) and hydrophobic (110) and (020) planes,
respectively, representing the crystalline structure of cellu-
lose II (Fig. 3k) [56]. Furthermore, the circular symmetry
observed in the 2D-SAXS patterns of RC films suggested
that the morphologies of regenerated cellulose possessed
essentially isotropy (Fig. 31). The g range of 0.01-0.06 A
corresponds to the microfibril structure, characterized by an
aggregate size ranging from 10.5 to 62.8 nm [57]. The SAXS
intensity of the SORC film within this ¢ range was decreased
in comparison with the SRC film, indicating the formation of
smaller aggregates in the SORC film, consequently leading
to its nano-cracked structures.

3.2 Application Potential of the SORC Film
as a Supercapacitor Separator

Thermal stability of polymer separators is an essential aspect
to assess the safety of energy storage devices [58]. The maxi-
mum thermal degradation temperature of the SORC film was
approximately 330 °C (Fig. 4a), which was comparable to
that of the SRC film and NKK-TF4030 (325-340 °C), but
lower than that of NKK-MPF30AC (392 °C). Although infe-
rior to NKK-MPF30AC in this regard, the thermal stability
of the SORC film exceeded most polyolefin-based separa-
tors, such as polyethylene (PE) and poly(aryl ether sulfone)
[59]. Significantly, the thickness of separators employed in
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Fig. 3 Interaction and structure characterizations. a—¢ Optimized structures of EtOH-SIL, EtOH-DMSO, and EtOH-cellobiose. Carbon: dark
gray, Hydrogen: light gray, Oxygen: red, Nitrogen: blue, Sulfur: yellow. d—f IGMH surface analysis of EtOH-SIL, EtOH-DMSO, and EtOH-
cellobiose (isovalue=0.01 a.u.). Distinctions between interaction components are made with bat and stick models, with blue indicating strong
interactions, green indicating van der Waals interactions, and red indicating site resistance. Surface SEM images of the g SRC film and h SORC
film. i Width distribution of cracks on the surface of SORC. j FTIR spectra, k WAXS patterns, and 1 SAXS patterns of SRC film and SORC film.

The insert images represent the 2D-SAXS patterns

commercial and high-performance energy storage devices is
typically confined to a range of 20—100 pm, a constraint that
is imperative for ensuring both operational safety and opti-
mal energy storage performance. The obtained SORC film,
with a thickness of 27 pm, was comparable to the previously

© The authors

reported advanced cellulose separators [60, 61]. Moreo-
ver, this film exhibited a high light transmittance of 91.5%
(Fig. 4b) and a low haze of 20.2% at 800 nm (Fig. S9). The
tensile strength and elongation at break of the SORC film
were 69.93 MPa and 5.95%, respectively (Fig. 4c). These
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values substantially exceeded the standard requirements for
the safe operation of stacked SCs [62]. In comparison, the
strength value of the SORC film surpassed those of NKK-
MPF30AC (4.21 MPa) and NKK-TF4030 (10.57 MPa). This
advantage played an essential role in maintaining structural
integrity and preventing separator rupture, thereby enhanc-
ing the safety of SCs.

The electrolyte wettability of separators plays a crucial
role in the assembly process and electrochemical perfor-
mance of SCs [2, 63]. The static contact angle between
the SORC film and 6 M KOH solution was 41.94°,
which gradually decreased over time, eventually reach-
ing zero after five minutes (Figs. 4d and S10). Notably,
the SORC film exhibited excellent dimensional stability
following 48 h of immersion in a 6 M KOH solution,
with no significant shrinkage or expansion observed.
Benefiting from the formation of uniformly distributed
nano-cracked structures and the inherent excellent hydro-
philic ability, the SORC film possessed superior aque-
ous electrolyte wettability, facilitating the efficiency of
ion transport in the separators, thereby contributing to
a higher ion conductivity (13.41 mS cm™!) (Fig. 4e).
This value was noticeably higher than that of commer-
cial NKK-MPF30AC (10.59 mS cm™!) and NKK-TF4030
(8.02 mS cm™!). Apart from the electrolyte wettability,
the ionic conductivity of a separator significantly relies
on its porosity and electrolyte retention [64]. Generally,
high porosity allows for numerous ion diffusion pathways
and sufficient space for electrolyte absorption. The SORC
film demonstrated a porosity of 70.2% and an electro-
lyte uptake of 329%, outperforming dense cellulose film
(SRC) (44%, 254%), nonwoven polypropylene film (NKK-
MPF30AC) (37.1%, 164%), and cellulosic paper (NKK-
TF4030) (63.4%, 297%) (Fig. 4f). During the assembly,
storage, and transportation of SCs, deformation of the
separator resulting from various stress collisions is com-
monly inevitable [65]. Hence, the mechanical flexibil-
ity is considered as a crucial property for the separator.
As shown in Fig. 4g, after subjecting the SORC films to
demanding tests involving bending, and wrinkling, they
consistently maintained their flatness, demonstrating
exceptional flexibility. In summary, the SORC film, pos-
sessing unique nano-cracked structures, demonstrates suf-
ficient thermal stability, high ionic conductivity, excep-
tional electrolyte wettability, and superior mechanical
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strength. This renders it a promising contender for utili-
zation as a separator in SCs and batteries.

3.3 Electrochemical Performance of Supercapacitor
with the SORC Separator

SCs were assembled in coin cells configuration of elec-
trode//separator/KOH//electrode (Fig. S11a). These SCs
produced reversible electrochemical electric double-
layer capacitance at the electrode—electrolyte interface
for energy storage, in which charges accumulated on the
surface of the activated carbon electrodes and oppositely
charged ions were arranged on the KOH electrolyte side
(Fig. S11b). The high-performance cellulose separator, a
pivotal component, served to avert direct contact between
the electrodes while facilitating effective ion transport. To
evaluate electrochemical performance of SCs, cyclic vol-
tammetry (CV) curves were obtained at scan rates of 10,
50, and 100 mV s~! (Fig. 5a—c). The CV curves exhibited
similar profiles across a broad potential range of 0—1.0 V.
Notably, the integrated areas of the CV curves for the SCs
containing SORC separator exceeded those of the SCs con-
taining NKK-MPF30AC, NKK-TF4030, and SRC separators
at high scan rates. This result indicated that the SC with
the SORC separator demonstrated superior equivalent SC
behavior and a higher specific capacitance. Galvanostatic
charge/discharge (GCD) profiles were measured at vari-
ous current densities, as depicted in Fig. 5d—f. The SC with
SORC separator demonstrated a prolonged discharge dura-
tion and a diminished voltage drop compared to the other
three SCs. Specifically, the discharge time of the SC with
SORC separator reached 8.5 s at 2.5 A g~!, which was 1.4
times better than that of the SC with NKK-MPF30AC sepa-
rator (6.1 s) or with NKK-TF4030 separator (6.2 s), and 1.2
times better than that of the SC with SRC separator (7.3 s).
Moreover, the Nyquist plots were obtained using the alter-
nating current impedance technique across a frequency range
of 0.01-100 kHz (Fig. 5g). The intercept with the real axis
at high frequencies identified the series resistance of SCs.
Remarkably, the SC with the SORC separator exhibited an
equivalent series resistance of 0.20 Q, which was smaller
than that observed for the SC with SRC separator (0.23 Q),
the SC with NKK-TF4030 separator (0.24 Q), and the SC
with NKK-MPF30AC separator (0.54 Q).
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As shown in Fig. 5h, SCs possessed favorable specific
capacitances across a current density range of 0.5-10.0 A
g~ !. Specifically, the specific capacitance values for the SC
with SORC separator were 1.1-1.3 times better than those
of the SCs with SRC, NKK-MPF30AC, and NKK-TF4030
separators. The capacitance value of 93.6 Fg~'at 1.0 A g7!
for the SC, which incorporated a SORC separator, activated
carbon electrodes, and a 6 M KOH electrolyte, was notably
inferior to those reported for SCs utilizing electrodes with
optimized pore structures, improved electrical conductivity,
and increased specific surface areas, as well as electrolytes
with high ionic conductivity (Table S3). Nevertheless, this
value surpassed the previously reported values of 62.5 F g~
at 0.5 A g~! for the SC with a porous regenerated cellulose
film and 64.8 F g~! at 0.25 A g™! for the SC with a cellulose

© The authors

=
v

Fig. 4 Physical properties of the RC films. NKK-MPF30AC and NKK-TF4030 were also investigated for comparison. a Thermogravimetric
(TG) and derivative TG (DTG) curves. b Light transmittance. ¢ Tensile stress—strain curves. d Static contact angles for a droplet of 6 M KOH

solution, and absorption-swelling characteristics. e Ionic conductivity. f Porosity and electrolyte uptake. g Optical photographs of the SORC
separator before and after bending, twisting, and wrinkling

nano-fibril (CNF) membrane in a 6 M KOH electrolyte [4,
66]. Impressively, the SC with a SORC separator exhibited a
remarkable capacitance retention of 99.5% even after 10,000
charge/discharge cycles at a current density of 1.0 A g~
This performance surpassed that of the commercial separa-
tors NKK-MPF30AC (77.6 F g™!, 95.7%) and NKK-TF4030
(72 F g7!, 97%) (Fig. 5i). Furthermore, the SC demonstrated
a coulombic efficiency approaching 100%, suggesting its
exceptional long-term cyclic stability (Fig. S12). Besides,
evaluating the electrochemical performance of SCs requires
considering crucial parameters like energy density and
power density. As shown in Fig. S13, the energy density of
the SC with the SORC separator was higher than that of the
SCs with the previously reported commercial and porous
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Fig. 5 Electrochemical properties of the SC using SORC film as separator. Similar SCs containing NKK-MPF30AC, NKK-TF4030, and SRC

as separators were also tested for comparison. a—¢ CV curves measured at scan rates of 10, 50, and 100 mV s~

! respectively. d—f GCD profiles

at current densities of 0.25, 0.5, and 2.5 A g!, respectively. g Nyquist plots. h Specific capacitances measured at different current densities. i

Cycling performance measured at a current density of 1.0 A g™

cellulose-based separators [20]. These results unequivocally
indicated that the implementation of SORC film as a separa-
tor in the SCs presented exceptional electrochemical per-
formance, surpassing that of SCs employing SRC film and
commercially available separators. This superiority can be
primarily attributed to the abundant active hydrogen groups,
excellent mechanical properties, nano-cracked structures,
and high porosity exhibited by the SORC separator, which
facilitated increased electrolyte retention and ion transport

SHANGHAI JIAO TONG UNIVERSITY PRESS

pathways, thereby enhancing ionic conductivity and cycling
stability.

3.4 Lifetime Stability and Heat Resistance
of Supercapacitor with the SORC Separator

The lifetime stability of the SC with SORC separator was
evaluated by exploring its electrochemical performance
throughout various scan potential windows and at differ-
ent time intervals (Fig. 6). For comparison, the SC with
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Fig. 6 Lifetime stability and heat resistance of the SC using SORC film as the separator. a—¢ CV curves at a scan rate of 50 mV s~!. d—f GCD
profiles at a current density of 1.0 A g~!. g, h Specific capacitances and capacitance retention. i Photograph of three SCs with SORC separators

turning on a 3.0 V LED lamp in series

a commercial NKK-MPF30AC separator was also tested
(Fig. S14). The CV and GCD curves maintained their
quasi-rectangular and symmetrical triangular shapes within
the scan potential windows of 0-0.5, 0-0.8, and 0-1.0 V,
respectively (Fig. 6a, d). This result indicated that the SC
with SORC separator exhibited adaptability across diverse
potential windows. Moreover, the shapes of CV curves at
50 mV s~' and GCD curves at 1.0 A g~! remained stable
over time (Fig. 6b, e). The GCD curves demonstrated signifi-
cant overlap, and no noticeable decline in capacitance reten-
tion was observed (Fig. 6g). Remarkably, the specific capaci-
tance of the SC with SORC separator consistently exceeded
that of the SC with NKK-MPF30AC separator after different
time intervals (Figs. 6g and S15). The capacitance retention
of the SC with SORC separator reached an impressive value
of 96.3% after 168 h, affirming its long lifetime stability.

© The authors

To further investigate the potential of the SC with SORC
separator operating under elevated thermal conditions,
measurements of the electrochemical performance across
a temperature range of 40 to 80 °C are presented in Fig. 6c,
f. The CV curves for SCs with SORC and NKK-MPF30AC
separators, using a scan potential range of 0—1.0 V, exhibited
nearly rectangular shapes at various temperatures (Figs. 6¢
and S16a). This suggested that the charge and discharge
processes were predominantly reversible and kinetically
facile, even when operated at elevated temperatures. The
superior capacitive behavior and electrochemical revers-
ibility at different temperatures were further confirmed by
GCD curves, which displayed symmetric triangle shapes
(Figs. 6f and S16b). Through examination of the GCD pro-
files, it was ascertained that the specific capacitance values
of the SC with SORC separator were 95.0, 104.6, 125.5,
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Nano-Micro Lett. (2025) 17:153

Page 130f 16 153

and 150.3 F g_1 at 40, 60, 80, and 100 °C, respectively
(Fig. 6h). These values were significantly higher than those
obtained with the SC using the NKK-MPF30AC separator,
which achieved specific capacitances of 78.9, 86.3, 103.3,
and 113.1 F g~! at the corresponding temperatures of 40,
60, 80, and 100 °C, respectively (Fig. S17). The increased
specific capacitance observed with the SORC separator can
be attributed to enhanced charge mobility in the electrolyte
under high-temperature conditions. Importantly, the capaci-
tance retention of the SC with SORC separator was found to
improve by 1.60 times when comparing 100-25 °C. These
findings suggested that the SC with SORC separator pos-
sessed stable and superior electrochemical performance over
a wide temperature range, making it particularly promising
for energy storage applications in high-temperature environ-
ments. To demonstrate the potential of SCs using the novel
cellulose separator with unique nano-cracks in practical
applications, a 3.0 V light-emitting diode (LED) lamp was
successfully turned on using three SCs in series (Fig. 61).

4 Conclusions

In summary, we have employed an efficient SIL/DMSO
solvent) to fabricate a high-performance regenerated cellu-
lose (SORC) film as the supercapacitor separator. Analysis
of the dissolution and regeneration processes of cellulose
via PLM images, in situ ATR-FTIR, and DFT calculations
demonstrated the effectiveness of DMSO in regulating the
multiple hydrogen bonding network of cellulose. The pres-
ence of DMSO expedited the reassembly of cellulose mol-
ecules, resulting in the fabrication of regenerated cellulose
separator with unique nano-crack structures. The separator
exhibited competitive advantages, including exceptional
flexibility, robust mechanical strength (70 MPa), adequate
thermal stability, high porosity (70.2%), substantial elec-
trolyte retention (329%), and superior ionic conductivity
(13.4 mS cm™!). The electrochemical performance of a
supercapacitor comprising of KOH electrolyte, SORC
separator, and activated carbon electrode was excep-
tional, with a high specific capacitance of 93.6 F g~! and
excellent cyclability (99.5% retention after 10,000 cycles
at 1.0 A g71), which significantly outperformed commer-
cialized NKK-MPF30AC and NKK-TF4030. To the best
of our knowledge, such a cellulose-based separator with
both simple fabrication and outstanding properties has not
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previously been achieved by established methods. This
work presents a sustainable, eco-friendly, and effective
strategy for developing flexible and renewable cellulose-
based separators with remarkable properties for energy
storage devices.
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