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Abstract

Solid-state lithium-metal batteries are promising next-generation energy storage systems
owing to their high energy density and enhanced safety. However, conventional
polyethylene oxide (PEO)-based solid polymer electrolytes have low ionic conductivity at
room temperature, poor Li* transference numbers, and unstable electrode interfaces, which
hinder their practical deployment. Herein, we report quasi-solid polymer electrolyte (quasi-
SPE) films prepared by blending cellulose nanofiber (CNF) with PEO in various ratios
(0.50:0-0.50:2.0), incorporating 1 M Lithium bis(trifluoromethane)sulfonimide (LiTFSI) in
1,3-Dioxolane (DOL):1,2-Dimethoxyethane (DME) (1:1 vol%) with 1 wt.% LiNO,. Structural
analyses [X-ray diffraction (XRD), scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), Fourier-transform infrared (FT-IR) spectroscopy, and Raman
spectroscopy] revealed that moderate PEO incorporation disrupted CNF crystallinity and
generated amorphous domains that enhanced polymer chain mobility and Li-ion transport,
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whereas excessive PEO promoted recrystallization. Within the composition range of 0.50-1.50, ionic conductivity
reached ~10* S-cm™ at room temperature. Notably, CP-1.00 emerged as the balanced formulation for lithium-metal
battery applications, achieving a Li* transference number of 0.46 and a wide electrochemical stability window of
4,68 V vs. Lit/Li. Symmetric Li||CP-1.00||Li cells exhibited exceptional interfacial stability, sustaining
plating/stripping of around 10,000 h at 0.1 mA-cm2 with a low overpotential of 34.0 mV. In Li||CP-1.00||Lithium iron
phosphate (LFP) full cells, CP-1.00 delivered 169.2 mAh-g" at 0.1 A-g" with 91.46% capacity retention after 1,500
cycles. These findings establish CNF/PEO quasi-SPEs as scalable, high-performance electrolytes that overcome the
limitations of conventional solid polymer electrolytes, thereby offering a promising pathway toward safe and durable
lithium-metal batteries.

INTRODUCTION

In recent years, high-performance lithium-ion batteries (LIBs) have seen substantial demand owing to their
widespread applications in energy storage, electric vehicles, and portable electronic devices" 2. A typical
commercial LIB comprises an organic liquid electrolyte, a graphite anode, and a transition-metal oxide
cathode. Although liquid electrolytes exhibit high ionic conductivity, they have drawbacks such as
undesirable side reactions, leakage, flammability, and volatility, which reduce battery lifespan and degrade

2-3]

safety, particularly under extreme operating conditions!

By contrast, solid-state batteries use solid electrolytes, unlike conventional LIBs!*“. These electrolytes can be
prepared using ceramics or polymers”. Solid-state batteries are considered safer and more efficient because
they reduce the electrolyte leakage, flammability, and thermal instability risks associated with conventional
liquid electrolytes"*"", especially when paired with high-capacity electrodes such as lithium metal, which has
a theoretical specific capacity of ~3,860 mAh-g'"®.

Conventional solid electrolytes are often characterized by low ionic conductivity, limited mechanical
flexibility, and difficulty forming stable interfaces with electrodes, which collectively reduce battery
efficiency. Their inability to maintain adequate ionic mobility and interfacial stability induces capacity
fading, degrades cycling performance, and limits rate capability, thereby restricting their use in real-world
high-performance batteries!"”.. As an alternative, cellulose nanofiber (CNF) has advantages such as
mechanical strength, biodegradability, and thermal stability. However, its intrinsic ionic conductivity and
flexibility are insufficient for effective electrolyte performance. Meanwhile, polyethylene oxide (PEO)-based
electrolytes'™" are known for their low interfacial resistance, good electrode compatibility, flexibility, ease of
processing, and relatively low manufacturing cost. However, at room temperature, PEO-based solid polymer
electrolytes exhibit insufficient ionic conductivity (< 10° S-cm™) and low Li* transference numbers
(0.10-0.30), falling short compared to liquid electrolytes'*'*.. These limitations have prompted researchers to
adopt diverse strategies for enhancing the performance of solid electrolytes.

Among solid electrolytes, PEO-based solid polymer electrolytes have been studied extensively owing to their
flexibility, good electrode compatibility, and ability to dissolve lithium salts through coordination between
ether oxygen groups and Li* ions""®). This composite electrolyte achieved an ionic conductivity of
2.06 x 10 S-cm™, a Li-ion transference number of 0.30, and an electrochemical stability window of 4.9 V. In
Li||LiFePO, cells, this electrolyte yielded stable cycling for 620 h at 0.1 mA-cm™ and retained 87.81% capacity
after 700 cycles!"”. Sundari et al.U'® reported a carboxymethyl chitosan-Lithium
bis(trifluoromethane)sulfonimide (LiTFSI) solid polymer electrolyte with an ionic conductivity of 7.81 x 107
S-cm™ and tensile strength of 35.6 MPa, and it sustained stable cycling for over 350 h.

Recently, quasi-solid polymer electrolytes (quasi-SPEs), which combine the advantages of solid polymer
matrices with improved electrolyte retention and reduced leakage compared to conventional liquid
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Figure 1. Schematic diagram of quasi-solid polymer electrolyte (quasi-SPE) films. CNF: Cellulose nanofiber; PEO: polyethylene oxide.

electrolyte systems, have emerged as a promising alternative”’. Despite these benefits, their practical
application remains limited because of challenges such as low ionic conductivity at room temperature,
limited Li* transference numbers, and poor stability under high-voltage operation®**'), Moreover, the
influence of CNF/PEO composition on the balance between the crystalline and amorphous phases remains
insufficiently understood.

In this study, quasi-SPE films were developed by combining a CNF matrix with PEO. By optimizing the
CNF:PEO ratio, the films achieve a balance between crystalline and amorphous regions, which enhances
their ionic conductivity, facilitates efficient Li* transport, and improves cycling stability. This balance is
critical for advancing high-performance battery applications and overcoming the inherent limitations of
conventional electrolytes. The resulting quasi-SPE films exhibit improved ionic conductivity, mechanical
flexibility, and electrochemical stability, positioning them as promising candidates for next-generation
lithium-ion batteries.

EXPERIMENTAL

Preparation of quasi-solid polymer electrolyte films

Figure 1 schematically depicts the preparation of quasi-SPE films by combining 20 g of 2.5 wt.% CNF
solution with PEO in CNF:PEO mass ratios of 0.50:0, 0.50:0.50, 0.50:1.00, 0.50:1.50, and 0.50:2.00
[Supplementary Table 1]. The mixtures were first dissolved in 80 mL of distilled water, heated to 100 °C, and
stirred for 3 h to ensure complete dissolution and uniform mixing. The resulting solution was filtered under
reduced pressure to remove excess liquid and trapped air bubbles. The slurry was cast into a Teflon tray to
form an even layer and dried in an oven to eliminate residual moisture, yielding solid CNF/PEO hybrid
films. Finally, 10-uL droplets of 1 M LiTFSI in 1,3-Dioxolane (DOL):1,2-Dimethoxyethane (DME)
(1:1 vol.%) containing 1 wt.% LiNO, were applied to the surface of the CNF/PEO hybrid films to obtain
quasi-SPE films. The resulting film morphology varied with the initial PEO content. This process allowed for
the fabrication of PEO films with properties that could be tuned by adjusting the CNF:PEO ratio. The
resulting samples were designated Pure CNF, CP-0.50, CP-1.00, CP-1.50, and CP-2.00, corresponding to the
respective CNF:PEO ratios.
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Material characterization

The quasi-SPE films were characterized with various analytical techniques to examine their structure,
composition, and properties. X-ray diffraction (XRD, Bruker D8 Advance, Cu-Ka radiation, 20 = 5° - 40°)
was performed to analyze the crystal structures of the prepared materials. The morphology and
microstructure of these materials were examined using field emission scanning electron microscopy (FE-
SEM, JEOL JSM-IT8001S). Differential scanning calorimetry (DSC) analysis of the quasi-SPE films was
performed using a Netzsch DSC 3500 Sirius to measure their thermal behavior. The 4-5 mg samples were
heated from 30 °C to 120 °C at a rate of 10 °C/min. Raman spectroscopy analysis of the developed films,
including investigation of their chemical composition, molecular vibrations, and structural properties, was
performed using the Horiba XploRA-PLUS Confocal Raman Microscope from AIST-NT Inc. The samples
were scanned using a 785 nm laser at 50% intensity, and for measurements, a 50x objective lens was used.
Additionally, Fourier-transform infrared spectroscopy (FT-IR, Thermo Scientific Nicolet iS10 Infrared
Microscope) was performed in the attenuated total reflectance (ATR) mode over a wavenumber range of
4,000-500 cm™ to identify functional groups and chemical bonds within the materials.

Preparation of cathodes and fabrication of coin cell-type lithium-metal batteries

The cathodes for the lithium-metal batteries were prepared by mixing the active material (LiFePO,, LFP),
conductive acetylene black, and 10 wt.% of Polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP) solvent at a mass ratio of 8:1:1. The mixture was stirred for 3 h to form a homogeneous slurry. This
slurry was coated onto carbon-coated Al foil using a doctor-blade coater and dried at 80 °C for 3 h in an air
oven. Thereafter, the electrode was placed in a vacuum oven and dried overnight at 80 °C under vacuum to
ensure complete solvent removal. The final electrode was cut into discs measuring 14 mm in diameter, and
the average mass loading of the active material was approximately 2.5 mg per cm™.

The electrochemical performance of the quasi-SPE films was evaluated by fabricating a CR2032 coin cell with
a lithium-metal foil measuring 16 mm in diameter. The prepared Pure CNF, CP-0.50, CP-1.00, CP-1.50, and
CP-2.00 films were cut into discs measuring 19 mm in diameter and used as the electrolyte.

Electrochemical measurements

A galvanostatic charge/discharge (GCD) test was carried out to evaluate the rate capability and long-term
cycling stability of the prepared materials within an assembled CR2032-type coin cell in an argon-filled
glovebox with O, and H,O content lower than 0.1 ppm. These cells were tested using a battery tester
(BTS-4000, NEWARE, China) with an operating range of 2.0-4.2 V at 25 °C in battery test chambers.
Electrochemical impedance spectroscopy (EIS) measurements were performed using the fabricated quasi-
SPE films sandwiched between two stainless-steel sheets over a frequency range of 0.01 Hz to 100 kHz. The
ionic conductivity of the prepared materials was initially calculated at 25 °C. Temperature-dependent EIS
measurements were subsequently conducted at 25, 40, and 60 °C for Arrhenius analysis. The cells were
placed in a temperature-controlled chamber and heated stepwise from 25 to 40 and 60 °C. The samples were
allowed to equilibrate for 60 min at each temperature before each measurement to ensure thermal
stabilization. Symmetric Li||quasi-SPE films]||Li cells were assembled to determine their lithium-ion
transference number by means of alternating current (AC) impedance spectroscopy before and after
polarization. These impedance measurements were performed over a frequency range of 0.01 Hz-100 kHz,
and t,," was calculated accordingly. Linear sweep voltammetry (LSV) was performed at a scan rate of
1.0 mV-s" from 3.00 to 5.50 V at 25 °C to determine the electrochemical stability window of the prepared
materials in Li||quasi-SPE films||Stainless steel (SS) cells. All electrochemical measurements were performed
using an electrochemical workstation (CHI660E, Chenhua, China).
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RESULTS AND DISCUSSION

Morphological characterization

Figure 2A depicts optical photographs of the quasi-SPE films after the application of 1 M LiTFSI in
DOL:DME (1:1 vol%) with 1 wt.% LiNO,. Slight appearance variations are observed depending on PEO
composition; Figure 2B presents their XRD patterns, highlighting changes in crystallinity with increasing
PEO content. Pure CNF exhibits peaks at 20 values of approximately 16.5° and 26° (JCPDS: 50-2241),
indicative of its crystalline nature””. Upon PEO incorporation, new peaks emerge at 20 ~ 19° and 23°,
reflecting CNF-PEO interactions. After PEO incorporation (CP-0.50 to CP-2.00), the cellulose diffraction
intensity decreases, and new diffraction features associated with crystalline PEO appear at around 19° and
23°, confirming the coexistence of CNF and PEO phases (JCPDS: 53-1861)**°/. At low PEO content
(CP-0.50 and CP-1.00), the interaction between CNF hydroxyl groups and PEO ether oxygen atoms disrupts
polymer chain ordering and increases the amorphous fraction. However, further PEO addition promotes
PEO chain ordering and crystalline lamella formation, thus increasing the crystallinity of CP-1.50 and
CP-2.00. The incorporation of LiTFSI with DOL:DME electrolyte leads to plasticization and Li*
coordination, which modify the crystalline and amorphous balance and influence ion transport behavior”.
Figure 2C-G presents SEM images of the quasi-SPE films with applied electrolyte droplets. Pure CNF [Figure
2C] retains a dense fibrous network, but slight swelling and surface changes occur upon electrolyte addition.
CP-0.50 [Figure 2D] shows a less dense fibrous network with fewer interconnections between fibers and
improved integration of LiTFSI into the CNE-PEO blend, thereby enhancing ionic conductivity. CP-1.00
[Figure 2E] shows uniform CNF-PEO distribution, resulting in the formation of a homogeneous conductive
network while maintaining structural integrity*. CP-1.50 [Figure 2F] shows more evident phase separation
as PEO covers CNF regions, while CP-2.00 [Figure 2G] shows PEO agglomerates surrounding the CNF
framework. Figure 2H depicts elemental mapping, confirming the presence and distribution of CNF, PEO,
and electrolyte components. Carbon and oxygen dominate the CNF and PEO phases, while sulfur and
fluorine (from LiTFSI) and nitrogen from LiNO, are clearly detected. Increasing PEO content drives a
morphological transition from a dense CNF network to distinct phase-separated structures with PEO
agglomerates. These interactions with LiTFSI and LiNO, enhance ionic conductivity but also alter the

mechanical properties of the polymer matrix.

CNF incorporation into the PEO matrix induces hydrogen bonding interactions between the hydroxyl
groups of CNF and the ether oxygen atoms of PEO. These interactions disturb the regular arrangement of
PEO chains and suppress crystalline phase formation, thus increasing the amorphous fraction, as shown in
Figure 3A. This structure with a greater amorphous fraction promotes Li* mobility and improves the
practical applicability of the composite solid polymer electrolyte. By contrast, with excessive PEO loading
[Figure 3B], the increased number of PEO chains facilitates ordered chain packing around CNF surfaces,
where CNF acts as a nucleation site for PEO crystallization. This increases crystalline lamellae formation,
leading to higher crystallinity and reduced amorphous regions for Li* transport.

Although high PEO content improves structural integrity and may enhance mechanical stability, excessive
crystallization can reduce polymer chain mobility and limit ionic transport. Moreover, the addition of
LiTFSI/DOL:DME electrolyte creates competition between solvent-induced plasticization and PEO
crystallization. Therefore, an optimized CNF:PEO ratio is required to maintain sufficient amorphous regions
for electrolyte uptake and Li* transport while preserving the mechanical stability provided by crystalline
domains. The presence of LiNO, further contributes to electrochemical stability by modifying the interfacial
ion environment, supporting the formation of a more stable electrolyte/electrode interface. These structural
changes directly influence the mechanical properties, electrolyte retention, and ionic conductivity of the
quasi-SPE films.
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Figure 2. (A) Optical photographs of quasi-SPE films after spraying droplets of T M LiTFSI in DOL:DME (1:1vol.%) + 1 wt.% LiNO;; (B) XRD
patterns of quasi-SPE films; (C-G) SEM images of pure CNF, CP-0.50, CP-1.00, CP-1.50, and CP-2.00, respectively; (H) Elemental maps of
C, 0, S, F, and N of CP-1.00. CNF: Cellulose nanofiber; PEO: polyethylene oxide; quasi-SPE: quasi-solid polymer electrolyte; XRD: X-ray
diffraction; SEM: scanning electron microscopy; LiTFSI: lithium bis(trifluoromethane)sulfonimide; DME: 1,2-dimethoxyethane; DOL: 1,3-
dioxolane.

Figure 4A schematically illustrates the quasi-SPE interface and Li-ion diffusion pathways, highlighting the
relationship between physical morphology and ion transport. In highly crystalline structures, tightly packed
PEO chains and CNF regions restrict polymer segment motion, thus suppressing ion mobility and reducing
conductivity. By contrast, amorphous quasi-SPEs maintain disordered and flexible regions that create free
volume, thus facilitating Li-ion migration through the polymer matrix. By tuning the CNF:PEO ratio and
incorporating ionic liquids, the amorphous character can be preserved, which is essential for achieving high
ionic conductivity in solid-state batteries. High crystallinity is undesirable because Li-ion transport relies
primarily on polymer chain segment motion, which occurs only in amorphous regions”>*”). Figure 4B shows
the DSC curves of the quasi-SPE films. Pure CNF shows no distinct melting transition, which is consistent
with its rigid, highly crystalline nature and lack of a glassy-to-rubbery phase transition. The flat DSC profile
indicates negligible thermal changes within the tested range. By contrast, the PEO-containing samples show
sharp endothermic peaks corresponding to the melting temperature (Tm) of PEO. CP-0.50 shows a peak at
~57.7 °C, reflecting a largely amorphous structure with limited chain ordering*. As the PEO content
increases, Tm shifts upward: CP-1.00 (~63.6 °C), CP-1.50 (~64.1 °C), and CP-2.00 (~66.0 °C), indicating
progressively higher crystallinity and chain alignment within the PEO matrix. These results confirm that
PEO, as a semi-crystalline polymer, forms both crystalline and amorphous regions, with crystallinity
increasing proportionally to PEO content™.
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Figure 3. Schematic illustration of molecular interactions and structural evolution in CNF/PEO quasi-solid polymer electrolyte with (A) low
and (B) high PEO content. CNF: Cellulose nanofiber; PEO: polyethylene oxide; LiTFSI: lithium bis(trifluoromethane)sulfonimide; DME: 1,2-
dimethoxyethane; DOL: 1,3-dioxolane.

Figure 4C presents the percentage crystallinity data. TOPAS software was used to calculate crystalline and
amorphous phases from XRD data. The results illustrate the relationship between the crystalline and
amorphous phases as the CNF:PEO ratio increases. The crystallinity of CNF/PEO composites was strongly
influenced by PEO concentration. Pure CNF exhibited the highest crystallinity (67.2%) because cellulose is
inherently crystalline. The incorporation of a small amount of PEO (0.5-1.0 g) decreased the overall
crystallinity (42.74% for CP-0.50 and 43.75% for CP-1.00) because PEO introduced additional amorphous
regions and disrupted the ordered cellulose structure. However, as the PEO concentration increased to 1.5
and 2.0 g, crystallinity increased significantly to 55.9% and 62.4%, respectively. This enhancement was
attributed to CNF’s ability to act as a nucleating agent and promote PEO chain ordering through hydrogen
bonding interactions between hydroxyl groups of CNF and ether oxygen atoms of PEO. Consequently,
additional crystalline PEO domains were formed, resulting in reduced chain mobility and a more ordered
polymer structure®. The incorporation of LiTFSI further modified the crystalline and amorphous balance of
the CNF and PEO quasi-SPE. The ether oxygen atoms of PEO interacted with Li ions through coordination,
while DOL/DME molecules acted as plasticizing agents that penetrated the polymer matrix and increased
local chain flexibility. At low PEO concentrations, the electrolyte preferentially penetrated a highly
amorphous CNF/PEO network, thus weakening intermolecular interactions and increasing polymer segment
motion. This enhanced amorphous character facilitated Li* migration through continuous ion-conducting
pathways. By contrast, at high PEO concentrations, although the electrolyte provided abundant ether oxygen
sites for Li* coordination, the presence of highly ordered crystalline PEO lamellae restricted electrolyte
penetration and limited segment mobility. The coordination between Li* and PEO oxygen atoms may have
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Figure 4. (A) Schematic illustration of the quasi-SPE interface and Li* diffusion paths; (B) Differential scanning calorimetry; (C) The %
crystallinity of samples; (D) FT-IR spectra; (E) Optical photographs at 10X magnification; (F-G) Raman spectra in the 1,800-700 cm™ and
1,000-700 cm regions, respectively. SPE: Solid polymer electrolyte; FT-IR: Fourier-transform infrared spectroscopy.

partially stabilized ordered chain conformations, while the crystalline regions acted as physical barriers to ion
transport. Therefore, excessive PEO-induced crystallization reduced the fraction of ion-conducting
amorphous domains despite improving mechanical integrity"”.

Figure 4D presents the FT-IR spectra of the quasi-SPE films (2,000-500 cm™, ATR mode) and full spectra in
Supplementary Figure 1, highlighting their functional groups and chemical interactions within CNF-PEO
blends. As the PEO content increases (CP-0.50 to CP-2.00), the PEO peaks become sharper and more
intense. The characteristic cellulose fingerprint peak at 897 cm™ (B-glycosidic linkages) diminishes as the
PEO concentration increases, while the cellulose C-O stretching peaks at 1,030 and 1,060 cm™ overlap with
the PEO ether peaks, confirming the molecular-level integration of CNF and PEO"**), The broad band near
1,100 cm™ (C-O-C stretching) represents the ether groups in the PEO backbone™*').

The peak at 750 cm™ corresponds to free LiTFSI ions, while the coordination shifts in the 1,100-1,200 cm™
region indicate Li-ion binding to PEO oxygens, which disrupts CNF hydrogen bonding"”. The additional
peaks at 1,190 and 1,350 cm™ (SO, stretching) confirm the presence of TFSI, while the CH, wagging/bending
peaks at 1,342 and 1,466 cm™ serve as markers of PEO crystallinity, becoming more defined in CP-2.00.
These results corroborate the XRD and % crystallinity data: CP-0.50 exhibits a blended, amorphous spectrum
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, whereas CP-2.00 shows sharp, distinct peaks, characteristic of a highly crystalline polymer structure®.
Optical micrographs [Figure 4E] further illustrate these morphological changes. Pure CNF and CP-0.50
display dense fibrous surfaces with limited ionic liquid absorption. CP-1.00 appears smooth and uniform,
with enhanced absorption and blending. CP-1.50 shows localized PEO aggregation, while CP-2.00 exhibits
grainy, bumpy textures with crystalline clusters.

This transition from smooth to rough surfaces confirms that excessive PEO crystallization increases
microscale roughness, thereby raising resistance to Li-ion transport. The electrolyte uptake capability of the
prepared CNF/PEO films was evaluated by measuring their weight change before and after electrolyte
incorporation, and the results are given in Supplementary Table 2. Electrolyte uptake initially increased from
53.44% (pure CNF) to a maximum of 91.92% (CP-1.00) owing to reduced crystallinity and an interconnected
network. Further increasing the CP content decreased the uptake (82.37% for CP-1.50 and 75.4% for
CP-2.00) because of polymer aggregation, identifying CP-1.00 as the optimal composition.

Supplementary Figure 2 shows the electrolyte retention stability of the quasi-SPE films, which was evaluated
over 5-60 min at 40 °C. Pure CNF showed significant weight loss (~81.18% retention after 60 min) owing to
rapid solvent evaporation. By contrast, all the quasi-SPE films exhibited superior retention (> 90.76%), with
CP-1.00 reaching the highest ratio (94.71%), thus confirming that polymer incorporation effectively
mitigated evaporation and enhanced solvent immobilization within the polymer network. Figure 4F and G
presents Raman spectra of the quasi-SPE films, as measured using a 785-nm laser at 50% intensity with a 50x
objective lens, covering the range of 1,800-700 cm™ and zoomed in on 1,000-700 cm™. These spectra reveal
the structural changes and ion solvation behavior as PEO content increases within the CNF matrix.

Pure CNF exhibited characteristic cellulose backbone peaks, although these peaks were relatively weak
compared to PEO-containing samples. As the PEO content increases (CP-0.50 to CP-2.00), sharp peaks
emerge and dominate the spectra, particularly at 842 cm™ (C-O-C stretching/CH, rocking) and 1,475 cm™
(CH, bending)"*. The growing intensity and sharpness of these peaks indicate the transition of PEO chains
from amorphous to more ordered crystalline states, consistent with the XRD and crystallinity data. “The
yellow highlight in Figure 4G is a zoomed region around 770-700 cm™ [Supplementary Figure 3] is especially
significant for probing salt behavior. This peak corresponds to expansion/contraction of the TEST
anion””****. To examine the interaction between Li* and TFST', various TFSI ion pairs were defined by
bending vibration positions, as shown in Supplementary Figure 3. The peaks located at 733-738 cm ™,
738-742 cm’™, and 743-746 cm™ are attributed to free TFSI, Solvent-Separated Ion Pairs (SSIPs) and Contact
Ion Pairs (CIPs), respectively. The varying PEO content indicates that the fractions of free Li" ions, SSIPs,
and CIPs depend on the CNF:PEO composition. Pure CNF has a low free ion fraction (12.5%) and high CIPs
(60.7%), indicating limited salt dissociation. Adding PEO initially increases free ions, with CP-1.00 achieving
a high free ion fraction (61.2%). SSIPs and CIPs are moderate, corresponding to high ionic transport and
electrochemical performance. Further increasing the PEO concentration (CP-1.50 and CP-2.00) reduces the
free ion fraction while increasing CIPs and SSIPs, leading to less efficient ion dissociation. In CP-0.50, the
peak is broader and slightly shifted, suggesting strong salt dissociation and effective Li-ion solvation in the
amorphous domains, thereby facilitating transport. At higher PEO concentrations (CP-2.00), the peak at
842 cm™ and the nearby features become sharper and more defined, indicating the formation of crystalline
PEO-LiTFSI complexes. In this state, Li ions and TFSI anions are trapped within the crystalline regions,
reducing the free ion concentration and shifting the electrolyte toward a rigid, slow ion transport
pathway"**..

Figure 5A and B shows EIS plots of the SS||quasi-SPE films||SS cells, and Figure 5C shows the equivalent
circuit used to fit and obtain the bulk resistance (R,) and ionic conductivity. The R, obtained from EIS fitting
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Figure 5. (A and B) EIS plots of SS||quasi-SPE films||SS cells and an enlarged view of the high-frequency region; (C) Equivalent circuit
proposed to model ionic conductivity; (D) Arrhenius plots of conductivity change with quasi-SPE film temperature; (E)
Chronoamperometry curves of Li||CP-1.00|Li cell, inset EIS plots of CP-1.00 before and after polarization; (F) Linear sweep voltammetry of
quasi-SPE films; (G) Galvanostatic lithium stripping and plating for Li||pure CNF||Li and Li||CP-1.00||Li. CNF: Cellulose nanofiber; EIS:
electrochemical impedance spectroscopy; quasi-SPE: quasi-solid polymer electrolyte; CPE: constant phase element; R, bulk resistance; SS:
stainless steel.

was strongly dependent on the PEO content. PEO incorporation significantly reduced the bulk resistance
from 5.37 x 10” Q for pure CNF to 1.56 x 10" Q for CP-0.50, thereby enhancing Li* transport within the
composite electrolyte. The reduced resistance was attributed to the ether oxygen groups of PEO, which
facilitate Li* coordination and increase ion-conducting pathways. However, excessive PEO addition in
CP-2.00 increased the bulk resistance, likely because of increased PEO crystallization that restricts ion
mobility. Moreover, optimized PEO content is needed to achieve low resistance and high ionic conductivity.
Ionic conductivity was calculated using:

L
o = (1)
Rp x A

where ¢ and L denote the ionic conductivity and thickness of the electrolyte film, respectively, while R, is its
bulk resistance obtained from EIS fitting, and A is the electrode contact area. The ionic conductivity of the
quasi-SPE electrolyte films depended strongly on their PEO content. Pure CNF exhibited the lowest ionic
conductivity of 10 S-cm™, which was attributed to its highly crystalline cellulose structure that restricted Li*
migration. After PEO incorporation, the ionic conductivity increased significantly and reached 10 S-cm™



Lolupiman et al. Energy Mater. 2026, 6, 600154 Page 11 of 17

[Supplementary Table 3]. The ionic conductivity obtained in this study is of the same order of magnitude
as that reported for an ultraviolet (UV)-cross-linked PEO-based electrolyte (10* S-cm™). This
comparison highlights the potential of the CNF and PEO quasi-SPE system to achieve conductivity

35]

comparable in magnitude to other PEO electrolytes™. This improvement was attributed to the
introduction of PEO ether oxygen groups, which provided Li* coordination sites and promoted ion
transport within the polymer matrix. Moreover, interactions between the CNF and PEO chains disrupted
polymer packing and expanded the amorphous regions, thereby facilitating ion migration. Although CP-
1.50 exhibited higher crystallinity than CP-1.00, its ionic conductivity was enhanced. This suggests that
ionic transport is governed not only by the balance between crystalline and amorphous phases but also by
other factors, such as Li* coordination sites, electrolyte uptake, and the concentration of charge
carriers. The higher PEO content in CP-1.50 provided additional ether oxygen groups for Li*
coordination, while its sufficient electrolyte uptake helped maintain effective ion transport pathways,
compensating for the increased crystalline domains. However, the excessive PEO content in CP-2.00
reduced ionic conductivity, which was associated with increased PEO crystallization and restricted
ion-conducting pathways. Therefore, the overall ionic conductivity was determined by the balance
between polymer crystallinity, ion dissociation, electrolyte retention, and amorphous transport
pathways. The obtained ionic conductivity values and their dependence on PEO content are
consistent with previous reports on PEO-based composite polymer electrolytes"®'”*"), where moderate
PEO incorporation improved ionic transport, whereas excessive PEO content reduced
conductivity owing to increased crystalline domains and limited ion-conducting pathways>>*”),

The temperature dependence of these films’ ionic conductivity was evaluated using their Arrhenius
relationship. To this end, we plotted the values given in Supplementary Table 4 against Figure 5D. All the
quasi-SPE films exhibited an approximately linear relationship, indicating thermally activated ion transport
behavior. The activation energy (E,) for Li* transport was evaluated using the Arrhenius equation:

E,
o = 0gexp __KBT (2)

where ¢ is ionic conductivity, o, is a pre-exponential factor, E, is the activation energy associated with ion
migration, K, is Boltzmann’s constant, and T is absolute temperature. The activation energy values were
obtained from the slope of the linear fit between In(o) and 1000/T. The activation energy values were 0.62,
0.42, 0.45, 0.42, and 0.51 eV for Pure CNF, CP-0.50, CP-1.00, CP-1.50, and CP-2.00, respectively
[Supplementary Table 5]. Pure CNF had the highest activation energy, indicating that the highly crystalline
cellulose structure imposed a higher energy barrier for Li* migration. PEO incorporation reduced the
activation energy by providing oxygen sites for Li* coordination and enhancing polymer chain mobility.
CP-0.50, CP-1.00, and CP-1.50 showed low activation energy approximately 0.4 eV, suggesting more
favorable Li* transport kinetics. However, excessive PEO addition increased the activation energy of CP-2.00
to 0.51 eV, which was attributed to increased PEO crystallization and restricted ion-conducting pathways.
This result suggests that an optimized PEO content facilitates Li* coordination while maintaining sufficient
amorphous pathways for ion migration.

Impedance spectroscopy tests were conducted before and after Direct Current (DC) polarization to measure
impedance changes and track the effect of polarization on the ionic conductivity of the CP-1.00 quasi-SPE
film. DC polarization was performed until a steady-state current was reached [Figure 5E]. The impedance
spectra obtained before and after polarization show typical semicircles, which is characteristic of charge-
transfer resistance (R_,). After polarization, the Nyquist plot shifts slightly, indicating changes in the
electrochemical properties of the quasi-SPE film sample. The initial current (I,) was recorded at the start of
polarization, and the steady-state current (I,) was noted once the current stabilized. Transference numbers

were calculated using the Bruce-Vincent-Evans equation:
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v _ I (AV = IyRy)
L™ Iy (AV = IsRy) (3)

Here, I, and I, denote the steady-state currents before and after polarization, representing the current when
the system stabilizes. AV is the applied polarization voltage. R, and R_ are the initial resistances before and
after polarization, and they were calculated from the EIS results before and after DC polarization, which are
382 and 465 Q, respectively. Initially, current (I,) increases rapidly, which is typical when a potential is
applied, and the ions begin to move and form a stable electrolyte interface. After this initial current spike, the
system stabilizes, and the current decreases to a steady-state value (I), which is the steady-state current after
polarization. At room temperature, the transference number for CP-1.00 was 0.46, which was higher than
that for pure CNF. This indicates that the CP-1.00 electrolyte transports lithium ions more efficiently than
Pure CNF because the amorphous structure of CP-1.00 facilitates better Li-ion diffusion and higher ionic
conductivity, whereas pure CNF shows less efficient ion transport, higher crystallinity, and lower
conductivity™.

The electrochemical window stability of the quasi-SPE electrolyte films was evaluated with LSV by
assembling Li||quasi-SPE film|| stainless steel cells and observing their stability from 3.00 to 5.50 V vs. Li*/Li
at a scan rate of 1.0 mV-s™. The results in Figure 5F indicate that the electrochemical stability of the quasi-
SPE films improved after blending PEO into the cellulose nanofibers. Pure CNF shows the lowest stability,
with the current rising sharply at 4.02 V, indicating electrolyte breakdown. As the PEO content increases, the
onset of current rise shifts to higher voltages: 4.44 V for CP-0.50, 4.68 V for CP-1.00, 4.42 V for CP-1.50, and
4.36 V for CP-2.00. CP-1.00 has impressive electrochemical stability, allowing the electrolyte to remain stable
up to 4.68 V. This is attributed to the optimized balance between PEO chain coordination with Li" ions,
CNF-induced structural reinforcement, and a sufficient amorphous phase for ion transport. Galvanostatic
lithium stripping and plating measurements were performed on Li||pure CNF||Li and Li||CP-1.00 ||Li
symmetric cells at a current density of 0.1 mA-cm™ to study the electrochemical stability of the quasi-SPE
films in contact with lithium-metal anodes. Figure 5G shows Li||pure CNF||Li and Li||CP-1.00]||Li. CP-1.00
endured ultra-long cycles of around 10,000 h and exhibited lower overpotential than Pure CNF, indicating
better stability during lithium plating and stripping. The smaller voltage changes suggest a more stable
interface between the lithium anode and electrolyte, with better ionic conductivity””. Figure 5G as shown in
the inset, the overpotential is only 34.0 mV, indicating more stable behavior during the plating and stripping
cycles. By contrast, pure CNF sustained shorter cycles and underwent significantly higher voltage
fluctuations during plating and stripping, indicating unstable electrochemical behavior. The large voltage
spikes suggested issues with stability during lithium plating and stripping, such as dendrite formation or
poor contact between the lithium metal and the quasi-SPE film"*”!. As shown in the zoomed-in inset, the
voltage reached 138.5 mV, which is relatively large and indicates poor cycling stability and high resistance to
lithium-ion movement in the electrolyte [Supplementary Figure 4]. The smaller overpotential of CP-1.00
indicated superior performance as its amorphous structure was able to promote ion movement within the
material, enhance ionic conductivity, and reduce resistance®. Thus, the CNF and PEO blend enhanced the
stability of the electrolyte interface.

A comparison of the results of all the quasi-SPE samples is presented in Supplementary Figure 5. Li
plating/stripping stability was evaluated in Li||quasi-SPE||Li symmetric cells at various current densities from
0.1 to 5 mA-cm™. CP-1.00 exhibited improved stability compared to pure CNF, indicating enhanced Li*
transport and interfacial compatibility. The results are presented in Supplementary Figure 6.

Figure 6A shows the rate capability of the Li||quasi-SPE||LFP cathode at the current density of 0.1-2 A-g". All
quasi-SPE films demonstrate a higher rate capability than the pure CNF film. Especially, CP-1.00 has the
highest discharge specific capacity of 169.2, 158.4, 149.8, 143.3, 138.1, 123.5, 110.7, and 145.6 mAh-g" at 0.1,
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0.2, 0.3, 0.4, 0.5, 1.0, 2.0, and 0.3 A-g", respectively. Clearly, the galvanostatic charge and discharge voltage
profiles of Li||CP-1.00||LFP, illustrated in Figure 6B, correspond to the battery’s behavior at different current
densities (i.e., 0.1, 0.2, 0.3, 0.4, 0.5, 1, and 2 A-g"'). At a low current density (0.1 A-g"), the voltage profile is
relatively flat, indicating good reversibility and stability of the Li||CP-1.00||LEP cell. It remains almost
unchanged as the number of cycles increases and shows a more pronounced charge/discharge plateau. This
suggests efficient lithium-ion intercalation and deintercalation with low polarization. However, as the
current density increases (from 0.1 to 2 A-g™), the voltage profiles show increased polarization, and the
voltage difference between charge and discharge becomes more pronounced. This is because higher current
densities demand faster ion movement, which can increase resistance, leading to poor ionic conductivity, a
low Li-ion transference number, and, consequently, fading capacity"***". As shown in Figure 6C, CP-1.00
delivers the most stable cycling performance, with a discharge capacity of 169.2 mAh-g* at0.1 A-g" and a
capacity retention of 91.46% over 1,500 cycles. Moreover, the galvanostatic charge and discharge voltage
profiles of Li||CP-1.00||LFP, as shown in Supplementary Figure 7, correspond to the battery’s behavior. All
quasi-SPE films show higher discharge capacity and capacity retention than pure CNF. Pure CNF exhibits a
discharge capacity of 105.6 mAh-g and capacity retention of 64.83%, which indicates poor cycling
performance and low capacity due to sluggish Li-ion movement within the crystalline region and low ionic
conductivity. Even at a current density of 1.0 A-g"* [Supplementary Figure 8], CP-1.00 has remarkable long-
term cycling stability, delivering a discharge capacity of 133.7 mAh-g" and retaining 66.35% of its capacity
over 2,500 cycles. This outstanding performance demonstrates that the optimized CNF/PEO electrolyte
framework sustains stable Li* transport pathways and a robust electrode-electrolyte interface during high-
rate cycling. The enhanced stability is attributed to the well-balanced crystalline-amorphous structure of
CP-1.00, which promotes efficient ion migration while preserving structural integrity over prolonged
operation.

Furthermore, the electrochemical performance of CP-1.00 was compared to that of a commercial Celgard
2325 separator, and the results are shown in Supplementary Figure 9. According to Figure 6D, Li||pure
CNF||LFP and Li||CP-1.00||LFP pouch cells were fabricated to further assess the potential for scalable
application of the quasi-SPE. These show the long-term cycling performance and deliver a high discharge
capacity of ~145 mAh-g" over 200 cycles at 0.1 A-g"'. The galvanostatic charge and discharge voltage profiles
of Li||CP-1.00||LFP, as shown in Supplementary Figure 10, correspond to the battery’s behavior during cycles
1, 50, 100, 150, and 200. Figure 6E depicts digital photographs of a Li|| CP-1.00 ||LFP coin cell battery, which
powers a sensor device and small portable electronic devices, and Li||CP-1.00||LFP pouch cell batteries. The
pouch cell battery, which uses an LFP cathode, provides an initial open-circuit voltage (OCV) of 3.32-3.45 V
[Supplementary Figure 11]. After full charging, it reliably powers a light lamp. Pouch cell batteries are
flexible, lightweight, and can provide higher capacity than coin cell batteries, making them suitable for
energy storage and large electronic devices.

The blending of PEO with CNF enhances the ionic conductivity of the quasi-SPE by improving the structure
from highly crystalline in pure CNF toward a more amorphous region, a conductive pathway for Li-ion
movement, and a stabilized electrolyte interface. This allows faster ion movement, especially at higher
current densities, and enhances cycling stability and rate capability.

CONCLUSIONS

In this work, we successfully fabricated quasi-SPE films by blending CNF with PEO in various ratios (0.50:0
t0 0.50:2.00), incorporating 1 M LiTFSI in DOL:DME (1:1 vol%) with 1 wt.% LiNO, for lithium-metal battery
applications. Structural analyses (XRD, FT-IR, Raman, DSC) revealed that appropriate PEO incorporation
reduced CNF’s crystallinity and expanded amorphous domains, thereby facilitating Li-ion transport through
improved chain mobility. The optimized CP-1.00 composition delivered well-balanced performance for
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Figure 6. (A) Rate capability of the Li||quasi-SPE||LFP cathode; (B) Galvanostatic charge and discharge voltage profiles of Li||CP-1.00[|LFP;
(C) Cycling performance of the quasi-SPE at 0.1 A-g”; (D) Cycling performance of Li||pure CNF||LFP and Li||CP-1.00||LFP pouch cell; (E)
Digital photographs of Li||[CP-1.00]|LFP coin cell batteries powering various devices. CNF: Cellulose nanofiber; quasi-SPE: quasi-solid
polymer electrolyte; LFP: lithium iron phosphate.

lithium-metal battery applications. It achieved an ionic conductivity of 10 S-cm™, a Li* transference number
of 0.46, and the widest electrochemical stability window of 4.68 V vs. Li*/Li. Importantly, CP-1.00
demonstrated excellent interfacial stability with a lithium metal anode, sustaining ultra-long galvanostatic
stripping and plating of around 10,000 h at 0.1 mA-cm™ with a remarkably low overpotential of 34.0 mV. By
contrast, pure CNF exhibited severe voltage fluctuations and a considerably higher overpotential of
138.5 mV, indicating poor interfacial stability and dendrite formation. Furthermore, in the Li||CP-1.00||LFP
full cells, CP-1.00 delivered a high discharge capacity of 169.2 mAh-g", retained 91.46% of its capacity after
1,500 cycles at 0.1 A-g”, and maintained 66.35% retention over 2,500 cycles at 1.0 A-g'. Collectively, these
results highlight that CNF/PEO quasi-SPE films, through careful tuning of the crystalline-amorphous
balance, effectively overcome the limitations of conventional SPEs, positioning them as a highly promising
electrolyte platform for next-generation, high-performance, and safe lithium-metal batteries.
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