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ABSTRACT:Cellulose-based gel polymer electrolytes (GPEs) are promising sustainable candidates for next-generation
lithium batteries; however, the relationship between polymer dynamics and ion transport remains insufficiently
understood. In this study, cellulose-based GPEs with varying lithium salt concentrations and crosslinking densities
were systematically investigated using broadband dielectric spectroscopy, complemented by structural and thermal
characterizations. Three dielectric relaxations including a secondary 𝛽 relaxation, a structural 𝛼 relaxation arising
from cooperative segmental motion of the cellulose network, and a slower near-Debye 𝛼′ relaxation were identified.
Both the 𝛼 and 𝛼

′ processes follow Vogel–Fulcher–Tammann (VFT) behavior, indicating their strong coupling with
the glassy dynamics of the polymer matrix. The 𝛼

′ process is plausibly ascribed to orientational polarization of
ion-associated species, such as transient ion pairs or small ionic aggregates coordinated with the cellulose network.
The direct current conductivity of the samples was also found following VFT behavior. Notably, the conductivity
relaxation time nearly coincides with the 𝛼 relaxation time across the entire investigated temperature range for all
compositions, suggesting that lithium-ion transport is predominantly governed by polymer segmental dynamics. The
dielectric glass transition temperature and fragility index, derived from VFT analysis, exhibit marked dependencies on
salt concentration and crosslinking density, whereas the calorimetric glass transition temperature remains virtually
invariant. This work unveils a strongly coupled ion-transport mechanism and provides fundamental insights into the
intricate interplay among polymer dynamics, ionic association, and charge transport in cellulose-based GPEs.

KEYWORDS: Gel polymer electrolyte; dielectric spectroscopy; lithium batteries; solid-state electrolyte; direct current
conductivity; structural relaxation

1 Introduction

Driven by the growing global demand for efficient and sustainable energy storage systems, lithium-ion
batteries and supercapacitors have attracted extensive attention owing to their outstanding electrochemical
performance [1,2]. As a core constituent of these systems, electrolytes have persistently remained a central
focus of research endeavors [3]. Conventional liquid electrolytes (LEs), however, pose significant safety
risks, such as leakage, combustion, and even explosion, which severely hinder their application in next-
generation high-energy-density devices [4,5]. To address these safety concerns, solid-state electrolytes
(SEs) have emerged as promising alternatives and attracted tremendous interest in recent years [6,7].

SEs are conventionally categorized into all-solid-state electrolytes (ASEs) and gel polymer electrolytes
(GPEs) [8]. Though ASEs completely eliminate liquid components, their practical application is largely
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limited by suboptimal electrode/electrolyte interfacial compatibility, elevated interfacial resistance, and
restricted ionic mobility, often associated with lithium dendrite formation [7,9,10]. In comparison, GPEs,
generally consisting of a polymer matrix, lithium salt, and plasticizer, represent a unique quasi-solid system
that synergistically integrates the merits of both LEs and ASEs [8,11,12]. On one hand, they retain relatively
high ionic conductivity and excellent interfacial wettability similar to LEs; on the other hand, the polymer
framework provides mechanical robustness and improved safety [8,11,13]. This combination enables GPEs
to reconcile electrochemical efficacy and operational reliability, positioning them as compelling candidates
for next-generation energy storage materials [11–14]. Nevertheless, conventional GPEs predominantly
employ fossil-derived polymers as the matrix, which are often flammable, toxic, or costly, thus conflicting
with the principles of green and sustainable chemistry [15,16]. Accordingly, the design and deployment of
environmentally benign and renewable materials for GPEs have emerged as a pivotal research frontier [15].

Among various green alternatives to fossil-derived polymers, cellulose and its derivatives have garnered
significant attention due to their natural abundance, inherent biodegradability, and unique molecular
architecture [15–18]. As the most abundant natural polymer, cellulose features a dense distribution of
hydroxyl groups capable of coordinating with Li+ ions, thereby facilitating lithium salt dissociation and
enhancing ion transport. Meanwhile, the extensive hydrogen-bonding network endows it with excellent
mechanical properties, making it an ideal matrix for constructing robust GPEs. Recent studies have
demonstrated that cellulose-based GPEs can achieve high ionic conductivity and stable electrochemical
performance, highlighting their considerable promise as viable, eco-friendly alternatives to conventional
petroleum-based electrolyte systems [18–20].

To date, significant progress has been achieved in cellulose-based GPEs, particularly in improving ionic
conductivity through compositional optimization and porous structure design [20,21]. Nevertheless, the
fundamental mechanistic understanding of ion transport within these systems still remains insufficient. It is
generally accepted that ionic conduction in GPEs is intrinsically coupled with polymer segmental dynamics,
ion–matrix interactions, and microstructural features [22,23]. Therefore, elucidating the structure–property
relationships linking composition, microstructure, and macroscopic electrochemical performance is crucial
for rational design of advanced materials. In this context, dielectric and impedance spectroscopy techniques
have been widely used to probe charge transport behavior in polymer electrolytes [24,25] and specifically
in GPEs [26–28]. Previous studies on cellulose-based systems have primarily focused on ionic conductivity
and electrode polarization, while recent works have employed complementary techniques, such as NMR
and spectroscopic analyses, to unravel ion dynamics. These studies collectively suggest that ion transport
in cellulose-based matrices is critically modulated by polymer chain mobility and network architecture.
However, dielectric investigations on cellulose-based GPEs still remain relatively limited; in particular, com-
prehensive investigations utilizing broadband dielectric spectroscopy (BDS) to resolve multi-scale relaxation
processes—such as segmental (𝛼) relaxation, ion hopping, and electrode polarization—are still scarce [24,29].
Moreover, although the individual effects of crosslinking structure or lithium salt concentration have been
examined, their synergistic influence on dielectric relaxation behavior and ion transport mechanisms has
rarely been systematically addressed. Consequently, the intrinsic correlations among polymer network
structure, segmental dynamics, and ionic conduction in cellulose-based GPEs remain inadequately resolved.

In this work, a series of cellulose-based GPEs with varying crosslinking density and salt concentration
were prepared, which were systematically characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),
and broadband dielectric spectroscopy (BDS). This work aims to elucidate the influence of crosslinking
density and salt content on the microstructure, segmental dynamics, and lithium-ion transport of the
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cellulose-based GPEs, thereby contributing to a deeper insight into the structure–property relationship and
providing guidance for the design of high-performance, eco-friendly polymer electrolytes.

2 Experiments and Methods

2.1 Materials

Sodium Hydroxide (NaOH, 96%) and urea (CO(NH2)2, 99%) were purchased from Xilong Science Co.,
Ltd. Cellulose powder (99%) was purchased from Shanghai Jingchun Biochemical Technology Co., Ltd.
Bistrifluoromethane sulfonimide lithium (LiTFSI, 99%) and epichlorohydrin (C3H5ClO, ECH, 99.5%) were
purchased from Macklin Biochemical Technology Co., Ltd. All chemicals were used as received.

2.2 Preparation of Cellulose-Based GPE Films

To fabricate the cellulose-based GPEs, transparent cellulose solutions were initially prepared. Specifi-
cally, 2 g of cellulose powder was slowly added into 50 mL of an aqueous NaOH/urea solution (6:4:90 by
weight) under continuous stirring, followed by incubation at −5◦C for 12 h. The resulting mixture was then
vigorously stirred at room temperature until complete dissolution of the cellulose powder and subsequently
centrifuged at 7200 rpm for 15 min to remove residual insoluble impurities.

The GPE films were prepared via a solution casting method. Certain amounts of LiTFSI and ECH were
successively introduced into the as-prepared cellulose solution and stirred for 30 min to ensure homogeneity.
The resultant solutions were then cast into Petri dishes and heated at 60◦C for 2 h to facilitate crosslinking
and gelation. Subsequently, the freestanding GPE films were peeled off and immersed in ethanol for 12 h to
remove unreacted residues, followed by drying in a forced-air convection oven at 60◦C for 30 min. Two
series of films were prepared (formulations summarized in Table S1). In series 1 (GPE-1, GPE-2, and GPE-3),
the crosslinking density was maintained constant, while the molar ratio of LiTFSI to anhydroglucose unit
(AGU) (𝑛Li+ ∶ 𝑛AGU) was varied from 0.5 to 1.5 in increments of 0.5. In series 2 (GPE-4, GPE-2, and GPE-5),
𝑛Li+ ∶ 𝑛AGU was fixed and the crosslinking density was adjusted from 4% to 6%.

2.3 SEM Measurement

The morphology and microstructural characteristics of the GPE samples were characterized using a
HITACHI S-4800 (Hitachi, Japan) field-emission SEM. The specimens were prepared by mounting a small
section of the sample onto conductive carbon tape, followed by gold sputter-coating for 60 s using an
ion sputtering system. Imaging was performed at an accelerating voltage ranging from 0.5 to 30 kV, with
representative micrographs acquired at optimized magnifications.

2.4 FTIR Measurement

The FTIR measurements were performed using a FT/IR-4X spectrometer (Jasco, Japan) equipped
with a mid-infrared deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector and a broad-range
beam-splitter, which enables measurements over an extended wavenumber range of 7800 to 350 cm−1.
Spectral data were acquired over this range. All samples were measured in triplicate, and subsequent
data processing, including baseline correction and background subtraction, was performed using the
instrument’s proprietary software.



4 J Polym Mater. 2026;43(3):16

2.5 DSC Measurement

The DSC measurements were conducted using a HITACHI DSC200 (Hitachi, Japan) under a controlled
nitrogen atmosphere. The samples were cooled from room temperature to −80◦C at a rate of 20◦C/min and
isothermally held for 10 min, followed by heating to 100◦C at a rate of 20◦C/min.

2.6 XRD Measurement

The XRD measurements were carried out by using a Bruker D8 Advance X-ray diffractometer (Bruker,
Germany) equipped with a Cu K𝛼 radiation source. Data were collected over a 2𝜃 range of 5◦ to 90◦ with a
scanning speed of 2◦/min.

2.7 Dielectric Measurements

The BDS measurements were carried out using a Broadband Dielectric Spectrometer Concept 40
(Novocontrol GmbH, Germany), equipped with a high-precise temperature controller (Quatro Cryosystem)
with a controlling accuracy better than 0.05◦C. The GPE films were sandwiched between two gold-plated
copper electrodes with a diameter of 10 mm, and then mounted into a sample holder (Novocontrol BDS
1200). The thickness of the films was precisely determined after the dielectric measurements. The dielectric
measurements were performed in a frequency range of 0.1 Hz to 10 MHz, and the temperature was varied
from −60◦C to 20◦C in steps of 5◦C.

2.8 Dielectric Spectra Analysis

Since the dielectric responses of the GPE films contain several superimposed dielectric relaxations and
are influenced by electrode polarization (EP) and direct current (DC) conductivity 𝜎DC, the following fitting
function was employed to quantitatively analyze the spectra of complex permittivity (𝜀∗ = 𝜀

′
− 𝑖𝜀

′′ with
𝜀
′ and 𝜀

′′ being the dielectric constant and dielectric loss, respectively), which contains a sum of several
Havriliak-Negami (HN) [30] terms plus two more terms accounting for 𝜎DC and EP effect

𝜀
∗
(𝜔) = 𝜀∞ +∑

𝑗

Δ𝜀𝑗

[1 + (𝑖𝜔𝜏HN𝑗
)
𝛽HN𝑗

]

𝛾HN𝑗

+

𝜎DC
𝑖𝜔𝜀0

+ 𝑎𝜔
−𝑏 (1)

where 𝜀∞ is the high-frequency limit of dielectric constant, 𝜀0 is the permittivity of vacuum, Δ𝜀 is the
relaxation strength, 𝜏HN is the characteristic relaxation time, 𝛽HN (0 < 𝛽HN ≤ 1) and 𝛾HN (0 < 𝛾HN ≤ 1) are
the parameters describing the symmetric and asymmetric broadening of the relaxation peak, respectively
(when 𝛾HN = 1, the HN function becomes Cole-Cole function), j is the number of dielectric relaxations, and
the term 𝑎𝜔

−𝑏 represents the EP effect with a and b being fitting variables. The maximum relaxation time
(or most probable relaxation time) 𝜏max is correlated with 𝜏HN as [30].

𝜏max = 𝜏HN × sin
1/𝛽HN

(

𝛽HN𝛾HN𝜋

2 + 2𝛾HN )
× sin

−1/𝛽HN
(

𝛽HN𝜋

2 + 2𝛾HN)
(2)

To improve the resolution of the superimposed relaxations, the logarithmic derivative (LD) method [31]
was employed to transform 𝜀

′ into a derivative dielectric loss (𝜀′′LD), which is based on the Kramers-Kronig
relationship and can be expressed as

𝜀
′′

LD = −

𝜋

2

𝜕𝜀
′

𝜕 ln𝜔

≈ 𝜀
′′

Rel (3)
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where 𝜔 (= 2𝜋𝑓 ) is angular frequency, and 𝜀
′′

Rel is the measured dielectric loss free of 𝜎DC.

3 Results and Discussion

3.1 Structural, Compositional, and Thermal Properties

Fig. 1 displays the digital photographs of the as-prepared GPE films (insets) and their corresponding
micro-morphologies characterized via SEM. The optical images reveal that all samples form flexible and
free-standing films without obvious macroscopic phase separation or electrolyte leakage, thereby demon-
strating good compatibility between the crosslinked cellulose matrix and the lithium electrolyte. The SEM
observations further elucidate their composition-dependent microstructures. GPE-1 and GPE-2 exhibit rela-
tively rough and heterogeneous surface topographies characterized by locally aggregated domains, whereas
GPE-3 and GPE-5 show smoother and more continuous morphologies, suggesting improved compatibility
and homogenization within the polymer matrix. In contrast, GPE-4 displays numerous microscale pores
or void-like structures, presumably arising from localized phase segregation or partial salt precipitation
during solvent evaporation. Overall, these findings indicate that stable cellulose-based electrolyte networks
were successfully constructed across all investigated formulations.

Figure 1: SEM images of cellulose-based GPE films with different Li+ ion concentration and crosslinking density. The
insets are the digital photographs of the corresponding samples.

The structural characteristics of the GPE samples were further investigated by XRD, FTIR, and DSC
measurements, as demonstrated in Fig. 2. The XRD patterns (Fig. 2a) are mainly dominated by broad,
diffused halos centered at 2𝜃 ≈ 20◦, indicative of the predominantly amorphous nature of the prepared
GPEs, which is a typical feature of highly disordered cellulose-based materials with limited long-range
crystalline order [32,33]. However, several sharp Bragg diffraction peaks emerge at higher scattering angles,
implying the presence of trace amounts of partially recrystallized salt species. These reflections, specifically
at 2𝜃 values of approximately 31.7◦, 45.5◦, and 56.5◦, are also discernible in ECH-crosslinked cellulose free
of LiTFSI (Fig. S1), and can be indexed to the (200), (220), and (222) crystallographic planes of NaCl [34].
Therefore, the recrystallized phase should be assigned to NaCl rather than LiTFSI; the NaCl is presumed to
form as a byproduct during the ECH crosslinking reaction in the NaOH-based solvent system. Since no
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characteristic peaks corresponding to crystalline LiTFSI were detected, the lithium salt is believed to be
completely dissociated and uniformly distributed within the crosslinked cellulose matrix.
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Figure 2: Structural and thermal characterizations of the cellulose-based GPE samples. (a) XRD patterns; (b) FTIR
spectra; and (c) DSC curves.

The FTIR spectra (Fig. 2b) provide additional evidence for the successful incorporation and coordination
of the lithium salt within the cellulose network. The spectra show characteristic absorption bands of the
polymer host. Notably, shifts and changes in the intensity of the vibrational bands associated with polar
functional groups (e.g., C-O/C-O-C stretching modes, highlighted in the shaded region) provide clear
evidence of coordination interactions between the lithium ions and the polymer chains. This confirms that
the lithium salt is not merely physically dispersed but is chemically integrated into the cellulose network
through ion-dipole interactions. The calorimetric glass transition temperature (𝑇g-DSC) of the GPEs was
determined by DSC, using the onset of the step change in heat flow as the characteristic transition point
(Fig. 2c). All well below room temperature, the measured 𝑇g-DSC values are within a relatively narrow
temperature range (approximately −60 to −53◦C), and no clear dependence on either crosslinking density
or lithium salt concentration was observed. The absence of a pronounced 𝑇g-DSC shift implies that the
competing effects of ionic coordination, plasticization, and crosslinking may partially compensate one
another within the present composition range.

3.2 Dielectric Relaxation Behavior

Fig. 3 shows the dielectric relaxation behavior of GPE-1 at the investigated temperatures, in terms of
frequency dependent 𝜀′ (a), 𝜀′′ (b), 𝜀′′LD (c), and 𝜎′ (d). As demonstrated in Fig. S2, the dielectric relaxation
behaviors of the other samples are similar to that of GPE-1. As can be seen, although the dielectric relaxation
behavior is dominated by strong EP and large 𝜎DC, dielectric relaxations can still be observed throughout
the whole investigated temperature range.
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Figure 3: Frequency dependent dielectric constant (a), dielectric loss (b), derivative dielectric loss (c), and real
conductivity (d) of GPE-1 at different temperatures.

To capture the features of these relaxations, all dielectric spectra were analyzed in line with Eq. (1).
As representatives, Fig. 4 shows the fittings on the 𝜀′, 𝜀′′, 𝜀′′LD, and 𝜎

′ spectra of GPE-1 at two selected
temperatures (−40◦C and −20◦C), based on a simultaneous fitting procedure described in Refs. [35,36]. As
demonstrated, the dielectric relaxation behavior of the GPE films is characterized by three main dielectric
relaxations. The slowest relaxation (𝛼′ relaxation in Fig. 4) exhibits a near-Debye character, as evidenced
by its symmetric shape and the 𝛽HN value being close to unity (mostly greater than 0.8, indicative of a
narrow relaxation time distribution). These features suggest this relaxation should not be a result of the
segmental motion of the crosslinked cellulose network. On the other hand, since cellulose is not a Type-A
polymer in a dielectric sense, especially crosslinked by ECH, this relaxation cannot be attributed to the
normal mode relaxation either. Considering the extensive ion-polymer coordination structure formed
between Li+ ions and polar oxygen-containing groups of the cellulose network, it could be due to the
orientational polarization of ion-associated species, such as contact ion pairs (Cellulose-O⋅⋅⋅Li+⋅⋅⋅TFSI−),
triple ions (Cellulose-O⋅⋅⋅Li+⋅⋅⋅TFSI−⋅⋅⋅Li+), or small ionic aggregates (LiTFSI)n that are uniformly dispersed
in the amorphous network. However, this relaxation may also arise from interfacial polarization (the
Maxwell-Wagner effect [37,38]) if microphase separation exists, which is often of Debye type and whose
relaxation time generally follows the Arrhenius law [24]. With highly stretched and broad relaxation
shape, the intermediate relaxation (𝛼 relaxation) exhibits typical structural relaxation characteristics of
polymers [24], which is thereby most likely attributed to the cooperative motion of the segments of the
crosslinked cellulose. The fastest relaxation (𝛽 relaxation) exhibits a symmetric and broad relaxation
pattern, which is a typical secondary relaxation of polymers arising from localized side-group motions. For
GPE-1, the 𝛽 relaxation shifts outside of the investigated frequency window when T > −35◦C. For GPE-3
(highest salt concentration) and GPE-4 (lowest crosslinking density), this relaxation was observed beyond
the frequency window even when T > −50◦C. This implies that elevated salt concentrations and reduced
crosslinking densities facilitate side-group mobility, possibly attributed to the increase in free volume
around the side groups (the influences of salt concentration and crosslinking density on the chain dynamics
are discussed in detail below). The EP effect manifests itself as a linear dependence of logarithmic 𝜀′ and
𝜀
′′

LD on logf at low frequencies, as shown in Fig. 4a and Fig. 4c, respectively. The 𝜎DC in its logarithmic
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form exhibits a linear dependence on logf with a slope of −1 in the 𝜀′′ plot (Fig. 4b) and corresponds to the
low-frequency platform in the 𝜎′ plot (Fig. 4d).
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Figure 4: Spectra of dielectric constant (a), dielectric loss (b), derivative dielectric loss (c), and real conductivity (d)
with fits (lines) of GPE-1 at −40◦C and −20◦C.

The activation behaviors of the observed dielectric relaxations in GPE-1 are presented in Fig. 5a, in
which the most probable relaxation times of these relaxations are plotted against inverse temperature (the
Arrhenius plot). The cases of the other GPE samples are presented in Fig. S3, which are quite similar to that
of GPE-1. As clearly shown in Figs. 5a and S3, both the 𝛼′ and 𝛼 relaxations of all the GPE samples exhibit
non-Arrhenius temperature dependence, indicating the cooperative nature of these dynamics. Furthermore,
the temperature dependences of 𝜏𝛼′ and 𝜏𝛼 are coarsely concordant, implying that these two relaxations are
somehow coupled with each other. According to these results, the 𝛼′ relaxation is not possibly attributed
to interfacial polarization (which normally follows the Arrhenius law), but is most likely associated with
the orientational polarization of ion-associated species as mentioned above; and the 𝛼 relaxation can be
assigned to the segmental dynamics of the crosslinked cellulose. The relaxation time of the 𝛽 relaxation
shows an Arrhenius type temperature dependence, confirming its secondary relaxation identity. Since this
relaxation at most investigated temperature points shifted outside of the investigated frequency window, it
will not be discussed hereinafter.

The temperature dependences of 𝜏𝛼′ and 𝜏𝛼 of all investigated GPE samples are compared in Fig. 5b
and Fig. 5c, respectively, which clearly reveal that both dynamics have apparent dependence on crosslinking
density and lithium salt concentration. The Vogel-Fulcher-Tammann (VFT) formalism was accordingly
employed to fit their non-Arrhenius temperature dependences [39], which is given by

log
10
𝜏max = 𝐴 + 𝐵/(𝑇 − 𝑇0) (4)

where A and B are constants and 𝑇0 is the Vogel-Temperature. The VFT fitting variables of the structural 𝛼
relaxation are summarized in Table S2, by which the dielectric glass transition temperature (𝑇g-diele) and
the kinetic fragility index (m) of these samples can be evaluated by means of the following equations [39]

𝑇g-diele = 𝑇0 +

𝐵

2 − 𝐴

(5)
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𝑚 =

2 − 𝐴

𝐵

[𝐵 + 𝑇0(2 − 𝐴)] (6)

where the number 2 is a result of log(100/s) in line with a common assumption that the glass transition
typically occurs when the structural relaxation time reaches 100 s.
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Figure 5: Temperature dependences of the relaxation time of the observed dielectric relaxations in GPE-1 (a), the 𝛼′

relaxation (b), and the 𝛼 relaxation (c) of all the GPE samples.

The dependences of 𝑇g-diele and m of the GPE samples on the lithium salt concentration (𝑛Li+ ∶ 𝑛AGU)
and crosslinking density are plotted in Fig. 6, in which 𝑇g-DSC is also presented for comparison. Except
for GPE-2, the 𝑇g-diele values of the other samples are apparently different from those of 𝑇g-DSC, with the
largest discrepancy approaching 15◦C. The discrepancy could reflect the fact that DSC and BDS probe
different manifestations of the glass transition [40], namely enthalpic recovery and structural relaxation
dynamics, respectively.

While 𝑇g-DSC keeps within a narrow temperature range and statistically shows no apparent dependence
on salt content or crosslinking density, 𝑇g-diele exhibits pronounced variation with these factors. At constant
crosslinking density, 𝑇g-diele slightly decreases when 𝑛Li+ ∶ 𝑛AGU increases from 0.5 to 1.0, but decreases
remarkably when 𝑛Li+ ∶ 𝑛AGU is increased to 1.5, as shown in both Figs. 5c and 6c. The shifting of 𝑇g-diele to
lower temperature with increasing salt content may arise from several competing effects, mainly including
Li+ coordination and TFSI− plasticization. The coordination of Li+ with the cellulose matrix brings more
constraint on the segmental dynamics, and therefore tends to increase 𝑇g-diele. On the other hand, as a well-
known plasticizer due to its large size, charge delocalization, and weak coordination capability [41], TFSI−
ions tend to decrease 𝑇g-diele through adding free volume to the cellulose matrix. When 𝑛Li+ ∶ 𝑛AGU < 1.0,
both effects may be comparable, leading to a slight decrease in 𝑇g-diele; when 𝑛Li+ ∶ 𝑛AGU > 1.0, however,
the plasticization of TFSI− could become predominant and give rise to the obvious decrease in 𝑇g-diele,
possibly because the coordination nodes on the cellulose matrix have been saturated by Li+. At constant
salt concentration, 𝑇g-diele shows no monotonic dependence on the crosslinking density: a pronounced
increase is observed as the crosslinking density rises from 4% to 5%, followed by a remarkable decline
upon further increase to 6%. This result seems to suggest that the effect of Li+ coordination is dominant
at relatively lower crosslinking density while that of TFSI− plasticization becomes governing at higher
crosslinking density.
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Figure 6: Kinetic fragility of the GPE samples as a function of the molar ratio of Li+ to AGU (a) and crosslinking
density (b), and dependences of their glass transition temperature on the molar ratio of Li+ to AGU (c) and crosslinking
density (d).

The kinetic fragility index, m, provides additional insight into the cooperative nature of the segmental
dynamics in the investigated GPEs. As illustrated in Fig. 6, all samples exhibit m values ranging from
80 to 110, indicative of their moderately fragile glass-forming behavior [42]. For samples with the same
crosslinking density, m increases monotonically with increasing 𝑛Li+ ∶ 𝑛AGU. Although the addition of
lithium salt reduces 𝑇g-diele and accelerates segmental dynamics, the concomitant enhancement of ion–
polymer coordination and the formation of ion-associated aggregates may increase the complexity of
the local dynamic landscape of the cellulose matrix. Consequently, the temperature dependence of the
structural relaxation becomes more pronounced, resulting in higher fragility. In contrast, the dependence of
m on crosslinking density is non-monotonic. At a constant salt concentration, the fragility first rises with
increasing crosslinking density before declining at higher degrees of crosslinking. This behavior suggests a
competition between enhanced cooperative rearrangements and the topological constraints imposed by
the crosslinked network. Moderate crosslinking promotes collective segmental motion by increasing the
cooperativity of molecular rearrangements, leading to higher fragility. However, further increment of the
crosslink density suppresses large-scale cooperative motion and spatially confines chain dynamics, thereby
reducing the temperature sensitivity of the relaxation process and yielding a reduction in fragility. Similar
topology-dependent fragility evolution has been reported in various network-forming glassy systems,
where the competition between cooperative molecular rearrangements and network constraints can lead to
non-monotonic variations in fragility [43,44].

3.3 Ionic Conduction Behavior

The temperature dependences of 𝜎DC for the investigated GPE samples are plotted in Fig. 7a. The
pronounced curvature observed in these profiles indicates that the ion transport in the investigated GPEs
deviates from a simple thermally activated mechanism. Instead, the behavior aligns with the typical
conduction patterns of GPEs where ion transport is generally regulated with segmental motions of the
polymer host [22,23]. At 20◦C, the samples’ ionic conductivity can reach values ranging from 0.05 to
0.73 S/m, a performance level deemed highly satisfactory for energy storage applications. Besides, 𝜎DC
shows apparent dependence on both salt concentration and crosslinking density, and the dependences are
similar to those of the 𝜏𝛼′ and 𝜏𝛼 , implying a strong coupling between ion conduction and the dynamics
of cellulose matrix. It should be noted that although residual NaCl possibly exists as suggested by the
XRD characterization, its contribution to the measured 𝜎DC is expected to be very limited. The presence
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of NaCl diffraction peaks indicates that a considerable fraction of NaCl exists as a crystalline phase with
restricted ionic mobility rather than as dissociated ions within the polymer matrix. Moreover, the systematic
evolution of 𝜎DC with LiTFSI concentration and crosslinking density suggests that Li+ ions derived from
LiTFSI constitute the primary charge carriers governing the ionic transport. Therefore, any residual NaCl, if
present, is expected to contribute only a marginal background signal without affecting the overall transport
mechanism discussed in this work.
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The conductivity relaxation time (𝜏𝜎) is thus compared with 𝜏𝛼′ and 𝜏𝛼 in Figs. 5a and S3, which can
be estimated from 𝜎DC via 𝜏𝜎 = 𝜀0𝜀𝑠/𝜎DC with 𝜀𝑠 being the static dielectric constant [35,45]. Remarkably,
𝜏𝜎 almost perfectly coincides with 𝜏𝛼 over the entire investigated temperature range for all samples. Given
that the 𝛼 relaxation originates from the cooperative segmental motion of the crosslinked cellulose network,
the close correspondence between 𝜏𝜎 and 𝜏𝛼 provides compelling evidence that ionic conduction is strongly
coupled to polymer segmental dynamics. In other words, long-range Li+ ion transport is predominantly
assisted by the local rearrangement of polymer chain segments within the investigated composition range.
In contrast, although the 𝛼′ relaxation exhibits a temperature dependence similar to that of the 𝛼 relaxation,
𝜏𝛼′ remains substantially longer than 𝜏𝜎 , suggesting that the 𝛼′ process does not directly govern long-range
ionic transport. Instead, it is more plausibly associated with the orientational polarization of transient ionic
aggregates, whose dynamics are coupled to but distinct from the charge-transport process.

Further insight into the conduction mechanism was obtained from the conductivity scaling analysis. As
shown in Fig. 7b (for GPE-1) and Fig. S4 (for the other GPE samples), the frequency dependent conductivity
spectra measured at different temperatures can be successfully superimposed onto a single master curve
using the Summerfield scaling formalism given by [46–48]

𝜎
′
(𝑓 )

𝜎DC
= 𝐹

(

𝑓

𝜎DC𝑇 )
(7)

where F is the temperature independent scaling function. The excellent collapse of the conductivity spectra
indicates that the fundamental transport mechanism remains unchanged throughout the investigated
temperature range. Together with the overlap of 𝜏𝜎 with 𝜏𝛼 , the results reveal a strong coupling between
polymer dynamics and ionic transport and highlight the critical role of segmental motion in controlling
the conduction behavior of crosslinked cellulose-based GPEs. In other words, the ionic conduction in the
present GPEs is governed by a single segmental-motion-assisted transport mechanism over the entire
temperature range investigated. In this connection, the Stokes-Einstein relationship [29,49] should be
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satisfied, which indicates that the ionic diffusion coefficient D should be inversely proportional to the
cellulose segmental friction 𝜂𝑠 and 𝜏𝛼 , namely 𝐷 ∝ 𝑇/𝜂𝑠 ∝ 1/𝜏𝛼 . The ionic diffusion coefficient can be
estimated from the EP effect in line with the Trukhan model [25,49,50]

𝐷 =

2𝜋𝑓max𝐿
2

32(tan 𝛿)
2

max
(8)

where (tan 𝛿)
max

is the maximum value of 𝜀′′/𝜀′ in the frequency range of EP, 𝑓max is the frequency
corresponding to the (tan 𝛿)

max
, and L is the sample thickness. Fig. 7c shows the product of 𝜏𝛼 with the

estimated D (𝐷𝜏𝛼) as a function of logarithmic 𝜏𝛼 . As can be seen, 𝐷𝜏𝛼 keeps roughly constant with a slope
within a range of −0.09 to 0.08, which is further evidence that ionic conduction is strongly coupled with
the segmental dynamics of the crosslinked cellulose.

4 Conclusion

The present work provides a dynamic perspective on the ion transport and dielectric relaxations in
crosslinked cellulose-based GPEs through an integrated approach combining BDS with structural and
thermal characterizations. The structural characterization confirms the successful incorporation and coor-
dination of lithium salts within the amorphous, crosslinked cellulose network. Three dielectric relaxations
are identified across all the investigated GPE samples: a near-Debye 𝛼

′ relaxation associated with the
collective reorientational motion of transient ionic aggregates; a structural 𝛼 relaxation arising from the
segmental dynamics of the crosslinked cellulose matrix; and a typical secondary 𝛽 relaxation attributed
to the localized side-group motions. The temperature dependence of the 𝛼′ process indicates that it is
governed by similar underlying glassy dynamics as the polymer matrix, while its slower timescale suggests
a distinct origin associated with orientational polarization of ion-associated species.

The combined analyses of the conductivity relaxation time, Summerfield scaling of conductivity spectra,
and the Stokes-Einstein relationship reveal that a singular, dominant transport mechanism prevails across the
investigated temperature range. A strong correlation between the conductivity relaxation and the structural
𝛼 relaxation indicates that Li+ transport is intimately coupled to the segmental dynamics of the cellulose
network. Consequently, ionic conduction in the investigated GPE samples proceeds through a segmental-
motion-assisted mechanism, rather than a dynamically decoupled ion-hopping process. Furthermore,
variations in lithium salt concentration and crosslinking density primarily modulate the characteristic
transport timescale by altering polymer mobility, instead of inducing a mechanistic transition between
different conduction pathways.

Collectively, these results establish a unified dynamic framework wherein polymer segmental motion
governs Li+ transport, while ion-associated structures give rise to additional dielectric relaxation phenomena.
This work provides fundamental insight into the intricate interplay among polymer network structure,
molecular dynamics, and ionic conduction, and thereby offers valuable guidance for the rational design of
high-performance, sustainable cellulose-based polymer electrolytes.
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