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ABSTRACT: The pursuit of safer energy storage systems is driving the development of advanced electrolytes for
lithium-ion batteries. Traditional liquid electrolytes pose flammability risks, while solid-state alternatives often suffer
from low ionic conductivity. Gel polymer electrolytes (GPEs) emerge as a promising compromise, combining the
safety of solids with the ionic conductivity of liquids. Cellulose, an abundant and eco-friendly polymer, presents an
ideal base material for sustainable GPEs due to its biocompatibility and mechanical strength. This study systemat-
ically investigates how drying methods affect cellulose-based GPEs. Cellulose hydrogels were synthesized through
dissolution-crosslinking and processed using vacuum drying (VD), supercritical drying (SCD), and freeze-drying (FD).
VD and SCD produced dense membranes with excellent mechanical strength (7.2 MPa) but limited electrolyte uptake
(30%–40%). In contrast, FD created a highly porous structure (21.13% porosity) with remarkable electrolyte absorption
(638%), leading to superior ionic conductivity (1.22 mS⋅cm−1) and lithium-ion transference number (0.28). However,
this came at the cost of increased interfacial impedance and poor rate capability, resulting in 81.24% capacity retention
after 100 cycles. These findings illuminate the critical balance between electrochemical performance and mechanical
properties in cellulose GPEs, providing valuable insights for designing sustainable electrolytes for flexible electronics
and electric vehicles.
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1 Introduction
The development of green renewable energy technologies is crucial to address the challenges posed

by resource scarcity and environmental pollution [1–3]. Among various energy storage devices [4–6],
lithium-ion batteries are extensively utilized due to their high energy density, absence of memory effect,
low self-discharge rates, and stable output voltage [7–9]. Nevertheless, safety concerns remain a significant
challenge for their further application. Conventional liquid electrolytes, typically composed of flammable
organic carbonates, pose risks of leakage and thermal runaway under abusive conditions [10,11]. Concur-
rently, commercial polyolefin separators exhibit poor thermal stability and are susceptible to penetration by
lithium dendrites, which can lead to internal short circuits [12,13]. The development of a safer and more stable
electrolyte system is thus imperative. While all-solid-state electrolytes eliminate leakage risks, they are often
hindered by low ionic conductivity and poor interfacial compatibility with electrodes [14,15]. Gel polymer
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electrolytes (GPEs) represent a promising compromise, encapsulating liquid electrolytes in a solid polymer
matrix to mitigate leakage while maintaining satisfactory ionic conductivity and interfacial contact [16,17].

Cellulose, an abundant polymer on Earth, offers several advantages including biocompatibility, renewa-
bility, and low cost. Its structure, rich in hydrogen bonding, ensures high mechanical strength [18–20]. For
instance, Xu et al. developed a nanocellulose-carboxymethyl cellulose gel polymer electrolyte for aqueous
zinc-ion batteries, demonstrating good cycle stability and high ionic conductivity [21]. Similarly, Neeru
et al. utilized nanocellulose to fabricate a gel polymer electrolyte for sodium-ion batteries, achieving stable
sodium deposition. This electrolyte exhibited remarkable electrolyte uptake (up to 2985%) and high ionic
conductivity (2.32 mS⋅cm−1) [22]. The methods for preparing cellulose gel electrolytes encompass sol-gel,
freeze-drying, crosslinking, grafting, physical blending, and biosynthesis [23–25]. These studies highlight the
potential of cellulose as a sustainable material for advanced electrolytes [26–28]. However, there is a lack of
comprehensive studies that systematically compare the fundamental physicochemical and electrochemical
properties of cellulose GPEs prepared using different drying techniques, which is a critical step in optimizing
their structure and performance.

In this study, we systematically investigate the impact of three distinct drying methods-vacuum drying
(VD), supercritical drying (SCD), and freeze-drying (FD)-on the properties of cellulose-based GPEs. A
dissolution-cross-linking method is initially employed to fabricate cellulose hydrogel polymers, which are
subsequently processed using the aforementioned drying techniques. The resultant GPEs are thoroughly
characterized in terms of their morphology, porosity, mechanical strength, and thermal stability. More
importantly, their electrochemical performance, including ionic conductivity, lithium-ion transference
number, interfacial stability, and actual battery performance in LiFePO4∣∣Li cells, is critically evaluated and
correlated with their structural features. This comparative study provides valuable insights into the structure-
property relationships of cellulose GPEs and establishes a clear trade-off between mechanical robustness
and electrochemical performance dictated by the drying method, thereby offering practical guidance for the
rational design of sustainable electrolytes for next-generation lithium-ion batteries.

2 Materials and Methods

2.1 Raw Materials
Cellulose powders (particle size 50 μm), Urea (AR), Sodium hydroxide (NaOH, AR), Epichlorohydrin

(ECH, AR) were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Liquid
electrolyte (1 M LiTFSI (lithium bis (trifluoromethane sulfonyl) imide) in DME:DOL = 1:1, v/v) was supplied
from Duoduo Chemical.

2.2 Fabrication of the Cellulose Membrane
To begin, 2 g of cellulose powder was added to 40 mL of a pre-cooled NaOH/urea/water solution

with the mass ratio of 7:12:81. The mixture was stirred until the cellulose powder was completely dissolved.
Subsequently, the solution was centrifuged at 7000 rpm for 5 min to separate foam and a small amount of
undissolved cellulose powder. A 5% solution of epichlorohydrin (ECH) was added, corresponding to a molar
ratio of approximately 1:1 ECH to anhydroglucose unit of cellulose, to the cellulose solution and stirred for
half an hour to obtain a uniform mixture. The mixture is then poured into a polytetrafluoroethylene mold
and placed in an oven at 60○C for 3 h to undergo thermal crosslinking, resulting in the formation of the
gel polymer. The crosslinking reaction proceeds under the alkaline conditions provided by the NaOH/urea
solvent system. The gel polymer is then placed in deionized water for 12 h to remove excess urea and
NaOH impurities, thereby obtaining the cellulose hydrogel polymer. This hydrogel polymer is then prepared
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into different cellulose dried gel polymers using vacuum drying, freeze-drying, and supercritical drying
techniques. Vacuum drying involves first air-drying the sample at 60○C for 30 min to remove some moisture.
Then, the sample is placed in a vacuum drying oven and dried at −0.6 Pa and 120○C for 12 h. Freeze-drying
involves first placing the sample in a refrigerator at 2○C to obtain a supercooled solution, then putting it in
a freeze dryer to cool it to −40○C and freeze it. After that, it undergoes primary drying at −20○C under a
vacuum of 1.5 Pa, and then heats it up to room temperature to further remove the remaining adsorbed water.
Supercritical drying was performed using CO2 after solvent exchange with ethanol. The process was carried
out at 10 MPa and 40○C.

The dried cellulose gel polymers are then sliced into 16 mm diameter disks. These disks are vacuum
dried for 1 h before being immediately placed in a glove box and submerged in an electrolyte solution to
prepare the gel polymer electrolyte.

2.3 Characterizations
2.3.1 Micro-Morphology of Membranes

After the films were first dried and gold-sprayed, the surface morphology of membranes was confirmed
using scanning electron microscope (SEM) with an acceleration voltage of 10 kV.

2.3.2 The Fourier Transform Infrared Spectra of Membranes
The Fourier Transform Infrared (FTIR) spectra in the absorbance mode over a wavenumber ranging

from 400 to 4000 cm−1 of membranes were obtained through a Bruker spectrometer testing.

2.3.3 Thermal Properties of Membranes
TGA was used to evaluate the thermal stability of the membranes and the effect of drying methods.

20 mg of each sample was weighed and heated from 40○C to 450○C at a rate of 10○C per minute in
nitrogen atmosphere.

2.3.4 Electrolyte Uptake of Membranes
The cellulose membranes were placed in a glove box containing argon gas and soaked in an electrolyte.

The electrolyte uptake rate was determined by measuring the weight of the cellulose gel polymer electrolyte
at different time periods, and the electrolyte uptake rate was calculated by Eq. (1):

η = w1 −w0

w0
(1)

where η is the swelling ratio, w0 and w1 represent the weight of the membrane sample before and after swelling
in liquid electrolyte, respectively. All measurements were performed in triplicate (n = 3).

2.3.5 Contact Angle
According to GB/T 30693-2014, the cellulose dry gel polymer was cut into 1 cm × 1 cm samples, and the

liquid was replaced with the electrolyte used for the cellulose dry gel polymer. The contact angle test between
the sample and the electrolyte was conducted at room temperature using the Kruss DSA25S contact Angle
measuring instrument.
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2.3.6 Mechanical Properties
According to GB/T 104.1-2006, the gel polymer samples were first cut into rectangular samples of

60 mm × 10 mm. Then, tensile tests were conducted on the samples at a speed of 10 mm/min using an
experimental universal tensile testing machine (SANS), and the mechanical properties of all samples were
studied. All samples were subjected to three repeated experiments.

2.4 Electrochemical Characterizations
2.4.1 The Ionic Conductivity

Before testing the ionic conductivity, the gel electrolyte samples were assembled into coin cells with
two stainless steel (SS) as positive and negative electrodes. The ionic conductivity was measured by
electrochemical impedance spectroscopy (EIS). The frequency range is 10−2 to 106 Hz, and the AC voltage is
10 mV. The final value is calculated by Eq. (2):

σ = L
Rb ⋅ S

(2)

where σ is the ionic conductivity, L (cm) represents the thickness of the gel electrolyte and S (cm2) is the
effective contact area of the electrode and the gel electrolyte, and Rb is the bulk resistance of the battery.
Besides, the above experiments were performed at 25○C to 45○C to study the relationship between ionic
conductivity and temperature. The thickness (L) was measured for each swollen gel electrolyte disk using a
digital micrometer. Values reported are the average from three independent membrane samples (n = 3) for
each drying condition.

2.4.2 The Lithium-Ion Transference Number
The Bruce-Vincent method was applied, and the cells were stabilized for 1 h at the polarization voltage

(ΔV = 10 mV) before recording the initial current (I0) and resistance (R0). The polarization was maintained
until a steady-state current (IS) was achieved after 1 h, at which point the final resistance (RS) was measured.
The gel electrolyte samples were assembled into coin cells with a pair of lithium disks as positive and negative
electrodes, before testing the lithium-ion transference number. The lithium-ion transference number was
obtained by EIS and chronoamperometry, and then calculated by Eq. (3):

tLi+ =
IS(ΔV − I0R0)

I0(ΔV − IS RS)
(3)

where tLi+ is the lithium ion transfer number, IS, I0, RS and R0 are the current and interfacial resistance after
polarization and before polarization, respectively, and ΔV is the polarization voltage set as 10 mV.

2.4.3 The Interfacial Compatibility
The interfacial compatibility was obtained by testing a coin cell consisting of a pair of lithium electrodes

and a gel electrolyte. In addition, EIS was measured on the first, third and seventh days, respectively.

2.4.4 The Electrochemical Stability
The electrochemical stability of a coin cell, consisting of lithium as the negative electrode and stainless

steel as the positive electrode, was determined by linear sweep voltammetry (LSV) with voltages ranging
from −0.5 to 5 V at a scan rate of 1 mV/s.
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2.5 Battery Performance
First, a button battery (LiFePO4/GE/Li) with lithium as the negative electrode and LiFePO4 as the

positive electrode was assembled, and then the battery performance was obtained through the test of
the charging and discharging battery equipment (NEWARE CT-4008T), and the cut-off voltage is set as
2.5–4.2 V.

3 Results and Discussion

3.1 Characterization of Cellulose Gel Polymers
3.1.1 Morphology Analysis of Cellulose Gel Polymers

Fig. 1a illustrates the micro-morphology of cellulose gel polymers dried using a vacuum drying tech-
nique. The surface of the VD cellulose gel polymer is observed to be notably dense, exhibiting minimal
visible pore structures and only subtle line markings. Fig. 1b provides an image of the surface of cellulose gel
polymers dried via supercritical drying. The micro-surface of the SCD sample is similarly dense and lacks
discernible pore structures, presenting an exceptionally smooth appearance. Notably, supercritical drying is
a method commonly employed for the preparation of porous gel polymers; however, the SEM image does not
reveal any pore structures. The dense morphology observed in the SCD sample is likely due to pore collapse
during the solvent exchange step with ethanol, which can compromise the nascent porous network of the
cellulose hydrogel prior to supercritical CO2 processing. Fig. 1c depicts the surface of cellulose gel polymers
dried through freeze-drying. The surface of the FD cellulose gel polymer is observed to be considerably
rough, characterized by numerous pit-like structures. This can be attributed to the fact that during the freeze-
drying process, the solvent water first solidifies into ice, expanding the original pores of the matrix. After
sublimation drying, the pore structure remains intact. As a result, the FD cellulose gel polymer displays pit-
like structures that, in contrast to the smooth surfaces of the VD and SCD samples, are more effective in
retaining a larger volume of electrolyte.

Figure 1: SEM of cellulose gel polymer surfaces, (a) VD, (b) SCD, (c) FD

3.1.2 Analysis of Electrolyte Uptake Behavior of Cellulose Gel Polymers
Fig. 2a displays the porosity of the cellulose gel polymers. The porosity of the cellulose gel polymers

dried using vacuum and supercritical drying methods is almost equivalent, with values of 11.16% and 11.56%,
respectively. In contrast, the freeze-dried cellulose gel polymer exhibits a substantially higher porosity
of 21.13%, surpassing the porosity of the other two samples. This finding aligns with the SEM image
analysis. Fig. 2b illustrates the electrolyte absorption characteristics of the cellulose gel polymer electrolytes.
The absorption behaviors of the VD and SCD cellulose gel polymers are relatively consistent, reaching
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equilibrium after approximately 6 min with absorption rates of approximately 30% and 40%, respectively.
The freeze-dried gel polymer reached 638% electrolyte absorption after 60 min. A higher absorption
rate enhances ionic conductivity and lithium-ion transference number, critical for electrochemical perfor-
mance [22]. To ascertain the affinity between the samples and the electrolyte, contact angle measurements
were performed. Fig. 2c presents the contact angle results for the cellulose gel polymers, with contact angles of
84.7○, 82.3○ and 69.3○ for the VD, SCD and FD cellulose gel polymers, respectively. These results corroborate
that the freeze-dried cellulose gel polymer demonstrates a greater affinity for the electrolyte, enabling it to
absorb a larger quantity of electrolyte and, consequently, to improve its electrochemical performance.

Figure 2: (a) Porosity of cellulose gel polymers; (b) Electrolyte uptake rate of cellulose gel polymers; (c) Contact angle
of cellulose gel polymers

3.1.3 Analysis of Structure and Physical Properties of Cellulose Gel Polymer
Fig. 3a displays the Fourier Transform Infrared (FTIR) spectra of cellulose gel polymers prepared with

VD, SCD and FD. Given that all samples are cellulose gel polymers differing only in drying technique,
their FTIR spectra are fundamentally identical. The spectra feature several characteristic infrared peaks of
cellulose: a broad absorption peak at 3335.5 cm−1, corresponding to the O-H stretching vibration; a strong
peak at 1026 cm−1, indicative of the C-O stretching vibration; and a weak peak at 1236.7 cm−1, attributed to
the C-O-C stretching vibration between glucose units [29]. In the infrared spectrum of cellulose powder,
peaks at 1160.9 and 1104.2 cm−1 represent the C-O stretching modes of primary and secondary alcohols in
cellulose, respectively [30]. However, these peaks are absent in the cellulose gel polymers prepared by the
aforementioned drying methods, suggesting successful crosslinking of cellulose with ECH to form a network
structure [31]. Fig. 3b depicts the tensile curves of the cellulose gel polymers. The breaking stress for the
cellulose gel polymers dried by VD and SCD is 7.24 and 7.22 MPa, respectively, with breaking elongation rates
of 14.44% and 12.64%. The tensile curves for these two samples are essentially similar, whereas the freeze-
dried cellulose gel polymer exhibits a breaking stress of 0.60 MPa and a breaking elongation rate of 38.31%.
Abundant hydroxyl groups in cellulose form intra- and intermolecular hydrogen bonds, endowing all gel
polymers with mechanical strength. In the densely structured VD and SCD samples, the chemical crosslinks
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formed by ECH create a robust covalent network framework. This framework is further reinforced by a high
density of hydrogen bonds between cellulose chains, which are preserved due to the minimal macroscopic
shrinkage during these drying processes. The synergy between the covalent crosslinking network and the
extensive hydrogen bonding network is responsible for the high mechanical strength observed in these
samples. In contrast, the porous structure of the FD sample inherently reduces the number of load-bearing
polymer chains per unit area and likely disrupts the continuity of the hydrogen-bonding network, leading to
inferior mechanical properties.

Figure 3: (a) FT-IR of cellulose gel polymer electrolyte, (b) Tensile properties of cellulose gel polymer electrolyte

3.2 Electrochemical Properties of Cellulose Gel Polymer Electrolyte
3.2.1 Ionic Conductivity of Cellulose Gel Polymer Electrolytes

Ionic conductivity is a critical parameter that influences the electrochemical performance of batter-
ies. Fig. 4 illustrates the alternating current impedance spectra of symmetric stainless steel coin cells, which
are used to determine the ionic conductivity of the samples. All samples exhibit a characteristic non-vertical
peak, and the intersection of the peak with the x-axis indicates the bulk resistance (Rb). The parameters
necessary for calculating the ionic conductivity are provided in Table 1. The ionic conductivities of the
cellulose gel polymer electrolytes, prepared by SCD, VD and FD, are 0.22, 0.21 and 1.22 mS⋅cm−1, respectively.
It is apparent that the ionic conductivities of the electrolytes prepared by vacuum and supercritical drying are
similar and significantly lower than that of the FD electrolyte. This is due to the higher electrolyte absorption
rate of the FD cellulose gel polymer electrolyte compared to those prepared by vacuum and supercritical
drying. Ion transport in gel polymer electrolytes primarily occurs through the swollen phase within the
electrolyte, and a higher absorption rate results in a larger swollen phase, enhancing ion transport efficiency.
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Figure 4: EIS of cellulose gel polymer electrolyte

Table 1: Parameters related to ionic conductivity of cellulose gel polymer electrolytes

Sample Rb (Ω) L (mm) S (cm2) σ (mS⋅cm−1)
SCD 28.14 0.12 1.8869 0.22
VD 24.81 0.10 1.8869 0.21
FD 53.78 1.25 1.8869 1.22

3.2.2 Lithium Ion Migration Number
The lithium-ion transference number is an essential parameter for evaluating gel polymer electrolytes.

While ionic conductivity measures the overall electrical conductivity of ions, the lithium-ion transference
number specifically reflects the migration capability of lithium ions. It is defined as the ratio of lithium-ion
migration to the total ion migration [32]. Fig. 5 shows the AC electrochemical impedance spectra and current
vs. time (i-t) plots for each sample, with the parameters required for calculating the lithium-ion transference
number listed in Table 2. The lithium-ion transference numbers for the cellulose gel polymer electrolytes,
prepared by SCD, VD and FD, are 0.12, 0.11, and 0.28, respectively. The relatively low transference numbers
for all samples suggest that the proportion of lithium ions participating in migration is small. The good
affinity and absorption retention performance of the separator for the electrolyte determine the content of
the electrolyte within the electrolyte membrane, which in turn affects the quantity and speed of lithium-
ion migration involved in the electrochemical reaction. The rough surface of the FD sample provides more
binding sites for the separator and the electrolyte and a high electrolyte absorption rate, thereby showing
a higher lithium-ion migration number. The lithium-ion transference number is directly related to the rate
capability of the samples, and the lower transference numbers imply that the rate capabilities of the three
samples may be suboptimal.
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Figure 5: Li+ transport number test of cellulose gel polymer electrolyte, (a) SCD, (b) VD, (c) FD, (d) equivalent circuits

Table 2: Parameters related to Li+ transport number of cellulose gel polymer electrolytes

Sample R0 (Ω) RS (Ω) I0 (10−5A) IS (10−5A) tLi+

SCD 1130.3 1145.9 0.7984 0.4672 0.12
VD 1312.5 1626.4 0.2134 0.0297 0.11
FD 748.24 833.12 1.27 1.028 0.28

3.2.3 Interface Impedance
Interface impedance quantifies the compatibility between GPEs and electrodes, as well as the ease

with which lithium ions can migrate from the electrode to the electrolyte. A higher interface impedance
signifies poorer compatibility and a more challenging ion transfer process. Fig. 6 depicts the electrochemical
AC impedance spectra for each sample, all of which exhibit a characteristic semicircular curve. The
diameter of the semicircle at the intersection with the X-axis represents the interface impedance of the gel
polymer electrolyte.
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Figure 6: EIS of cellulose gel polymer electrolytes. (a) SCD, (b) VD, (c) FD, (d) fitted circuits

For the battery assembled with VD cellulose GPE, the interface impedances on the first, third, and
seventh days were 1627.6, 3383.7, and 3806.5 Ω, respectively. For the SCD electrolyte, the interface impedances
were 1386.8, 2482.4, and 3597.7 Ω on the corresponding days. The interface impedances of the VD and
SCD cellulose GPEs were comparable, whereas the FD gel polymer electrolyte exhibited significantly lower
interface impedances, with values of 565.24, 709.3, and 868.5 Ω on the first, third, and seventh days,
respectively. This suggests that the transfer of ions from the electrode to the cellulose gel polymer electrolyte
was more challenging for the batteries assembled with the VD and SCD electrolytes compared to the FD
one. This difference contributes to the inferior ionic conductivities of the VD and SCD cellulose gel polymer
electrolytes relative to the FD counterpart.

As previously discussed, solid-state electrolytes often exhibit high interface impedance due to the
absence of liquid electrolyte. The FD cellulose gel polymer electrolyte, in contrast to the VD and SCD
versions, can absorb and retain more electrolyte, thereby exhibiting lower interface impedance. Nevertheless,
the interfacial impedance for all samples, including the FD GPE, increased over time, indicating progressive
interfacial instability against lithium metal. This is likely due to reactions between lithium and the abundant
hydroxyl groups on the cellulose surface, leading to the formation of an unstable solid electrolyte interphase
and continuous electrolyte consumption.



J Polym Mater. 2025;42(4) 1153

3.2.4 Electrochemical Stability Window
The electrochemical stability window is a pivotal parameter for assessing the operational voltage range

of gel polymer electrolytes. Fig. 7 presents the linear sweep voltammetry (LSV) plots for the cellulose gel
polymer electrolytes prepared by VD, SCD and FD. The voltage at which the LSV curve begins to deviate
indicates the maximum operational voltage for the GPE; exceeding this voltage can lead to electrolyte
decomposition. The maximum operational voltages for the cellulose GPEs prepared by VD, SCD and FD
are 4.12, 4.11, and 4.34 V, respectively. It is noted that the ether-based electrolyte (DME:DOL) was selected
for this fundamental study due to its high ionic conductivity and good wettability with cellulose, which are
beneficial for initial screening of the gel matrix properties. While ethers are less commonly used with high-
voltage cathodes, the LSV results indicate an oxidative stability limit of up to 4.34 V for the FD sample, which
is sufficient for the operation of LiFePO4 (~3.45 V vs. Li/Li+).

Figure 7: Plot of LSV curve of cellulose gel polymer electrolyte

To contextualize the performance of our cellulose GPEs, Table 3 compares their key properties with
those of other recently reported cellulose-based GPEs. From the literature comparison, it can be seen that
the performance of the pure cellulose separator obtained by freeze-drying method in this work is superior
to that of some cellulose separators after composite modification, which indicates that the manufacturing
process has a significant impact on the performance of the separator. Of course, the diaphragms modified
by some cellulose composites have better performance. However, the main research purpose of this work
is to investigate the influence of drying methods on the performance of cellulose gel electrolytes. Further
improvement of the performance of gel electrolytes will be carried out in subsequent studies.

Table 3: Comparison of recent cellulose-based gel polymer electrolytes

Material system Ionic
type

Ionic
conductivity
(mS⋅cm−1)

Electrolyte
uptake (%)

Transference
number

Electrochemical
stability (V) Ref.

Bacterial Cellulose Li+ 2.15 440 0.58 ~4.7 [13]
CNF/Cellulose Li+ 0.71 195 – – [14]

Cellulose composite Li+ 5.21 – 0.72 ~5.2 [18]
Cellulose modified film Li+ 4.34 553 0.57 ~4.5 [19]

Carboxymethyl cellulose Zn2+ 1.85 350 – ~2.0 [21]
Nanocellulose membrane Na+ 2.32 2985 0.45 ~4.5 [22]

Bacterial cellulose Li+ 0.78 ~500 0.39 ~4.7 [25]
Lignocellulose Li+ 1.27 194 0.79 ~5.1 [27]

(Continued)
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Table 3 (continued)

Material system Ionic
type

Ionic
conductivity
(mS⋅cm−1)

Electrolyte
uptake (%)

Transference
number

Electrochemical
stability (V) Ref.

Cellulose/PEGDA Li+ 0.89 280 0.32 ~4.5 [31]
Pure cellulose Li+ 1.22 638 0.28 ~4.3 FD

3.2.5 Performance of the Assembled Half Battery
The practical application of the cellulose gel polymer electrolyte in battery systems can be assessed

by assembling a half-cell with a lithium metal anode and a LiFePO4 cathode. Fig. 8a displays the initial
charge and discharge curves of the half-cell at 0.2 C, with all curves showcasing the typical profiles of a
LiFePO4 cathode, featuring a platform voltage around 3.4 V. The first discharge specific capacity of the FD
cellulose GPE is 138.78 mAh⋅g−1, which is notably higher than that of the VD (123.67 mAh⋅g−1) and SCD
(124.54 mAh⋅g−1) cellulose GPEs. This result can be considered as a result of the higher ionic conductivity
of the freeze-dried electrolyte, which facilitates the full utilization of the theoretical specific capacity of the
cathode material.

Figure 8: Performance of half-cells assembled with cellulose gel polymer electrolyte using LiFePO4 as cathode. (a) first
charge/discharge graph, (b) cycling performance, (c) specific capacity retention, (d) rate performance

Fig. 8b illustrates the cycling performance of the half-cell at 0.5 C over 100 cycles, with all three samples
maintaining a coulombic efficiency of approximately 100% during the cycling. Nevertheless, there is a
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variation in the capacity retention after 100 cycles, as depicted in Fig. 8c. The FD cellulose GPE demonstrates
a capacity retention rate of 81.24%, which exceeds that of the VD (70.27%) and SCD (72.24%) ones. This
result may be due to the fact that vacuum-dried and supercritical dried electrolytes have greater interface
impedance than freeze-dried electrolytes, which leads to battery polarization and hinders the full expression
of the theoretical specific capacity of the cathode, thus affecting the cycle performance [33].

Fig. 8d demonstrates the rate capability of the half-cell, revealing that the rate performance of the
cellulose gel polymer electrolytes prepared by the different drying methods is suboptimal, with the discharge
specific capacity at high rates dropping to nearly 0 mAh⋅g−1. However, when the rate is back to 0.2 C, the
specific capacity is restored, indicating that at high rates, the theoretical specific capacity of the cathode
material is not fully realized, rather than an internal short circuit causing the abnormal charge-discharge
behavior. The poor rate capability can be attributed to several factors rooted in the transport limitations:
(1) The low lithium-ion transference number limits the proportion of current carried by Li+ ions. (2) The high
and increasing interfacial impedance, especially for VD and SCD samples, hinders efficient charge transfer.
(3) Microstructurally, the low electrolyte uptake and lack of interconnected pores in VD and SCD samples
severely restrict ionic pathways and the supply of Li+ ions at high currents. For the FD sample, despite high
overall porosity and uptake, the pit-like cavities observed in SEM may lack optimal connectivity, leading to
high tortuosity. Furthermore, the relatively thick FD membrane (1.25 mm) results in a long Li+ diffusion
path, which becomes critically limiting at high current densities.

4 Conclusion
This study commenced with the utilization of epichlorohydrin to crosslink cellulose solutions, thereby

yielding cellulose hydrogel polymers. These polymers were subsequently subjected to three distinct drying
methods: vacuum drying, supercritical drying, and freeze-drying, resulting in a range of cellulose gel
polymer electrolytes. The impacts of these diverse drying techniques on the morphology, physical properties,
and electrochemical performance of the cellulose gel polymer electrolytes were meticulously examined.
SCD and VD produced dense, film-like morphologies with robust mechanical properties but low electrolyte
absorption rates. Conversely, the FD cellulose GPEs displayed a structure with pronounced curling and pit-
like cavities, indicating inferior mechanical properties but enabling enhanced electrolyte absorption (up to
638%) and superior ionic conductivity (1.22 mS⋅cm−1). However, this came at the cost of mechanical strength
and led to only moderate cycling stability (81.24% capacity retention) and poor rate performance. These
findings highlight the critical trade-off between achieving high electrochemical performance and the choice
of preparation process. Therefore, freeze-drying is identified as the most suitable method for applications
prioritizing ionic conductivity and absorption, provided that mechanical robustness and high-rate capability
are secondary concerns. This work suggest potential for use in flexible electronics and EVs. Future efforts
will focus on improving tLi

+ via composite design and interfacial engineering.
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