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Abstract

The inherent hydrophobicity of polyolefin separators significantly impedes rapid elec-
trolyte wetting, thereby limiting the electrochemical performance of lithium-ion batteries.
Cellulose, as a hydroxyl-rich natural polymer, serves as an ideal material for enhancing the
interface properties of separators. However, there is still a lack of systematic understanding
regarding how the morphological structures of cellulose (such as granular, fibrous, or
network-like forms) influence the coating structure and ion transport mechanisms. Here,
three representative cellulose derivatives—microcrystalline cellulose (MCC), cellulose
nanofibers (CNF), and bacterial cellulose (BC)—were selected to construct functionalized
polypropylene (PP) composite separators through vacuum filtration. Experimental results
demonstrate that all three cellulose coatings reduced contact angles from 50.8° to below 10°,
significantly enhancing interfacial affinity. Systematic comparison reveals that cellulose
configuration decisively influences separator performance: unlike the dense fiber entan-
glement networks formed by CNF and BC, the unique rigid granular packing structure
of MCC maintains hydrophilicity while establishing more permeable ion transport path-
ways. Among these, MCC@PP exhibited optimal electrochemical performance, with the
lithium-ion migration number increasing to 0.41 and a capacity retention rate of 88.04%
after 100 cycles at 0.5 A/g. This study elucidates the relationship between cellulose configu-
ration and the modification of separator performance, demonstrating that MCC represents
a more efficient, robust, and cost-effective option for separator modification compared to
complex fiber networks.

Keywords: microcrystalline cellulose; cellulose nanofiber; bacterial cellulose; composite
separator; electrochemical stability

1. Introduction

Lithium-ion batteries (LiBs) exhibit high energy density and extended cycle life, mak-
ing them ubiquitous in modern energy systems. They power portable electronic devices,
drive electric vehicles, and provide efficient grid-scale energy storage solutions essential
for the decarbonization of contemporary infrastructure [1,2]. The separator, a fundamental
component of the battery, serves as an electrical barrier between the positive and negative
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electrodes, preventing internal short circuits while permitting the migration of lithium ions
through the liquid electrolyte within its porous structure [3].

Although commercial polypropylene (PP) membranes exhibit excellent chemical sta-
bility and mechanical strength [4,5], certain unavoidable drawbacks persist. These in-
clude poor wetting capability for commercially available polar electrolytes and inadequate
electrolyte adsorption and retention capacity, which result in poor cycling stability of
lithium-ion batteries [6,7]. Furthermore, polyolefin separators demonstrate insufficient
heat resistance, leading to deteriorating battery safety as ambient temperatures rise. Under
abusive conditions, high temperatures may cause the separator to shrink, resulting in direct
contact between the positive and negative electrodes, thereby triggering safety issues [8,9].
Therefore, novel separators with high thermal stability and excellent wetting capability are
essential for the further advancement of lithium-ion batteries.

Currently, PP membranes with functional materials are the most direct and effective
method for enhancing their overall performance. Krasilina et al. [10] applied synthesized
magnesium chlorophyll silicate onto the separator using blade coating technology, result-
ing in an increase in the tensile strength of the composite separator by 30.9 MPa and an
elongation at break of 17.1%. This composite separator provided a more uniform distri-
bution of Li* ions and improved resistance to lithium dendrite formation. Li et al. [9]
coated fluorinated UIO-66 onto the PP separator, which resulted in an ordered porous
structure and the presence of negatively charged functional groups (-F) that facilitated
Li* transport and regulated ion transfer, thus achieving higher ionic conductivity and
lithium-ion transference. Yuan et al. [11] employed a hybrid coating method using titanium
nitride and boron nitride particles to coat one side of a polypropylene separator, allowing
the battery to maintain cycling stability under high discharge and high-rate conditions.
Shekarian et al. [12] applied a 4A zeolite coating on commercial polypropylene separators
using polyvinylidene fluoride as a binder. Compared to pristine commercial separators, the
coated separators exhibited lower contact angles, higher electrolyte uptake, and reduced
thermal shrinkage, thereby enhancing ionic conductivity and cycling stability.

Although the aforementioned inorganic or synthetic framework materials demonstrate
significant modification effects, they often encounter challenges such as complex prepara-
tion processes, relatively high costs, and the brittleness of flexible polymer matrix materials
due to excessive rigidity. In contrast, cellulose materials, characterized by their renewable,
environmentally friendly, and low-cost properties, exhibit tremendous application potential
in green energy storage devices [13,14]. More importantly, the abundant polar hydroxyl
groups (-OH) present on the cellulose chains effectively address the poor hydrophilicity of
PP membranes without necessitating complex chemical modifications.

However, the cellulose family is extensive, and cellulose derivatives from various
sources and prepared through different methods exhibit distinctly different structural char-
acteristics at the microscopic level. For instance, microcrystalline cellulose (MCC) typically
manifests in rod-like or granular forms, displaying high crystallinity and excellent dis-
persibility [15,16]; cellulose nanofibers (CNF) exhibit a high aspect ratio in their nanofibrous
form, characterized by an exceptionally high specific surface area [17,18]; and bacterial
cellulose (BC) features a unique in situ three-dimensional nanoscale network structure
and demonstrates outstanding mechanical toughness [19,20]. Currently, the majority of
research is concentrated on a single type of cellulose modification. However, few studies
have systematically compared the differences in the formation of coating layers on mem-
brane surfaces among these three typical dimensions of cellulose materials. Additionally,
the distinct mechanisms by which these modifications influence pore structure sealing, ion
transport pathways, and interfacial stability have not been thoroughly examined.
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The present study selected three representative cellulose materials—MCC, CNF, and
BC—to perform surface coating modifications on PP membranes. The objective is to in-
vestigate the distinct mechanisms that enhance wettability, suppress high-temperature
shrinkage, and regulate lithium-ion (Li*) transport by comparing the structure-function
relationships between different microstructures (microparticles, nanofibers, and three-
dimensional networks) and coating structures. Screening suitable biomass-derived sepa-
rator modification materials provides a theoretical basis for designing high-performance
lithium-ion battery separators. Our research reveals that all cellulose coatings enhance the
separator’s electrolyte absorption capacity and thermal stability. Among these, MCC—the
most cost-effective and commercially available option—demonstrates the most balanced
electrochemical performance due to its favorable morphological characteristics.

2. Experimental Section
2.1. Materials

MCC was procured from Sandong Keyuan Biochemical Co., Ltd. (Yantai, China)
CNF and BC were obtained from Guilin Qihong Co., Ltd. (Guilin, China). Polyvinylidene
fluoride (PVDF) was sourced from Shenzhen Pengxiang Co., Ltd. (Shenzhen, China), while
N-methyl-2-pyrrolidone (NMP) was acquired from Xilong Scientific Co., Ltd. (Shantou,
China), and n-Butanol (AR) was purchased from Tianjin Dean Chemical Reagent Co., Ltd.
(Tianjin, China). Additionally, LiFePOy, Super-P, and an EC/DMC/DEC-based elec-
trolyte (1 M LiPFg, 1:1:1 wt%) were supplied by Kant New Energy Technology Co., Ltd.
(Fushun, China). Lastly, Celgard-2500PP was obtained from Jinghong New Energy Co., Ltd.
(Shanghai, China) and utilized in this study as the original PP with a thickness of 25 pm,
CR2025-type button half-cells were obtained from Shenzhen Neware Technology Co., Ltd.
(Shenzhen, China) and used for assembling the coin cells.

2.2. Experimental Procedure

The preparation process of the PP composite separator is shown in Figure 1. MCC,
CNEF and BC were individually weighed with polyvinylidene fluoride (PVDF) at mass
ratios of 1:1, 2:1, and 4:1. For each ratio, the total mass of the mixture was kept at 60 mg.
Grind the weighed powder with a mortar and pestle for 10 min until uniformly mixed
(for MCC, this helps break up aggregates; for CNF and BC, it aids mixing while largely
preserving their fibrous structure). Then transfer the mixture into a bottle and add 10 mL
of NMP solvent, and treat with ultrasound for 30 min. Subsequently, perform vacuum
filtration to filter the mixture onto one side of a PP membrane. Finally, dry the composite
membrane overnight in a vacuum oven at 30 °C, and after cooling, cut it into circular pieces
with a diameter of 19 mm. The PP coated with different mass ratios of (1:1, 2:1, and 4:1)
MCC, CNF, and BC were named MCC;@PP, MCC,@PP, MCC4@PP, CNF; @PP, CNF,@PP,
CNF,@PP, BC;@PP, BC,@PP, and BC4@PP, respectively (see Table 1 for a summary of
sample designations). All the resulting films exhibit a uniform thickness of approximately
55 um, as evidenced by cross-sectional SEM observations and thickness measurements (see
Figure S1 and Table S1 in Supplementary Materials).

https://doi.org/10.3390/ coatings16030391


https://doi.org/10.3390/coatings16030391

Coatings 2026, 16, 391

4 0f 20

Suction

filtration
A -
S MCC 7Y . [~
’ y/ ]\ N 5 j
CNF

glr\';;‘ldllsncg l\.’:EC, @ Add NMP solvent
, wi (10 mL, Ultrasonication 30 min)
PVDF BC =
(10 min) -
Assembling -
batteries — Drying composite separator

(30°C, overnight)

Figure 1. Schematic diagram of the vacuum filtration process for preparing MCC-, CNF-, and BC-
coated PP separators. Key parameters: grinding (10 min), dispersion in NMP (10 mL, ultrasonication
30 min), and drying (30 °C, overnight).

Table 1. Sample designations and corresponding cellulose/PVDF mass ratios.

Sample Cellulose Type Mass Ratio (Cellulose:PVDF)
MCC;@PP MCC 1:1
MCC,@PP MCC 2:1
MCC,@PP MCC 4:1
CNF,@prP CNF 1:1
CNF,@PP CNF 2:1
CNF @PP CNF 4:1
BC,@PP BC 1:1
BC,@PP BC 2:1
BC,@PP BC 4:1

2.3. Battery Assembly

To prepare the cathode material, LiFePOy, Super-P, and PVDF were combined in a
mass ratio of 8:1:1, followed by gradual addition of NMP during grinding. Subsequently,
the slurry was coated onto aluminum foil using a 7 um doctor blade, dried in a vacuum
oven at 110 °C for 10 h, and then cut into discs with a diameter of 16 mm. The button cell
was assembled within an argon-filled glove box, where oxygen and water content in the
argon gas were below 0.01 ppm. The separator membrane, cathode material, and lithium
foil were assembled together, with electrolyte added dropwise to form a CR2025-type
button half-cell.

2.4. Characterization and Testing

A series of experiments were conducted on the composite separator to characterize its
structure and chemical composition, thereby gaining a better understanding of its function
in lithium-ion batteries.

The surface microstructure of the composite separator was characterized using an
5-4800 field emission scanning electron microscope (FE-SEM, Hitachi High-Technologies
Corporation, Tokyo, Japan). The infrared spectra of the composite separator and cellulose
were measured using a Nicolet 6700-NXR Fourier transform infrared spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) over the range of 4000-400 cm ! with a resolution of
4 cm~! and 32 scans. The cellulose and composite membranes were characterized using
a Panalytical X'Pert PRO XRD X-ray powder diffractometer (Malvern Panalytical Ltd.,
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Almelo, The Netherlands), with a scanning range (26) of 5-80° and a scanning speed of
15° /min. The thermal properties of the membranes were evaluated by thermogravimetric
analysis (TGA) using an STA-449 instrument (manufactured by Netzsch, Selb, Germany).
Test conditions were as follows: at ambient temperature, nitrogen was introduced as the
protective gas, and the sample was heated at a rate of 10 °C/min to 800 °C. Thermal stability
was analyzed by quantitatively determining the onset temperature of decomposition.
Thermal dimensional stability was assessed by measuring the change in area of a standard
19 mm membrane. The experimental conditions were as follows: the membrane was placed
in a forced-air drying oven at temperatures of 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, and
200 °C for one hour, after which the dimensional changes in the membrane were observed.
Tensile testing was conducted using a UTM5017 universal testing machine (Shenzhen Sansi
Zongheng Technology Co., Ltd., Shenzhen, China), with specimens cut to dimensions
of 1 cm X 5 cm and a tensile speed of 10 mm/min. Contact angle measurements were
performed on the separator using a DSA optical contact angle apparatus (Kruss GmbH,
Hamburg, Germany), employing LiPFg electrolyte as the test reagent. Place the 19 mm
diaphragm in n-butanol solution for immersion for 1 h, then wipe off any excess liquid
from the surface using filter paper. Simultaneously, measure the mass of the sample before
and after immersion using an analytical balance. Subsequently, calculate the porosity of
the diaphragm, P (%), according to Formula (1) [21]:

W1 — Wy

P:
Pr X Vo

x 100% 1)

W1 denotes the mass of the membrane after immersion for one hour; Wy denotes the
mass of the membrane prior to immersion; p; denotes the density of n-butanol; V denotes
the volume of the membrane prior to immersion.

The membrane was immersed in the electrolyte solution. The electrolyte wetting con-
dition of the membrane was estimated using the classical weighing method: the membrane
was weighed initially, then immersed in the electrolyte for one hour, and weighed again.
The liquid absorption efficiency AW was calculated according to Formula (2) [22]:

AW (%) = Wa = W1 100% )
Wi
where W; denotes the weight prior to immersion in the electrolyte and W; denotes the
weight after immersion.

LiFePO, was used as the cathode material, lithium metal as the anode, and standard
CR2025 coin cells were assembled to evaluate the separator performance. Galvanostatic charge-
discharge cycling and rate capability tests were conducted in the voltage range of 2.5-4.0 V
using a Neware battery testing system (Shenzhen Neware Technology Co., Ltd., Shenzhen,
China). The cycling performance was evaluated by performing 100 charge-discharge cycles at
a current density of 0.5 C (1 C =1 A/g). The rate capability was assessed by cycling the cells
at different current densities of 0.1 C,0.2C,05C,1C, 2 C, and back to 0.1 C.

Assembled LiFePOy | | separator | | Li button cells were tested via electrochemical
impedance spectroscopy (EIS) after electrolyte wetting to investigate the interfacial resis-
tance between the separator and lithium metal. The experiment employed the CHI760E
electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China),
operating within a frequency range of 0.01-10° Hz with an amplitude set at 5 mV. The
membrane and electrolyte were sandwiched between stainless steel (SS) and lithium metal
plates. The electrochemical window value was measured from 3 V to 6 V using linear sweep
voltammetry (LSV) at a scan rate of 10 mV/s in an electrochemical workstation. The ion
conductivity of the diaphragm was determined by the Electrolyte Impedance Spectroscopy
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(EIS) method as follows: the diaphragm sample under test was fully immersed in the
electrolyte solution and positioned between two symmetrical stainless steel (S5S) washers.
This assembly formed an SS| | diaphragm | |SS button cell. The test range is 0.01-10° Hz,
with the amplitude set to 5 mV. The ionic conductivity ¢ was calculated according to

Formula (3) [23]:
d

0_:RhXS

©)

In the equation, d denotes the thickness of the membrane, R;, represents the volume
resistivity of the membrane and electrolyte system, and S signifies the surface area of the
membrane and electrolyte system.

Immerse the separator in the electrolyte and sandwich it between two pieces of
lithium metal to assemble the Li| |battery | | Li button cell. Following electrolyte wetting,
conduct EIS testing within the 0.01-10° Hz frequency range to investigate the interfacial
resistance between the separator and lithium metal. Moreover, the lithium mobility (ty;)
was evaluated via the chronoamperometric test method. All the above procedures were
conducted on the Shanghai Chenhua CHI760E electrochemical workstation, with the
calculated values determined using Equation (4) [23]:

I AV — LIR,

b= S o 8L T iR
Lt =, " AV — LR,

(4)
where I, denotes the initial current, Is denotes the steady-state current, R, denotes the
interfacial resistance prior to polarization, and Rs denotes the interfacial resistance after
polarization.

3. Results and Discussion
3.1. Microscopic Morphologies and Structures of Separators

Figures S2 and S3 illustrate the microstructural morphology of PP and three types of
cellulose powders: Figure S2 shows the morphology of PP, illustrating its porous structure.
Figure S3a shows rod-like MCC, Figure S3b depicts agglomerated CNF, and Figure S3c
illustrates elongated fibrous BC. Figure 2 shows the morphology of composite membranes
formed by combining MCC, CNF, and BC in varying proportions with PVDF-coated PP,
respectively. Figure 2a—c shows the morphology of PP coated with MCC at different ratios.
It is found that micron-sized rod-shaped MCC particles are uniformly bonded to the PP
substrate via the PVDF binder, forming abundant interstitial pores between the cellulose
crystals. This relatively loose and porous structure greatly facilitates electrolyte wetting,
providing rapid migration pathways for lithium ions. As the MCC proportion increases,
more MCC particles accumulate while PVDF becomes relatively less abundant. The en-
larged view reveals the pore structure of the substrate PP membrane beneath the PVDF
coating in both crystalline and three-dimensional configurations. In the CNF@PP composite
membrane (Figure 2d—f), it can be observed that unevenness and locally aggregated CNF
agglomerates are adhered to the PP substrate via PVDEF. This is because nanofibers possess
extremely high surface energy and undergo secondary aggregation during the drying
process into powder form, resulting in the observation of large CNF agglomerates on the
membrane surface. This uneven interface leads to poor contact between the membrane and
the electrode, increasing the interfacial impedance compared to MCC. As the proportion in-
creases, the fine PVDF surrounding the fiber edges gradually diminishes, while the number
of fibrous clumps also rises. The surface of the BC@PP composite membrane (Figure 2g—i)
is covered by a highly dense and continuous membrane layer. During vacuum filtration,
ultrafine BC fibers undergo self-stacking and interweaving driven by strong intermolecular
hydrogen bonds, forming a three-dimensional network structure. As the proportion of BC
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increases, so does the density of this network. While this dense three-dimensional network
enhances the membrane’s thermal stability, it simultaneously increases the tortuosity of
the ion transport pathways. The microstructural changes depicted in Figure 2 indicate an
optimal range for PVDF content: excessive amounts (1:1) may lead to pore blockage, while
insufficient amounts (4:1) cause bonding failure. The 2:1 ratio achieves the optimum bal-
ance between pore openness and interfacial bonding strength, representing a key structural
feature for attaining superior electrochemical performance within this system.

Figure 2. Surface topography images of the coated separators after complete preparation (includ-
ing grinding, mixing with PVDF, vacuum filtration, and drying): (a) MCC;@PP, (b) MCC,@PP,
(c) MCC4@PP, (d) CNF,@PP, (e) CNF,@PP, (f) CNF4@PP, (g) BC;@PP, (h) BC,@PP, and (i) BC4@PP.

3.2. FTIR and XRD Analysis

Figure 3 displays the FTIR and XRD patterns of PP and composite membranes. In
the infrared spectra of Figure 3a—c, the pure PP membrane exhibits characteristic absorp-
tion peaks typical of polyolefins. The C-H stretching vibration peaks at 2953 cm~! and
2917 em~! correspond to -CHj and -CH,, respectively. The bending vibration peak at
1459 cm~! corresponds to -CH2 [12], while the symmetric bending vibration peak at
1375 cm~! corresponds to -CHj3 [24]. The characteristic peaks of PP membranes coated with
MCC, CNEF and BC are clearly present without significant peak position shifts. Consistently,
the peak area ratios (e.g., Ags0/A1450 and Aq3y5/ A1450) showed no significant variation
between the coated and uncoated samples (Table S2), confirming that the coating process
did not disrupt the chemical structure of the PP substrate, thereby fully preserving the
physicochemical properties of the matrix. Additionally, the infrared spectra of composite
separators coated with varying proportions of MCC, CNF, and BC in Figure 3a—c all exhibit
characteristic absorption peaks of cellulose functional groups. A broad and intense hy-
droxyl (-OH) stretching vibration peak appears around 3400 cm !, which can be attributed
to the abundant hydroxyl groups on the cellulose surface; this feature indicates that the
cellulose coating possesses excellent hydrophilicity [25,26]. At 1634 cm™!, there is also an
H-O-H bending vibration peak from adsorbed water and a C-O stretching vibration peak
near 1063 cm !, indicating that all three cellulose types successfully formed stable coatings
on the PP membrane surface [27]. Furthermore, the infrared spectra of all composite mem-
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branes distinctly reveal characteristic absorption peaks of PVDEF, along with the combined
vibrational peak at 873 cm~! for each crystalline phase. This confirms the stable presence of
PVDF as the polymeric binder within the composite coating. No new characteristic peaks
or significant peak position shifts were detected in the spectra, indicating physical blending
between cellulose and PVDF without any chemical reactions.

(a)| 3434 Mee 1634} 1063 i873| (b)| 3434 CNF 1634 1 q06d 1873 | (C)| a6 BC 1634} 1063 (873
i ——— ] b
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Figure 3. (a) Infrared spectra and (d) XRD patterns of PP, MCC,@PP, MCC,@PP, MCC4@PP, and
MCC; (b) infrared spectra and (e) XRD patterns of PP, CNF;@PP, CNF,@PP, CNF;@PP, and CNF;
(c) infrared spectra and (f) XRD patterns of PP, BC;@PP, BC,@PP, BC4@PP, and BC.

The XRD patterns shown in Figure 3d—f reveal sharp characteristic diffraction peaks at
20 =14.1°,17.8°, and 18.5° for the pure PP membrane. These correspond to the (110), (040),
and (130) crystal planes of isotropic polypropylene [28]. In Figure 3d—f, the XRD patterns of
PP membranes coated with MCC, CNEF, and BC at three different ratios, respectively, show
that the characteristic diffraction peaks of PP are clearly retained. The peak intensity is only
slightly reduced, indicating that the cellulose coating does not alter the crystalline structure
of the PP matrix but merely causes a slight masking effect on the diffraction signal.

Additionally, all coated samples exhibited characteristic cellulose diffraction peaks
at 20 =~ 22.6°, corresponding to the (002) crystal plane of cellulose, further confirming
the successful loading of the cellulose coating [29]. The fundamental differences in the
crystalline properties of coatings stem from variations in their intrinsic microstructures.
The characteristic peak of MCC exhibits a sharp profile with the highest diffraction intensity
and a narrower full width at half maximum (FWHM), indicating the highest crystallinity of
MCC and a regular, dense arrangement of molecular chains. In contrast, the characteristic
peak of CNF shows reduced peak intensity and a broadened peak shape. The reason
lies in the fact that the fiber-breaking process partially disrupts the crystalline regions of
cellulose, increasing the proportion of amorphous zones and resulting in the lowest degree
of crystallinity. Meanwhile, the characteristic peak FWHM of BC is the second smallest,
and the diffraction intensity lies between that of MCC and CNFEF. This is attributable to
the nanoscale reticular fiber structure of BC, wherein the molecular chains exist in an
amorphous state, resulting in a reduced proportion of crystalline regions. Moreover, as
the proportion of the three cellulose types increases within the composite membrane,
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the intensity of the cellulose diffraction peaks also rises, indicating a synchronous and
consistent increase in the relative cellulose content throughout the composite coating [30].
This correlation between diffraction peak intensity and material content is well established
in X-ray diffraction analysis.

3.3. Thermal Properties of Composite Diaphragms

The high thermal stability of the separator prevents internal short circuits in lithium-
ion batteries. Hence, thermogravimetric analysis was conducted from room temperature to
800 °C to evaluate the thermal decomposition behavior of various separators, providing
insight into their intrinsic thermal stability and safety margins. Although batteries are
typically operated below 85 °C, high-temperature TGA is a standard method for assessing
separator thermal stability [31]. Figure 4a shows that PP exhibits a single-step weight loss
process, commencing at approximately 400 °C and concluding at 480 °C. This corresponds
to the thermal oxidative degradation of polypropylene molecular chains, ultimately re-
sulting in a residual mass approaching zero. In contrast, cellulose-coated membranes all
display a two-stage degradation profile. The first weight loss stage occurs between 250 °C
and 380 °C, primarily attributable to thermal decomposition of the cellulose component, en-
compassing dehydration, decarboxylation, and carbonization processes. The carbonization
process of the three types of cellulose powder can be observed in Figure S4. However, com-
pared to PP, the composite membranes exhibit a second degradation stage, corresponding
to a delayed or slower weight loss rate of the PP substrate. This enhanced stability within
the medium-to-high temperature range stems from the physical barrier effect provided
by the cellulose-derived carbon layer. The carbonaceous residue formed during the first
stage acts as a protective barrier, not only impeding the diffusion of volatile decomposition
products from the PP matrix but also slowing heat transfer to the underlying polymer.
Moreover, as the cellulose coating quantity increases, this stabilizing effect becomes more
pronounced, as shown in Figure 4a. This enhanced thermal resistance, coupled with the
presence of a thermally stable cellulose framework, is crucial for suppressing the thermal
shrinkage of the PP substrate, thereby significantly improving the membrane’s safety under
elevated temperatures.

(a) 1 (b)
a0 MCC, MCC, MCC, CNF, CNF, CNF, BC, BC, BC,
@PP  @PP @PP @PP @PP @PP @PP @PP @PP
£ 60 ; ;
E
o 40
[
= 100 °C
20
0 120 °C
0 100 200 300 400 500 600 700 800
T t °C,
- emperature (°C) 140°C
()
100 e
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—moo,gee|  160°C
@ 80 ——mcc,@PP
5 ——CNF,@PP
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» —Bcgee | 200°C
° e s R s

[] 20 4‘0 60 80 100

Strain (%)
Figure 4. (a) Thermogravimetric analysis of PP, MCC;@PP, MCC,@PP, MCC,@PP, CNF; @PP,
CNF,@PP, CNF,@PP, BC;@PP, BC,@PP, and BC4@PP. (b) Thermal shrinkage of PP, MCC;@PP,
MCC,@PP, MCC4@PP, CNF;@PP, CNF,@PP, CNF,@PP, BC; @PP, BC,@PP, and BC4@PP; (¢) mechan-
ical strength of PP, MCC;@PP, MCC,@PP, MCC,@PP, CNF;@PP, CNF,@PP, CNF,@PP, BC;@PP,
BC,@PP, and BC,@PP.
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The thermal shrinkage rate serves as a core metric for evaluating the dimensional
stability of separators at elevated temperatures, directly impacting battery operational
safety [32]. To further validate the thermal stability of the separators, PP and composite
separators coated with MCC, CNEF, and BC were respectively subjected to heat treatment
at different temperatures of 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, and 200 °C for 1 h. As
depicted in the thermal shrinkage diagram of Figure 4b, the PP separator exhibits negligible
changes below 100 and 120 °C. At 140 °C, PP demonstrated pronounced shrinkage, with
further dimensional contraction occurring at 160 °C. Between 180 and 200 °C, it melted
into translucent aggregates. This failure is attributed to the release of internal stresses
and the melting of polypropylene molecular chains near their melting point (165 °C) [33].
Following modification with MCC and BC cellulose coatings, the membranes exhibited
reduced thermal shrinkage at elevated temperatures. However, the CNF-coated separa-
tor showed thermal shrinkage comparable to that of bare PP due to agglomeration. As
the coating amount of MCC increases, the composite separator exhibits lower thermal
shrinkage compared to the PP separator. This is because the rod-like MCC coating pro-
vides fundamental structural support, preventing the separator from shrinking at elevated
temperatures. At 160 °C, the MCC4@PP composite still maintains its circular shape. The
BC-coated membrane demonstrates the most outstanding dimensional stability, retaining
its original disc shape even at 160 °C with no visible shrinkage. At the extreme temper-
ature of 200 °C, although the PP substrate within the composite had transformed into a
molten state, the bacterial cellulose coating—particularly that of BC4@PP—remained intact
and effectively maintained the membrane’s macroscopic framework. Overall, the thermal
shrinkage rate of composite membranes gradually decreases with increasing cellulose
content, with the cellulose coating effectively suppressing the thermal shrinkage of PP
membranes at elevated temperatures to a certain extent.

3.4. Mechanical Properties of Composite Diaphragms

The mechanical strength of lithium-ion battery separators is a core performance indi-
cator ensuring their structural integrity during battery assembly and cycling, preventing
damage [34]. To investigate the effects of different cellulose coatings on the mechanical
properties of PP separators, a series of experiments were conducted using an electronic
universal tensile testing machine. The stress-strain curves for PP and composite separators
are shown in Figure 4c. The PP separator exhibits typical mechanical characteristics of poly-
olefin materials, possessing a certain tensile strength but poor toughness. Its longitudinal
tensile strength is 99.25 MPa, with an elongation at break of only 30.25%. This relatively
high tensile strength may be associated with the presence of a crystalline phase in the PP
substrate, as suggested by the sharp diffraction peaks in the XRD patterns (Figure 3d—f).
The ordered crystalline regions could contribute to resistance against chain sliding under
stress, potentially influencing the overall mechanical strength. This is attributed to the
linear structure of PP molecular chains, which predisposes it to brittle fracture under tensile
stress. As can be seen in Figure 4c, the tensile strength of all composite membranes coated
with MCC, CNF, and BC decreased to approximately 55 MPa. First, as indicated by XRD
analysis, the cellulose coatings exhibit different crystalline characteristics: MCC shows rela-
tively sharp diffraction peaks suggesting higher crystallinity, CNF displays broader peaks
possibly indicating lower crystallinity due to fiber breakage, and BC shows intermediate
features. However, despite these differences, all coatings form discontinuous layers, their
primary stability likely relying on weak hydrogen bonding interactions, whereas the pris-
tine PP membrane may provide its primary load-bearing capacity through its continuous
structure. Additionally, the increased thickness of the composite membranes provides a
larger cross-sectional area to bear mechanical loads. According to the fundamental stress
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formula 0 = F/A, the increased cross-sectional area reduces the nominal stress under
the same external force and helps alleviate stress concentration [35]. Nevertheless, these
membranes still satisfy the mechanical requirements for lithium polymer separators. The
presence of highly flexible polyvinylidene fluoride within the coating may have retarded
crack initiation and propagation within the polypropylene matrix, thereby enhancing
elongation at break of the composite membrane. A higher PVDF content correlates with
greater fracture elongation, with the highest value observed in the MCC; @PP composite
membrane at 63.67%. These results demonstrate that the modified composite separators
possess good toughness and mechanical flexibility, sufficient to withstand the winding
process during battery manufacturing.

3.5. Contact Angle, Electrolyte Wettability, and Porosity of Composite Membranes

Good electrolyte wettability enables the electrolyte to thoroughly permeate the elec-
trode and saturate the pores of both the electrode and separator, thereby enhancing ion trans-
port efficiency and interfacial stability, which in turn improves battery performance [36].
The wettability of the electrolyte relative to the separator can be assessed by measuring
the contact angle between the electrolyte and the separator. Figure 5a—d show the contact
angles of the PP membrane and PP composite membranes coated with different ratios
of MCC, CNE, and BC, respectively. The pure PP separator exhibits a contact angle of
50.8°, indicating its hydrophobicity and poor affinity for polar liquid electrolytes. This
wetting behavior appears to be related to the chemical groups identified in the FTIR analy-
sis (Figure 3a—c), which show that the PP surface is dominated by non-polar C-H, -CH,,
and -CHj3 groups. The lack of polar functional groups may limit its interaction with the
polar electrolyte, potentially prolonging electrolyte filling time and contributing to uneven
ionic flux during battery operation, which could influence lithium dendrite growth. For
MCC-coated modified composite separators, MCC; @PP exhibited 8°, MCC,@PP 4°, and
MCC4@PP 3° contact angles. This significant improvement is primarily attributed to the
abundant polar hydroxyl groups on microcrystalline cellulose surfaces, as confirmed by
the broad O-H stretching vibration around 3400 cm~! in the FTIR spectra (Figure 3a),
which promote strong dipole-dipole interactions with carbonate electrolyte molecules. Both
CNF- and BC-modified composite separators achieved a super-wetting state at 0°. This
is attributable to the CNF and BC nanofiber networks and surfaces, with their abundant
hydroxyl groups as evidenced by the broad O-H stretching vibration around 3400 cm ™! in
the FTIR spectra (Figure 3b,c), triggering a potent siphon effect that enables the electrolyte
to permeate the separator instantaneously. Although MCC particles exhibited a slightly
higher contact angle than nanofibers, their state also approached complete wetting. This
ensures the formation of a continuous and uniform electrolyte reservoir at the electrode-
separator interface, effectively reducing internal resistance and enhancing the battery’s rate
performance [37].

Figure 5e—g illustrates the porosity and electrolyte wetting efficiency of PP, MCC, CNE,
and BC-modified composite separators. The electrolyte uptake of the pure PP membrane
was merely 75.86%, primarily attributable to the inherent hydrophobicity and low surface
energy characteristics of the polyolefin matrix, which hindered effective permeation of
the polar liquid electrolyte. Following coating modification, the electrolyte affinity of the
composite membranes was significantly enhanced. In MCC-modified composite mem-
branes, the wicking capacity exhibited a progressive increase with rising MCC content,
reaching 320.90%, 350.68%, and 368.52%, respectively. CNF and BC exhibit higher elec-
trolyte wetting rates in composite membranes due to their greater surface exposure of polar
hydroxyl groups, while CNF demonstrates slightly lower agglomeration than BC. CNF and
BC-modified membranes demonstrated similar growth trends, with the BC4@PP sample
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achieving the highest wicking capacity of approximately 402.7% at a 4:1 ratio. Compared
to pure PP separators, this 4-5-fold enhancement stems from the synergistic effect of strong
capillary action (siphon effect) generated by the abundant polar hydroxyl groups on the
cellulose surface and the multi-level porous coating. This structure effectively retains the
electrolyte, enabling rapid and uniform filling of all pores within the separator to form
continuous lithium-ion transport pathways. Furthermore, the excellent wettability en-
sures tight and thorough contact between the separator and electrodes. The porosities of
MCC,;@PP, MCC,@PP, MCC,@PP, CNF; @PP, CNF,@PP, CNF,@PP, BC;@PP, BC,@PP, and
BC,4@PP are 48.38%, 50.54%, 51.82%, 47.47%, 52.58%, 52.25%, 45.07%, 47.29%, and 49.54%,
respectively, showing a decrease compared to that of bare PP (55.73%). This occurs because
the PVDF binder partially obstructs the micropores of the PP substrate, reducing porosity.
However, porosity recovers as the cellulose proportion increases. This is due to the fibers
themselves constructing a secondary hierarchical pore network within the coating. Among
the three cellulose types, the BC-modified composite separator exhibits the lowest porosity
owing to its three-dimensional dense network structure, while the CNF and MCC-modified
composite separators show similar porosity levels due to the loose accumulation of CNF
agglomerates and MCC particles, respectively. Although the total porosity of the modified
membranes is slightly lower than that of pure PP, their significantly superior electrolyte
retention capacity ensures more robust and sustained ion transport pathways. This is
crucial for minimizing interfacial resistance and enhancing high-rate performance [38].
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Figure 5. (a—-d) Electrolyte contact angles of PP, MCC;@PP, MCC,@PP, MCC,@PP, CNF; @PP,
CNF,@PP, CNF4@PP, BC;@PP, BC,@PP, and BC4@PP membranes; (e-g) electrolyte wetting behavior
and porosity of PP, MCC;@PP, MCC,@PP, MCC,@PP, CNF, @PP, CNF,@PP, CNF,@PP, BC;@PP,
BC,@PP, and BC4@PP membranes.

3.6. Electrochemical Properties

To determine the optimal cellulose/PVDF ratio for MCC, CNEF, and BC, this study
prepared composite separators with ratios of 1:1, 2:1, and 4:1 via vacuum filtration. Sys-
tematic electrochemical characterization was conducted on their ionic conductivity, linear
sweep voltammetry profiles, interfacial impedance, and charge-discharge and rate perfor-
mance (see Supplementary Figure S5). Results indicate that the 2:1 ratio exhibits the most
favorable comprehensive electrochemical performance across all three cellulose systems.
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Consequently, subsequent electrochemical analyses focus exclusively on the MCC,@PP,
CNF,@PP, and BC,@PP membranes prepared at this optimized ratio. Lithium-ion trans-
port capability is a core electrochemical property of separators, directly determined by
the connectivity of the pore structure, the degree of electrolyte wetting, and interfacial
compatibility [39]. To evaluate lithium-ion migration, Lil | separator | | Li cells were assem-
bled. Impedance was measured prior to polarization, followed by 1200 s polarization at a
fixed voltage of 10 mV. Impedance was then measured again, with lithium-ion migration
calculated using Equation (4). As shown in Figure 6a—d, the lithium-ion migration number
was MCC,@PP (0.41) > CNF,@PP (0.39) > BC,@PP (0.38) > PP (0.27). Compared to the un-
modified PP membrane, all three cellulose variants significantly enhanced cation transport
selectivity. This arises because within the electrolyte, LiPFq dissociates into Li* and PFg™
ions, both of which migrate under the influence of an electric field. PFs~ migration induces
concentration polarization and additional resistance, whereas Li* contributes positively
to ionic conduction [40]. Pure PP separators exhibit insufficient electrolyte wetting due to
their hydrophobic properties, coupled with poor pore connectivity, resulting in significant
transmission resistance during lithium-ion migration. The abundant hydroxyl groups on
cellulose surfaces enhance electrolyte wetting, improving liquid absorption and retention
capacity. This provides a continuous medium for Li* transport while reducing interfa-
cial impedance. Concurrently, hydroxyl groups exert an adsorption effect on PFs~ via
dipole-ion interactions, inhibiting its enrichment and co-intercalation at electrode-separator
interfaces. This reduces anion entrainment, thereby indirectly enhancing lithium-ion mi-
gration. Among these three cellulose types, MCC demonstrated the most pronounced
enhancement effect, which correlates with the previously mentioned morphology and the
unique synergistic interaction in regulating the bulk pore structure and interfacial electro-
chemical environment of the separator. Unlike the agglomerated CNF and cohesive BC
nanofiber matrices, MCC forms a robust, interconnected microporous structure with low
tortuosity. This architecture provides continuous, low-resistance pathways for lithium-ion
diffusion, thereby effectively reducing ionic transport impedance [41]. More importantly,
well-dispersed MCC particles form a uniform composite with PVDF, minimizing the forma-
tion of isolated ion-blocked regions. In contrast, the pronounced localized agglomeration of
CNF fibers creates regions of uneven density, impeding uniform ionic flux. The inherently
ultra-fine, entangled nanofiber network of BC, however, forms a tightly interconnected
structure that consequently slows the rate of ionic migration.

In summary, the fundamental reason for the enhancement in lithium-ion mobility lies
not only in the introduction of hydrophilic cellulose but more critically in the hierarchical
morphology of the cellulose additive. Among these, MCC, with its micron-scale particle
morphology, achieves the optimal balance between constructing a hydrophilic interface
and forming low-fractal-index ionic channels. Conversely, CNF and BC may slightly
impede rapid ion migration due to excessive nanoconfinement or agglomeration effects
arising from their nanofibrous structures. Consequently, among the three cellulose types
examined in this study, MCC has been demonstrated to be the optimal choice for enhancing
the ionic transport performance of polypropylene separators, possibly due to its unique
microstructural features.
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Figure 6. (a) Current versus time during step-down polarization at 10 mV constant potential for
Lil IPP separator | | Li cell at room temperature; (b) current versus time during step-down polariza-
tion at 10 mV constant potential for Li| | MCC,@PP membrane | | Li battery at 10 mV under constant
potential during step-down polarization; (¢) current versus time during step-down polarization
of Lil | CNF,@PP membrane | | Li battery at 10 mV under constant potential at room temperature;
(d) current versus time during step-down polarization of Li| | BC,@PP membrane | | Li battery at
10 mV under constant potential at room temperature.

The ionic conductivity of different separators was calculated via EIS for SS| | Separa-
tor| ISS configurations, using Equation (3), as illustrated in Figure 7a,b. The bulk
impedance corresponds to the intersection point of the EIS curve with the X-axis. The
bulk impedances of the pure PP separator was 4.835 (), equivalent to 0.26 mS/cm, and
the impedance of MCC,@PP, CNF,@PP, and BC,@PP were 3.522 (), 3.677 (), and 4.076 (),
respectively, with the corresponding ionic conductivities of 0.80 mS/cm, 0.74 mS/cm, and
0.73 mS/cm. The composite membranes exhibit a faster ion migration rate than the PP
membrane. This is because the composite separators coated with MCC, CNF, and BC ex-
hibit high liquid absorption rates and electrolyte affinity. The high liquid absorption could
be related to the porous structure observed in the coatings, which might facilitate electrolyte
uptake through capillary effects. The enhanced electrolyte affinity, in turn, may arise from
the abundant polar hydroxyl groups (-OH) on the cellulose surfaces, as suggested by the
broad O-H stretching vibration around 3400 cm ™! in the FTIR spectra (Figure 3a—). These
polar groups could promote favorable interactions with the carbonate electrolyte molecules,
potentially contributing to improved wettability and electrolyte retention [42]. Among
the three coating cellulose types, MCC demonstrates higher migration than BC, while
CNF exhibits the lowest rate. Among the three cellulose types, MCC demonstrates higher
agglomeration and uneven dispersion inherent in CNF, whereas BC exhibits a compact
structure. Figure 7c presents the EIS Nyquist plot for the Lil| | LiFePOy | | separator battery.
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The diameter of the semicircle in the high-frequency region corresponds to the magnitude of
the charge transfer resistance (R.t), which directly reflects the charge transport kinetics and
interface compatibility at the separator/electrode interface. This serves as a key parameter
influencing the battery’s cycling stability [43]. The R of the battery Lil IPP | | LiFePOy,
Lil IMCC,@PP | | LiFePOy, Lil ICNF,@PP | | LiFePOy, and Li| I BC,@PP | | LiFePO, are
472.6 (1,185.9 ), 205.6 (), and 269 (), respectively. Cellulose-coated PP improves the poor
contact at the electrode/electrolyte/separator three-phase interface caused by polypropy-
lene’s hydrophobicity. Surface hydroxyl groups enhance interfacial affinity, thereby sub-
stantially reducing interfacial impedance [44]. MCC exhibits uniform distribution and
superior interfacial adhesion compared to CNF—whose agglomerates vary in size—and
BC—which forms compact clusters. Consequently, the MCC-coated composite separator
demonstrates relatively lower interfacial resistance than those coated with CNF or BC, and
consequently exhibits a lower Rt. The electrochemical stability window of the separator
directly impacts the operational safety of the battery. In this study LSV was employed
to test batteries assembled as Li| | separator | | SS configurations, thereby evaluating the
width of this window. The test results are shown in Figure 7d, where the electrochemical
stability window of the pure PP separator is 4.5 V. Electrolyte decomposition tends to occur
above this voltage. The introduction of a cellulose coating did not reduce the separator’s
stability window but instead slightly enhanced it. Separators coated with MCC, CNF, and
BC all achieved a stability window of 4.6 V. This is because the polar hydroxyl groups on
the cellulose surface may help capture trace acidic impurities or decomposition products
in the electrolyte, thereby stabilizing the electrochemical interface. Simultaneously, the
coating prevents direct contact between the electrode and electrolyte, further broadening
the stability window and enhancing the battery’s safe operating range [45]. Figure 7e shows
the charge-discharge curves of Li| | Separator | | LiFePOy batteries with different separator
assemblies at 0.1 C. The discharge specific capacity of the battery with PP separator is
144.72 mAh/g; that of MCC,@PP, CNF,@PP, and BC,@PP is 158.31 mAh/g, 153.58 mAh/g,
and 153.15 mAh/g, respectively. The discharge capacity of cellulose-coated modified PP
separators all improved, with MCC,@PP exhibiting the highest value. This may correlate
with the previously mentioned morphology: the more uniform rod-like packing of MCC
better traps electrolyte compared to overly loose and non-uniform CNF and overly dense
BC, creating more efficient pathways and optimal interfaces. Rate performance tests were
conducted on Lil | Separator | | LiFePOy batteries assembled with different separators to
characterize their charge/discharge behavior at high power (0.1C -+ 02C - 05C —1C
— 2 C — 0.5 C). Figure 7f shows that the pure PP separator exhibits severe capacity decay
with an increasing rate. This is attributed to severe concentration polarization within the
hydrophobic polyolefin matrix and sluggish ion transport kinetics. In contrast, cellulose-
modified membranes consistently demonstrated significantly enhanced rate performance.
Notably, the MCC,@PP separator exhibited the strongest capacity retention, maintaining
a discharge capacity of 102.08 mAh/g even at a high of 2 C rate [46]. This aligns closely
with the previously discussed lower charge transfer resistance and higher lithium-ion
migration number. CNF,@PP and BC,@PP membranes showed relatively weaker perfor-
mance. This is attributed to the uniform structural dispersion and improved interfacial
contact of the MCC coating, which allows for sustained and rapid Li* passage compared to
the loosely coated CNF and densely coated BC membranes, thereby effectively reducing
interfacial polarization during high-current operation [47]. Furthermore, when the current
density was restored to 0.1 C, the modified battery’s capacity recovered to its initial level,
demonstrating the composite coating’s excellent electrochemical reversibility and structural
integrity. Long-term cycling stability and rate capability are pivotal metrics for evalu-
ating the practical application value of separators, directly determined by ion transport
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efficiency, interfacial compatibility, and structural stability. Their variation patterns align
closely with the electrochemical performance characterization results presented earlier.
Upon assembling Li| | separator | | LiFePOy batteries, they underwent 100 charge-discharge
cycles at 0.5 A/g. Asillustrated in Figure 7g, after 100 charge-discharge cycles, the battery
employing a pure PP separator exhibited persistent and significant capacity decay [48].
The discharge capacity dropped substantially from its initial value to 79.38 mAh/g after
100 cycles. This degradation stems from the inherent hydrophobicity of PP, which leads to
electrolyte wetting failure, a continuous increase in interfacial resistance, and intensified
internal side reactions within the battery. Batteries employing MCC, CNF, and BC-modified
separators demonstrated markedly enhanced cycling stability. The MCC,@PP separator
exhibited optimal stability, maintaining 88.04% of its capacity after 100 cycles. This cor-
relates with the previously discussed combined factors of physical and electrochemical
performance optimization. The CNF,@PP and BC,@PP variants showed comparatively
lower stability, again consistent with the aforementioned factors. Figure 7h schematically
illustrates the working mechanism of cellulose-modified separators and the distinct roles of
MCC, CNF, and BC in enhancing electrochemical performance. As depicted, the abundant
hydroxyl groups on the surfaces of all three cellulose derivatives significantly improve elec-
trolyte wettability, facilitating rapid Li* transport at the separator interface. However, the
efficiency of this enhancement depends on the unique morphological characteristics of each
cellulose type. MCC, with its relatively uniform rod-like structure and organized packing,
appears to provide more direct pathways for ion transport, which may contribute to its
lower interfacial resistance and higher ionic conductivity. CNF, despite its similar surface
chemistry, tends to form agglomerated structures that may disrupt the continuity of ion
pathways. BC, while benefiting from its dense entangled network for thermal stability, may
create more tortuous pathways for ion movement—consistent with its higher interfacial
resistance shown in Figure 7c. These morphological distinctions correlate directly with the
electrochemical trends observed in Figure 7, confirming that the MCC-based separator at a
2:1 ratio achieves the optimal balance between structural uniformity and ionic accessibility.
It is also worth noting that the long-term interface stability between PVDF and cellulose
remains a consideration in practical applications, and further optimization of the bonding
system may enhance the durability of cellulose-based separators. In summary, although
CNF and BC coatings exhibit superior wettability, their structural defects—agglomeration
in CNF and close packing in BC—limit their overall electrochemical performance. Notably,
BC exhibits excellent thermal stability (remaining intact at 200 °C), which is advantageous
for safety. However, its compact structure appears to restrict ion transport, resulting in
relatively lower ionic conductivity and higher interfacial resistance compared to MCC.
In contrast, the relatively more uniform dispersion and favorable interfacial contact of
the MCC coating enabled it to achieve the highest ionic conductivity, lowest interfacial
resistance, and optimal battery performance among the three cellulose additives. These
findings indicate that MCC strikes the best balance between wettability, electrochemical
performance, and thermal stability, while its cost-effectiveness further supports this choice.
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Figure 7. (a,b) shows the Nyquist plots of SS| | Separator | |SS cells with different separator assem-
blies; (c) the EIS plots of Lil | Separator | | LiFePOy cells with different separators; (d) LSV curves
of Lil | Separator | | LiFePOy cells with different separator configurations at 10 mV/s; (e) charge-
discharge profiles of Lil | Separator | | LiFePOy cells with different separator configurations at 0.1 C;
(f) rate performance of Lil | Separator | | LiFePOy cells with different separator configurations;
(g) discharge profiles of Lil | Separator | | LiFePOj cells with different separator configurations at
0.5 C, reverse discharge cycles of Li| | separator | | LiFePOy cells with different separator assemblies
at 0.5 C; (h) Schematic illustrating the mechanism for enhanced electrochemical performance in
composite separators.

4. Conclusions

In this study, we successfully prepared a series of cellulose-modified composite mem-
branes based on different fiber structures via vacuum filtration and systematically compared
the effects of three cellulose additives on the physicochemical properties and electrochem-
ical performance of PP-based membranes. The findings reveal that the incorporation
of cellulose significantly improves the poor electrolyte wetting characteristic of conven-
tional PP separators, reducing the contact angle from 50.8° to below 10°. Concurrently,
it substantially enhances both the electrolyte wetting velocity and lithium-ion transport
efficiency. Among these, MCC,@PP exhibited optimal electrochemical performance, featur-
ing a lithium-ion mobility of 0.41, an ionic conductivity of 0.80 mS/cm, and an interfacial
resistance of 185.9 (). Furthermore, the battery assembled with the MCC,@PP composite
separator demonstrated the highest initial discharge capacity (158.31 mAh/g at 0.1 C) and
maximum capacity retention (88.04%). These results indicate that the MCC-modified sepa-
rator achieves an optimal balance between thermal safety, wettability, and cost-effectiveness,
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presenting broad application prospects in next-generation high-safety lithium-ion batteries
and energy storage systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings16030391/s1, Figure S1. Cross-sectional SEM images
of cellulose-coated PP separators: (a) MCC;@PP, (b) MCC,@PP, (c) MCC4@PP, (d) CNF;@PP,
(e) CNF,@PP, (f) CNF4@PP, (g) BC;@PP, (h) BC,@PP, (i) BC4@PP. Table S1. Thickness measurements
of cellulose-coated PP separators. Figure S2. Shows the SEM image of a commercial PP membrane.
Figure S3. (a) Shows the SEM image of MCC powder, (b) Shows the SEM image of CNF powder,
and (c) Shows the SEM image of bacterial cellulose powder. Table S2. FTIR peak areas and ratios of
uncoated and coated PP separators. Figure S4. Shows the thermogravimetric curves of MCC, CNF,
and BC powders. Figure S5. (a,b) Show the Nyquist plots of SS| | Separator | | SS batteries assembled
with different separators; (c) Presents the EIS plots of Li| | Separator | | LiFePO4 batteries with differ-
ent separators; (d) Depicts the LSV curves of Li| | Separator | | SS batteries assembled with different
separators at 10 mV /s; (e,f) Show the rate performance of Li| | Separator | | LiFePOy batteries with dif-
ferent separator configurations; (g) Displays the charge-discharge curves of Lil | Separator | | LiFePOy
batteries at 0.1 C and (h) Presents the charge-discharge cycles of Li| | Separator | | LiFePO, batteries
at0.5C.
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