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Abstract

Cellulose nanofiber (CNF)-boron nitride nanotube (BNNT) composite separators have
been widely investigated; however, many demonstrations rely on BNNT pretreatment
or multistep processing to secure dispersion and integration. HwBKP-derived CNF sep-
arators (HCNF), based on an enzymatically pretreated and turbulence-flow nanomill
processed CNF suspension, were combined with BNNTs without pretreatment to fabri-
cate BNNT-incorporated composite membranes (HBNT-05 and HBNT-10) via a simple
stirring—filtration—drying route. The CNF suspension and membranes were characterized
by fibril image analysis, SEM, AFM, FTIR, and XRD, together with wettability and surface
free-energy measurements, to examine BNNT-loading-dependent changes in separator
structure and surface microtexture. When evaluated in NCM811 | | Li half-cells, the BNNT-
incorporated membranes exhibited composition-dependent electrochemical performance
trends relative to the BNNT-free CNF membrane, while the commercial polyolefin reference
remained favorable at the highest tested C-rate. These results suggest that the present
fabrication route enables effective BNNT incorporation without BNNT pretreatment un-
der the studied conditions, providing a practical strategy to tune biomass-derived CNF
membranes for energy-storage applications.

Keywords: lithium-ion battery; composite separator; cellulose nanofiber; boron nitride
nanotube

1. Introduction

Energy storage devices underpin modern portable electronics, electrified transporta-
tion, and grid-scale buffering, and further improvements in energy density and safety
increasingly depend on engineering each cell component beyond active materials alone.
In rechargeable battery systems, the separator plays a pivotal role by providing a continu-
ous ion-transport pathway while electrically isolating the electrodes, thereby governing
both electrochemical performance and operational safety. Polyolefin separators remain
dominant because of their chemical stability and processability. However, their low sur-
face polarity and limited thermal dimensional stability can reduce electrolyte affinity and
increase shrinkage risks under abuse conditions, particularly as device designs move to-
ward higher areal loadings and higher-voltage operation. Accordingly, substantial efforts
have focused on developing alternative separators that combine high electrolyte wetta-
bility, robust mechanical integrity, and enhanced thermal tolerance without sacrificing
ionic transport [1-4]. Among the proposed alternatives, cellulose-based separators have
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attracted sustained interest due to their intrinsic polarity, abundant hydroxyl functionality,
and renewable origin [5-7]. Cellulose nanofibers (CNFs) can form a mechanically perco-
lated network with tunable porosity, offering favorable electrolyte uptake and potentially
improved interfacial contact compared with nonpolar polyolefins. Recent studies have
indicated that cellulose-derived separators can provide improved thermal stability and
wettability while aligning with sustainability targets, motivating continued exploration for
practical electrochemical energy-storage devices [8-11].

Nevertheless, CNF separators face persistent barriers to direct, standalone deploy-
ment. Achieving high mechanical robustness at reduced thickness, maintaining a stable
pore architecture under compression and thermal exposure, and minimizing interfacial
resistance during repeated operation remain challenging. These issues become more pro-
nounced in high-energy configurations, where separator deformation, transport limitations,
or insufficient interfacial wetting can accelerate polarization and degrade rate capabil-
ity [12,13]. A widely adopted route to address these limitations is the incorporation of
inorganic or ceramic fillers that reinforce the fibrous matrix, stabilize the porous framework,
and modulate separator—electrolyte interfacial behavior. In this context, boron nitride (BN)
materials are attractive because of their high thermal stability, mechanical stiffness, and
electrical insulation, which can improve separator heat resistance while avoiding electronic
short pathways [14]. Beyond hexagonal BN platelets, boron nitride nanotubes (BNNTs)
provide a high-aspect-ratio reinforcement motif and have been reported as effective ther-
mal/mechanical modifiers when introduced into polymer separators [15]. Rahman et al.
reported that BNNT-coated polypropylene separators enable stable electrochemical cell op-
eration at elevated temperature and under high-rate conditions, highlighting the potential
of BNNTs for separator stabilization [16]. Related studies further suggest that BN-modified
separators can modulate interfacial behavior and mitigate degradation mechanisms such
as dendrite-induced shorting in lithium-metal configurations, underscoring the broader
utility of BNNTs in separator engineering for energy-storage systems [17-22].

Despite these advances, many BNNT-enabled separator demonstrations rely on surface
functionalization, pretreatment, or complex multistep fabrication to achieve stable dispersion
and robust integration in the host matrix [23,24]. Such approaches can increase cost and
process complexity, which are undesirable for scalable membrane manufacturing. From a
manufacturing standpoint, a simplified strategy that leverages BNNTs as a reinforcing filler
without intensive pretreatment would be beneficial, provided that uniform membranes and
meaningful improvements in separator properties and electrochemical behavior can still be
achieved. In addition, the characteristics of the CNF matrix shaped by the CNF production
route can influence filler incorporation and the resulting membrane structure, yet this aspect
remains underemphasized in separator-oriented BNNT/CNF studies.

In this work, we investigate a manufacturing-oriented CNF and BNNT composite
strategy that differs from many previously reported CNF and BNNT membrane studies
in terms of CNF feedstock preparation and process complexity. Typical CNF production
for membrane fabrication commonly relies on mechanical fibrillation routes such as high-
pressure homogenization, microfluidization, or grinding, often combined with chemical
pretreatments to facilitate nanofibrillation and tailor fibril surface chemistry [25,26]. In
contrast, the CNF matrix used here was produced via enzymatic pretreatment followed by
turbulence flow nanomilling, providing a supplier-standardized HwBKP-derived feedstock
for membrane formation. BNNTs were then incorporated without pretreatment or function-
alization, and composite membranes were fabricated using a simple process consisting of
stirring, filtration, and drying. Two BNNT loadings were examined to assess relationships
between membrane structure, properties, and electrochemical performance. The resulting
membranes were characterized by complementary physicochemical analyses, including
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spectroscopy and diffraction to confirm structural signatures, microscopy and topography
analyses to quantify morphology and surface roughness, and wettability and surface ener-
getics measurements. Electrochemical performance was evaluated in NCM811 | | Li half
cells by comparing galvanostatic charge-discharge behavior, rate capability, cycling stability,
and cyclic voltammetry among membranes under identical conditions. Collectively, this
study demonstrates that, within the present fabrication and test conditions, a simplified
BNNT filler strategy enables measurable, loading-dependent changes in membrane prop-
erties and improved electrochemical performance trends relative to the BNNT-free CNF
membrane, particularly at low to moderate rates.

2. Materials and Methods
2.1. Preparation of HwBKP-Derived Cellulose Nanofibers

Hardwood bleached kraft pulp (HwBKP) was used as the feedstock for cellulose
nanofiber (CNF) production. The HwBKP pulp was enzymatically pretreated to facilitate
fiber deconstruction and improve the efficiency of subsequent nanofibrillation [27]. After
pretreatment, the pulp was thoroughly rinsed with deionized water to remove residual
enzyme solution and then dispersed in deionized water to obtain an approximately 1 wt%
suspension. Nanofibrillation was performed using a turbulence flow nanomilling process
(TF nanomill) to produce a homogeneous CNF dispersion suitable for membrane fabrica-
tion [28]. The enzymatic pretreatment and TF nanomilling were performed by the material
supplier (ESYNDMT, Busan, Republic of Korea) under a standardized protocol, and the
CNF dispersion was collected after nanomilling for membrane preparation. The disclosed
operating descriptors were linear velocity, 23.55 m s~!; rotational speed, 7500 rpm; and
flow rate, 180 mL min~!. Detailed proprietary settings beyond the parameters listed above
are not disclosed by the supplier. Membranes fabricated solely from CNFs derived from
HwBKEP are hereafter denoted as HCNF.

2.2. Fabrication of HCNF and BNNT-Incorporated Composite Membranes

A self-supporting CNF membrane was fabricated from the HwBKP-derived CNF sus-
pension by a vacuum-assisted filtration process. Isopropyl alcohol (IPA, Duksan, Cheonan,
Republic of Korea) was added to the CNF suspension, and the mixture was adjusted to an
IPA to water volume ratio of 95/5 (v/v). The suspension was mechanically stirred for 2 h to
ensure homogenization. The resulting mixture was poured onto a filter paper placed in a
glass funnel and vacuum filtered to form a wet CNF film. The collected film on the filter pa-
per was dried at 80 °C for 48 h to obtain a uniform membrane, hereafter denoted as HCNF.
For BNNT incorporated composite membranes, boron nitride nanotubes (BNNT, Sigma
Aldrich, St. Louis, MO, USA, product no. 912085, >90%) were introduced into the CNF
suspension during IPA addition. The BNNTs have an outer diameter of 30-50 nm and an
average length of approximately 10 um. The BNNT-containing mixture (IPA /water = 95/5,
v/v) was then sonicated to promote dispersion and minimize agglomeration, followed by
mechanical stirring for 2 h. The slurry was subsequently processed using the same vacuum
filtration and drying steps described above (80 °C, 48 h) to obtain BNNT-containing CNF
membranes. Membranes prepared with BNNT contents of 0.5 wt% and 1.0 wt% are referred
to as HBNT-05 and HBNT-10.

2.3. Characteristics of CNF Separators

Fiber morphology of the HwBKP-derived CNF suspension was analyzed via fibril
image analysis (Morphi-Neo, Techpap, Yongin, Korea) to obtain fiber diameter and length
distributions. The thickness of the fabricated membranes was measured at multiple posi-
tions using a digital micrometer, and the average value was reported. The microstructural
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features of the membranes (HCNF, HBNT-05, and HBNT-10), including surface morphol-
ogy and cross-sectional architecture, were examined by field-emission scanning electron
microscopy (High Resolution FE SEM SU8600, Hitachi High-Tech, Seongnam-si, Korea).
Prior to SEM observation, the membrane samples were coated with a thin osmium layer to
minimize charging effects.

Chemical functionalities were analyzed by Fourier-transform infrared spectroscopy
(FT-IR, Cary 630, Agilent Technologies, Santa Clara, CA, USA). Crystalline structures were
investigated by X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan). The crystallite
size (Dy) was estimated from the full width at half maximum (FWHM, B) of the selected
diffraction peak using the Scherrer equation:

Dy =094 A/ cost (1)

where A is the X-ray wavelength, B is the FWHM (expressed in radians), and 6 is the Bragg
angle. Surface topography was quantified by atomic force microscopy (AFM, NX10, Park
Systems, Suwon, Korea), and the root-mean-square roughness (Rq) was obtained from
height maps. Wettability was evaluated by static contact-angle measurements (DSA25,
KRUSS, Hamburg, Germany) using deionized water and diiodomethane as probe liquids.
The surface free energy was calculated using the Owens—Wendt-Rabel-Kaelble (OWRK)
method based on the following relationship:

yL(1+cos8) = 2(\/v4v] +\/757)) )

where 7 denotes the surface energy, subscripts S and L represent the solid and liquid,
respectively, and superscripts 4 and p correspond to the dispersive and polar components.

2.4. Electrochemical Performance of CNF Separators

To compare the electrochemical behavior of NCM811 | | Li half cells employing PE
(Celgard, Charlotte, NC, USA), HCNF, HBNT-05, and HBNT-10 separators, lithium metal
foil and an NCM811 cathode were used as the anode and cathode, respectively. The
electrolyte consisted of 1 M LiPF6 with 5 vol% fluoroethylene carbonate (FEC) in EC/EMC
(3/7, v/v). All electrochemical measurements were performed at ambient temperature.
Prior to testing, the cells were rested for 10 h to ensure sufficient electrolyte soaking.
Galvanostatic charge—discharge (GCD) measurements were carried out within a voltage
window of 3.0-4.3 V vs. Li/Li*. Formation and stabilization cycles were applied as initial
conditioning steps prior to comparative testing to establish a stable and reproducible
baseline response [29,30]. Specifically, formation was conducted at 0.1 °C for 1 cycle,
followed by stabilization at 0.2 °C for 2 cycles. Cycling performance was evaluated at
0.2 °C, and rate capability was assessed under stepwise C rates of 0.5 °C,1°C, 2 °C, 3 °C,
4 °C, and 5 °C, followed by a recovery step at 0.5 °C. GCD and CV measurements were
performed using a battery cycler and an electrochemical workstation, respectively. Cyclic
voltammetry (CV) was conducted between 2.5 and 4.5 V vs. Li/Li* at scan rates of 0.1, 0.3,
and 0.5 mV s~ ! to compare voltage-dependent current responses and scan rate-dependent
voltammetric behavior among the separators.

3. Results

The fibrillation state of the HwBKP-derived CNF suspension was first evaluated be-
cause fibril size distribution and fine-fibril content critically govern packing, entanglement,
and ultimately the uniformity of CNF-based separator networks. The fibril length distribu-
tion (Figure 1a) is strongly concentrated in the shortest class, where 0.20-0.29 mm accounts
for 53.9% of the population, followed by 0.29-0.41 mm (29.5%) and 0.41-0.58 mm (11.9%).
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A consistent tendency is observed in the fibril diameter distribution (Figure 1b), with
5.0-12.0 pm and 12.0-19.0 um comprising 48.2% and 33.8%, respectively, indicating that
the suspension largely consists of fine fibrils with a limited fraction of coarse components.
The quantitative morphology parameters summarized in Table 1 show an average fibril
length of 314 & 2 um and an average fibril diameter of 14.0 &= 0.32 pm. Importantly, the fine
fraction reaches 92.01 + 1.15%, where the fine fraction is defined as the content of fibrils
with length < 200 um and width < 5 pm (Table 1). Such a high fine fraction indicates that
the suspension contains abundant small fibrillar elements capable of filling inter-fibril voids
and increasing contact density during consolidation, thereby supporting the formation of a
more homogeneous separator network.
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Figure 1. Length and Width distributions of HwBKP-derived CNF Suspension fibrils measured by
fibril image analysis: (a) fiber length distribution and (b) fiber width distribution.

Table 1. Fibril morphology parameters of the HwBKP-derived CNF suspension, including average
fibril length, average fibril width, and fine fraction content.

Suspension Fiber Length (mm) Fiber Diameter (um) Fine Fraction (%)
HwBKP CNF 0.314 £ 0.2 14.0 £ 0.32 92.01 £1.15

All CNF-based separators maintained free-standing integrity after film formation,
confirming that the CNF framework can accommodate BNNT incorporation without loss
of macroscopic continuity (Figure 2a—c). A notable change induced by BNNT addition
appears in thickness (Table 2): the HCNF separator exhibits 25 pm, whereas both BNNT-
incorporated membranes (HBNT-05 and HBNT-10) increase to 35 um. This thickness
increase suggests that BNNT modifies the consolidation behavior of the CNF network
during drying; rigid BNNT entities can impede excessive densification of the fibrillar
scaffold and preserve a more volume-expanded architecture under identical processing
conditions. The BNNT-loading-dependent evolution in surface topography is directly
observed by AFM (Figure 2d—f). The Root-mean-square (RMS) roughness increases from
31.91 nm for HCNF (Figure 2d) to 49.314 nm for HBNT-05 (Figure 2e) and further to
57.368 nm for HBNT-10 (Figure 2f) (Table 2), demonstrating a progressive development
of nanoscale surface asperities. This monotonic roughness increase indicates that BNNT
incorporation reshapes the surface microtexture of the separator rather than acting as an
inert filler, providing an enlarged effective interfacial area that is relevant to liquid retention
and separator—electrolyte interaction.
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Figure 2. Photographs and AFM characterization of BNNT-loading-dependent surface evolution in
CNF separators. (a—c) Photographs and (d—f) AFM 3D topography images of HCNF, HBNT-05, and
HBNT-10.

Table 2. Comparison of thickness and surface properties of the separators.

Sample Thickness (um) RMS (nm) Contact Angle (°) SFE (m] m—2)

HCNF 25 31.91 28.45 + 3.34 72.25 +1.87
HBNT-05 35 49.314 50.23 + 3.14 61.75 4+ 1.88
HBNT-10 35 57.368 68.54 + 1.55 52.48 +1.14

Microstructural observations and wetting descriptors further clarify the interfacial
consequences of BNNT incorporation. SEM images (Figure 3a—) confirm that all CNF-
based separators retain an interconnected fibrillar scaffold, while BNNT-incorporated
membranes show locally reinforced regions and more frequent junction-like features within
the network, consistent with BNNT being embedded into the CNF matrix. Static water
contact angle measurements exhibit a clear BNNT-loading dependence (Figure 3d—f),
increasing from 28.45 £ 3.34° (HCNF) to 50.23 & 3.14° (HBNT-05) and 68.54 & 1.55° (HBNT-
10). In parallel, surface free energy decreases monotonically from 72.25 + 1.87 m] m 2
(HCNF) to 61.75 + 1.88 m] m~2 (HBNT-05) and 52.48 + 1.14 mJ m~2 (HBNT-10) (Table 2).
These coupled trends show that BNNT loading systematically shifts the surface energetics
away from a highly polar, cellulose-dominant state while increasing roughness-driven
surface development. Taken together, BNNT-induced changes in microtexture and surface
energetics provide a consistent basis for separator-level interfacial differences, which may
contribute to the separator-dependent electrochemical behavior observed in subsequent
cell testing.

Chemical and crystalline signatures of BNNT incorporation were examined by FTIR
and XRD. Figure 4a shows FTIR spectra with key wavenumbers marked. The CNF frame-
work is evidenced by the broad O-H stretching band around ~3340 cm 1, the C—H stretch-
ing vibration near ~2900-2916 cm !, and the C-O-C vibration near ~1053 cm ™!, indicating
that the characteristic cellulose backbone is retained after membrane fabrication. Upon
BNNT incorporation, no additional bands indicative of new chemical functionalities are
observed within the detection limits of FTIR, suggesting that BNNT incorporation occurs
primarily through physical mixing and network formation rather than chemical modifica-
tion of cellulose. BNNT-related features appear only for BNNT incorporated membranes,
where B-N vibrational bands are observed around ~1370-1376 cm ! and ~797-800 cm 1.
The coexistence of these B-N signatures with the retained cellulose bands supports suc-
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cessful BNNT incorporation into the CNF-based membranes. Figure 4b presents the XRD
patterns. All CNF-based membranes exhibit diffraction features characteristic of cellulose,
including CNF(110) and CNF(002), consistent with retention of the CNF crystalline struc-
ture after filtration and drying. In addition, BNNT-related reflections are observed for
BNNT-incorporated membranes, with the BNNT(002) reflection being clearly detectable
for HBNT-10. These results indicate that BNNTs are incorporated as a distinct crystalline
phase within the CNF matrix while maintaining the characteristic cellulose diffraction
features. Overall, FTIR and XRD collectively provide complementary evidence for BNNT
incorporation alongside preserved cellulose spectral and diffraction signatures of the
CNF framework.

Figure 3. SEM and wettability characterization of BNNT-incorporated CNF separators. (a—c) SEM
micrographs with corresponding higher-magnification inset images and (d—-f) static water contact
angle images of HCNF, HBNT-05, and HBNT-10. Red boxes indicate the regions shown at higher
magnification.
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Figure 4. FTIR and XRD characterization of BNNT-incorporated CNF separators. (a) FTIR spectra
and (b) XRD patterns of HCNF, HBNT-05, and HBNT-10.

The electrochemical feasibility and separator-dependent performance were evaluated
in NCMS811 | | Li half-cells, and the results are presented in Figure 5. At 0.1 °C, all separators
exhibit comparable voltage behavior within 3.0-4.3 V, while HBNT-10 achieves the highest
discharge capacity of 194.8 mAh g~!, exceeding PE at 183.1 mAh g~!. Cycling at 0.2C
shows minimal fading for all cells, and HBNT-10 maintains 167.2 mAh g~ at the 15th cycle
compared with 166.1 mAh g~! for PE, indicating a sustained capacity difference under
repeated operation. Rate capability was evaluated under stepwise C-rates from 0.5 °C
to 5 °C, followed by a return to 0.5 °C. Up to 3C, HBNT-10 retains the highest discharge
capacity, delivering 150.1 mAh g~ at 3C relative to 145.0 mAh g~! for PE. At 5C, all
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cells exhibit a pronounced capacity drop, and PE shows the highest remaining capacity of
97.57 mAh g~!, whereas HBNT-10 retains 58.75 mAh g~!. Importantly, upon returning to
0.5 °C, HBNT-10 recovers to 176.0 mAh gfl, close to its initial low-rate value, indicating
stable rate recovery under the applied protocol. Considering the BNNT-induced changes
in membrane thickness and nanoscale surface descriptors together with the confirmed
BNNT incorporation in the CNF matrix, the favorable response of HBNT-10 up to 3C may
be associated with BNNT-related structural modification under the present fabrication and
test conditions.
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Figure 5. Galvanostatic charge-discharge (GCD) curves of NCM811/Li half-cells employing PE,
HCNE HBNT-05, and HBNT-10 separators. (a) Voltage profiles at 0.1 °C, (b) Cycling performance at
0.2 °C, and (c) Rate capability under stepwise C-rates.

Cyclic voltammetry (CV) measurements were performed to compare separator-
dependent voltammetric responses (Figure 6). Figure 6a illustrates the NCMS8111 | Li
half-cell configuration used for CV evaluation. In the direct comparison at 0.1 mV s~!
(Figure 6b), all cells exhibit characteristic redox features of NCM811 within the examined
potential window. Among the CNF-based membranes, HBNT-10 shows a comparatively
larger current response than HCNF and HBNT-05, while PE also displays a strong voltam-
metric signal.
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Figure 6. Cyclic voltammetry (CV) curves of NCM811 | | Li half-cells employing PE, HCNF, HBNT-05,
and HBNT-10 separators. (a) Schematic illustration of the NCMS811 | | Li half-cell configuration.
(b) CV comparison at a scan rate of 0.1 mV s~ L. (¢) PE, (d) HCNF, (e) HBNT-05, and (f) HBNT-10
measured at scan rates of 0.1, 0.3, and 0.5 mV s~ 1.

The scan-rate-dependent CV curves for each separator (Figure 6¢—f) show systematic
increases in current with increasing scan rate (0.1-0.5 mV s~!), reflecting typical kinetic be-
havior under accelerated potential sweeping. Within the CNF-based membranes, HBNT-10
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maintains relatively higher current responses across scan rates, whereas differences between
PE and CNF-based membranes vary depending on the scan condition. Overall, the CV
results indicate composition-dependent voltammetric behavior among the separators under
the present test conditions. When considered together with the galvanostatic results, the
data suggest that BNNT incorporation modifies separator-level electrochemical responses
without fundamentally altering the redox characteristics of the NCMS811 electrode.

4. Discussion

To place the present results within the broader context of recent BNNT-enabled mem-
brane studies, Table 3 summarizes representative approaches in terms of membrane type,
BNNT pretreatment or surface treatment, and fabrication route. As summarized in Table 3,
many prior demonstrations predominantly rely on coating-based integration of BNNTs on
commercial polyolefin separator membranes, including validation in practical formats such
as pouch cells [15,16]. In contrast, the present study focuses on pretreatment-free BNNT in-
corporation into a filtration-derived CNF matrix and employs a simplified stirring, filtration,
and drying route to form composite membranes. While CNF and BNNT nanocomposite
films have been reported as material-level composites [18], separator-relevant demon-
strations that simultaneously emphasize feedstock-specific CNF preparation and process
simplicity without BNNT pretreatment remain limited. Table 3, therefore, clarifies that the
primary contribution of this work lies in a manufacturing-oriented route and a composition-
dependent evaluation framework rather than in the CNF and BNNT combination itself.

Table 3. Comparison of BNNT incorporation strategies and fabrication routes for representative
membranes and this work.

BNNT Pretreatment or Surface

Membrane Type Membrane Fabrication Route Ref.
Treatment
BNNT introduced as a coating ~ BNNT coating on a commercial
BNNT-coated membrane layer on a commercial separator membrane, adapted [15]
membrane for pouch-cell evaluation
Polypropylene (PP) . . BNNT coating on the PP
membrane with BNNT BNNT app hed.as a coating layer separator membrane, followed [16]
. on a commercial PP membrane . S
surface coating by drying/conditioning
CNF-BNNT BNNT incorporated as a Composite formation of BNNT
o reinforcing filler within a CNF with CNF to produce a [18]
nanocomposite film . . .
network film/paper-like nanocomposite
HwBKP-derived BNNT incorporated without Simple route to form composite .
pretreatment or This work

CNF-BNNT composite

. N membranes
functionalization

The primary finding of this work is that BNNT loading systematically modifies the
physical characteristics of CNF separators and is accompanied by improved electrochemical
performance trends, with HBNT-10 showing the most pronounced benefit among the tested
compositions. The increase in membrane thickness and nanoscale roughness (Figure 2
and Table 2), together with the preserved cellulose framework and the appearance of
BNNT-related features in FTIR/XRD (Figure 4), indicates that BNNTs are incorporated
as a distinct reinforcing component rather than altering the cellulose backbone. This
interpretation is consistent with earlier cellulose/CNF separator studies demonstrating
the feasibility of filtration-derived cellulose separators for electrochemical energy storage
systems, while also noting that additional structural reinforcement is often required to
secure stable operation under demanding conditions [12,31,32].
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A notable aspect of the present approach is its process simplicity. The HBNT separa-
tors were fabricated via a pretreatment-free route, direct BNNT addition/dispersion in the
slurry, followed by vacuum filtration and drying without multilayer coating steps or exten-
sive chemical functionalization. Because BNNT dispersion and processing are frequently
highlighted as practical barriers, demonstrating measurable separator-level effects using a
simplified workflow is meaningful from a manufacturability perspective [24]. In this con-
text, the observed thickness increase from HCNF to HBNT membranes (Table 2) suggests
that BNNTs hinder excessive CNF densification during consolidation, thereby helping
maintain a more mechanically supported framework. Notably, BNNT incorporation is
accompanied by an increase in membrane thickness (Table 2). Although thickness can
influence transport and polarization, membrane thickness is a trade-off design parameter;
thus, the observed thickness increase is interpreted as a consolidation-related feature rather
than an inherently detrimental change under the present test window [3,8,9].

The surface analyses further show that BNNT incorporation changes separator surface
descriptors in a loading-dependent manner. AFM reveals a monotonic increase in rough-
ness (Figure 2 and Table 2), while the water contact angle increases and surface free energy
decreases with BNNT loading (Table 2). These trends should not be interpreted as direct
evidence of enhanced wettability. Rather, the results support a conservative conclusion:
BNNT loading reconfigures surface microtexture and surface-energy-related parameters,
and these changes occur concurrently with structural modifications. In this context, the
low-rate capacity increase is discussed as a composition-dependent electrochemical trend
that is consistent with BNNT-associated structural reinforcement and consolidation-related
differences in the CNF network, without assigning a single governing mechanism.

The FTIR and XRD results validate that BNNTs are present in the composite without
disrupting cellulose identity (Figure 4). Such incorporation of boron nitride materials
is widely pursued in separator engineering because BN-based fillers combine electrical
insulation with high thermal stability and can contribute to improved dimensional stability
at elevated temperature [14-16,33]. In addition, prior nanocomposite studies support
the feasibility of forming a two-phase BNNT-CNF architecture in which BNNTs act as a
reinforcing phase within a cellulose-derived network [18].

Electrochemical testing indicates composition-dependent trends in galvanostatic and
voltammetric responses among the membranes (Figures 5 and 6). In particular, HBNT-10
shows favorable behavior in the low to moderate C-rate range and exhibits a relatively
larger CV current response across scan rates (Figure 6). These observations are consistent
with prior separator studies that use BN-based fillers to enhance structural robustness and
stability of polymer or fibrous membranes under electrochemical operation [22,34].

Overall, these results support the working hypothesis that incorporating BNNTs into a
filtration-derived CNF separator provides a practical route to enhancing separator integrity
and achieving measurable performance differences in electrochemical energy-storage de-
vices. Importantly, the present contribution is not the BNNT-CNF combination itself,
but rather a separator-oriented demonstration that a process-simple, pretreatment-free
fabrication route can yield composition-dependent performance trends. The findings
highlight the importance of optimizing BNNT loading and dispersion/consolidation con-
ditions to maximize reinforcing benefits while minimizing trade-offs such as excessive
thickness or unintended pore structure changes. From a broader perspective, this work
illustrates a manufacturing-relevant design strategy for cellulose-based separators leverag-
ing BNNT-enabled reinforcement within a scalable filtration process to advance safer and
more sustainable energy-storage systems.
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5. Conclusions

In this study, HwBKP-derived cellulose nanofiber (HCNF) membranes and BNNT-
incorporated CNF composite membranes (HBNT-05 and HBNT-10) were fabricated and
evaluated against a commercial polyolefin separator (PE) in NCM811 | | Li half cells. BNNT
incorporation was achieved without BNNT pretreatment using a simple stirring, filtration,
and drying route, supporting a manufacturing-oriented approach for CNF-based composite
membranes. Structural analyses confirmed BNNT incorporation into the CNF framework
while preserving the cellulose backbone, as evidenced by BN-related features in FTIR
and BNNT reflections in XRD for the BNNT-incorporated membranes. Increasing BNNT
loading produced systematic changes in membrane characteristics, including an increase
in thickness from 25 um (HCNF) to 35 pm (HBNT-10), together with changes in nanoscale
surface descriptors and a monotonic shift in water contact angle and surface free energy.
Electrochemical evaluations verified the feasibility of the CNF-based membranes and
showed composition-dependent performance trends within the present test window. At
0.1 °C, HBNT-10 delivered a discharge capacity of 194.8 mAh g~!, compared with 183.1
mAh g~! for PE. During cycling at 0.2 °C, HBNT-10 maintained 167.2 mAh g~ at the
15th cycle, similar to 166.1 mAh g~! for PE. In rate capability testing, HBNT-10 delivered
150.1 mAh g~! at 3C, compared with 145.0 mAh g~! for PE, and recovered to 176.0 mAh
g~ ! upon returning to 0.5 °C. Overall, these results indicate that pretreatment-free BNNT
incorporation provides a practical design lever to tune biomass-derived CNF membranes
and yields measurable, composition-dependent electrochemical response trends under the
present fabrication and test conditions, while maintaining a simple and scalable fabrication
route. This CNF and BNNT composite membrane strategy provides a basis for further
work aimed at linking composite architecture, performance-limiting factors at higher rates,
and durability under extended cycling and practical operating conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

CNF Cellulose nanofiber

HwBKP  Hardwood bleached kraft pulp
BNNT Boron nitride nanotube

IPA Isopropyl alcohol

HCNF HwBKP-derived CNF separator
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HBNT HwBKP-derived CNF-BNNT composite separator
HBNT-05 HwBKP-derived CNF-BNNT composite separator containing 0.5wt% BNNT
HBNT-10 HwBKP-derived CNF-BNNT composite separator containing 1.0wt% BNNT

AFM Atomic force microscopy

RMS Root-mean-square

SFE Surface free energy

SEM Scanning electron microscopy

FTIR Fourier-transform infrared spectroscopy
XRD X-ray diffraction

FWMH Full width at half maximum

GCD Galvanostatic charge-discharge

Ccv Cyclic voltammetry
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