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Abstract 11 

Pristine cellulose paper is a biodegradable packaging material, yet it fails to 12 

regulate the internal microenvironment of fruit packages, lacking adequate antioxidant 13 

activity and sufficient gas/moisture barrier performance. Although hexagonal boron 14 

nitride (h-BN) and proanthocyanidins (PACI) can individually modify cellulose, PACI 15 

tends to self-aggregate in pulp and h-BN sheets stack severely, hindering uniform 16 

dispersion. We employ solvent-free mechanochemical ball-milling to graft PACI onto 17 

exfoliated few-layer h-BN, yielding h-BN-g-PACI hybrid fillers with a high grafting 18 

ratio of 66.7%. Comprehensive characterizations confirm the formation of stable 19 

B-O-C covalent linkages. The composite paper, fabricated via standard paper-making, 20 

with 40 wt% filler loading exhibits uniformly dispersed fillers, resulting in a tensile 21 

strength of 70 MPa (2.33 times that of pristine paper) and thermal conductivity of 22 
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1.954 W/m·K (6.76 times), alongside superior UV-shielding, surface hydrophobicity, 23 

and DPPH radical-scavenging activity. Moreover, the composite paper demonstrates 24 

improved resistance to moisture permeation. Ambient storage tests on cherry tomatoes 25 

reveal that the paper synergistically moderates temperature fluctuations, blocks 26 

moisture escape, and inhibits oxidative degradation, significantly reducing fruit 27 

weight loss, soluble solids accumulation, and mold growth. This scalable, eco-friendly 28 

fabrication approach offers a biodegradable multifunctional cellulose material as a 29 

promising alternative to petroleum-based plastic films for fresh fruit preservation. 30 

Keywords: Hexagonal boron nitride sheets; Proanthocyanidins; Cellulose composite 31 

paper; Thermal conductivity; Antioxidant activity; Fruit preservation. 32 

 33 

 Graphical Abstract  34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

Introduction 43 
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With the rapid expansion of fresh fruit e-commerce, biodegradable packaging 44 

materials that can extend the shelf life of seasonal fruits including grapes, strawberries, 45 

peaches and cherry tomatoes are urgently required. Fresh fruits are high-moisture 46 

respiratory horticultural products, which are susceptible to microbial contamination, 47 

enzymatic browning, moisture loss, shriveling and rot under ambient storage 48 

conditions (Chan et al. 2025; Nian et al. 2024; Rajwar et al. 2016; Lufu et al. 2020; 49 

Gidado et al. 2024). Traditional petroleum-derived plastic packages can slightly 50 

delay fruit senescence, yet they bring severe long-term environmental pollution 51 

(Ncube et al. 2020; Yin et al. 2024; Mahajan et al. 2014). In addition, their highly 52 

sealed structure tends to trap internal heat and water vapor, thereby accelerating mold 53 

proliferation and fruit deterioration. 54 

Cellulose serves as a sustainable alternative to plastic packaging (Stoica et al. 55 

2024; Siddiqui et al. 2024; Jha et al. 2024). Solution-cast cellulose films involve 56 

complex processes and are hard to mass-produce (P. Grzybek et al. 2024). By contrast, 57 

wood-pulp cellulose paper fabricated by traditional papermaking is low-cost and easily 58 

scalable for industrial use. However, neat cellulose paper fails to meet fruit 59 

preservation demands. Low thermal conductivity leads to unstable packaging 60 

microenvironments, absence of active groups removes anti-oxidant/antibacterial 61 

ability, and porous structures weaken barrier properties, collectively accelerating fruit 62 

spoilage under ambient conditions (Mohamed et al. 2025; Kolbl Repinc et al. 2024; 63 

Kathuria and Zhang 2022; Mujtaba et al. 2022; Sangroniz et al. 2019).  64 

To overcome these limitations, proanthocyanidins (PACI) and hexagonal boron 65 
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nitride (h-BN) have been separately utilized as functional modifiers for cellulose 66 

substrates (I. Stepina et al. 2023). Pure PACI can endow cellulose paper with 67 

antioxidant, antibacterial, UV-blocking and barrier improvements (Santos-Buelga 68 

and Scalbert 2000; Rue et al. 2017; Nie et al. 2023; A.Yu et al. 2025; Tang et al. 69 

2020; Rauf et al. 2019; Z. Xu et al. 2012; Y.Yu et al. 2026). While free PACI 70 

self-aggregates in pulp, resulting in uneven distribution and easy leaching in humid 71 

conditions. Besides, PACI is incapable of enhancing thermal conductivity, so 72 

packaging internal temperature and humidity remain unregulated. Pristine h-BN 73 

delivers excellent thermal conductivity, physical UV shielding and barrier properties, 74 

yet severe lamellar stacking and weak van der Waals interfacial adhesion with 75 

cellulose bring on serious filler agglomeration and deteriorated mechanical/barrier 76 

properties (Shams et al. 2023; Zhang et al. 2021; W. Liu et al. 2019; Qadir et al. 77 

2021; Rasul et al. 2021; R. Wang et al. 2023; Santos et al. 2021; Kostoglou et al. 78 

2014; Kıvanç et al. 2018; M. Liu and Wang 2026). Up to now, no studies have 79 

realized the organic-inorganic covalent integration of PACI and h-BN to solve the 80 

above dual aggregation problems, and there lacks a green, scalable fabrication route to 81 

prepare multifunctional cellulose packaging for fresh fruit preservation (Y. Yu et al. 82 

2022; Roudi et al. 2024; Wu et al. 2022). 83 

We hypothesize that PACI-modified boron nitride nanosheets can simultaneously 84 

suppress PACI self-aggregation and h-BN restacking. The resulting h-BN-g-PACI 85 

hybrid, when uniformly dispersed in a cellulose matrix, is expected to impart 86 

enhanced antioxidant activity, thermal conductivity, barrier properties, and 87 
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UV-shielding performance, thereby favouring long-term fruit preservation. The key 88 

challenges to be addressed for this hypothesis are: (i) how to efficiently graft PACI 89 

onto the surface of exfoliated h-BN sheets, and (ii) how to achieve a homogeneous 90 

dispersion of h-BN-g-PACI within the cellulose matrix. 91 

In this work, a simple, solvent-free mechanochemical ball-milling exfoliation 92 

strategy is adopted to synthesise the h-BN-g-PACI hybrid filler, which effectively 93 

resolves the grafting issue. Subsequently, environmentally benign conventional 94 

papermaking techniques are employed to prepare cellulose/h-BN-g-PACI composite 95 

packaging paper. The abundant phenolic hydroxyl groups on h-BN-g-PACI form 96 

multiple hydrogen bonds with cellulose fibres, optimising interfacial compatibility 97 

and promoting uniform filler dispersion, thus overcoming the dispersion difficulty. 98 

Importantly, the entire preparation process avoids toxic organic solvents, making it 99 

environmentally sustainable and scalable. The microstructure, elemental distribution, 100 

crystal structure and interfacial chemical interactions of as-prepared fillers were 101 

systematically characterized by SEM, EDS, XRD, FTIR, XPS and TGA. A series of 102 

macroscopic performances including mechanical strength, thermal conductivity, UV 103 

shielding, surface hydrophobicity and water vapor barrier were measured with 104 

different filler loadings, and DPPH assay was carried out to evaluate antioxidant 105 

capacity. Furthermore, cherry tomato ambient storage experiments were conducted to 106 

verify the practical fresh-keeping efficacy of composite paper. This work aims to 107 

clarify the structure-performance relationship of h-BN-g-PACI reinforced cellulose 108 

paper, and provide a green, scalable fabrication strategy for multifunctional biomass 109 
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fruit packaging materials. 110 

 111 

Experimental section 112 

Materials 113 

The softwood pulp was purchased from Sichuan Fengsheng Paper-making Co. 114 

Ltd., which possessed cellulose (C6H10O5)n with an average degree of polymerization 115 

(DP) of approximately 1200 (based on Copper ethylenediamine solution method, 116 

according to the Chinese National Standards (GB/T 5888-2016) and ISO standards 117 

(ISO 5351:2010)) and a calculated average relative molecular weight of about 2 × 105 
118 

g/mol (detailed method is in Supporting Information). Cellulose pulp suspension 119 

was prepared from softwood pulp (freeness: 80 °SR; average fiber length: 0.848 mm; 120 

average width: 27.4 μm; detailed preparation is in Supporting Information). The 121 

hexagonal boron nitride (h-BN) used in this work was purchased from Macklin 122 

Reagent Inc. (99.9 % purity, particle size range 1-2 µm, molecular weight 24.82 123 

g/mol). Proanthocyanidins (PACI) (> 95 % purity, CAS 4852-22-6) purchased from 124 

Macklin Reagent Inc. Sinopharm Chemical Reagent Co. supplied the absolute ethanol 125 

(99 % purity, Analytical Reagent). Deionized (DI) water was prepared in Laboratory. 126 

Preparation of h-BN-g-PACI  127 

h-BN-g-PACI powder was fabricated via mechanochemical grafting. Briefly, 2 g 128 

h-BN and 10 g PACI were loaded into a PTFE jar with mixed-size zirconia balls, 129 

followed by ball milling at 450 rpm for 12 h. This condition enables exfoliation of 130 

bulk h-BN into few-layer sheets and creates active edge/defect sites for homogeneous 131 



 7 

mixing with PACI, while preventing severe degradation of organic components and 132 

excessive sheet fragmentation (C. Gautam and S. Chelliah 2021). The milled 133 

powder was purified by repeated DI water washing and centrifugation (9000 rpm, 10 134 

min per cycle, 16 cycles) to remove unreacted free PACI until the supernatant became 135 

nearly colorless. The harvested sediment was re-dispersed in DI water and exfoliated 136 

by probe sonication (1800 W, 1 h). The primary dispersion was equally divided, 137 

diluted with DI water and further sonicated (1800 W, 1 h) to obtain a stable, 138 

homogeneous aqueous h-BN-g-PACI suspension for composite fabrication (Fig. 1). 139 

Preparation of cellulose/h-BN-g-PACI composite papers 140 

Pure cellulose paper and cellulose/h-BN-g-PACI composite papers were 141 

fabricated by incorporating h-BN-g-PACI sheets into a cellulose matrix at varied mass 142 

fractions. Cellulose suspension was prepared from softwood pulp (freeness: 80 °SR; 143 

average fiber length: 0.848 mm; average width: 27.4 μm; see Supporting 144 

Information for detailed preparation). Neat cellulose paper (0 wt% h-BN-g-PACI) 145 

was manufactured under identical conditions without fillers. Composite papers with 146 

three h-BN-g-PACI loadings (20 wt%, 40 wt% and 60 wt%) were prepared 147 

accordingly. All suspensions were vacuum-filtered with a standard sheet former to 148 

obtain wet sheets with homogeneous thickness and fiber distribution (Fig. 1). 149 

Subsequently, the wet sheets were pressed and dried for 4 min on a paper machine to 150 

remove excess water and consolidate the fiber network.  151 
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 152 

Fig. 1 Schematic illustration showing the entire fabrication process of h-BN-g-PACI 153 

and cellulose/h-BN-g-PACI composite papers, including ball milling, purification, 154 

freeze-drying and paper formation. 155 

 156 

Instrumental characterization 157 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 158 

(EDS): The surface morphology and elemental distribution of h-BN-g-PACI were 159 

characterized via SEM-EDS (VEGA 3 SBH, Tescan, Czech Republic) under high 160 

vacuum at 10-20 kV. 161 

Particle size:  The Particle size distribution of h-BN-g-PACI aqueous dispersion was 162 

determined by a Bettersize 3000 Plus laser diffraction analyzer (Baite, China); 163 

samples were diluted with DI water and sonicated for 1 h prior to testing to guarantee 164 

homogeneity.  165 

X-ray Diffraction (XRD): XRD patterns of h-BN, PACI and h-BN-g-PACI powders 166 
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were collected on a D8 Advance diffractometer (Bruker AXS, Germany) with 167 

Ni-filtered Cu Kα radiation (40 kV, 40 mA), scanning from 3 ° to 60 ° at 4 °/min.  168 

Fourier Transform Infrared Spectroscopy (FT-IR): FT-IR spectra of all powders 169 

and cellulose-based papers were recorded on a Nicolet Nexus 470 spectrometer 170 

(Thermo Electric, USA), with a resolution of 4 cm−1 and 64 accumulated scans.  171 

X-ray Photoelectron Spectroscopy (XPS): XPS analysis of h-BN-g-PACI was 172 

performed on a Kratos AXIS Ultra DLD instrument (Manchester, UK) equipped with 173 

a monochromatic Al Kα X-ray source.  174 

Thermogravimetric Analysis (TGA/DTG): TGA/DTG measurements were carried 175 

out on a STA449F3 thermal analyzer (NETZSCH, Germany) under nitrogen 176 

atmosphere from 40 °C to 600 °C at a heating rate of 10 °C/min.  177 

Thermal conductivity: The room-temperature thermal conductivity of paper samples 178 

was tested using a TPS 2200 thermal constant analyzer (Hot Disk AB, Sweden), and 179 

surface temperature variation was monitored by a GR-STMS-1901 system.  180 

Tensile test : Tensile mechanical performances of neat cellulose and composite 181 

papers were measured on an AI-7000-NGD universal tester (Goodtechwill, China) at 182 

a stretching rate of 5 mm/min; each sample (3 cm × 2 cm) was tested in triplicate to 183 

obtain average values.  184 

The thermal conductivity and mechanical performance tests were conducted in a 185 

constant temperature and humidity laboratory, with temperature and humidity as 186 

standard conditions, that is, a temperature of 25 degrees Celsius and a relative 187 

humidity of 50%.  188 
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 UV-Vis Transmission: UV–Vis-NIR reflectance spectra (200–800 nm) of paper 189 

specimens were acquired on an Agilent Cary 5000 spectrophotometer (Agilent, USA) 190 

fitted with an integrating sphere after baseline correction. Water contact angle was 191 

measured on an OCA20 goniometer (Dataphysics, Germany) and average values with 192 

standard deviations were calculated via the tangent method at multiple positions on 193 

each sample. 194 

The antioxidant property:  DPPH radical scavenging assay was applied to assess 195 

the antioxidant capacity of h-BN-g-PACI  according to a reported procedure 196 

(Gerasimova et al. 2022). Fresh 0.2 mM methanolic DPPH solution was mixed 197 

equally with sample dispersion, followed by dark incubation at 37 °C for 30 min. The 198 

absorbance at 517 nm was recorded, and radical scavenging efficiency was calculated 199 

using Eq. (1). 200 

                     (%) Scavenging = ( AC-AS
AC

)× 100               (1) 201 

With AC is the absorbance of the test control and the AS is absorbance of the 202 

h-BN-g-PACI. 203 

Water vapor permeability (WVP): WVP of all paper samples (≥Φ74 mm, thickness 204 

≤3 mm) was measured via the gravimetric cup method at 23 °C and 50 % relative 205 

humidity. The water vapor transmission rate (WVTR, g ·m−2·day−1) was converted to 206 

water vapor permeability (WVP×103g·μm·m−2·day−1·KPa−1) using Eq. (2) (Cazón et 207 

al. 2022), incorporating sample thickness and water vapor pressure difference across 208 

the membrane. 209 

                           WVP = WVTR   ×  d
ΔPS

                        (2) 210 
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Where d is the sample thickness, and ΔPS is the water vapor pressure difference 211 

across the sample, at 23 °C. 212 

 213 

Results and Discussion 214 

Characterization of h-BN-g-PACI  215 

The SEM images, particle size distribution of h-BN-g-PACI are shown in Fig. 2, 216 

as well as nitrogen adsorption-desorption isotherms and corresponding pore size 217 

distributions. 218 

SEM micrographs (Fig. 2A-C) reveal that h-BN-g-PACI maintains the 219 

characteristic two-dimensional sheet structure of pristine h-BN after mechanical 220 

exfoliation and PACI grafting. The sheet surfaces become rough and are uniformly 221 

covered by amorphous organic coatings, and the sheet edges are passivated relative to 222 

neat h-BN. Noticeable stacking and agglomeration of sheets are observed, originating 223 

from strong hydrogen bonding between PACI chains and ice crystal squeezing during 224 

freeze-drying of the aqueous dispersion. No large aggregates of free PACI can be 225 

found, verifying the efficient purification after the grafting reaction. The particle size 226 

distribution (Fig. 2D) shows a D50 of 0.84 μm with a span of ~1.4, demonstrating the 227 

predominance of submicron particles and further confirming the disaggregation of 228 

bulk h-BN (Bunpheng et al. 2025; Li et al. 2021). 229 
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Fig. 2 SEM images of (A) Pristine h-BN at 500 nm, and (B), (C) h-BN-g-PACI at 4 230 

μm. (D) Particle size distribution of h-BN-g-PACI dispersion, (E) N2 231 

adsorption-desorption curves and (F) the pore size distributions of h-BN and 232 

h-BN-g-PACI powders. 233 

 234 

The Type IV isotherms with H3-type hysteresis loops (Fig. 2E) demonstrate the 235 

presence of mesopores and macropores in both pristine h-BN and h-BN-g-PACI 236 

powders, which is consistent with their pore size distribution results in Fig. 2F. These 237 

hierarchical pores mainly originate from sheet stacking, edge defects, and 238 

inter-particle voids. The anchored PACI molecules act as intersheet adhesives that 239 

tightly connect adjacent BN layers and partially fill interlayer gaps. Consequently, 240 

most slit pores produced by mechanical exfoliation are blocked by organic coatings 241 

and sheet aggregates, restricting nitrogen adsorption primarily to the external surface 242 

of the agglomerated powders. This structural variation explains why h-BN-g-PACI 243 

has a significantly lower specific surface area (1.309 m2/g) than pristine bulk h-BN 244 
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( 24.4733 m2/g) (Itskou et al. 2023; Li et al. 2013). 245 

 246 

Combined evidence from SEM morphology, particle size distribution, and 247 

Brunauer-Emmett-Teller (BET) results prove that PACI-assisted mechanical ball 248 

milling successfully exfoliated bulk h-BN into few-layer sheets.  249 

EDS elemental mapping of h-BN-g-PACI is shown in Fig. 3. The elements boron, 250 

nitrogen, carbon, and oxygen are homogeneously distributed, with 8, 20, 32 and 39 %, 251 

respectively. The B and N content is relatively low, while signals for C and O are 252 

dominant, which suggests that the surface of h-BN is covered densely grafted by the 253 

PACI that is rich in carbon and oxygen-containing functional groups (Yang et al. 254 

2023; Zhou et al. 2023). The uniform overlap of C and O signals with the underlying 255 

B and N distribution (Fig. 3B) validates that PACI is not merely physically mixed 256 

with h-BN, but is intimately and homogeneously grafted onto the sheet surface. This 257 

observation is in accordance with the continuous organic coating of the sheets seen in 258 

the SEM image. 259 

 260 
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Fig. 3 SEM image and EDS elemental mapping of h-BN-g-PACI powder: (A) SEM 261 

micrograph, (B) overlay elemental map showing B, C, N, and O distribution, (C) N 262 

mapping, (D) B mapping, (E) C mapping, and (F) O mapping. 263 

 264 

In order to further verify the successful functionalization of h-BN with PACI and 265 

further corroborates the SEM and EDS analysis, the pristine h-BN, pure PACI and the 266 

functionalized h-BN-g-PACI powder were characterized by XRD, FTIR and XPS 267 

measurements and the results are evaluated collectively as shown in Fig. 4. 268 

 269 

Fig. 4 The structure and elemental analysis of h-BN, PACI and h-BN-g-PACI, (A) 270 

XRD patterns and (B) FTIR spectra of pure h-BN, pure PACI, and h-BN-g-PACI. 271 
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XPS analysis of h-BN-g-PACI: (C) full survey spectrum, and high-resolution 272 

deconvoluted spectra of (D) B 1s, (E) N 1s, (F) C 1s, and (G) O 1s. 273 

 274 

As displayed in the XRD patterns (Fig. 4A), pristine h-BN presents three distinct 275 

diffraction peaks at 2θ = 26.8 °, 42.3 °, and 55.4 °, which are assigned to the (002), 276 

(100), and (004) crystal planes of hexagonal boron nitride, respectively, 277 

demonstrating its well-defined crystalline structure (Tian et al. 2017; Wang et al. 278 

2021). Pure PACI exhibits only a broad amorphous diffraction halo ranging from 20 ° 279 

to 25 ° without obvious crystalline peaks, which is typical for amorphous polyphenol 280 

polymers (Biao et al. 2018). For h-BN-g-PACI, the characteristic diffraction peaks of 281 

h-BN are completely preserved without peak shifting or emerging impurity signals, 282 

while a weak amorphous background correlated with PACI is observed. These 283 

findings indicate that the mechanochemical grafting treatment only modifies the h-BN 284 

surface and does not damage its intrinsic layered crystal structure. Notably, the (002) 285 

diffraction peak of h-BN-g-PACI shows obvious broadening and decreased intensity 286 

compared with pristine h-BN. This phenomenon suggests a reduced stacking degree 287 

along the c-axis and diminished lateral crystallite size, further explaining the 288 

successful exfoliation of multilayer sheets into few-layer sheets during ball milling.  289 

As illustrated in the FTIR spectra (Fig. 4B), pristine h-BN presents two typical 290 

absorption bands: a strong B-N in-plane stretching vibration at 1380 cm−1 and a 291 

B-N-B out-of-plane bending vibration at 800 cm−1(Peng et al. 2023; Hung et al. 292 

2014; Tian et al. 2025). Pure PACI displays a broad O-H stretching band centered at 293 
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approximately 3500 cm−1, aliphatic C-H stretching vibrations near 2900 cm−1, and 294 

multiple characteristic peaks assigned to aromatic C=C, C=O, and C–O stretching 295 

modes within the fingerprint region of 1000–1600 cm−1 , which is attributed to 296 

abundant phenolic structures and extensive intermolecular hydrogen bonding in PACI 297 

molecules (Li et al. 2023; Grasel et al. 2016). 298 

 In comparison, h-BN-g-PACI simultaneously displays the intrinsic B–N 299 

characteristic bands of h-BN and typical organic absorption signals of PACI, 300 

confirming the successful introduction of PACI onto the h-BN surface. After grafting, 301 

the severe self-aggregation of PACI is effectively inhibited, resulting in resolved and 302 

distinguishable absorption peaks. Specifically, new characteristic humps appear at 303 

1627 cm−1  (aromatic C=C stretching) and 1375 cm−1  (coupled vibrations of 304 

phenolic O–H in-plane bending and aromatic C–O stretching). Both peaks shift 305 

toward lower wavenumbers relative to pure PACI. Meanwhile, the broad O–H 306 

stretching intensity of h-BN-g-PACI is remarkably reduced. These spectral variations 307 

strongly verify the formation of covalent linkages between the phenolic hydroxyl 308 

groups of PACI and the exposed boron active sites of h-BN during mechanochemical 309 

ball milling.  310 

XPS measurements were performed to clarify the surface chemical states of 311 

h-BN-g-PACI and reveal the interfacial interaction between h-BN and grafted PACI. 312 

The full survey spectrum (Fig. 4C) displays distinct B 1s, N 1s, C 1s, and O 1s signals, 313 

in which the emerging C and O elements confirm the successful immobilization of 314 

PACI on the h-BN surface. 315 
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 The high‑resolution B 1s spectrum (Fig. 4D) is deconvoluted into two 316 

characteristic peaks at 190.22 eV and 191.30 eV, corresponding to intrinsic B–N 317 

bonds of the h-BN lattice and newly formed B–O covalent bonds, respectively. The O 318 

1s spectrum (Fig. 4G) further presents a typical B–O signal at 533.83 eV, mutually 319 

verifying the generation of B–O bonding. Mechanical ball milling creates numerous 320 

unsaturated edge B active sites on exfoliated sheets, which readily react with phenolic 321 

hydroxyl groups of PACI under mechanochemical activation, thereby constructing 322 

stable B–O–C covalent interfacial linkages (Mannan et al. 2008). Such covalent 323 

bonding serves as the dominant grafting mode between h-BN and PACI. 324 

 The high‑resolution N 1s spectrum (Fig. 4E) is fitted into two peaks. The peak 325 

at 397.75 eV originates from lattice N–B bonds of pristine h-BN, while the peak at 326 

402.86 eV corresponds to defective edge N–B sites induced by mechanical exfoliation. 327 

The high‑resolution C 1s spectrum (Fig. 4F) is decomposed into five individual 328 

components at 284.67 eV (C–C/C–H), 286.30 eV (C–O), 288.74 eV (C=O), 292.85 329 

eV (O–C=O), and 295.78 eV (π→π* shake‑up satellite of aromatic carbon), consistent 330 

with the typical carbon‑containing functional groups of polyphenol structures (Chen 331 

et al. 2019; Guerra and McNally 2019; Dee et al. 2023). 332 

 Overall, XPS results systematically demonstrate that PACI is covalently grafted 333 

onto the h-BN surface via B–O–C linkages. Combined with repeated solvent washing 334 

and subsequent TGA characterization, the stable retention of PACI moieties further 335 

excludes weak physical adsorption or reversible hydrogen‑bond interaction, 336 

confirming the formation of robust covalent grafting structure. 337 
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 338 

Fig. 5 Thermal stability analysis of h-BN, PACI, and h-BN-g-PACI under nitrogen 339 

atmosphere, (A) Thermogravimetric (TGA) and (B) differential thermogravimetric 340 

(DTG). 341 

As revealed by the TGA curves (Fig. 5A), pristine h-BN exhibits nearly 342 

negligible weight loss up to 550 °C, demonstrating its outstanding thermal stability 343 

under the tested conditions (Kostoglou et al. 2014; Cai et al. 2026). In contrast, pure 344 

PACI undergoes substantial thermal degradation, with a total weight loss of 345 

approximately 47 % and a residual char yield of 53 % at 550 °C, due to the thermal 346 

decomposition and partial carbonization of organic polyphenol segments (Rauf et al. 347 

2019). The corresponding DTG profile of pure PACI (Fig. 5B) displays a dominant 348 

decomposition peak centered near 300 °C, representing the maximum thermal 349 

degradation rate of PACI. For h-BN-g-PACI, the total weight loss reaches 350 

approximately 32 % at 550 °C, falling between the values of pristine h-BN and pure 351 

PACI. Compared with neat PACI, the DTG peak of h-BN-g-PACI becomes weaker 352 

and slightly shifts, further verifying the successful grafting of PACI on the h-BN 353 

surface. The suppressed decomposition rate indicates that the covalent interfacial 354 

interaction effectively restricts the thermal cleavage of PACI molecular chains, 355 
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thereby improving the thermal stability of grafted organic components. 356 

 By calibrating the residual mass proportion of pure PACI, the effective grafting 357 

content of PACI anchored on h-BN sheets is calculated to be 66.7 %. This quantitative 358 

result further confirms the successful introduction and high loading of organic PACI 359 

components onto the inorganic h-BN substrate via mechanochemical grafting. 360 

 361 

Morphology of cellulose/h-BN-g-PACI composite papers 362 

Fluorescence microscopy and 3D digital microscopy were employed to 363 

investigate the filler dispersion and surface microstructure of neat cellulose paper and 364 

cellulose/h-BN-g-PACI composite papers. Fig. 6. displays fluorescence micrographs 365 

(A–D) and 3D surface morphologies (E–H) of samples with varying h-BN-g-PACI 366 

loadings: 0 wt%, 20 wt%, 40 wt%, and 60 wt%. Nearly no fluorescent signal is 367 

observed for pure cellulose paper. 368 

 369 

Fig. 6 Fluorescence images (A–D) and 3D digital microscope photographs (E–H) of 370 

neat cellulose paper and cellulose/h-BN-g-PACI composite papers with different filler 371 

loadings. (A, E) 0 wt%; (B, F) 20 wt%; (C, G) 40 wt%; (D, H) 60 wt%. 372 

A. B. C. 

E. F. G. H. 

D. 

150 μm 150 μm 150 μm 150 μm 
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 Almost no fluorescent signal can be detected on neat cellulose paper. At low 373 

and moderate filler contents (20 wt% and 40 wt%), homogeneous green fluorescence 374 

distribution demonstrates the uniform dispersion of h-BN-g-PACI within the cellulose 375 

matrix, accompanied by intact and crack-free paper surfaces. In contrast, obvious 376 

filler aggregation and distinct surface cracks emerge when the filler loading increases 377 

to 60 wt%, indicating deteriorated dispersion uniformity at excessive doping levels. 378 

 379 

Further SEM characterization reveals the fine surface texture and internal 380 

cross-sectional structure (Fig. 7). Neat cellulose paper possesses a typical densely 381 

interwoven fiber network structure (Xu et al. 2020). At appropriate loadings, 382 

h-BN-g-PACI sheets are uniformly embedded among cellulose fibers, forming a 383 

well-integrated composite structure. However, excessive incorporation (60 wt%) leads 384 

to severe filler agglomeration and generates numerous interfacial voids and structural 385 

defects within the cellulose matrix. 386 

 387 

FT-IR and XRD Analysis of cellulose/h-BN-g-PACI composite Papers 388 

The FT-IR and XRD results shown in the Fig. S3 support this structural change 389 

observed in SEM results. According to the XRD patterns (Fig. S3(A)), pure cellulose 390 

paper presents its usual crystalline peaks at 15° and 22° (Park et al. 2010). With the 391 

increase in h-BN-g-PACI loading, a sharp intense peak appears near 26°, 392 

corresponding to the characteristic (002) reflection of h-BN. Its intensity increased 393 

with the filler content confirming the gradual development of the BNs phase. The 394 
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corresponding FT-IR spectra (Fig. S3(B)) display the pure cellulose spectrum with 395 

two significant absorption bands around 3350 𝑐𝑚−1 (O–H stretching) and 1350 396 𝑐𝑚−1(Atykyan et al. 2020; Oh et al. 2005), while the composite samples include 397 

new bands at about 1348 𝑐𝑚−1 and 900 𝑐𝑚−1, which typically correspond to B–N 398 

stretching and B–N–B bending related to boron nitride sheets. 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

Fig. 7 SEM micrographs of neat cellulose paper and cellulose/h-BN-g-PACI 411 

composite papers with various filler contents. (A–D) Surface morphology; (E, G, I, K) 412 

cross-section morphology at low magnification; (F, H, J, L) cross-section morphology 413 

at high magnification. (A, E, F) 0 wt%; (B, G, H) 20 wt%; (C, I, J) 40 wt%; (D, K, L) 414 

60 wt%. 415 
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The above microstructural evolution directly governs the macroscopic 417 

mechanical and thermal performances of the resultant paper samples (Fig. 8). Neat 418 

cellulose paper presents a tensile strength of 30 MPa, a Young’s modulus of 15 MPa, 419 

and a breaking strain of 7.6 % (Santmarti et al. 2020; Jo et al. 2021; Dislaire et al. 420 

2021). After the incorporation of h-BN-g-PACI, the mechanical performances are 421 

significantly improved, with the optimal tensile strength (70 MPa) and Young’s 422 

modulus (26 MPa) achieved at a filler loading of 40 wt%. Such prominent mechanical 423 

reinforcement is resulted from good dispersion of h-BN-g-PACI in the cellulose 424 

matrix, strong matrix–filler adhesion and efficient interfacial stress transfer, which are 425 

facilitated by abundant hydrogen-bonding interactions between the PACI functional 426 

groups and cellulose chains. 427 

Fig. 8 Mechanical and thermal conductive properties of neat cellulose paper and 428 

cellulose/h-BN-g-PACI composite papers with different h-BN-g-PACI loadings. (A) 429 

Tensile strength, (B) strain at break, and (C) thermal conductivity. 430 
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Nevertheless, the breaking strain decreases gradually with increasing 431 

h-BN-g-PACI content. The rigid inorganic BN sheets restrict the slippage and 432 

movement of cellulose molecular chains, thereby reducing the ductility of the 433 

composite papers. Obviously, excessive filler incorporation (60 wt%) introduces 434 

substantial interfacial voids and aggregated defects, which act as stress-concentration 435 

sites under external loading. Consequently, the tensile strength and Young’s modulus 436 

sharply decline to 20 MPa and 8 MPa, respectively. 437 

Similar variation trends are observed for thermal conductivity. Neat cellulose 438 

paper exhibits a low thermal conductivity of 0.289 W/m·K 439 

(Apostolopoulou-Kalkavoura et al. 2020; Antlauf et al. 2021; Rbihi et al. 2019). 440 

With increasing h-BN-g-PACI loading, the thermal conductivity of composite paper 441 

gradually increases and reaches a maximum value of 1.954 W/m·K at 40 wt%, 442 

representing a 5.76-fold enhancement compared with pure cellulose paper. At this 443 

optimal filler content, uniformly dispersed h-BN-g-PACI fillers construct efficient and 444 

continuous thermal conduction networks within the cellulose matrix, thereby 445 

significantly promoting phonon transmission. However, further increasing the filler 446 

loading to 60 wt% induces severe sheet aggregation, surface cracks, and abundant 447 

interfacial voids. These structural defects strongly intensify phonon scattering and 448 

disrupt the thermally conductive pathways, ultimately leading to a declined thermal 449 

conductivity. The deteriorated mechanical and thermal performances at 60 wt% are 450 

highly agreement with the microscopic observations in Figs. 6 and 7, testifying that 451 

excessive filler incorporation inevitably causes structural inhomogeneity and defect 452 
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generation, which fundamentally degrade the comprehensive properties of composite 453 

papers.  454 

 455 

Antioxidant activity, UV-Shielding performance, barrier property and surface 456 

wettability of composite papers 457 

Owing to the abundant phenolic hydroxyl groups in PACI, the functionalized 458 

sheets can donate hydrogen atoms or electrons to neutralize free radicals. Accordingly, 459 

PACI-modified h-BN sheets serve as an efficient radical scavenger, similar to 460 

previously reported biomass-derived antioxidant fillers (Cao et al. 2018; 461 

Balasubramaniam et al. 2021). The measured DPPH radical scavenging efficiency 462 

of h-BN-g-PACI reaches 79.4 %, demonstrating that surface grafted PACI endows 463 

inert h-BN with excellent antioxidant activity. 464 

UV-Vis reflectance spectra (Fig. 9A) further illustrate the optical shielding 465 

performance of the cellulose/h-BN-g-PACI composite papers. Neat cellulose paper 466 

displays strong reflectance across the ultraviolet range. By contrast, the incorporation 467 

of h-BN-g-PACI significantly reduces the reflectance intensity within 200–600 nm, 468 

and the UV-blocking ability is gradually enhanced with increasing filler loading. 469 

Combined with the superior radical-scavenging property of h-BN-g-PACI, the 470 

outstanding UV-shielding capability enables the composite papers to effectively 471 

inhibit light-triggered lipid oxidation, showing great potential for fresh fruit 472 

packaging applications. 473 

As presented in Fig. 9B, the water contact angle (WCA) increases monotonically 474 
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with increasing h-BN-g-PACI loading, rising from 63.21 ° for neat cellulose paper to 475 

78.33 ° for the composite paper with 60 wt% filler content. The inherent hydrophobic 476 

nature of h-BN, together with the increased surface micro-roughness induced by 477 

nanofiller incorporation, synergistically improves the surface hydrophobicity of the 478 

composite papers (Zang et al. 2026; Alebachew et al. 2025). Accordingly, the water 479 

vapor permeability (WVP) drops sharply with increasing h-BN-g-PACI content (Fig. 480 

9C). Pure cellulose paper displays a high WVP of 481 

13.87×103 g· μm·  m−2· day−1·KPa−1, while the values decrease to 9.3 × 103 , and 482 

8.1×103 g· μm·  m−2· day−1·KPa−1  at filler loadings of 20 wt% and 40 wt%, 483 

respectively. The improved water barrier performance originates from two synergistic 484 

effects. On the one hand, the incorporation of hydrophobic h-BN-g-PACI reduces 485 

surface wettability and suppresses water vapor adsorption at the paper surface. On the 486 

other hand, the uniformly dispersed two-dimensional sheets create highly tortuous and 487 

prolonged diffusion pathways for water vapor molecules penetrating through the 488 

cellulose matrix (Ayub et al. 2021; Zhang et al. 2026; Li et al. 2019). Nevertheless, 489 

excessive filler loading (60 wt%) induces severe aggregation and interfacial defects, 490 

which destroy the continuous barrier structure and consequently cause a slight 491 

rebound in WVP values, 8.1×103 g· μm·  m−2· day−1·KPa−1. Overall, the composite 492 

paper with the optimal 40 wt% h-BN-g-PACI loading exhibits outstanding 493 

comprehensive performances. Uniformly dispersed h-BN-g-PACI sheets construct 494 

continuous thermal conduction networks, significantly enhancing thermal 495 

conductivity and mechanical properties. Meanwhile, the combination of enhanced 496 
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surface hydrophobicity and tortuous diffusion pathways generated by 497 

two-dimensional sheets effectively suppresses water vapor penetration. Furthermore, 498 

the grafted PACI endows the composite paper with prominent UV-shielding capacity 499 

and efficient free radical scavenging activity. These multifunctional synergies enable 500 

the composite paper to achieve efficient heat dissipation, UV blocking, moisture 501 

barrier and free radical elimination simultaneously. These favorable characteristics are 502 

expected to retard food oxidative deterioration. Nevertheless, the practical 503 

preservation efficacy for fresh fruits remains to be verified by storage experiments, 504 

which will be systematically investigated in the following section. 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

Fig. 9 Optical, wetting and vapor permission properties of cellulose-based composite 516 

papers with different h-BN-g-PACI filler loadings, (A) UV–Vis reflectance spectra, (B) 517 

water contact angle (WCA), and (C) water vapor permeability (WVP) . 518 
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Preservation effect of cellulose/h-BN-g-PACI composite paper on cherry 519 

tomatoes 520 

Digital photographs tracking the visual evolution of cherry tomatoes packaged 521 

with different materials (uncovered blank control, commercial PP film packaging, 522 

neat cellulose paper packaging, and cellulose/h-BN-g-PACI composite paper 523 

packaging) were acquired to preliminarily assess the preservation performance under 524 

ambient storage conditions (Fig. 10).  525 

Distinct differences in fruit appearance gradually appear with prolonged storage 526 

time. After 10 days of storage, the blank control group suffers severe water loss, 527 

surface shrinkage and fungal contamination. Extensive mold proliferation and tissue 528 

decay are observed on cherry tomatoes from the blank group on day 24. Samples 529 

packaged with neat cellulose paper also exhibit obvious shriveling and mildew growth. 530 

Commercial PP films can mitigate water evaporation, whereas their poor gas 531 

permeability tends to trigger undesirable anaerobic respiration of fruits. By 532 

comparison, cherry tomatoes wrapped with cellulose/h-BN-g-PACI composite paper 533 

retain intact surface morphology and achieve remarkable delay in rot and mildew 534 

formation throughout the storage period. 535 

The evolution of soluble solids content (Brix value) and weight loss rate of 536 

cherry tomatoes during 14 days of ambient storage were further quantified, as shown 537 

in Fig. 11.  538 
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539 

Fig. 10 Visual evaluation of tomato preservation/freshness over storage time using 540 

different packaging materials: (G1) Control (unpackaged), (G2) PP film, (G3) neat 541 

cellulose paper, and (G4) cellulose/h-BN-g-PACI composite paper. 542 

Obvious differences in tomato weight loss and Brix value among all groups 543 

during the 14-day storage period are observed in Fig.11. The unpackaged control 544 
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group undergoes rapid water evaporation, resulting in the most serious weight loss 545 

and a sharp increase in soluble solids accompanied by accelerated ripening. Although 546 

PP film effectively inhibits water transpiration, its poor air permeability causes 547 

excessive condensation inside the package and accelerates fruit spoilage. Neat 548 

cellulose paper only provides limited water vapor barrier, so considerable weight loss 549 

and continuous rises in Brix still occurs. By contrast, the 550 

cellulose/h-BN-g-PACIcomposite paper with 40 wt% filler loading delivers the best 551 

preservation performance. Benefiting from the enhanced water vapor barrier and 552 

surface hydrophobicity, the outward diffusion of water from tomatoes is greatly 553 

restricted, which directly reduces fruit weight loss. Meanwhile, the excellent 554 

UV-shielding capacity blocks photooxidation, and the prominent radical scavenging 555 

activity restrains the accumulation of reactive free radicals; these two synergistically 556 

slows fruit senescence and keeps the increase of Brix within a low range. Moreover, 557 

the improved thermal conductivity makes the temperature inside the package more 558 

uniform and alleviates temperature fluctuations, which greatly reduces water vapor 559 

condensation on the inner wall of the packaging paper. Less condensation further 560 

suppresses moisture loss and avoids microbial corruption induced by local high 561 

humidity. Integrating favorable moisture barrier, UV shielding, antioxidant activity, 562 

together with homogeneous temperature regulation derived from good thermal 563 

conductivity, the multifunctional composite paper significantly delays tomato ripening 564 

and cuts down water loss, further confirming its great prospect as a sustainable active 565 

packaging material for fresh fruits. 566 
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 567 

Fig. 11 Changes in (A) soluble solids content (Brix, %) and (B) weight loss ratio (%) 568 

of cherry tomatoes within a 14-day storage period. Four groups are set: Control 569 

(unpackaged cherry tomatoes), PP film packaging, neat cellulose paper packaging, 570 

and Cellulose/h-BN-g-PACI composite paper packaging. 571 

Conclusion  572 

This study verified our initial hypothesis that mechanochemical ball milling 573 

enables covalent grafting of PACI onto exfoliated h-BN sheets to simultaneously 574 

suppress the self-aggregation of PACI and stacking restacking of h-BN. The 575 

h-BN-g-PACI hybrid fillers were successfully synthesized via a solvent-free 576 

mechanochemical route, with a quantified PACI grafting ratio of 66.7 %. Multiple 577 

characterizations including XRD, FTIR, XPS, SEM and EDS collectively confirmed 578 

the formation of stable B–O–C covalent linkages between PACI and edge-defective 579 

h-BN, and the homogeneous distribution of B, N, C and O elements on h-BN-g-PACI 580 

sheets, which directly proves that the dual aggregation issue of organic polyphenols 581 

and inorganic h-BN sheets was well resolved as hypothesized. 582 

The plentiful phenolic hydroxyl groups on grafted PACI generate abundant 583 
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hydrogen-bond interactions with cellulose fibers, greatly optimizing matrix-filler 584 

interfacial compatibility and facilitating uniform filler dispersion at a moderate 585 

loading of 40 wt%. At this optimal dosage, well-distributed h-BN-g-PACI constructs 586 

continuous phonon conduction networks and efficient stress transfer channels, 587 

delivering the maximum thermal conductivity of 1.954 W/m·K, tensile strength of 70 588 

MPa. Benefiting from the two-dimensional sheet structure, tortuous water vapor 589 

diffusion paths and enhanced surface hydrophobicity synergistically reduce water 590 

vapor permeability. Besides, PACI immobilized on h-BN imparts excellent DPPH 591 

radical scavenging ability and full-spectrum UV shielding performance to the 592 

composite paper, realizing the integrated multifunctional performance we anticipated. 593 

By contrast, excessive filler loading (60 wt%) triggers severe nanofiller 594 

agglomeration, surface cracks and internal interfacial voids, resulting in aggravated 595 

phonon scattering and stress concentration, which severely degrade mechanical, 596 

thermal and barrier properties. 597 

Ambient storage experiments of cherry tomatoes validate that the multifunctional 598 

composite paper achieves superior fresh-keeping capacity through the synergy of heat 599 

dissipation, moisture isolation, UV blocking and free radical elimination. Compared 600 

with blank control, neat cellulose paper and commercial PP film, the 40 wt% 601 

cellulose/h-BN-g-PACI packaging effectively slows fruit water loss, restricts the rise 602 

of soluble solids, and delays mold proliferation and tissue deterioration. 603 

The green, scalable mechanochemical grafting combined with traditional 604 

papermaking strategy successfully imparts biodegradable cellulose paper as a 605 



 32 

sustainable substitute for petroleum plastic films and exhibits great application 606 

potential in active fresh fruit packaging.  607 
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