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A B S T R A C T

Transforming agricultural waste into functional nanomaterials offers a sustainable and value-added approach for 
developing next-generation high-performance textiles. Here, aminated green graphene (AGG), derived from 
agricultural biochar, is integrated with hydroxylated hexagonal boron nitride (h-BN–OH, “white graphene”) to 
engineer a dual hybrid coating on cotton fabrics (CFs). The synergistic AGG–h-BN–OH architecture forms a 
robust interfacial network through hydrogen bonding, electrostatic, and π–π interactions, imparting outstanding 
multifunctionality. The optimized CF/4AGG–h-BN–OH exhibits exceptional mechanical strength (24.5 MPa, 
~171% improvement) and toughness (2.91 MJ m− 3, 246% improvement), along with hydrophobicity (water 
contact angle = 129◦), superior thermal stability (28 wt% char residue at 700 ◦C), prolonged heat transfer time 
(32 s vs. 10 s for pristine CF), significantly improved LOI% (30.2 vs. 19.1 for CF) and reduced char length (2.4 cm 
vs. full length for pristine CF). The fabric also offers significant antibacterial activity against both Gram-positive 
and Gram-negative bacteria and promising water-immersion stability. Mach–Zehnder interferometric analyses 
reflect excellent thermal-shielding efficiency, while molecular dynamics simulations indicate that dual coating of 
cellulose with AGG and h-BN–OH enhances structural stability at the atomistic scale through synergistic physical 
shielding and reduced molecular mobility, consistent with delayed structural disruption and a lower propensity 
for volatile species formation. Collectively, this halogen-free, bio-derived hybrid technique valorises agricultural 
wastes into advanced graphene-based coatings, pioneering a scalable approach toward the development of high- 
performance, flame-retardant, and antibacterial cotton fabrics for applications in healthcare, protective clothing, 
and aerospace textiles.

1. Introduction

The development of sustainable textile products is urgently required 
owing to the rising environmental pollution, disruption of ecological 
equilibrium, and growing demand for improved quality of life, 

especially in crucial sectors like healthcare, sanitation, and filtration. 
Cotton fabrics (CFs), the most extensively employed natural textiles, are 
recognized for their breathability, affordability, thermal comfort, and 
dyeability. However, their safe and long-term use is restricted because of 
their inherent limitations-large hydrocarbon content rendering them 
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highly flammable, causing serious fire hazards, while their hydrophilic 
feature (presence of cellulose) assists contamination and bacterial 
growth, leading to risks to human health. These drawbacks highlight the 
pivotal necessity for designing multifunctional CFs featuring flame- 
retardant, hydrophobic, and antibacterial properties [1–3]. Addition
ally, the growing demand for mechanically resilient CFs emphasizes the 
significance of designing robust, high-performance textiles from sus
tainable feedstocks with the least environmental impact, appropriate for 
applications in aerospace, medical emergencies, and defense.

To date, the most effective approaches to develop flame-retardant, 
hydrophobic, and antibacterial CFs are surface modification tech
niques, like dip-coating, chemical grafting, sol-gel, layer-by-layer as
sembly and layer-by-layer deposition techniques [4–8]. Epoxy resins 
and adhesives have also been employed to enhance water resistance and 
mechanical resilience, but they are inherently flammable and therefore 
unsuitable for flame-retardant applications [9]. Alternatively, polymers 
such as branched poly(ethylenimine), poly[1,4-diaminophenylene-tris 
(dimethylhydroxymethyl)phosphine], and poly(allylamine) have been 
incorporated via layer-by-layer assembly to achieve flame retardancy 
[10–12]. Although these approaches significantly improve the flame- 
retardant and hydrophobic performance of CFs, their long-term dura
bility remains limited, as most coatings rely on weak physical adsorption 
to the cotton surface.

In response, recent efforts have shifted toward covalently attaching 
flame-retardant and hydrophobic moieties to CFs, offering improved 
stability and wash resistance. For example, silicone finishing agents 
modified with fluorinated phosphate acid esters, hexafluorophosphoric 
acid, and bis(trifluoromethane)sulfonamide lithium have been explored 
to produce durable multifunctional CFs [13,14]. However, halogen- 
based flame retardants have been largely discontinued owing to their 
tendency to release toxic and persistent by-products such as dioxins 
during combustion. Recently, Qian et al. developed highly stable, anti
bacterial CFs through employing molecular engineering approaches 
where copper ions formed strong coordination bonds with the oxygen- 
containing polar groups (e.g., hydroxyl) of the cellulose chains [15]. 
However, the use of Cu in developing antibacterial CFs is limited by 
cytotoxicity, environmental concerns from ion leaching, poor durability 
under washing, and adverse effects on fabric aesthetics and safety. 
Consequently, the development of halogen-free, renewable, and non- 
toxic alternatives is urgently needed to design multifunctional CFs 
that combine durability with structurally robust, flame-retardant, hy
drophobic, and antibacterial features.

The use of biochar, a carbonaceous solid product of biomass pyrol
ysis, has been investigated as a promising, eco-friendly, and economi
cally viable approach for achieving sustainable multifunctional CFs. 
According to the 2018 IPCC report, it has proved to be an effective 
negative emitter of harmful greenhouse gases [16]. In particular, bio
chars obtained from agricultural biomass, called ‘green graphene’, have 
several benefits over direct combustion, such as long-term carbon con
tent, large surface area, fossil energy offsets, and thermal stability [17]. 
Moreover, the presence of intrinsic elements like P, N and S facilitates 
flame-retardant mechanisms, while the increased oxygen availability 
accelerates char formation during combustion, further promoting fire 
resistance [18]. Moreover, biochar can disperse effectively in water, 
reducing the need for organic solvents and minimizing environmental 
impact, and its diverse functional groups facilitate strong binding with 
other elements, leading to the formation of stable hybrid structures. In 
parallel, hexagonal boron nitride (h-BN) is an environmentally friendly 
chemical compound, an isoelectric analog of graphene, called ‘white 
graphene’, that exhibits several interesting properties, including excel
lent barrier diffusion, high thermal stability and conductivity, me
chanical robustness, and flame-retardant capability [19]. Also, the high 
surface area, flexibility, and capability to develop thermally stable char 
after combustion are the added benefits to develop multifunctional CFs.

Herein, an innovative sustainable approach using environmentally 
friendly, halogen-free functionalized green graphene (GG) and white 

graphene (h-BN) has been designed to develop micro-nano coated 
porous CFs using a dipping chemical reaction method for the exploration 
of flame-retardant, hydrophobic, mechanically strong, thermally stable, 
and antibacterial CFs. GG (biochar from the agricultural waste), which 
contains a large number of oxygen atoms, has been functionalized with 
flame-retardant, eco-friendly diethylenetriamine (DETA) as illustrated 
in Fig. S1, while h-BN has been hydroxylated in air at high temperatures. 
Such sustainable functionalization techniques are advantageous for H- 
bonding interactions with CFs, and the opposing surface charges 
enhance strong electrostatic interactions between amine-functionalized 
GG (AGG) and hydroxylated hBN (hBN-OH). Also, π-π stacking in
teractions between functionalized GG and h-BN are not ruled out. As a 
result, a homogeneous distribution of h-BN-OH and AGG over CF facil
itates the formation of a uniform char layer during combustion, effec
tively inhibiting heat propagation and enhancing flame-retardant 
response. Moreover, such a uniform distribution not only facilitates 
strengthening the CF for offering emerging mechanical resiliency but 
also acts as a barrier by reducing the interaction of CFs with water. Also, 
such interactions between AGG and hBN-OH with cellulose chains 
directly damage bacterial cell membranes and hinder bacterial cell 
growth, resulting in significant antibacterial activity. Therefore, we 
anticipate that our facile, viable approach (as illustrated in Scheme 1a) 
presents a unique and potential way to the design of efficient, multi
functional CFs with remarkable flame-retardancy, promising mechani
cal resiliency, emerging hydrophobicity, and significant antibacterial 
activity. Scheme 1b depicts a radar plot outlining the multifunctional 
performance of pristine and AGG/h-BN–OH-coated cotton fabrics. The 
engineered coated fabric shows a promising enhancement in all aspects, 
including mechanical strength, toughness, hydrophobicity, thermal 
stability, flame retardancy, and antibacterial effectiveness. This inno
vative strategy explores the sustainable potential of cellulosic materials, 
expanding their effectiveness toward improving public health, safety, 
and environmental well-being.

2. Experimental section

2.1. Materials

Hexagonal boron nitride (h-BN) was obtained from Vedayukt India 
Pvt. Ltd., and diethylenetriamine (DETA, ≥99%) from Sigma-Aldrich. 
Agricultural waste–derived biochar was used as the precursor for 
green graphene (GG). White cotton fabric (54″ × 90″, 120 thread count) 
served as the substrate. Deionized water was supplied by a Milli-Q pu
rification system. Staphylococcus aureus (ATCC 25923) and Escherichia 
coli (ATCC 25922) were used for antibacterial testing. All chemicals 
were reagent grade and used as received.

2.2. Synthesis of green graphene and aminated green graphene (AGG)

Green graphene was prepared from biochar following a previously 
reported method [20]. The obtained GG was functionalized by refluxing 
with DETA to yield aminated green graphene (AGG). Detailed synthesis 
protocols and purification steps are illustrated in the Supporting 
Information.

2.3. Preparation of hydroxylated h-BN (h-BN–OH)

In order to introduce hydroxyl functional groups on the surface of 
pristine h-BN, thermal activation was performed, followed by washing 
repeatedly. The complete synthesis parameters and optimization con
ditions are provided in the Supporting Information.

2.4. Fabrication of AGG/h-BN–OH Hybrid-Coated CFs and their 
individual coatings

CFs were soaked in a dilute alkali solution to increase surface 
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reactivity. The alkali-treated fabrics were dipped in mixed aqueous 
suspensions of AGG and h-BN–OH at specified ratios (2, 4, and 6 wt%). 
Subsequently, the coated fabrics were subjected to heating for 
strengthening interfacial bonding, followed by drying at a controlled 
temperature to verify stable adhesion of the hybrid layer. The complete 
coating procedure, composition optimization, and post-treatment steps 
are included in the Supporting Information.

2.5. Water-immersion stability tests

The coated fabrics underwent repeated water-washing cycles under 
controlled conditions to investigate coating stability without employing 
a binder. Mechanical strength, hydrophobicity and flame retardancy 
were investigated after 10 and 20 repeated water-immersion and drying 
cycles.

2.6. Characterization techniques

Structural and chemical functionalities were evaluated using FTIR, 
XRD, Raman spectroscopy, XPS, SEM, optical microscopy, and particle 
size/zeta potential measurements. Surface wettability, mechanical 
properties, and thermal stability were measured using standard in
struments. Detailed instrument models, calibration protocols, and test 
parameters are provided in the Supporting Information.

2.7. Mach–Zehnder Interferometry

Thermal-shielding performance was evaluated using a 
Mach–Zehnder interferometer. Fringe distortion and wavefront devia
tion were used to quantify convective and conductive heat-transfer 
behavior. The complete optical setup, alignment procedure, and data- 
processing methodology are presented in the Supporting Information.

2.8. Computational methods

Reactive molecular dynamics (ReaxFF) simulations were performed 
using LAMMPS to understand heat-induced degradation pathways of 
cellulose in the presence of h-BN–OH and AGG. Model construction, 
force-field parameters, simulation conditions, and analysis workflows 
are provided in the Supporting Information.

3. Results & discussion

3.1. Structural, chemical and dispersion characterization

To verify the amine functionalization in GG, FTIR spectra of GG and 
AGG were recorded, as shown in Fig. S2a. A strong band appeared at 
around 1570 cm− 1 corresponding to C––C stretching variation in aro
matic rings, suggesting the appearance of a honeycomb-like structure in 
GG after pyrolysis. The peak at around 1396 cm− 1 can be assigned to the 
–CH2 deformation. The strong band at about 1052 cm− 1 could be 
attributed to the alcoholic C–O stretching vibration. Furthermore, the 
bending vibration of Si-O-Si appeared at 466 cm− 1. The broad peak 
corresponding to –OH arises at 3432 cm− 1. Interestingly, in the case of 
AGG, along with –OH and C––C stretching vibrations, the peaks 
appeared at around 3370 cm− 1

, 1532 cm− 1 corresponding to -NH 
stretching and –NH bending vibrations, respectively, thus confirming 
the successful functionalization of the amine group in GG [21]. Also, the 
peak at around 1050 cm− 1 is found to be relatively broader owing to the 
presence of both C–N and C–O stretching vibrations, respectively, in 
AGG, reaffirming our earlier findings. Moreover, the band of asymmetric 
–NH stretching was also found at 806 cm− 1, indicating successful amine 
functionalization. On the contrary, h-BN was oxidized to introduce –OH 
groups at the edges of h-BN layers. FTIR spectra of both h-BN and h-BN- 
OH were compared to investigate the covalent hydroxylation of h-BN 
layers, as depicted in Fig. S2b. The comparatively broader peak 
appeared at around 3288 cm− 1, corresponding to B-OH stretching vi
brations. Apart from B–N stretching at 1306 cm− 1 (1330 cm− 1 for h- 

Scheme 1. a) Schematic illustration for the interaction of alkali-treated Cotton fiber with aminated green graphene (AGG) and hydroxylated hexagonal boron nitride 
(hBN-OH) through H-bonding (red atoms-O, green atoms-N, gray atoms-C, white atoms-H for AGG and pink atoms-B, blue atoms-N, white atoms-H for hBN-OH); b) 
Radar plot comparing the multifunctional performance of pristine and treated cotton fabrics. To enable comparison of properties (mechanical properties, hydro
phobicity, flame retardant responses, and antibacterial activity) with different units, all values were normalized with respect to the treated fabric (treated = 1), 
highlighting the relative enhancement achieved through treatment.
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BN) and B–N bending around 806 cm− 1 (765 cm− 1 for h-BN), which are 
the characteristic peaks of BN, new peaks appeared at around 1453 
cm− 1, 1205 cm− 1, and 846 cm− 1 representing B–O stretching, B–O in- 
plane bending, and B-OH out-of-plane bending vibrations, respectively 
[22]. The increase in intensity ratio of –OH stretching and B–N 
stretching in h-BN-OH (0.4716) compared to h-BN (0.0315) further 
confirms successful hydroxylation in h-BN sheets.

Such a type of functionalization of GG and h-BN was useful to coat 
them over CF through electrostatic interaction, as evident from the zeta 
potential of AGG (− 10.2 ± 0.5 mV) and h-BN-OH (− 36.5 ± 1.3 mV). 
Notably, zeta potential is found to be more positive after amine func
tionalization in GG compared to GG itself (− 27.3 ± 0.8 mV) owing to 
the availability of the positively charged amine group through replacing 
epoxy groups in GG, while zeta potential is observed to decrease after 
introducing –ve charged hydroxyl group in h-BN layers compared to h- 
BN itself (− 1.5 ± 1 mV). Interestingly, after functionalization, the par
ticle size is found to decrease significantly, with AGG exhibiting an 

average diameter of 0.66 μm, compared to 1.618 μm for GG-750, as 
shown in Fig. S3a. The absence of larger macro-sized particles in AGG 
indicates successful exfoliation and surface modification, which en
hances its colloidal stability and promotes uniform dispersion in the 
coating solution. This improved homogeneity facilitates strong and 
continuous coating formation on the cotton fibers, as discussed in the 
subsequent morphological analyses. Noticeably, after hydroxylation of 
h-BN, particles are found to distribute from 0.08 μm to 0.51 μm and the 
availability is higher, as presented in Fig. S3b.

To ensure the successful coating of AGG and h-BN-OH over CF, FTIR 
spectra (Fig. 1a) were recorded for untreated CF and coated CF with 
varying content of AGG and h-BN-OH [1:1 with varying concentration- 
7 mg ml− 1, 10 mg ml− 1, and 15 mg ml− 1 to provide AGG/hBN-OH 
content of 2, 4, and 6 wt%]. The spectrum of CF presents peaks at 
3329 cm− 1 related to the –OH groups of cellulose, 1715 cm− 1 corre
sponding to –C=O stretching, 1039 cm− 1 assigned to C–O stretching 
vibrations, and a band at 870 cm− 1 originating from the β-linkage of 

Fig. 1. Structural characterizations of pristine CFs, individual coating of AGG (or hBN-OH) at 4 wt%, and their hybrid coating on CFs at varying wt%- a) FTIR spectra 
and b) XRD patterns. c) Raman spectra of CF, AGG coated CF, hBN-OH coated CF, and AGG/hBN-OH-coated CF; Raman Mapping of d) AGG/hBN-OH-coated CF to 
identify the individual dispersion of each component-Red region for AGG, Green region for hBN-OH, and blue region for CF, e) AGG-coated CF-red region for CF and 
blue region for AGG, and f) hBN-OH-coated CF-red region for CF and blue region for hBN-OH.
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cellulose. Interestingly, after the coating of AGG and h-BN-OH, in every 
case, several new peaks appeared like peaks corresponding to –NH, 
B–N, C–N stretching and B–N out-of-plane-bending vibrations, con
firming the presence of both aminated green graphene (AGG) and h-BN- 
OH, which infers their successful decoration in CF. Moreover, the in
tensity of H-bonded –OH of cellulose chain is found to increase in the 
decorated CF owing to the H-Bonding of -OH of h-BN-OH and –NH2 (or 
–NH) of AGG individually with cellulose chain of CF, which contributes 
to strengthening the CF in physico-mechanical respect.

X-ray diffraction patterns were used to analyze the change in crystal 
structure after hydroxyl and amine functionalization in h-BN and GG, 
respectively. XRD of GG and amine-functionalized GG, as illustrated in 
Fig. S2c, shows the presence of a broad diffraction peak of 2θ centered at 
23◦ in GG corresponding to the (002) plane shifted to 21.8◦ after func
tionalization (AGG), suggesting increased interlayer distance through 
incorporating –NH2 in GG layers [23]. Interestingly, the sharp diffrac
tion peak of 2θ at 28.1◦ corresponding to (111) plane of SiO2 in GG is 
found to be absent in AGG, indicating successful removal of SiO2 during 
washing, which is highly advantageous to investigate the effect of 
functionalization in GG on hydrophobicity and flame-retardant behavior 
of CF, as the presence of SiO2 can offer erroneous results [20]. Also, 
there are a few sharp intensity peaks in GG, which are found to be absent 
in AGG, except a small hump at 43◦, revealing the presence of amor
phous carbon having honeycomb structures formed by sp2 hybridization 
[23]. XRD patterns of h-BN and h-BN-OH, as presented in Fig. S2d, 
reveal that both exhibit good crystallinity, suggesting that the crystalline 
structure of h-BN remains even after the hydroxylation process. h-BN 
shows several diffraction peaks centered at 2θ of 26.48◦, 41.4◦, 43.8◦, 
50.1◦, and 54.96◦, corresponding to (002), (100), (101), (102), and 
(004) planes, respectively. Noticeably, after hydroxylation, the diffrac
tion peak corresponding to the (002) plane shifted to a comparatively 
lower angle of 26.3◦ with lower intensity, suggesting an increased 
interplanar distance through introducing –OH groups on the edge of h- 
BN layers [24]. The intensity of other diffraction peaks is also decreased 
after hydroxylation, reaffirming our earlier findings. These findings 
further indicate less ordered stacking along the z-direction after hy
droxylation, which indirectly demonstrates their effective exfoliation 
during coating over CF. Such functionalization of GG and h-BN is ad
vantageous for coating over CF through H-bonding to enhance the hy
drophobicity, mechanical, and flame-retardant responses, which are 
discussed later.

In order to investigate the existence of AGG and hBN-OH in the 
coated CF, XRD patterns of untreated CF and individual AGG or hBN-OH 
treated CF and synergistically treated CF are displayed in Fig. 1b. 
Notably, in each case XRD peaks corresponding to CF are present 
centering at 2θ of 14.5◦, 16.48◦, 22.7◦ and 34.3◦ associated with (1− 10), 
(110), (200) and (004) crystal faces, respectively [25]. Furthermore, 
XRD patterns of CF are almost similar to CF/ 4AGG, except for the broad 
peak at 2θ of 43◦ corresponding to the (100) plane of AGG inferring that 
AGG could not influence the crystal structure of CF. Also, it is observed 
that the (200) plane of CF is quite widened as the (002) plane of AGG is 
almost at a similar position to the (200) plane of CF. Interestingly, for 
AGG/hBN-OH-coated CF, characteristic peaks of both hBN-OH and AGG 
are present, confirming their successful decoration over CF. Similar 
findings have also been noted for hBN-OH-coated CF.

Raman spectra of AGG/h-BN-OH-coated cotton fabrics (CF) along 
with their individual counterparts like AGG (or h-BN-OH)-coated CF are 
investigated to reveal their successful coating, as presented in Fig. 1c. 
Notably, AGG-coated CF showed two characteristic broad peaks at 1290 
cm− 1 (D-band) and 1540 cm− 1 (G-band), respectively, confirming the 
presence of AGG over CF. The broad D-band is related to C atoms of 
defects arising from the H-bonding interaction of aminated biochar 
(AGG) with oxygen-containing groups in the cellulose, while the wide G- 
band depicts carbon atoms with sp2 electronic configuration [26]. 
Raman mapping (Fig. 1e) further confirms that the presence of two 
components in the AGG-coated CF-blue region is for AGG, and the red 

region is for CF. In the case of h-BN-OH–coated CF, a sharp peak 
observed at 1310 cm− 1 corresponds to the E₂g vibrational mode of h-BN, 
arising from B–N bond stretching. Interestingly, a blue shift is observed 
after exfoliation of h-BN-OH (1332 cm− 1) during coating over CF, sug
gesting that the number of h-BN layers is decreased. Raman mapping 
also reveals the presence of h-BN-OH flakes over CF, as displayed in the 
blue region (h-BN-OH) and red region (CF) in Fig. 1f. However, AGG/h- 
BN-OH-coated CF exhibits comparatively two wider peaks with lower 
intensity- D band of AGG and E2g vibrational mode of h-BN-OH at 1290 
cm− 1 and G-band at 1545 cm− 1 of AGG. Owing to the high intensity of 
the AGG peak, almost at a similar position, the h-BN-OH peak is not 
found to be prominent in AGG/h-BN-OH-coated CF. Such wider peaks 
could be attributed to the strong interfacial interaction of AGG and h- 
BN-OH with CF, as evident from previous findings. Also, red shifting of 
G-band by 5 cm− 1 compared to AGG-coated CF, further reaffirms the 
interaction of AGG and h-BN-OH with CF, which is a critical prerequisite 
for synergistic improvement in mechanical properties, hydrophobicity, 
and flame-retardant responses. Additionally, the peaks related to CF in 
all three cases are present with decreased intensity, indicating successful 
decoration of AGG/h-BN-OH (or their individual counterpart) over 
cotton fabric. Raman mapping (Fig. 1d) further reveals the homoge
neous distribution of AGG and h-BN-OH over CF-red region for AGG, 
green region for h-BN-OH, and blue region for CF.

To investigate the chemical interactions of AGG and h-BN-OH with 
cotton fabrics, as well as their efficient coating, XPS of untreated CFs, 
individual AGG, and its hybrid with h-BN-OH decorated CFs, have been 
recorded (Fig. 2a-g). XPS survey spectra indicate an increase in carbon 
content from 59.4% for pristine CFs to 68.11% for AGG-coated CFs. On 
the other hand, a decrease in oxygen content from 40.6% to 28.97% was 
observed, suggesting the presence of more AGG flakes on the fiber sur
face. Moreover, the content of N (2.95%) incorporation confirms suc
cessful coating of AGG on CFs. Notably, owing to the presence of h-BN- 
OH in AGG/h-BN-OH coated CFs, the higher content of N (33.05%) and 
B (28.82%) suggests their homogeneous decoration on CFs. The high- 
resolution C1s spectra for each CFs, for untreated and treated CFs, as 
presented in Fig. 2b-d, depict three peaks corresponding to C–C (284.5 
eV), C–O (hydroxyl, 285.87), and O-C=O (287.69 eV). Interestingly, C- 
O/C-N content is found to gradually increase from pristine CFs (35.45%) 
to AGG decorated CFs (42.74%) to AGG/h-BN-OH coated CFs (50.79%), 
reaffirming the presence of AGG/h-BN-OH (or AGG) flakes in the fibers. 
Furthermore, the higher concentration of two fitted peaks (C–N or B-N: 
398.4 or 397.1 eV, and N-H: 399.3 eV) for high-resolution N1s spectra of 
AGG/h-BN-OH coated CFs compared to AGG coated CFs, reveals the 
presence of h-BN-OH together with AGG in the former coated CFs 
(Fig. 2e, f). The high-resolution C1s, N1s, and B1s spectra for AGG/h-BN- 
OH hybrid are also presented in Fig. S4a-c to understand their interac
tion with CFs. Notably, N–H peak is found to shift from AGG/h-BN-OH 
hybrid (398.80 eV) (Fig. S4b) to 399.22 eV, for the corresponding coated 
CFs with increased intensity, confirming the presence of H-bonded N 
after coating on CFs [27]. This is attributed to the formation of H- 
bonding where –OH of cellulose chains of CFs behaved as H-donor and 
–NH of AGG acted as H-acceptor or –NH2 of AGG as H-donor and –OH of 
cellulose chains of CFs as H-acceptor. H-bonding can occur from dona
tion of H from –OH of h-BN-OH to –OH of cellulose chain of CFs, as 
evident from the shifting of B–O (i.e., B-OH) peak from 190.49 eV for 
AGG/h-BN-OH hybrid to 191.27 eV, in the corresponding coated CFs 
with increased intensity (Fig. S4c) [28]. Such a type of multiple H- 
bonding interaction facilitates strengthening the CFs and makes them 
durable even after repeated washings. To understand the surface 
morphology of untreated and treated CFs, optical microscopy and SEM 
images have been recorded, as illustrated in Fig. 2h-j. Notably, the 
surface of the fiber of pristine CFs is smooth and planar with a width of 
12.875 μm (Fig. 2h), while after AGG/h-BN-OH coating (Fig. 2i), the 
width is found to increase uniformly (25.579 μm), suggesting a stronger 
interaction of AGG and h-BN-OH with CFs through intermolecular H- 
bonding and electrostatic interaction, which supports our earlier 
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findings. However, at higher concentration coating of AGG/h-BN-OH, 
the coated fiber shows aggregation (Fig. S4d). SEM image of the 
coated fabric shows homogeneous distribution of AGG and h-BN-OH 
over the fibers (Fig. 2j and Fig. S4e), which is advantageous to develop 
multifunctional CFs. At higher magnification, it shows significant 
covering of AGG with h-BN-OH through strong electrostatic and π-π 
stacking interactions (Fig. S3f), benefiting the development of durable 
CFs even after repeated washings.

3.2. Surface wettability and hydrophobic behavior

The surface wetting property of AGG/hBN-OH decorated CF, along 
with their individual coating, was examined by water contact angle (CA) 
measurements. Fig. 3a shows the water contact angle variation for each 
coated cotton fabric along with the corresponding photographs of water 
droplets. It is noticed that pristine CF exhibited a CA of 61◦, showing 
immediate penetration of water droplets into the CF owing to the 
capillary effect affected by porosity and abundant hydroxyl groups on 
the fabric. AGG-coated CF with varying wt% (4 and 6 wt%) showed CA 
of 75◦ and 90◦ due to the increased surface roughness through homo
geneous distribution of AGG over CF. However, such improvement in CA 
is not very significant, as GG was modified by DETA, leading to some 
free amine functional groups surrounded by GG. On the contrary, h-BN- 
OH coated CF exhibited a CA of 115◦ owing to the synergy of the 
nanoscale roughness of h-BN-OH and the inherent hydrophobicity of h- 
BN. Interestingly, AGG/h-BN-OH-coated CF with varying wt% (2 and 4 
wt%) showed significant improvement in CA of 114◦ and 129◦, 
respectively, confirming the synergistic effect of each counterpart, 
which reduced the interaction between the water droplet and the CF by 
acting as a barrier. As a result, water droplets were repelled by the 
coated fabric and appeared in an almost ball-like shape, confirming their 
hydrophobic responses.

3.3. Mechanical properties and reinforcement mechanism

The mechanical properties of functionalized green and white gra
phene reinforced cotton fabric composites are crucial for evaluating 
their practical applicability and binding adhesion. Therefore, tensile 
tests were performed to examine the mechanical performance of un
treated CF and CF treated individually or synergistically with the 
aforementioned reinforcements. The corresponding stress–strain curves, 
along with comparative bar plots summarizing fracture tensile strength 
and toughness, are shown in Fig. 3b and c, respectively. To optimize the 
coating composition, the hybrid content of AGG and h-BN-OH was 
varied. The resulting tensile properties are presented in Fig. 3b. Notably, 
AGG and h-BN-OH coated CF at 4 wt% exhibited significant improve
ments in fracture tensile strength (~170.5%), Young's modulus 
(~99.66%), toughness (~246.4%), and fracture strain (~12.63%) 
compared to pristine CF, indicating strong binding adhesion between 
the functionalized nanosheets and cellulose fibers. The enhancement is 
higher than that observed for individually h-BN-OH-coated CF, high
lighting the importance of synergistic reinforcement through homoge
neous dispersion and uniform coating. The mechanical reinforcement 
found in the coated fabrics primarily arises from modifications to the 
inter-fiber interface rather than from intrinsic strengthening of indi
vidual cellulose fibers. The introduction of amine-functionalized green 
graphene (AGG) forms a conformal 2D interfacial network over fiber 
surfaces, enabling strong H-bonding interactions between nitrogen- 
containing groups in DETA-functionalized biochar and cellulose –OH 
groups, along with complementary interactions with hydroxyl- 
functionalized h-BN-OH (Scheme 1a). Electrostatic interactions, sup
ported by zeta potential measurements, further improve dispersion and 
coating uniformity. Such enhanced interfacial compatibility promotes 
efficient mechanical load transfer while minimizing stress concentration 
points within the fiber assembly, thereby strengthening the overall 
mechanical integrity of the coated fabrics [29]. Further investigation of 
AGG content (Fig. 3d and e) revealed that AGG-coated CF at 4 wt% 

Fig. 2. Structural and morphological analyses of untreated and treated CFs: a) XPS survey spectra of pristine CFs and AGG, h-BN-OH individually and their hybrid 
coated CFs; high-resolution C1s spectra of b) CF; c) AGG coated CFs and d) AGG/h-BN-OH-coated CFs; high-resolution N1s spectra of e) AGG coated CFs and f) AGG/ 
h-BN-OH-coated CFs and g) high-resolution B1s spectra of AGG/h-BN-OH-coated CFs; Optical microscope images of h) pristine CFs and i) AGG/h-BN-OH-coated (4 wt 
%) CFs showing almost two times increase in width and j) SEM image of AGG/h-BN-OH-coated (4 wt%) CFs showing uniform decoration of both h-BN-OH and AGG 
over the fiber.
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exhibited the highest fracture tensile strength (~313%), Young's 
modulus (~145.73%), and toughness (~494.5%), exceeding those of 
the hybrid-coated fabrics. This behavior suggests comparatively stron
ger interfacial interactions between the –NH₂ (or –NH) groups of func
tionalized biochar and the –OH groups of cellulose, resulting in more 
efficient stress transfer and improved strain accommodation.

The corresponding fracture morphologies of coated and uncoated 
CFs provide a clear mechanism for the improved tensile strength and 
toughness (Fig. 3f-k and Fig. S5). The flexible, defect-rich 2D structure of 
AGG enables the coating to accommodate deformation while main
taining interfacial contact, thereby improving tensile strength and 
toughness through enhanced strain accommodation and progressive 
failure. The corresponding fracture morphologies (Fig. 3h, i & Fig. S5a) 
further support this mechanism, showing compact yarn bundles, 
reduced fiber pull-out, and blunted, plastically deformed fiber ends, 
indicating delayed crack occurrence and effective stress redistribution 
compared to pristine CF. Upon incorporation of h-BN-OH nanosheets, 
additional interfacial reinforcement is introduced; however, due to h- 

BN-OH's higher intrinsic stiffness, the hybrid interphase becomes me
chanically heterogeneous. The coexistence of flexible AGG domains and 
rigid h-BN-OH nanosheets introduces localized stiffness contrast, 
modifying load-transfer pathways and leading to partial stress locali
zation during deformation (Fig. 3j, k & Fig. S5b). Consequently, the 
AGG/h-BN-OH-coated fabric maintains progressive, non-brittle failure 
characteristics. However, it exhibits partial fiber pull-out and tapered, 
fibrillated fracture features (Fig. 3k), consistent with localized interfa
cial debonding and reduced strain accommodation compared to AGG- 
only coated fabric. On the contrary, CFs typically fail through inter- 
fiber sliding and debonding due to limited load transfer between adja
cent yarns (Fig. 3f, g). Although several approaches have been reported 
to improve the mechanical performance of cotton fabrics [30,31], the 
use of sustainably derived functionalized biochar and h-BN provides an 
environmentally favorable route to scalable fabrication. Overall, the 
mechanical performance of the coated fabrics is governed by interfacial 
bonding and stress redistribution mechanisms rather than coating 
thickness alone, with AGG primarily optimizing strain accommodation 

Fig. 3. a) Wettability behavior of pristine CF, individual AGG(or hBN-OH)-coated CF and AGG-hBN-OH coated CF with varying wt% (4 and 6 wt%), Stress-strain 
curves of b) Pristine CF and individually coating of AGG and hBN-OH (4 wt%) on CF and their hybrids with varying wt% (2, 4, 6 and 8 wt%) coating on CFs and c) the 
corresponding comparative bar plots of fracture tensile strength and toughness, error bars represent the standard deviation obtained from at least five independent 
tensile measurements. d) Stress-strain curves for pristine CF and varying wt% of AGG (2, 4, 6 and 8 wt%) coating on CFs and e) the corresponding comparative bar 
plots of fracture tensile strength and toughness, error bars represent the standard deviation obtained from at least five independent tensile measurements. Low and 
high magnification SEM images of tensile fracture morphologies of (f, g) pristine CF, (h,i) AGG coated CF (4 wt%) and (j, k) AGG-hBN-OH coated CF (4 wt%). l) the 
comparative bar plots of thermal degradation temperature variations at T5wt%, T50wt% and variations of char residue left at 800 ◦C determined from TGA of pristine 
CF, and individually coating of AGG and hBN-OH (4 wt%) on CF and their hybrids with varying wt% (2, 4, 6 and 8 wt%) coating on CFs.
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and the AGG/h-BN-OH system enabling multifunctional performance, 
particularly enhanced flame retardancy.

3.4. Thermal stability and flame-retardant performance

To understand thermal stability and degradation behaviors of un
treated CF and coated CF, TGA was carried out under N2 atmosphere, as 
illustrated in Fig. 3l and Fig. S6. It is observed that all the treated cotton 
fabrics showed higher thermal stability in the entire temperature range 
compared to the untreated CF. The comparative bar plots of initial 
degradation temperature (i.e., at 5 wt% weight loss: T5wt%), 50 wt% 
weight loss temperature (T50wt%) and char residue left at 800 ◦C for all 
the fabrics, were presented in Fig. 3l. Interestingly, it is found that CF/ 
4AGG-hBN-OH exhibited maximum thermal stability at both T5wt% and 
T50wt% owing to the synergistic effect of homogeneously distributed 
AGG and hBN-OH in CF. However, individual AGG-coated CF showed 
good thermal stability, but still lower compared to the previous one, 
suggesting the importance of employing both coatings on CF. Moreover, 
it is obvious that CF/4AGG-hBN-OH showed higher char residue 
compared to the individual decoration and even pristine CF, suggesting 
that the covered functionalized green graphene and h-BN can preclude 
the thermal degradation process of CF. Also, the coating process assists 
in dissipating the external heat conduction toward the CF through 
absorbing a part of the heat [25].

Improving the flame retardancy of CF is essential for its practical 
applications across various sectors. Infrared thermography was initially 
employed as an auxiliary technique to visualize heat propagation and 
provide qualitative insight into the thermal shielding behavior of the 
fabrics. A vertical flame testing setup combined with a thermal camera 
enabled monitoring of the time-dependent surface temperature during 
combustion. It should be noted that parameters such as heat propagation 
time are presented here as supportive indicators rather than primary 
fire-performance metrics. Fig. 4(a-c) illustrates the temperature-time 
profile of AGG-hBN-OH coated CF, AGG-coated CF, and pristine CF, 
and their time-dependent photographs during the flame test are shown 
in Fig. 4(d-h) and Figs. S7 and S8. It is observed that uncoated CF 
(Fig. 4c, Fig. S8 and Supporting Video 1) burns immediately, within 10 s, 
and shows almost 90% weight loss after burning. The propagation time 
of heat transfer from point zones 2, 4, 6, and 8 to points zone 1, 3, 5, and 
7 is much shorter (~ 1.8 s), as evident from the corresponding 
temperature-time profile plot (Fig. 4c), suggesting that untreated CF is 
highly combustible, as expected. Interestingly, AGG/h-BN-OH- coated 
CF (Fig. 4a) showed significantly longer time (almost 16 s) for heat 
propagation between the mentioned corresponding zones, revealing 
pronounced inhibition of heat propagation by AGG and h-BN-OH, which 
was synergistically coated on CF. As a result, such treated CF showed 
remarkably decreased heat transfer time (~32 s) with almost 37% 
weight loss (Fig. 4h), demonstrating enhanced thermal shielding. The 
enhanced thermal shielding effect is associated with improved thermal 
stability, as the formation of a protective char layer effectively delays 
heat transfer and suppresses thermal degradation. The homogeneous 
dispersion of AGG and h-BN-OH in CF assists the formation of a char 
layer on the cotton surface and precludes the contact between 
combustible gases and the flame front. The lamellar structure of both h- 
BN-OH and AGG inhibits the degradation of cellulose chains, and their 
charred layer acts as a barrier to block the diffusion of oxygen and the 
volatilization of combustible gases. Especially, due to the promising 
thermal stability and non-combustible nature of h-BN-OH, the coated 
cotton fabric demonstrated a remarkably lower rate of heat transfer 
during the infrared thermography test [32]. Also, the functionalization 
of GG by DETA, which is stable under fire, not only acts as a heat 
absorber but also reduces heat transfer by forming a char layer [25,33]. 
In contrast, The AGG-coated CF (Fig. 4b) shows intermediate behavior, 
with heat propagation occurring within ~4.5 s and a total heat transfer 
time of ~16 s (Fig. S7), highlighting the synergistic role of AGG and h- 
BN-OH in improving thermal resistance. The corresponding video file 

for AGG and h-BN-OH-coated CF is depicted in Supporting Video 2. To 
further identify the extent of char layer on coated and uncoated CFs, 
SEM was conducted, as presented in Fig. 4 (i, j). Notably, in the case of 
AGG/h-BN-OH-coated CF (Fig. 4i), a dense char layer is formed on the 
surface of CF owing to the generation of thermo-stable products from the 
combustion of homogeneously dispersed AGG and h-BN-OH during the 
test. Also, at high temperatures, cellulose itself was carbonized to pro
vide water, CO2, and char residue. In the meantime, nonflammable 
volatile (N2,NH3) was also produced, which is found to dilute oxygen 
and flammable volatiles, effectively suppressing combustion. Owing to 
such a developed dense char layer, the corresponding surface roughness 
is increased, and as a result, the internal fibers of CF were protected 
against flame and heat. On the contrary, the surface of CF (Fig. 4j) after 
burning is smooth, resulting in rapid flame propagation. Furthermore, 
the residue of pristine CF was loose and brittle, while that of coated CFs 
was more compacted. Additionally, AGG-coated CF (Fig. S9) is also 
found to form a thin char layer after combustion, leading to compara
tively lower roughness on the surface. Therefore, it showed moderate 
flame propagation response, as evident from earlier findings. Hence, we 
can depict that the synergistic coating of functionalized green graphene 
and white graphene on cotton fabric achieved pronounced flame- 
retardancy. Similar behavior is observed for AGG-h-BN-OH–coated 
jute fibers, which exhibit self-extinguishing characteristics, whereas 
pristine jute burns instantly (Supporting Videos 3 and 4).

To provide quantitative validation of the flame-retardant behavior of 
the coated cotton fabrics, the limiting oxygen index (LOI) measurements 
of pristine and coated CF samples are further presented in Fig. 4k. The 
pristine CF exhibited a low LOI of about 19.1%, reflecting its high 
flammability. Upon AGG coating, the LOI increased significantly to 
about 25.7%, indicating improved resistance to sustained combustion. 
Notably, the AGG/hBN-OH coated CF exhibited a further enhancement 
in LOI to about 30.2%, reflecting substantial improvement in flame 
retardancy. The increase of ~11% in absolute LOI value compared to 
pristine CF confirms the synergistic effect of AGG and hBN-OH in sup
pressing combustion. The improved flame-retardant behavior can be 
due to the formation of a thermally stable protective barrier layer, which 
reduces heat transfer and restricts oxygen diffusion to the underlying 
substrate, reaffirming the effectiveness of the surface modification 
strategy [34].

The flame-retardant behavior of the pristine and coated fabrics was 
also studied using a vertical flame test following a modified ASTM 
D6413 method. Upon ignition and removal of the ignition source, the 
pristine CF exhibited rapid flame propagation and noticeable dripping 
due to slight fragment fall-off, suggesting poor resistance to flame spread 
and reduced structural stability during combustion. On the contrary, 
both AGG and AGG/hBN-OH coated fabrics showed significantly slower 
flame propagation, demonstrating improved resistance to combustion 
spread, consistent with previous findings. Notably, AGG/hBN-OH 
coated fabric exhibited a pronounced shorter char length of 2.4 cm 
compared to 5.0 cm for AGG-coated fabric, indicating substantial 
reduction in flame propagation distance. Notably, no dripping behavior 
was observed for the coated fabrics. In contrast, pristine CF showed 
dripping during combustion, suggesting enhanced structural integrity 
and the formation of a cohesive protective layer. Despite the absence of 
complete self-extinguishing behavior, the coated fabrics exhibited 
slower flame propagation and reduced char length, indicating a mod
erate improvement in flame-retardant properties. Table S1 summarizes 
the vertical flame test results. The enhanced flame-retardant perfor
mance is primarily attributed to a condensed-phase mechanism in which 
biochar-derived AGG promotes char formation, which acts as a barrier 
to heat transfer, oxygen diffusion, and volatile release. The incorpora
tion of h-BN-OH further improves thermal stability and barrier proper
ties by creating a tortuous pathway that suppresses heat and mass 
transfer [34,35]. This synergistic effect results in a compact and pro
tective char layer (as evident from Fig. 4i), thereby reducing flame 
spread and improving fire resistance compared to pristine CF. This 

M. Kotal et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 538 (2026) 176668 

8 



mechanism is further supported by the reduced heat flux and heat 
transfer coefficient obtained from M–Z interferometry (discussed later), 
as well as the delayed heat propagation observed in infrared thermog
raphy (Fig. 4a-h). A possible secondary gas-phase contribution may arise 
from nitrogen-containing groups introduced via DETA, which could 
interfere with flame-propagating radicals or dilute combustible gases; 
however, this effect is considered minor due to the lack of direct evi
dence. Notably, the formation of a compact and thermally stable char 
layer promotes rapid heat dissipation, thereby suppressing smoldering 
combustion after flame extinction; hence, the after-glow time is recor
ded as 0 s. Moreover, the flame colors provide further insight into the 
burning behavior. Pristine cotton fabric (CF), the cellulose fibers are 
rapidly consumed during burning, resulting in yellow bright flame, 
therefore, after-glow is recorded as 0 s. The yellow-orange and reddish- 
orange flames found for AGG and AGG/hBN-OH coated CF reflects 
partial and incomplete combustion, respectively, are consistent with the 
reduced flame intensity and enhanced flame-retardant performance of 
the coated samples.

To further elucidate the flame-retardant mechanism beyond con
ventional burning observations, Mach–Zehnder interferometric (MZI) 
analysis was employed to visualize heat flow and thermal gradients 
during controlled thermal exposure. The thermal field and convective 
response of coated and uncoated CFs under uniform bottom heating 
were examined by MZI studies [36,37]. The MZI setup used to visualize 

the convective thermal field above the heated specimens is shown in 
Fig. S10, and the detailed methodology is provided in the Experimental 
Section of Supporting Information. Heat transfer experiments were 
conducted for three fabric variants—pristine CF, h-BN–OH-coated CF, 
and AGG–h-BN–OH-coated CF—for a duration of 880 s to assess their 
flame-retardant response. The subsequent changes in the surface tem
perature are presented in Fig. 5a and Fig. S11a. The pristine CF showed a 
sharp and almost linear temperature ascent, reaching 77.6 ± 0.9 ◦C at 
the end of 880 s. In contrast, h-BN–OH-coated CF showed 74 ± 0.9 ◦C, 
while the AGG–h-BN–OH-coated CF depicted the lowest surface tem
perature of 70 ± 1 ◦C. The comparatively lower temperature increment 
is found for the coated fabrics revealing enhanced thermal insulation 
and suppressed heat flow, in accordance with their enhanced flame- 
retardant response. The h-BN–OH coating acts as a heat-resistant 
ceramic barrier that accelerates lateral heat conduction and decreases 
the surface temperature gradient, while the AGG layer further 
strengthens this effect by forming a porous carbonaceous structure that 
captures air and enhances interfacial thermal resistance [37–39]. Sub
sequently, the coated fabrics demonstrate lower surface temperatures 
than the pristine CF, reaffirming their effectiveness in confining heat 
dissipation under uniform heating.

Fig. 5b depicts the 3D interferogram taken at the initial state, while 
Figs. 5c, d and Fig. S11b represent the 3D interferograms captured for 
pristine CFs at a surface temperature of 70 ◦C at the end of 710 s and for 

Fig. 4. Flame-retardant responses of coated and uncoated CFs: Temperature propagation behavior with time for a) AGG and h-BN-OH coated CF, b) AGG coated CF, 
and c) pristine CFs; Infrared thermal images of AGG/hBN-OH coated CF during direct flame exposure at (d) 0 s, (e) 8 s, (f) 16 s, (g) 24 s and (h) 32 s. The AGG/hBN- 
OH coated CF showed delayed heat propagation, indicating improved flame-retardant response; After combustion SEM images of i) AGG/h-BN-OH-coated CFs and j) 
pristine CFs; Comparison of limiting oxygen index (LOI) values of pristine CF, AGG coated CF and AGG/hBN-OH coated CF fabrics, determined according to modified 
ASTM D2863, demonstrating enhanced flame retardancy after AGG and AGG/hBN-OH surface modification.
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CF/AGG–h-BN-OH and CF/h-BN-OH at the end of 710 s, respectively. 
Initially, all samples exhibit straight, parallel fringes, suggesting a uni
form refractive index distribution in the ambient air. With continuous 
heating, fringe bending takes place near the surface owing to air density 
gradients, indicating the temperature and convective flow fields above 
each specimen. The pristine CF depicts the largest fringe bending (86 ±
0.1◦), related to a steeper temperature gradient and stronger convective 
heat transfer. In contrary, CF/h-BN–OH (87.1 ± 0.1◦) and CF/AGG–h- 
BN–OH (87.6 ± 0.1◦) exhibit smaller fringe deflections in comparison to 
the initial state, implying weaker refractive index gradients and delayed 
convective heat loss. These smaller deviations reflect that both surface 
heating and heat dissipation to the surrounding air are considerably 
reduced by the coatings.

The convective heat transfer coefficient (h) and heat flux (q), eval
uated using Naylor's formulation (Fig. 5e and Fig. S11c), further validate 
this effect. Related to pristine CF (h = 9.6 ± 0.13 W m− 2 K− 1, q = 444 ±
7 W m− 2), the h-BN–OH-coated and AGG–h-BN–OH-coated fabrics show 
reduced values of h = 7.4 ± 0.15 W m− 2 K− 1 and 6.5 ± 0.08 W m− 2 K− 1, 
and q = 321 ± 10 W m− 2 and 256 ± 5 W m− 2, respectively. Although 
the absolute reduction in h is about 3 W m− 2 K− 1, it signifies a sub
stantial ~30% decrease compared to pristine CF, confirming a notice
able suppression of surface-to-air heat transfer. The reduction in both h 
and q arises from the synergistic thermal barrier mechanism of the 
coatings: the h-BN–OH layer offers efficient in-plane heat spreading 
through a stable ceramic interface, while the AGG layer promotes 
interfacial resistance and restricts through-thickness conduction 
[37–39]. Together, they efficiently inhibit both conductive and 
convective heat transfer, resulting in significantly lower heat flux. The 
interferometric findings validate the surface-temperature analysis, 
quantitatively corroborating the superior thermal-shielding perfor
mance and improved flame-retardant behavior of the coatings. Among 
them, the AGG–h-BN–OH composite exhibits the highest thermal 

resistance, owing to the synergistic combination of h-BN–OH's lateral 
heat dissipation and AGG's char-stabilizing effect.

The evaluation of flame-retardant performance based solely on LOI 
and vertical burning tests is limited, as high LOI values do not neces
sarily reflect real fire behavior. Although cone calorimetry remains a 
benchmark technique, the combined use of infrared thermography, LOI, 
vertical burning, M–Z interferometry provides a comprehensive and 
mechanistically supported evaluation of flame-retardant behavior, 
capturing both macroscopic flammability characteristics and underlying 
heat transfer suppression mechanisms, particularly useful for surface- 
engineered textile systems. In future work, detailed cone calorimetry 
studies will be conducted to enable direct quantification of heat release 
parameters and to provide additional validation of the present findings.

3.5. Water-immersion stability and antibacterial performance

To evaluate the water-immersion stability of the AGG and h-BN–OH 
coatings on CFs, tensile tests, contact angle (CA) measurements, heat 
transfer behavior and flame-retardant analyses were performed after 10 
and 20 repeated water-immersion and drying cycles. The initial evalu
ation of coating stability under mild aqueous conditions has been carried 
out rather than standardized laundering durability, as the system is a 
binder-free coating system. The mechanical behavior of pristine CFs, 
freshly coated CFs, and washed samples is presented in Fig. S12a and 
Table S2. After 10 repeated water-immersion and drying cycles, the 
coated CFs retained 87% of their fracture tensile strength and 70% of 
their toughness, demonstrating the robust interfacial adhesion of the 
AGG/h-BN–OH coating through hydrogen bonding and electrostatic 
interactions. Even after 20 repeated water-immersion and drying cycles, 
67% of the tensile strength and 48% of the toughness were preserved, 
highlighting the coating's long-term mechanical stability. The water 
repellence response also remained largely unaffected, even after 

Fig. 5. Mach–Zehnder interferometric analyses of pristine CF and AGG-h-BN-OH hybrid coated CFs under uniform bottom heating: a) Surface temperature–time 
profiles of pristine CF and AGG-hBN-OH hybrid coated CFs; Mach–Zehnder interferograms of b) initial state, c) pristine CF at 70 ◦C at 710 s and d) AGG-h-BN-OH 
coated CF at 710 s; e) Comparison of convective heat-transfer coefficient (h) and heat flux (q) for pristine CF and AGG-h-BN-OH coated CF.
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repetitive washing. The coated CFs exhibited contact angles of ~121◦

and ~ 108◦ after 10 and 20 repeated water-immersion and drying cy
cles, respectively (Fig. S12b), preserving excellent hydrophobicity. The 
consistently high CA values and nearly spherical droplet reveal the ho
mogeneous distribution and strong adhesion of AGG and h-BN–OH with 
CF are responsible for effectively impeding water permeation. The 
temperature–time profiles and corresponding infrared images 
(Fig. S12c,d) further demonstrate the stability of the coating under 
repeated aqueous exposure. After 10 repeated water-immersion and 
drying cycles, the coated CFs exhibited heat propagation of ~12 s be
tween designated zones and a total heat transfer duration of ~28 s, 
comparable to that of the unwashed coated sample (~32 s). This 
behavior suggests that the lamellar AGG/h-BN–OH structure continues 
to act as an effective thermal barrier by limiting heat transfer and 
restricting the diffusion of oxygen and volatile combustible species. 
Even after 20 repeated water-immersion and drying cycles, the coated 
CFs preserved a heat propagation time of ~8.5 s to reach the premen
tioned zones and a heat transfer duration of ~20 s, indicating sustained, 
though slightly reduced, thermal barrier performance. The coated CF 
exhibited LOI values of 27.5% and 24.3% after 10 and 20 repeated 
water-immersion and drying cycles, respectively, from an initial value of 
30.2%, demonstrating appreciable retention of flame-retardant perfor
mance under repeated aqueous exposure, consistent with the previous 
findings. The overall performance, including fracture tensile strength, 
toughness, contact angle, heat transfer time and LOI% before and after 
10 and 20 repeated water-immersion and drying cycles of CF/4AGG- 
hBN-OH, is summarized in Table 1. Collectively, these results suggest 
that the synergistic incorporation of “green graphene” (AGG) and “white 
graphene” (h-BN–OH) offers good stability under repeated water- 
immersion and drying conditions, allowing the coated CFs to largely 
retain their mechanical integrity, surface hydrophobicity and flame- 
retardant characteristics.

To assess the antibacterial effectiveness of the developed coatings, 
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria were 
separately cultured on pristine CFs and CFs coated individually with 
AGG (4 wt%) AGG/h-BN–OH hybrid (4 wt%) using the agar diffusion 
assay (Fig. 6a-f). After incubation for 24 h, antibacterial activity was 
evaluated by optical photographs of the cultured plates. Fig. 6a-c depicts 
the inhibition of S. aureus, while Fig. 6d-f resembles to E. coli. Among all 
compositions, the CF coated with 4 wt% AGG/h-BN–OH showed the 
most pronounced antibacterial activity, demonstrating inhibition zones 
of approximately 12.5 mm (Fig. 6c) against S. aureus and 15.5 mm 
against E. coli (Fig. 6f). This superior performance is due to the stronger 
interfacial interaction between AGG, h-BN–OH, and the cellulose fibers 
via hydrogen bonding—especially, between the hydroxyl groups of h- 
BN–OH and the amine groups of AGG with the –OH functionalities of 
cellulose. On the contrary, AGG-coated CF exhibited an inhibition zone 
of ~8.4 mm against S. aureus (Fig. 6b) and 9.7 mm against E. coli 
(Fig. 6e). Notably, in either case, pristine CF did not exhibit any 
detectable inhibition zone, confirming the absence of inherent anti
bacterial activity, rather the formation of biofilm over CF. Importantly, 
the functional groups interact with bacterial cell membranes, leading to 
membrane disruption and reduced bacterial viability in the coated 
fabrics [40]. These findings indicate that the 4 wt% AGG/h-BN–OH 
hybrid effectively inhibit biofilm formation and bacterial proliferation 
without using any cytotoxic metallic nanoparticles. Therefore, the 

optimized AGG/h-BN–OH coating provides sustainable and is a prom
ising candidate to potent biological protection for applications in safety 
and protective textiles.

Fig. 6(g–o) depicts the quantitative antibacterial performance of 
control (without any fabric), pristine CF, CF/AGG, and CF/AGG/hBN- 
OH against Escherichia coli and Staphylococcus aureus after 24 h incu
bation. The control plates showed dense bacterial growth, confirming 
normal bacterial proliferation under the test conditions, whereas pris
tine CF exhibited only minimal antibacterial activity (Figs. 6g, h, k, l). In 
contrast, AGG-coated CF resulted in a clear reduction in colony forma
tion in either case (Figs. 6i and m), indicating improved antibacterial 
activity. The CF/AGG/hBN-OH sample demonstrated the lowest colony 
density (Figs. 6j and n) and the highest bacterial reduction percentage 
(Fig. 6o), suggesting a synergistic effect of AGG and hydroxyl- 
functionalized hBN. The enhanced antibacterial performance is attrib
uted to the presence of surface functional groups that interact with 
bacterial cell membranes, causing membrane disruption and reduced 
bacterial viability. A relatively higher inhibition was observed against 
E. coli compared to S. aureus, which may be associated with differences 
in bacterial cell wall structure and susceptibility to surface-induced 
damage. The quantitative bacterial reduction (%) results are in consis
tent with inhibition zone results, indicating effective antibacterial 
functionality of the hybrid coating.

3.6. Comparison with reported multifunctional cotton fabric coatings

In order to investigate the overall efficiency of AGG/hBN-OH-coated 
CF with reported coatings of CFs [25,41–49], we compared all the 
properties as depicted in Fig. 7. Notably, our engineered fabric exhibits 
superior mechanical strength, hydrophobicity, thermal stability, and an 
increased fire propagation time in comparison to reported CFs. 
Together, these findings emphasize the efficacy of employing sustain
able AGG/hBN-OH hybrid coating in developing multifunctional cotton- 
based textiles. The present coating technique represents a fabric-level 
surface modification, in which mechanical reinforcement (as discussed 
earlier) is generated by improved inter-fiber adhesion and load transfer 
rather than by the intrinsic strengthening of individual cellulose fibers. 
The low coating add-on (2–6 wt%), facile dip–dry processing, and sus
tainable and cost-effective source of raw materials are compatible with 
conventional textile finishing routes, suggesting potential scalability. 
Compared with many binder-assisted or APP-based flame-retardant 
coatings, which require relatively high add-on levels to achieve effective 
flame resistance [43,47,50], the present system achieves simultaneous 
mechanical reinforcement, hydrophobicity, flame retardancy and anti
bacterial effectiveness through interfacial engineering. Water- 
immersion stability tests indicate that the coating maintains functional 
performance after 20 repeated water immersion and drying cycles, 
confirming good coating stability.

The wearability of the coated fabrics is an important consideration 
for practical applications. Optical microscope analysis reveals that the 
coating forms a thin and conformal layer on the fiber surface, leading to 
an increase in fiber diameter [25.579 μm from 12.875 μm (Fig. 2h, i)] 
while preserving the inter-fiber porous structure as evident from the 
corresponding SEM images (Fig. S13). The open inter-fiber structure 
further supports minimal pore occlusion. This indicates that the coating 
does not block the fabric pores, thereby maintaining air permeability, 

Table 1 
Retention of tensile properties, water contact angle, heat transfer response and flame-retardant performance of coated cotton fabric (CF/4AGG-hBN-OH) after repeated 
water-immersion and drying cycles (0, 10, and 20 cycles).

Sample Fracture tensile strength (MPa) Toughness (MJm− 3) Contact angle (◦) Heat transfer time (s) LOI (%)

CF/4AGG-hBN-OH@0Ca 24.513 ± 0.84 2.91 ± 0.74 129 ± 2.0 32 ± 1.0 30.2 ± 0.41
CF/4AGG-hBN-OH@10Ca 21.37 ± 1.1 2.04 ± 0.92 121 ± 3.0 28 ± 1.5 27.5 ± 0.49
CF/4AGG-hBN-OH@20Ca 16.35 ± 0.92 1.38 ± 0.73 108 ± 2.0 20 ± 1.7 24.3 ± 0.53

a C denotes number of water-immersion and drying cycles.
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which is essential for breathability and comfort. In addition, the thin and 
conformal coating ensures that the intrinsic flexibility of the fabric is 
preserved without noticeable stiffness during handling, indicating 
minimal impact on hand feel (Fig. S14 and Supporting Video 5). he 

rubbing fastness of the coated fabrics is qualitatively inferred to be 
satisfactory, as the functional coating exhibits good adhesion to the fiber 
surface, evidenced by the retention of mechanical, hydrophobic, and 
flame-retardant properties after repeated water immersion–drying 

Fig. 6. Antibacterial effect of pristine CFs and varying concentrations of AGG and h-BN-OH-coated CFs against S. aureus and E. coli: (a-f) Agar diffusion assay images 
showing antibacterial activity of pristine CF, AGG-coated CF, and AGG/h-BN-OH-coated CFs against E. coli and S. aureus after 24 h incubation. No inhibition zones are 
observed for pristine CF for both S. aureus and E. coli, whereas clear zones are visible around the coated CFs; (g–j) Colony-count based quantitative bacterial reduction 
against E. coli after 24 h incubation; (k–n) Colony-count based quantitative bacterial reduction against S. aureus after 24 h incubation, (o) Corresponding bacterial 
reduction percentage (mean ± SD, n = 3).

Fig. 7. Relative performance of AGG/hBN-OH coated cotton fabric with reported fabric coatings: (a) Fracture tensile strength, (b) water contact angle, (c) thermal 
stability, and (d) fire propagation time. Our designed fabric demonstrates superior durability, hydrophobicity, thermal stability, and flame retardancy.
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cycles (Fig. S12 and Table 1). This indicates reasonable resistance to 
mechanical abrasion and durability of the coating layer. In addition, a 
qualitative rubbing test was performed by manually rubbing the coated 
fabric against a clean glass substrate. No visible transfer or leaching of 
the coating was observed on the glass surface, indicating good adhesion 
and resistance to mechanical abrasion (Fig. S15 and Supporting Video 
6). Although detailed quantitative evaluation of air permeability and 
rubbing fastness was beyond the scope of the present study, the struc
tural integrity and performance retention suggest that the coated fabrics 
maintain acceptable wearability, which will be systematically investi
gated in future work. The developed system is positioned as a sustain
able multifunctional coating strategy for functional textiles rather than a 
fully optimized commercial finishing technology.

3.7. Molecular dynamics simulation for flame-retardant mechanism

To investigate the morphological evolution during reactive MD 
simulations, the atomic structures of pristine and coated cellulose sys
tems were examined, as displayed in Fig. 8a–f. All reactive MD simu
lations were performed under identical thermal conditions, with 
equilibration at 300 K followed by heating to 2500 K over 100 ps, to 
ensure consistent comparative analysis among the different systems. 
These snapshots denote the initial structures and the corresponding 
molecular dynamics (MD) configurations at an early stage of molecular 
fragmentation for three systems: pristine cellulose, cellulose coated with 
h-BN–OH, and cellulose coated with a dual layer of AGG and h-BN–OH. 
The images allow a direct assessment of the early-stage structural 
integrity and molecular fragmentation features at the atomistic scale. In 

all MD simulations, the onset of molecular fragmentation was associated 
with the appearance of CO- and CO₂-like fragments, serving as qualita
tive indicators of high-temperature bond cleavage. In the pristine cel
lulose system, these fragments appeared earlier, at approximately 12 ps. 
In contrast, the cellulose/h-BN– OH heterostructure exhibited a delayed 
onset, with molecular fragments appearing around 22 ps (Figs. 8b, d). 
This enhanced resistance to early-stage molecular fragmentation stems 
from the protective h-BN–OH layer, which acts as a structurally stable 
barrier, delaying the formation and migration of volatile fragments at 
the atomistic scale. Particularly, the introduction of an additional AGG 
interlayer between the cellulose and h-BN–OH (Figs. 8e, f) further 
enhanced resistance to molecular fragmentation. In this configuration, 
the appearance of CO- and CO₂-like fragments was further delayed 
(approximately 32 ps), indicating a delayed onset of molecular frag
mentation under the simulated conditions. This synergistic improve
ment aligns with earlier findings on the thermal-shielding behavior of 
2D materials [51,52]. While h-BN–OH offers chemical inertness and 
high structural stability, AGG contributes to enhanced interfacial 
cohesion and reduced molecular mobility within the composite. The 
combined architecture thus promotes enhanced structural confinement 
and reduced molecular mobility at the atomistic scale, delaying the 
onset and progression of early-stage molecular fragmentation under the 
simulated conditions. The reactive MD simulations of pristine CF and 
AGG/h-BN–OH–coated CFs (Supporting Videos 7 and 8) reproduce the 
same qualitative delay in early-stage molecular fragmentation trends 
observed experimentally.

The molecular evolution profiles presented in Fig. 8g–i, obtained 
from a quantitative post-processing analysis of the MD trajectories based 

Fig. 8. Schematic illustration of the modeled systems in the presence of atomic oxygen: (a) pristine cellulose, (c) cellulose coated with hBN-OH, and (e) cellulose 
coated with AGG and hBN-OH at an early stage of the MD simulation; (b), (d), and (f) show the respective configurations at an early stage of molecular fragmentation. 
Number of CO- and CO₂-like fragments (black squares and red circles, respectively) formed over time during the reactive MD simulations of (g) pristine cellulose, (h) 
hBN-OH-coated cellulose, and (i) AGG/hBN-OH-coated cellulose.
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on fragment connectivity, quantitatively describe the temporal evolu
tion of molecular fragmentation in the simulated systems. In all systems, 
the number of CO-like fragments exceeds that of CO₂-like fragments, 
indicating a higher prevalence of partial bond cleavage events under the 
simulated conditions. The h-BN–OH–coated system (Fig. 8h) shows a 
similar overall trend to the pristine cellulose (Fig. 8g), but with reduced 
slopes and slower accumulation of CO- and CO₂-like fragments, indi
cating a delayed progression of molecular fragmentation under the 
simulated conditions. Upon the introduction of the AGG interlayer be
tween cellulose and h-BN– OH, the generation of both CO and CO₂ be
comes even less pronounced (Fig. 8i), aligned with the delayed onset of 
molecular fragmentation observed structurally. Under the simulated 
thermal environment, the graphene layer remains unaffected, without 
carbon release into detached molecular fragments, thereby not 
contributing to the formation of CO- or CO₂-like fragments. These 
atomistic trends are qualitatively consistent with the experimentally 
observed improvement in flame-retardant performance.

4. Conclusions

In the present work, multifunctional cotton fabrics were rationally 
designed through a sustainable hybrid-coating route using aminated 
green graphene (AGG) and hydroxylated hexagonal boron nitride (h- 
BN–OH). The two components develop a strong interfacial network via 
hydrogen bonding and electrostatic interactions, governing a simulta
neous enhancement of textile performance. The resulting CFs revealed a 
unique combination of hydrophobicity, antibacterial activity, mechan
ical durability, and fire retardancy, mitigating various inherent draw
backs of conventional cotton textiles. The incorporation of AGG and 
hBN-OH not only enhanced the fracture strength (~171%), toughness 
(~246%) of the fabrics, and hydrophobicity (CA ~ 129◦) remarkably, 
but also offered protection against microbial growth and fire hazards, 
and demonstrated prolonged water-immersion stability even after 20 
washings. The combination of reduced char length, absence of melt 
dripping behavior, slower flame propagation, enhanced TGA char res
idue and improved LOI values collectively supports the improved flame- 
retardant behavior of AGG/hBN-OH coated fabric The MZI analysis 
suggests that the AGG–h-BN–OH-coated CF reveals the strongest 
thermal-shielding effect, with a prominent reduction of surface tem
perature, heat flux, and convective heat transfer compared to pristine 
CF. This superior performance originates from the combined action of 
the h-BN–OH ceramic barrier and AGG interlayer, which together hinder 
both conductive and convective heat dissipation. Comparative analyses 
also indicate that the hybrid-coated CFs surpassed single- component 
coatings and many previously reported textile modifications, high
lighting the synergistic effect of graphene and h-BN in accomplishing 
multifunctionality. The MD simulations indicate that the dual-layer 
AGG/h-BN–OH coating promotes enhanced structural stability at the 
atomistic scale through synergistic physical shielding and reduced mo
lecular mobility. The h-BN–OH layer contributes to structural confine
ment, while the AGG interlayer supports interfacial cohesion, 
collectively delaying the onset and progression of early-stage molecular 
fragmentation under the simulated conditions. These atomistic trends 
are qualitatively consistent with the experimentally observed improve
ment in flame-retardant performance. This unique technique provides a 
versatile, halogen-free, and environmentally friendly approach for 
developing next-generation smart textiles with potential applications in 
healthcare, protective clothing, filtration, and other high-performance 
sectors. Moreover, it offers opportunities for further functionalization 
and scale-up toward commercially viable, durable, and sustainable 
cotton-based textiles.
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