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on nitride nanomaterials:
a comprehensive review of synthesis, property
engineering and multidisciplinary applications

Reveka Kushwah,†a Samy G. Alamir, †ab Sulaiman Al-Sulaimi,c Ahmed Al-Harrasi a

and Adel Ehab Ibrahim *ad

Boron nitride (BN) nanomaterials, spanning zero-dimensional (0D) quantum dots, 1D nanotubes, 2D

nanosheets, 3D and macroscopic architectures, have garnered emerging attention as functional analogs

to carbon-based nanomaterials. Their wide band gap, high thermal conductivity, electrical insulation, and

chemical inertness make them versatile candidates for advanced technologies. This review highlights the

synthesis–structure–function relationships achieved through top–down methods, such as exfoliation

and ball milling, and bottom–up strategies, including chemical vapor deposition and plasma processing.

Defect engineering, dopant incorporation, and surface functionalization are further discussed as key

levers for tailoring BN nanomaterials' optical, electronic, and interfacial behavior. The review also

explores the diverse range of BN nanomaterial applications across various disciplines, such as chemical

analysis, biomedicine, catalysis, energy, and aerospace. The recent advances highlight opportunities for

data-driven strategies coupled with operando characterization to control and optimize composition,

morphology, and defect chemistry. These developments are expected to accelerate translation into

practical technologies across wide applications.
1 Introduction

Nanomaterials, typically dened as having at least one dimen-
sion in the 1–100 nm range, have garnered substantial attention
due to their broad spectrum of applications. At the nanoscale,
size-, shape-, and surface-dependent phenomena emerge,
including electron and phonon connement, high specic
surface areas, and abundant interfacial sites. These features
enable unusual optical responses, rapid interfacial charge/
energy transfer, and tunable chemisorption, resulting in prop-
erties that diverge markedly from their bulk counterparts.
Nanoparticles exhibit diverse morphologies, each imparting
some distinct physicochemical properties. Their performance is
dictated by the synthesis–structure–function relationship,
where fabrication route (top–down or bottom–up) determines
defect motifs, crystallinity, and morphology. Moreover, defect/
dopant engineering tunes electronic states and catalytic sites,
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while surface functionalization controls wettability, di-
spersibility, and recognition. In practice, synthesis strategies
manipulate precursor type, pH, and temperature through
a wide range of physical and chemical mechanisms, with
additional considerations of scalability, reproducibility, and
standardized metrology for optical, thermal, mechanical, and
interfacial properties.1 Although rigorous scientic investiga-
tion of nanomaterials is relatively recent, materials with nano-
scale features have been unknowingly exploited for centuries.
Across nanomaterial classes, carbon-based systems are widely
applied in bioimaging, biosensing, electronic sensing,2–7

composite reinforcement and cancer therapy,8,9 light-emitting
diodes,10,11 photocatalysis,12,13 analytical chemistry,14,15 and
aerospace technologies,16,17 with new applications continually
emerging.

Within the nanomaterials landscape, boron nitride (BN,
White graphene) occupies a strategic niche, combining diverse
advantages. Since their initial discovery in the 19th century, BN
nanomaterials have experienced signicant developments with
marked advancements in their synthesis techniques and
diverse applications. These materials have gained attraction in
various elds, owing to their unique properties, such as thermal
stability and electrical insulation. To provide a comprehensive
overview of this progress, SI Table S1 was compiled to highlight
some key periods and landmarks in their advancements in
synthesis and application, illustrating their important trans-
formation for both research and industry.
RSC Adv., 2026, 16, 7777–7802 | 7777

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09482h&domain=pdf&date_stamp=2026-02-06
http://orcid.org/0009-0009-3359-8145
http://orcid.org/0000-0002-0815-5942
http://orcid.org/0000-0001-7421-1220
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09482h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016009


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

3:
15

:2
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
BN is an inorganic compound of boron (B, group 13) and
nitrogen (N, group 15) atoms that belongs to the III–V family,
has a wide band gap (5–6 eV), and can adopt sp2 or sp3 bonding
frameworks with ionic character.18–21 In 1842, Balmain rst
synthesized BN through the reaction of molten H3BO3 with
potassium cyanide.22 BN combines high oxidation resistance
and thermal stability (up to ∼900 °C) with high thermal
conductivity,23–26 intrinsic electrical insulation,27 exceptional
rigidity,28 hydrophobicity, high specic surface area, photo-
luminescence, chemical inertness,29–31 and comparatively low
cytotoxicity compared with other nanomaterials and boron-
containing compounds.32

Oen termed “white graphene”, BN possesses an ordered
structure comparable to graphene and has a crystal structure
similar to that of carbon. Unlike graphene's purely covalent
bonds, the B–N bonds possess an ionic character. The electro-
negativity difference between B and N drives charge transfer
from B to N, imparting strong bond polarity and rendering BN
an electrical insulator whose characteristics remain tunable via
doping, alloying, functionalization, and heterostructuring.33,34

BN appears in four crystalline allotropes, where electrostatic
interlayer interactions dictate stacking: hexagonal (h-BN,
graphite-like, AB stacking, P63/mmc), rhombohedral (r-BN,
graphite-like, ABC stacking, R-3m), cubic (c-BN, zinc blende
structure, F-43m), and wurtzite (w-BN, lonsdaleite-like, P63mc).
In h-BN, AB stacking places B atoms in one layer above N atoms
in the adjacent layer, consistent with P63/mmc symmetry.35,36

The stacked layers are held together by van der Waals interac-
tions, with an interlayer spacing of∼0.333 nm.7,37 While h-BN is
typically synthesized at elevated temperatures near ambient
pressure, theoretical and experimental studies indicate that c-
BN is kinetically more stable than h-BN under high-pressure,
ambient-temperature conditions.28 h-BN exhibits excellent
biocompatibility and electronic properties, as detailed by Cao
et al., and its atomically precise AB stacking in few-layer and
heterostructure congurations renders it highly attractive for
electronic device applications.38,39 Fig. 1 summarizes the BN
phase diagram and structural models of its allotropes across
different dimensionalities.

BN nanomaterials are accessible via top–down exfoliation/
milling and bottom–up growth (e.g., chemical vapor deposi-
tion (CVD), solvothermal, polymer-derived ceramic routes).40

Recent advances in synthesis and a deeper understanding of BN
properties have enabled diverse nanostructured forms,
including nanoparticles, nanoribbons, nanobers, nanosheets,
nanotubes, and nanocomposites, with composite classes
delineated by matrix (polymer-vs. ceramic-based) routinely
characterized by transmission electron microscopy, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, and
X-ray diffraction. Across dimensionalities, BN occurs as zero-
dimensional (0D) (BN quantum dots (BNQDs), nanospheres),
1D (nanotubes (BNNTs), nanoribbons, nanobers), 2D
nanosheets/lms (BNNSs), and 3D (porous monoliths/aerogels/
lattices/composites).

Beyond architectural dimensionality, surface chemistry and
intrinsic defects provide key design levers for BN nano-
materials. Because their properties are highly surface-
7778 | RSC Adv., 2026, 16, 7777–7802
dependent, effective tailoring requires careful selection of
functionalization strategies. Defects/dopants (B/N vacancies;
edge –OH/–NHx; –R/–OR/–C/–O/–S/–F incorporation) and
surface chemistry govern band-edge/defect emissions in
BNQDs, adsorption energetics in porous BN, and interfacial
compatibility in composites and biointerfaces.34,41–43 Function-
alization can be achieved efficiently through methods such as
thermal oxidation in air or sonication,41,42 with hydroxyl groups
frequently being covalently attached to B sites. Hydroxylated BN
nanosheets and nanotubes, prepared via both top–down and
bottom–up approaches, have been reported by Ren and Stagi.44

Translating these properties and their tunable surface and
defect chemistries into practice, recent work explores BN
nanostructures and BN-semiconductor hybrids (utilizing BN as
a dielectric/support/encapsulation material), aiming to address
global challenges in energy and environmental remediation. BN
nanomaterials also show promise in drug delivery, especially in
controlled-release systems,45,46 as well as in optoelectronics,47

thermal management,48 and two-dimensional device
architectures.34

Functionally, BN's chemical/oxidative stability, wide band
gap, very low optical background, and intrinsic electrical insu-
lation make it a pinhole-free dielectric spacer in spectroscopic/
electronic architectures (enabling controlled non-radiative
energy transfer (NRET)/metal-enhanced uorescence (MEF)).
It also serves as a robust catalyst/catalyst-support (e.g., oxidative
dehydrogenation, CO2 conversion), a selective adsorbent for
remediation and gas purication even under extreme condi-
tions, a modier of stationary phases that enhances chro-
matographic resolution/detection, and a thermally conductive
yet insulating ller for composites; these properties also
address challenges in electrochemical systems (electrocatalyst
contamination, anode contact, separator stability) and support
water treatment through porous BN, which can remove dyes,
organic solvents, and heavy metal ions.49

Several reviews survey BN synthesis and applications,34,50–57

including one- and two-dimensional BN,35 nanoscale BN from
molecular precursors,58 and BN for environmental remedia-
tion.36 This review offers a unique multi-dimensional perspec-
tive on boron nitride nanomaterials where it systematically
organize recent advances in synthesis strategies to BN dimen-
sionalities (0D through 3D and macroscopic architectures), link
fabrication methods to each BN form's properties and func-
tions, emphasize design rules such as defects/dopants engi-
neering and surface functionalization to performance followed
by recent developments across diverse elds (analytical chem-
istry, biomedicine, catalysis, energy, materials science). Unlike
previous reviews which may focus on a single aspect (synthesis
or a specic application area), the review integrates synthesis
strategies, property engineering and a broad spectrum of
applications in one continuum to emphasize on emerging and
underrepresented areas (e.g., BN in analytical sensing and in
energy storage), offer a unied perspective intended to guide
researchers in bridging fundamental BN nano-chemistry with
practical implementations, and provide a clear up-to-date
roadmap for future BN research and development.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different BN allotropes and dimensionalities (0D–3D), laying out the taxonomy of BN nanomaterials.
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2 Synthesis of boron nitride
nanomaterials

Given their unique characteristics, BN-based materials have
attracted considerable scientic interest. The characteristics of
nanostructured BN-based materials vary, as do the synthesis
methods. Each technique offers application-specic advan-
tages, alongside inherent limitations. Recent BN preparation
techniques, along with their benets and drawbacks, were
summarized by Pu and co-workers.59

Two standard methodologies are used to produce nano-
materials: top–down and bottom–up.60 Top–down approaches
reduce bulk materials to the nanoscale, whereas bottom–up
approaches assemble atoms or molecules. The potential appli-
cations of nanomaterials depend on their physical, chemical,
structural, and dimensional properties, which are, in turn,
governed by the choice of precursor and the synthesis route.

Top–down methods rely on splitting/removal of bulk mate-
rial or size reduction in large-scale processes to obtain the target
© 2026 The Author(s). Published by the Royal Society of Chemistry
structures and attributes. Most top-down techniques are phys-
ical (e.g., ball milling, photolithography, X-ray lithography) and
straightforward, but they offer limited control over particle size
distribution, composition, and dimensions. Conversely,
bottom–up approaches build materials block-by-block or layer-
by-layer from atoms or molecules, enabling tailored composi-
tions and morphologies for application-specic designs (e.g.,
drug delivery). Physical processes can be energy-intensive and,
in some cases, involve ionizing radiation, whereas chemical
routes may employ hazardous precursors and generate toxic by-
products, posing environmental and health risks.61

BN nanoparticles and BN-based composites are synthesized
via liquid exfoliation, template-based or template-free routes,
ball milling, sputtering, solvothermal/hydrothermal processes,
wet-chemical synthesis, CVD, and polymer-derived ceramic
pyrolysis. Representative physical and chemical methods are
highlighted in Fig. 2. Focusing on recent developments, this
review outlines fabrication methods for key BN architectures,
RSC Adv., 2026, 16, 7777–7802 | 7779
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Fig. 2 Flowchart illustrating different synthesis techniques for BN nanomaterials.
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including quantum dots (BNQDs), nanotubes (BNNTs), nano-
sheets (BNNSs), and macroscopic BN architectures.
2.1 Zero-dimensional BN: quantum dots

Further shrinking of 2D materials to the nanoscale yields zero-
dimensional quantum dots (QDs). QDs, which are smaller than
10 nm, have attracted signicant attention owing to their strong
uorescence, biocompatibility, chemical stability and photo-
stability in both hydrophilic and hydrophobic media, facile
doping and modication, high surface-to-volume ratios, and
adaptability to diverse physicochemical environments,62

conferring them advantages for bio-applications,63 including
diagnostics, biosensing, uorescence imaging, metal ion
detection, chemiluminescence (CL), electrochemiluminescence
(ECL), and thermal sensing.64 Advances in optical and electro-
chemical sensors using graphene QDs65 have spurred interest
and paved the way for the creation of graphene-like alternatives,
including BNQDs and QDs of transition metals and their
oxides.66,67

The controlled synthesis of BNQDs is essential for both
fundamental studies of their quantum phenomena and their
applications in various elds, including optics, electronics,
biomedicine, and catalysis. BNQDs, which oen emit blue light
under UV irradiation, are reported to exhibit good biocompat-
ibility, superior dispersibility, and low toxicity. BNQD prepara-
tion strategies are broadly classied into top–down and
bottom–up approaches. Hydrothermal/solvothermal and
exfoliation-based methods, employing various precursors and
solvents under different temperatures and pressures, are widely
adopted for BNQD synthesis, as shown in Fig. 3. Precursor
selection and method choice depend on target quantum yield
(QY), processing time, and scalability, among other factors.
7780 | RSC Adv., 2026, 16, 7777–7802
BNQDs are usually fabricated using solvent-assisted or
liquid-phase techniques. In top–down liquid exfoliation, bulk h-
BN akes are exfoliated and subsequently fragmented into
BNQDs, followed by separation.68–72 Liquid exfoliation offers
a simple, safe, and environmentally friendly route to BNQDs.
Typical solvents, including ethanol, N-methyl-2-pyrrolidone,
and dimethylformamide, are chosen for their surface-energy
compatibility. BNQDs synthesized by a combined liquid-
exfoliation/solvothermal process exhibited good hydrophilicity
and were readily integrated into polymer structures, enabling
proton-exchange capability and enhancing water retention of
polymer-based membranes.73 BNQDs have also been produced
by combining liquid-phase exfoliation with high-energy ultra-
sonication. Intense sonication produced few-layer BN nano-
structures (median ∼12 atomic layers) alongside BNQDs.74

Stengl et al. employed high-intensity ultrasonic exfoliation of
BN nanosheets to produce built-in BNQDs.75 Ultrasonication of
h-BN to h-BN nanosheets (h-BNNSs), followed by solvothermal
cutting in dimethylformamide (180 °C, 12 h), yielded blue-
emissive BNQDs with time- and temperature-dependent pho-
toluminescence.76 Microwave irradiation (10 min, 150 °C, 500
W) yielded ∼300 nm lateral monolayer h-BNNSs together with
homogeneous BNQDs (∼3.2 nm).77 Across these techniques, the
conditions governing synthesis and size distribution could be
summarized as solvent selection and the nature and intensity of
the applied energy, which dictate the extent of layer delamina-
tion, fragmentation, and defect formation. For instance, when
using solvents whose surface energy matches that of h-BN, such
as N-methyl-2-pyrrolidone and dimethylformamide, efficient
exfoliation/layer delamination is promoted resulting in thinner
starting akes that can be subsequently fragmented by
ultrasonication/heat/microwave where milder conditions
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Snippet figures illustrating different synthesis schematics for diverse BN morphologies; hydrothermal (A), solvothermal (B), liquid exfo-
liation (C), plasma-CVD (D), and laser ablation (E).
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preserve larger lateral dimensions and the more powerful and
longer duration of sonication/heating/irradiation will drive the
BN toward smaller BNQDs and introduce defects that usually
enhance photoluminescence and quantum yield, yet may also
compromise crystalline integrity if over-generated. Notably,
microwaves' rapid, uniform, and intense electromagnetic
heating avoids prolonged thermal exposure that could induce
extensive lattice damage. BNQDs synthesized by potassium
intercalation exhibited a QY of 2.5%; the edge ratio of saturated
sp2 sites to dangling bonds critically inuenced their properties
at the nanoscale. These edge states are predicted to signicantly
inuence the chemical and physical properties of h-BNNSs.78

Owing to its van der Waals nature, basal-plane h-BN is
© 2026 The Author(s). Published by the Royal Society of Chemistry
intrinsically free of surface charge barriers and dangling bonds,
whereas edges/defects can host dangling states.79 By viewing the
potassium intercalation pathway, the parameters affecting the
synthesis and the generated BNQD characteristics could be
interpreted. It is a sequence of chemical and thermal steps
where at approximately 190–200 °C, potassium is inserted/
intercalated into layered h-BN to weaken the interlayer van
der Waals interactions and force the sheets apart then short air
exposure triggers oxidative de-intercalation where potassium
rapidly evaporates in situ to generate internal pressure and
cleave the expanded layers into monolayer BN sheets and lastly
any of ultrasonication/thermal/microwave treatment discussed
earlier is used to complete their fragmentation into BNQDs.
RSC Adv., 2026, 16, 7777–7802 | 7781
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Hence, raising the intercalation temperature or prolonging the
soaking time intensies layer separation which usually yields
smaller-diameter quantum dots, albeit at the expense of
creating a higher density of unsaturated edge sites which
reects the trade-offs between size reduction and defect
generation.80

Moreover, an orthorhombic BNQD product was reported via
solvothermal synthesis (ethanol; boric acid and cyanoguanidine
as B/N sources), with XRD indicating an orthorhombic phase
and high resolution transmission electron microscopy showing
∼0.209 nm lattice spacing and 2–9 nm particle sizes;81 This
example shows the precursors role in bottom-up techniques
where boric acid and cyanoguanidine breaking down produced
B–N–C–O which acted as intermediates and dopants and
inuenced the lattice arrangements and defect congurations.
In another study, blue-emitting h-BN QDs (3–7 nm) were
synthesized from ammonia borane in carbon tetrachloride (180
°C); QLEDs fabricated from these QDs showed EL at 412 nm,
red-shied from their PL at 386 nm.82 This also emphasize that
solvents and precursors volatility are another factors that must
be considered during synthesis because ammonia borane
decomposing at low temperature (∼100 °C) enables the
controlled release of B–N species and inuences nucleation and
growth behavior, while the non-coordinating inert nature of
carbon tetrachloride minimizes any side reactions or oxidation,
thereby preserving the chemical purity of the nanostructures
and reducing the tuning parameters to reaction temperature,
duration and precursor concentration. Hydrothermal synthesis
from boric acid and melamine produced ∼4.6 nm BNQDs with
oxygen-terminated edges that confer aqueous stability; subse-
quent solution-phase deposition yielded BNQD/ZnO hetero-
interfaces.83 The study here further illustrates the inuence of
solution pH in surface chemistry where ammonia and amines
are released upon melamine decomposition and buffers the
solution toward mildly basic pH leading to surface amination
and the formation –OH or –O− terminations at BNQDs edges
rather than maintaining pure B–N bonds, which stabilized the
blue uorescence and improved aqueous dispersibility since
the polar groups prevent restacking and enhance hydrogen-
bonding with water, while at neutral pH fewer oxygenated
edge sites would have been expected. This was also utilized to
unlock broader BNQDs optoelectronic potential which was
constrained by predominantly blue PL and generally low QYs.
Strategies proposed to achieve full-color emission from modi-
ed BNQDs included solvothermal treatment following liquid
exfoliation which yielded heat-resistant BNQDs (QY = 32.3%)
and characterization suggested surface amination (NH2 bound
to BOx

− species) that enhanced PL by improving surface
states.84 BNQDs and BNNS phosphors have also enabled
multicolor LEDs with robust thermal stability.85–87

BNQD-based nanocomposites, with strong thermal and
chemical resistance, are well-suited for electrode applications
and separation membranes. Covalently bonded BNQD/reduced
graphene oxide (rGO) hybrids improved charge-carrier concen-
tration, electrolyte sorption, and durability, achieving a specic
capacitance of 90 F g−1 at 1 A g−1, thereby highlighting their
promise as high-performance supercapacitor materials.88
7782 | RSC Adv., 2026, 16, 7777–7802
Hydrothermally synthesized BNQDs (boric acid/urea) exhibited
blue uorescence (∼330 nm); Coating BNQDs onto a glassy-
carbon electrode followed by electrochemical deposition of
polyluminol produced a hybrid electrode with enhanced cata-
lytic activity for vitamin C detection.89 BNQDs incorporation
into polyethersulfone membranes improved antifouling
performance.90 MTT and imaging assays consistently show low
cytotoxicity and high biocompatibility for BNQDs; HeLa cells
remain viable, internalize the dots via endocytosis, and exhibit
no nuclear damage.32 Collectively, these ndings, combined
with the inherent chemical and photostability of QDs, highlight
BNQDs as promising candidates for diagnostics, biosensing,
imaging, and separation membranes. As metal-free (Cd/Pb-free)
QDs, they mitigate the heavy-metal toxicity associated with
many II–VI systems and offer a more favorable biocompatibility
prole.
2.2 One-dimensional BN: nanotubes and nanoribbons

Within the family of one-dimensional nanostructures, nano-
tubes are among the most extensively studied.91 Considerable
effort has been devoted to synthesizing superior boron nitride
nanotubes (BNNTs). BN nanoribbons were produced by
applying high pressure to BNNTs.92 Chopra et al. rst synthe-
sized BNNTs in 1995 via plasma discharge between a BN-lled
tungsten rod (in a carbon-free atmosphere) and a cooled
copper electrode, a procedure similar to the carbon nanotube
(CNT) plasma-arc methods.93 Subsequent studies rened this
production method.94–96 Under pressurized N2, high-
temperature CO2-laser ablation (Fig. 3) yields BNNTs through
root growth frommolten boron droplets or via open-end growth
from BN radicals, the latter generally giving longer tubes.97 In
arc discharge and laser ablation syntheses, the applied energy
and the N2 gas pressure jointly dictate the dominant growth
mode and, consequently, the morphology of the resulting
BNNTs. At higher N2 pressures, the growth typically proceeds
through an open-end mechanism, in which reactive BN radicals
are continuously incorporated at the nanotube tips, favoring
longer nanotubes with smaller diameters formation whereas at
lower N2 pressure or when boron vapor preferentially condenses
into molten droplets, a root-growth mechanism becomes more
prominent. Under these conditions, nanotubes nucleate from
boron droplets and extend outward, yielding multi-walled
BNNTs that are shorter and wider. Beyond controlling
morphology, sufficient energy input and optimized nitrogen
pressure are also essential for suppressing amorphous by-
products, turbostratic BN sheets, and particulate debris.

Chemical vapor deposition (CVD; Fig. 3), including boron-
oxide-assisted CVD, has been employed to strike a balance
between purity and yield in BNNT synthesis. However, BNNT
synthesis can be hindered by high process temperatures (>1200
°C) and solid-state reactivity of boron precursors, among other
reactive constraints. To address these challenges, multi-
atmosphere thermal analysis with staged annealing was
employed to monitor the solid-state reaction of the B/Li2O
system that concurrently acted as precursor, catalyst, and active
component. Experimental data of this setup indicated that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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lithium borate reduced reactant and ammonia consumption
while maintaining high reactivity, efficiency, and exibility.98 In
another study, multi-walled BNNTs have been synthesized by
CVD using Fe2O3 catalyst and colemanite as the boron
precursor where iron oxide is reduced in situ to metallic Fe or
iron boride nanoparticles, which serve as active nucleation sites
for BNNT growth, dene the tube diameter (smaller catalyst
particles seed thinner nanotubes), and enables synthesis at
∼1050 °C which is comparatively lower than 1200 °C.99 Both
studies demonstrate that catalysts lower the required formation
temperature and that optimizing the catalyst amount and
temperature regulates BNNT wall thickness, structure, diameter
uniformity, and purity, thereby aiding in the production of
fewer amorphous boron impurities. Still, it has been noted that
pinpointing the actual catalyst during BNNT growth is exceed-
ingly difficult especially since high production rates of BNNTs
and reduced amorphous-boron impurities suggest BN-radicals
self-assembly.100 Density Functional Theory-Molecular
Dynamics simulations revealed that Li incorporation into the
W2B5 lattice promotes the formation of a W–B–Li liquid and
enhances compound vaporization, both of which are essential
for effective BNNT growth; a three-component W–B–Li molecule
can thus enable self-catalyzed, high-quality BNNT synthesis.101

Aluminum-based catalysts have also been explored for CVD
growth; AlB2 has been identied as a key catalyst in BNNT
synthesis.102

For plasma-based BNNT synthesis, the choice of feedstock,
feed rate, and plasma power affects the crystalline quality of the
product. Alrebh et al. used ammonia borane (melting and
degradation temperatures ∼62–127 °C) as an effective plasma
feedstock, where the high AB ow/concentration increased
BNNTs' yield and length, while the optimal plasma power
ensured that BN radicals are efficiently incorporated into
growing tubes rather than forming amorphous deposits. As
a result, the enhanced boron-seed/BNNT-precursor formation
yielded highly crystalline double-walled BNNTs with less tur-
bostratic BN and negligible h-BN compared to h-BN powder
feeds.103 Plasma-assisted CVD from borazine over oxidized Cu
nanoparticles yielded Cu-core/turbostratic-BN-shell nanotubes
only when O2 is present, with Cu2O interlayer at the Cu/BN
interface likely serving as the active catalyst.104 In addition to
the previously mentioned surface modications, several reviews
have surveyed BNNT production, covering advances in synthesis
as well as doping and functionalization.105

Covalent or non-covalent modication of BNNTs enhances
water dispersibility, stability, resistance to surface oxidation,
and biological utility. Hence, functionalization with alkyl,
alkoxy, or hydroxyl groups is a particularly promising strategy
for improving BNNTs' aqueous solubility. Aguiar et al. func-
tionalized B and N sites with carboxyl (–COOH) and hydroxyl (–
OH) groups, altering the electron density and spin-polarized
bands, inducing magnetic moments, reducing band gaps, and
generating impurity-like at bands. First-principles DFT of
pristine single-walled BNNTs assessed high-coverage amino-
acid functionalization (e.g., glutamine, glycine, serine),
showing increased partial charges, stable covalent bonding,
more ionic B–N character, and polarity modulation, making
© 2026 The Author(s). Published by the Royal Society of Chemistry
them potential nanocarriers for drug delivery.106,107 To improve
BNNT dispersion, solvent-free covalent modication is neces-
sary, as direct incorporation into polymers oen leads to
aggregation. Intercalation with amine groups combined with
plant-based polyphenols (tannic acid, TA) produced BNNT-TA.
Subsequent decylamine (DA) treatment yielded BNNT-TA-DA
with enhanced interfacial reactivity toward polymers, address-
ing dispersion challenges. BNNT-TA and BNNT-TA-DA can be
redispersed in both polar and nonpolar solvents, thereby
improving their association and distribution in polymer
matrices and overall composite performance. When 1 wt%
BNNT-TA-DA was incorporated into epoxy, tensile strength
increased by 26.8% and strain at break by 52.2% relative to neat
epoxy.108

Unlike conductive CNTs, insulating BNNTs are suitable
reinforcements in polymer matrices, heat dissipators, and
protective coatings in harsh environments. BNNTs have appli-
cations in thermal management, optical/electronic devices, and
as llers in polymer composites. They have also been investi-
gated for use in biocatalysis, biomedicine, water purication,
and as protective shields and encapsulating materials.50,109

Additionally, in aerospace, BNNTs are considered for space-
suits, shelters, and satellites, where materials must withstand
extreme environmental conditions. The increasing miniaturi-
zation and multifunctionality of modern electronics lead to
signicant heat generation. Overheating can lead to severe
electrical damage or even an explosion, making high-thermal-
conductivity materials highly sought aer. Composite mate-
rials with enhanced thermal conductivity have proven effective
in thermal management and mitigating overheating. A BNNT/
cellulose-nanober composite (25 wt% BNNTs) achieved k =

21.39 W m−1 K−1.110 A cellulose-nanocrystal composite with
20 wt% pristine BNNTs reached in-plane k = 13.33 W m−1

K−1.102 Composites formed by incorporating BNNTs with other
materials confer exceptional strength while maintaining low
weight. BNNT-reinforced aircra wing plates exhibited
enhanced mechanical properties, suggesting improved aero-
space performance.111

Experiments showed that hexagonal BNNTs can act as
atomically smooth nanocavities that sustain phonon-polariton
whispering-gallery modes (enabled by low scattering losses
and intrinsic hyperbolic dispersion), highlighting their promise
for 1D photonic components.112 BNNTs have also been incor-
porated into Li-ion battery electrolytes; at 0.9 wt% BNNT
loading, Li-ion conductivity increased by ∼30% and the trans-
ference number rose to ∼0.73.113 Bi2Te3-BNNT composite lms
support exible thermoelectric, combining mechanical exi-
bility with thermal stability.114
2.3 Two-dimensional BN: nanosheets

Interest in boron nitride nanosheets (BNNSs) and related
composites has surged in recent years owing to their multi-
functionality, structural similarity to graphene, and potential
applications in UV shielding, electrochemistry, and analytical
chemistry.115–117 Ares et al. experimentally validated theoretical
predictions by conrming the electrical and mechanical
RSC Adv., 2026, 16, 7777–7802 | 7783
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properties of h-BN monolayers and defective BNNTs.118 BNNSs
are most oen employed as hydrogen storage materials and as
thermally conductive, electrically insulating nanollers to
enhance polymer thermal conductivity. Key features include
high mechanical strength, excellent surface adsorption, chem-
ical stability, electrical insulation, and notable gas perme-
ability.35,117,119 In one study, atomically thin h-BN exhibited
wetting visibility comparable to that of graphene.120

The large-scale production of high-quality BNNSs, combined
with design knowledge and fabrication methods for polymer/
BNNS nanocomposites, is crucial for tailoring properties and
enabling their widespread applications. Among synthesis
routes, bottom–up processes (e.g., arc discharge, CVD) can
produce high-grade BNNSs from various boron/nitrogen feed-
stocks.121 Top-down approaches are better suited to large-scale
production, relying on inexpensive precursors and straightfor-
ward exfoliation of bulk BN into nanosheets. Exfoliation
methods include mechanical cleavage, liquid-phase exfoliation,
and solvothermal-assisted techniques for producing atomically
thin h-BNNSs. Although yields are low, mechanical cleavage can
produce high-quality monolayer BNNSs from bulk BN.122 Ball
milling123 and sonication124 have also been studied for direct
exfoliation of bulk BN in liquid media, where BNNs dimensions
and defects rely on the applied mechanical energy and dura-
tion. For instance, higher milling speeds or prolonged sonica-
tion impart greater shear and force on bulk h-BN which produce
thinner nanosheets with small lateral sizes and more defects
while milder speeds or shorter durations preserve the crystal-
line integrity and larger ake sizes. Hence, a compromisation
could be reached through optimizing the different parameters.
High-gravity liquid-phase exfoliation in a rotating packed bed
yielded two functionalized BNNS variants: OH-BNNSs via poly-
vinyl alcohol-assisted aqueous exfoliation, and NH2–OH–BNNSs
via an ammonium bicarbonate-assisted ball-milling pretreat-
ment followed by rotating packed bed exfoliation.125 This illus-
trates how additives can enable simultaneous functionalization
of BN nanosheets where polyvinyl alcohol aids the attachment
of hydroxyl groups to BN basal planes (OH-BNNSs) and
ammonium bicarbonate decomposition releases NH3 and CO2

gases during exfoliation that also aid layer delamination and
introduce –NH2 and –OH functionalities onto the sheets. As
mentioned before, the graed polar groups prevent restacking
and enhance hydrogen-bonding with water and by adjusting the
polyvinyl alcohol or NH4HCO3 concentrations, one can tune the
exfoliation efficiency, nanosheet thickness, and density of
functional defects. Another study reported a scalable planetary
ball-milling approach with liquid polyethyleneimine to exfoliate
pristine BN into monolayer BNNSs at high yield,126 where the
high viscosity of polyethyleneimine played a dual role in the
milling process by functioning as milling aid, since it enhance
the transfer of shear forces to the bulk material, and providing
protective environment for the freshly cleaved nanosheets,
since its molecules adsorb onto BN surfaces which suppresses
restacking, passivate the surface, prevent aggregation, and
limits further uncontrolled fragmentation, ultimately favoring
the formation of monolayer BNNs rather than smaller frag-
ments. Teng et al. ball-milled h-BN in N-methyl-2-pyrrolidone,
7784 | RSC Adv., 2026, 16, 7777–7802
producing defect-free, few-layer h-BNNSs.127 As mentioned
before, N-methyl-2-pyrrolidone's surface energy closely matches
that of BN which in milling lubricates interlayer slip, reduce
force needed to separate layers, and absorbs milling heat and
shock, reducing the lattice strain and producing fewer defects.

Xue et al. synthesized gram-scale h-BN nanosheets by
annealing a ball-milled NH4BF4/NaBH4 precursor under owing
NH3 (1400 °C, 6 h);128 The underlying concept of this process is
to rst ball-mill the precursors into an amorphous pre-
composite, followed by high-temperature annealing under
NH3 to promote mixing and remove byproducts since the pro-
longed high temperature allows BN layers to crystallize and
grow, while volatile species (BF3 and H2) are continuously
driven off. In this sense, the milling parameters (which affect
precursor homogeneity) and annealing conditions (temperature
ramp, hold time, NH3 ow rate) were the parameters that
required ne-tuning. Wang et al. reported solvothermal-
assisted exfoliation using magnetic stirring and Li+ to
enhance efficiency and produce high-yield h-BNNSs.129 Li+

intercalation resembles that of K+ mentioned earlier, where Li+

ions are inserted between BN layers under vigorous stirring
conditions, weakening the interlayer van der Waals forces and
causing lattice expansion and once the mixture is cooled, Li+ is
washed away; This makes Li+ concentration and the
temperature/time prole determine the extent of exfoliation,
defects, and residues if Li+ isn't fully removed.80 A NaCl-
template route, 3–5× more efficient than ball milling/liquid
exfoliation, produced >1 g of crystalline, high-purity BNNSs in
a single procedure and its hydroxylated BNNSs (OH-BNNSs), at
1 mg mL−1, exhibited excellent water dispersibility and
remained stable for >2 days without precipitation.130 Herein, the
method demonstrates how a sacricial template can dictate 2D
morphology where boron and nitrogen precursors are mixed
with salts like NaCl, oen by spray-drying, to coat the salt
crystals and then BN nucleates and grows as a thin layer on the
salt surfaceinstead of agglomerating into bulk particles upon
high-temperature ammonia pyrolysis and aer cooling the salt
template is dissolved in water to release BNNs. By varying the
salt particle size or heating prole, one can also inuence the
lateral dimensions of the BNNS (ner salt and rapid heating
tend to produce smaller nanosheets with more edge sites,
whereas coarser templates yield larger sheets), thus controlling
BNNS thickness, lateral size, and defect functionalization via
simple salt inclusion and removal steps. Surface modication of
2D nanomaterials controls their device integration and tunes
properties.44 Wang et al. discussed doping effects on h-BN
structure, conductivity, and dielectric properties, and applica-
tions as substrates and counter-electrodes in electronics.47

Recently, h-BNNSs have proven particularly effective as
lubricant additives. This is primarily attributed to weak inter-
layer shear of the basal planes, tribolm formation, and
mending/polishing effects. Physical and chemical functionali-
zation are commonly employed to improve stability and di-
spersibility of h-BNNSs in liquid lubricants. Gupta et al.
evaluated the impact of four distinct dispersants on the stability
of h-BNNS in engine oils. At 1 wt% polyisobutylene succinimide,
h-BNNSs did not precipitate in engine oil for three weeks,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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identifying polyisobutylene succinimide as one of the most
effective dispersants.131 In contrast, other dispersants such as
oleic acid exhibited poor dispersion performance.132

In one study, OH-BNNSs were synthesized with an 80.1%
yield and exhibited dispersibility up to 5 mgmL−1. Beyond their
aqueous stability, OH-BNNSs also functioned as green, water-
based lubricant nano-additives for metals, effectively reducing
friction coefficients and mitigating corrosion by lowering
corrosion current density.133 A ball-milling approach with TA
yielded hydrophilic BNNS-TA with 60% yield, ∼3.4 mm lateral
size, and high-water solubility of 40 mgmL−1; TA, a polyphenol,
acted like polyethyleneimine mentioned earlier where it
adsorbs onto BN surfaces during milling to prevent restacking
and introduce phenolic –OH groups on the exfoliated sheets,
increasing its dispersibility in polar matrices, and incorporating
this BNNS-TA into epoxy produced thermal-management
composites with enhanced mechanical and thermal perfor-
mance.134 Beyond thermal management, h-BNNSs combine
high mechanical strength, thermal conductivity, electrical
insulation, and structural stability. The electronic band struc-
ture depends on thickness and interlayer coupling, reecting
quantum connement effects and strong interlayer interac-
tions. These dynamic properties render 2D BNNSs suitable for
a wide range of optoelectronic applications.135

In one study, a simple hydrothermal method produced OH-
BNNSs (boric acid and arginine as precursors) for uric-acid
detection. The as-prepared OH-BNNSs exhibited strong blue
uorescence under UV.136 Another study produced S-doped and
F-doped nanosheets by exfoliating bulk BN, followed by heat
treatment.46 Functionalized BNNSs prepared via nitrene cyclo-
addition exhibited strong adsorption of molecules such as L-
cysteine, demonstrating promise for membrane and electro-
chemical sensing applications.137

Recent advances in bottom–up synthesis have enabled the
fabrication of large-area single-crystalline 2D BN lms via CVD
on metal foils as evidenced by Wen et al.,138 who used low-
pressure CVD on Cu foils to yield continuous monolayer h-
BNNSs with areas spanning 4 × 2 cm2, while maintaining
excellent crystallinity, uniformity, and can be transferred intact
onto arbitrary substrates as a uniform dielectric coating. Ma
et al.139 achieved wafer-scale single-crystalline h-BN by epitaxial
CVD on a single Ni(111) crystal, where the aligned h-BN
domains on the metal crystal coalesced into continuous
monolayer and tri-layer lms. These lms exhibited a nearly
defect-free lattice and were transferred onto SiO2/Si to serve
ultra-clean dielectric layers in MoS2 transistors, which signi-
cantly reduced charge-carrier scattering. Such ndings
demonstrate that CVD-grown h-BN delivers continuous, highly-
ordered, single-crystalline layers in wafer/centimeter-scale that
can be directly transferred as insulting sheets with minimal
grain boundaries and great structural coherence. Moreover,
their large-area provide atomically at and uniform dielectrics,
which enable reproducible performance across the chips, and
their strength, high optical transparency, wide band gap (∼6
eV), and low defects make them attractive in nanoelectronics
and deep-UV photonics.139 By contrast, BNNSs obtained from
top–down exfoliation (e.g., ball milling or ultrasonication of
© 2026 The Author(s). Published by the Royal Society of Chemistry
bulk h-BN) are typically smaller andmore defective due to harsh
exfoliation mechanical/chemical conditions that introduce
vacancies, edge defects, or surface functional groups and yield
nanosheets with lateral dimensions of <1–5 mm, making their
integration into devices rely on processing solutions or manual
placement which leads to random orientations, inter-ake
junctions and non-uniform coverage.
2.4 Macroscopic BN architectures: ber assemblies and BN-
coated bers

Beyond the conventional 0D, 1D, and 2D boron nitride nano-
structures, recent studies have demonstrated that BN can also
be engineered into macroscopic architectures, such as contin-
uous bers and hybrid core–shells, and these macroscopic
congurations retain BN's nanoscale properties (thermal
stability, chemical inertness, and electrical insulation) while
offering new advantages not attainable with discrete nano-
sheets or nanotubes alone (mechanical robustness and design
exibility). Thus, opening pathways to functionalities and
applications that require both nanoscale performance and
macroscopic processability.

One strategy for constructing macroscopic BN architectures
is the assembly of 2D BNNSs into continuous bers. Cheng
et al.,140 for instance, applied a radial electric eld during
spinning of hexagonal BNNSs with polyvinylidene uoride
laments which enhanced stress transfer, polarized the BNNSs
and laments, and resulted in BNNSs/polyvinylidene uoride
bers that exhibited a piezoelectric sensitivity six times higher
than that of bers produced without the electric eld align-
ment. This improvement highlights how ordered BN assemblies
can impart bers with great electrochemical response and be
applied as highly sensitive sensors capable of detecting subtle
mechanical signals. An alternative route for ber synthesis is to
spin the pure BN itself via polymer-derived ceramic routes. This
was demonstrated by Lee et al.141 who electrospun N-methyl
polyaminoborane, a boron-rich polymer, and transformed it
into continuous low-density h-BN microbers through
ammonia annealing, where those ceramic BN bers combined
the dielectric behavior together with high thermal conductivity
while maintaining mechanical integrity, at temperatures that
conventional carbon bers were readily oxidized at.

Another emerging strategy is to conformally coat BNNSs or
thin BN layers onto conventional 1D templates to produce core–
shell hybrid bers. In these architectures, a host ber substrate
(such as carbon, ceramic, or optical ber) is uniformly sheathed
in a BN layer to combine BN's properties with the core's
mechanicals, making these architectures fundamentally
different from intrinsic BNNTs despite pursuing a similar
concept (encapsulating 1D forms in a BN environment). On one
hand, a BNNT is a self-supporting cylinder (nanometer diame-
ters) composed entirely of BN and exhibits exceptional strength
and thermal stability, but their synthesis relies on specialized
techniques, such as laser ablation, and yields relatively short
tubes which limits their scalability and integration into
macroscopic textiles or load-bearing architectures. On the other
hand, a BN-coated ber features a micron-scale core (readily
RSC Adv., 2026, 16, 7777–7802 | 7785
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available bers) surrounded by a polycrystalline BN shell (tens
to hundreds nanometers thick) using solution-based methods
or vapor-phase deposition which provides a far more accessible
and scalable route and can be integrated into existing
composite manufacturing processes. Moreover, the core ber
governs the overall geometry and the mechanical load-bearing-
capabilities, while the BN layer extends its role beyond mere
protection by also imparting some functionalities. Cheng
et al.142 grew a vertically stacked h-BN/graphene heterostructure
inside a hollow-core optical ber to take advantage of BN's
insulating and waveguiding properties and tune the ber's anti-
resonant optical modes. This conguration made the BN layer
serve as a spacer and dielectric cladding for graphene,
enhancing all-optical modulation efficiency by approximately
75%. Elçin et al.143 used a wet-chemical dip-coating and nitri-
dation process to produce uniform h-BN lms on carbon ber
tows which exhibited dramatically enhanced oxidation resis-
tance and improved their performance at high temperatures
compared to bare carbon bers and ceramic oxide coatings due
to their ability to form viscous B2O3 glass at temperatures above
800 °C that effectively self-seals microcracks and blocks oxygen
diffusion into the underlying carbon.

Lastly, the BN nanollers' dimensionality also inuences the
composite's macroscopic properties. Chen et al.144 demon-
strated that 1D BNNTs span across the composite, align under
stress, bridge microcracks, and that their elongated brous
morphology favors early percolation and entanglement within
the matrix, which all led to enhanced mechanical strength and
thermal conductivity, and more uniform dissipation of stress
compared to 2D BNNSs at equivalent loadings, which was also
supported by Orikasa et al.145 In contrast, 2D BNNSs interact
with the composite over a broad surface area and form an
overlapping platelet framework, which is advantageous for
withstanding higher compressive forces, and increasing the
composite stability and stiffness compared to BNNTs, however,
BNNSs' platelet nature and lubricating effect introduce chal-
lenges.145,146 If BNNSs aren't dispersed well or there is weak
interfacial bonding, there is a chance for their restacking and
agglomeration which leads to the sheets slipping under stress
and ineffective load transfer which is why surface functionali-
zation or interfacial modications are oen employed to
improve BNNSs-polymer adhesion and mitigate this slippage.
These insights highlight that different BN dimensionalities
offer distinct but complementary advantages and open venues
for their combination. As a result, Wu et al.147 have recently
designed hybrid 1D and 2D BN ller frameworks to combine
uniform stress deection, thermal and mechanical percolation
of BNNTs with the maximal interfacial contact and stiffness of
BNNSs.
3 Applications of boron nitride
nanomaterials

The recognition that BN allotropes are architecturally versatile,
comparable to carbon forms (fullerenes, graphene, nanotubes),
has renewed their prominence in contemporary materials
7786 | RSC Adv., 2026, 16, 7777–7802
science. BN materials are attractive owing to their dispersion
stability, low density, oxidation/thermal resistance, strong
adsorption, and optical transparency. Practical applications of
BN systems require complex synthesis, processing, and nano-
design strategies that impart unique structural and functional
characteristics. Such approaches enable performance in
hydrogen storage and water purication.148,149 Three-
dimensional BN nanostructures have been widely docu-
mented for their efficacy in water treatment and as antibacterial
agents. BN-based composites can be engineered for low
microwave loss and radar transparency, enabling radome
structures (which protect RF systems while transmitting elec-
tromagnetic signals) with high strength, environmental toler-
ance, and reduced weight.150

h-BN serves as an excellent substrate for semiconductors and
metal-oxide-semiconductor eld-effect transistors owing to its
intrinsic thermal and dielectric properties. Reducing BN to
monolayers or nanoscale lateral dimensions reveals properties
such as piezoelectricity, enabling sensors and actuators
concepts. Reported applications also include magnetic/
semiconducting devices,151 photodetectors and optoelec-
tronics,87,152 photocatalysis,13,153 energy storage,154 quantum
emitters,155,156 aerospace structures,157 surface-enhanced Raman
spectroscopy substrates,119 and polymer-matrix gas-barrier
composites.158 Li et al. lately reviewed the environmental
applications of h-BN and outlined future perspectives.36

Ongoing research highlights promising biomedical applica-
tions of BN nanomaterials, including cancer therapy and wound
healing. Dean et al. reported the biocompatibility/low toxicity,
as well as the thermal/chemical stability (up to∼800 °C in air) of
nano-BN, which is comparable to that of SiO2, supporting its
applications in tissue engineering, biosensing, and drug
delivery.24,159Many state-of-the-art BN nanostructure-based drug
delivery systems have been developed with improved solubility
and physiological compatibility.130

Leveraging thermal conductivity, chemical inertness, and
mechanical strength, nanostructured BN can mitigate short
circuits, dendrite growth, and other failure modes in conven-
tional batteries, improving safety and cycle life.160 An h-BN-
based nanocomposite (Li4Ti5O12/rGO/h-BN) used as an elec-
trode showed lower resistance, enhanced ion transport/electron
mobility, and higher Li+ retention.161 Studies showed that
functionalized BN nanomaterials interact with TFSI− to
enhance Li+ mobility and transference number in ion-gel elec-
trolytes; a LiFePO4jLi cell employing an amine-functionalized
BNNS gel electrolyte exhibited uniform Li deposition and
improved battery performance.162–164

BN enhances the lubricating qualities of ceramics, metals,
rubber, and plastics, while BN nanosheets improve paints and
coatings by increasing wear resistance, interfacial bonding,
anti-corrosion behavior, hydrophobicity, and oxidation resis-
tance. Consumer uses (e.g., pencil lead, paint lubricants,
cosmetics, dental cements) also benet from BN's enhanced
soness and stability.165 This review tries to highlight and cover
some of the widest application subsets of the numerous
potential BN nanomaterial applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1 Analytical chemistry applications

3.1.1 Electrochemical sensors. Electrochemical sensors are
receiving considerable attention owing to advances in early
detection and monitoring techniques. Extensive research has
focused on developing contemporary electrode materials with
enhanced physicochemical properties to improve electro-
chemical performance for continuous monitoring.166 Hexagonal
BN (h-BN) shows promise as an electrochemical sensing mate-
rial due to its unique structural and electrochemical charac-
teristics. Beyond these attributes, the morphology of BN
strongly inuences its electrochemical performance. Since BN
is intrinsically insulating, its role in electrochemical systems is
oen as a co-reactant, structural support, or heterostructure
component, rather than as a standalone conductor. Two-
dimensional BN nanosheets (BNNSs) receive the greatest
attention for electrode modication in both fundamental
studies and practical applications. Heterostructures integrating
the conductive/semiconducting carbon nanostructures with
insulating BNNSs enable the fabrication of electronic devices,
eld-effect transistors, and tunneling architectures.

Additionally, BNNSs' chemical inertness provides corrosion
resistance, and their smooth surfaces enhance device quality
and performance.167 Multiple reviews have highlighted
advances in h-BN sensor fabrication for biological, gas, pH,
optical, and electrochemical applications, including electro-
chemical sensing with 2D h-BNNSs.168,169 For biological
samples, electrochemical detection offers on-site analysis, low
cost, simplicity, rapid response, compact instrumentation, and
microscale detection capability. Although techniques such as
enzyme-linked immunosorbent assay, thermal sensors, high-
performance liquid chromatography (HPLC), liquid
chromatography-mass spectrometry, microemulsion electroki-
netic chromatography, and uorescence spectroscopy are
widely used, electrochemical sensors offer distinct advantages
in sensitivity, cost, and practicality.170

Electrochemiluminescence (ECL) is light emission from
electrochemically generated excited states under an applied
potential. An ECL-based DNA sensor for BRAF gene detection
was developed using sulfur-regulated BNQDs.171 Wang et al.
employed BNQDs as co-reactants in ECL biosensors for conca-
navalin A, achieving a tenfold ECL intensity increase, which
demonstrates the utility of BNQDs as luminophore
enhancers.172 Kamyabi et al. developed a high-performance ECL
sensor for tribenuron using BNQDs as co-reactants in a Ru/
AgNPs/GO/glassy carbon electrode (GCE). Non-toxic BNQDs
outperformed tripropylamine as a co-reactant in enhancing
luminophore signals, and tribenuron-methyl further amplied
the ECL response.173 Another ECL sensor for diazinon employed
a ternary nanocomposite lm GO/AgNPs/(Ru(bpy)3)

2+ on a GCE,
with BNQDs as co-reactants to enhance ECL signal; diazinon
was detected via pronounced ECL quenching from diazinon-
BNQD binding and radical consumption.174 Additionally, Qin
et al. constructed a label-free ECL immunosensor for a-feto-
protein using a rGO@Au@Ru-SiO2 nanocomposite; BNQDs
acted as co-reactants, catalyzing oxidation, lowering the oxida-
tion potential, and amplifying the ECL response.175
© 2026 The Author(s). Published by the Royal Society of Chemistry
Beyond ECL platforms, BN-based composites support volta-
metric and amperometric sensing of diverse analytes. For
nitrofurantoin, a compound associated with toxicity at high
doses, a non-invasive, highly sensitive, and selective electro-
chemical sensor was developed using an a-Fe2O3/h-BN nano-
composite; the sensor was simple, rapid, and inexpensive.176 A
BNNS-doped graphene lm (top–down prepared) functioned as
a hybrid binary composite for electrochemical nicotine detec-
tion.177 A yttrium-oxide/BN (YO/BN) nanocomposite prepared
sono-chemically was used for dopamine detection.178 Halloysite
nanotubes (HNTs) are also gaining attention as electrochemical
sensors due to their high porosity, large specic surface area,
low cost, and biocompatibility.179 A h-BN/HNT nanocomposite
sensor demonstrated exceptional selectivity for furazolidone, an
antibacterial and antiprotozoal medication, even with high
levels of interferents.180 Another Bi2O3/h-BN nanocomposite
sensor enabled efficient utamide detection in ambient
samples.181 AuNPs combined with 2D-h-BN nanosheets were
utilized for the detection of diethylstilbestrol.182 Another sensor
combining 2D-h-BN nanosheets with Fe@AuNP core–shell
materials enabled the detection of cypermethrin pesticide in
wastewater.183

3.1.2 Fluorescence spectroscopy and chemiluminescence.
Spectrouorimetry remains a cornerstone in trace analysis due
to its high sensitivity, simple optics, and facile signal readout.
Boron nitride (BN) nanomaterials, ranging from few-layer
hexagonal nanosheets (h-BNNSs) to BN quantum dots
(BNQDs), are emerging as highly attractive platforms for spec-
trouorimetric sensing. They can serve as insulating, chemi-
cally inert spacers that preserve uorescence near quenchers or
electrodes; as universal nano-quenchers for biorecognition; and
as emissive probes via defect/dopant engineering. Unlike
conductive 2D quenchers such as graphene oxide, h-BN's
insulating character allows switchable functionality: serving as
a kinetic/affinity-tuned quencher in nucleic acid assays, an
emissive scaffold aer controlled functionalization, and an
atomically precise dielectric spacer that either suppresses NRET
or enables MEF. Their wide band gap, optical transparency, and
chemical robustness support this versatility, enabling repro-
ducible and biocompatible sensor platforms.184,185

Exfoliated h-BNNSs effectively quench dye-labeled single-
stranded DNA (ssDNA) probes via p–p interactions and elec-
tron transfer but interact weakly with the rigid DNA–RNA
duplexes that form aer hybridization. Leveraging this prop-
erty, Li et al. designed a signal-on uorescence assay in which
a complementary microRNA binds to the ssDNA probe to form
a DNA–RNA duplex. This duplex weakens probe adsorption on
h-BNNSs, leading to desorption and uorescence recovery. This
platform achieved a 2.39 nM detection limit (DL) with single-
base mismatch selectivity, demonstrating how duplex-induced
desorption can be exploited for highly sensitive and selective
microRNA detection.186

Beyond physical quenching, BN nanoplatforms are now
being engineered with catalytic functionalities to enhance
robustness and broaden applicability. Nemati and Hosseini
functionalized BNNSs with Ce, producing peroxidase-like Ce-
BNNSs that oxidized o-phenylenediamine into uorescent
RSC Adv., 2026, 16, 7777–7802 | 7787
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oxOPD (lem ∼562 nm); oxOPD quenches intrinsic Ce-BNNS
emission (∼447 nm) via an inner-lter effect, enabling ratio-
metric F562/F447 with DL = 50 pM.187 Similarly, hydrothermally
synthesized OH-BNNSs display bright blue emission (lem
∼360 nm at lex = 300 nm), selectively quenched by uric acid,
achieving DL = 16 nM with accurate recoveries in urine and
serum.136 Tungsten(W)-doped BN nanosheets further expand
this concept: combining their strong intrinsic uorescence with
selective W–thiol interactions, enabled the detection of the
cancer marker cysteamine in biouids with DL = 93.6 pM.188

Furthermore, the visible emissions of BNQDs oen originate
from defects or dopants, which can be deliberately engineered
to create ratiometric probes. Wang et al. reported BNQDs that,
upon Hg2+ binding (lex = 280 nm), exhibited simultaneous
quenching of the blue emission (∼461 nm) and the emergence
of a yellow-green band (∼560 nm), yielding a ratiometric signal
with DL = 0.7 nM. When incorporated into paper test strips
with smartphone readout, this system achieved eld-level
detection (∼1.9 nM), underscoring its portability for point-of-
care monitoring.189 Extending upon BNQD environmental
applications, Peng et al. reported a green-synthesized BNQD
turn-off probe for 2,4,6-trinitrophenol, achieving DL = 0.14 mM
with high selectivity over related nitroaromatics and reliable
recoveries in natural waters.190 Shokri et al. extended BN-derived
probes beyond uorescence to chemiluminescence (CL),
designing a CL sensor for triuralin. In this system, a BNQD–
Co2+ complex catalyzed the H2O2-mediated oxidation of pyro-
gallol, amplifying luminescence, with triuralin detected
through its quenching effect on the enhanced signal.191

Recent work has expanded BN-based luminescent platforms
beyond single-function probes by strategically pairing BNQDs
and BN dots. In such hybrids, BNQDs provide excitation-
dependent emission, while non-uorescent BN dots act as
inert dye carriers, suppressing quenching and thereby enabling
high-brightness hybrid probes. This concept of pairing emissive
and insulating BN structures extends to applications where BN's
wide band gap and dielectric properties are leveraged to control
energy transfer. For instance, atomically thin h-BN serves as an
ideal dielectric spacer to regulate NRET and support MEF. Yang
et al. demonstrated this by stacking h-BN with graphene to
precisely tune dye-graphene separation, observing uorescence
recovery that scaled with distance (f d−4), with ∼20 nm h-BN
restoring emission nearly to the SiO2/Si baseline.185 In
parallel, Gan et al. employed h-BN as a pinhole-free MEF spacer
over Ag nanoparticles, achieving uorescence enhancement
factors ∼95 ± 5, sensitivity down to ∼10−8 M, and excellent
thermal and chemical reusability.184 Together, these studies
underscore how BN nanomaterials, whether as emissive QDs,
inert Scarriers, or atomic spacers, offer versatile platforms for
constructing advanced, energy-transfer-controlled spectro-
uorimetric systems.

The evolution from simple ‘turn-off’ assays to ratiometric,
catalytic, MEF-assisted, and hybrid formats highlights the
versatility of BN nanomaterials in spectrouorimetry. Current
challenges lie in controlling BNQD defect chemistry to achieve
standardized emission, developing reproducible functionaliza-
tion without compromising photophysics, and translating
7788 | RSC Adv., 2026, 16, 7777–7802
proof-of-concept assays into multiplexed, matrix-tolerant on-
chip platforms. Nonetheless, the integration of ratiometric
readouts, portable formats (e.g., paper/smartphone systems),
and hybrid devices positions BN-based spectrouorimetry as
a promising frontier for sensitive, selective, and eld-
deployable biomedical and environmental applications.

3.1.3 Adsorption and chromatographic separations.
Beyond its applications in ECL, CL, and spectrouorimetry, BN
also exhibits strong adsorption capacity. Adsorption stands out
among separation/extraction techniques for its simplicity, low
solvent use, and high efficiency. Effective adsorbents require
large specic surface area and mechanical strength to provide
abundant adsorption sites and long-term stability. BN nano-
materials fulll these requirements, underscoring their potential
as adsorbent substrates. BN structures have also demonstrated
strong adsorption capacity for mitigating water contamination.
Examples of targeted organic and inorganic water contaminants
include dyes, heavy metals, and anions (such as phosphate,
sulfate, nitrate, and chloride); elevated levels pose serious envi-
ronmental and health risks. BN-based adsorbents have shown
comparable or superior performance tomost conventional water-
treatment adsorbents.192 Numerous techniques such as solvent
extraction, electrodeposition, precipitation, and adsorption have
been explored for uranium-lanthanide separation, with adsorp-
tion proving particularly effective due to the properties outlined
above. Porous BN can uptake up to ∼3300 wt% of liquids/
contaminants, demonstrating high uptake, and shows excellent
cycling stability, extending operational lifetime.167

The lightweight, layered, high surface area structure of h-BN
provides numerous active sites for hydrogen adsorption espe-
cially that they also offer mechanical robustness, chemical
inertness, and stable adsorption–desorption cycling. Addition-
ally, their graphene-like framework (BNNTs' analogy to CNTs)
can store hydrogen primarily through physisorption and the
intrinsic polarity of the B–N bond and the presence of defects
introduce slightly stronger binding interactions.193 Li et al. re-
ported BN whiskers with 1687 m2 g−1 surface area that achieved
fully reversible adsorption and 5.6 wt% hydrogen uptakes at
room temperature under 3 MPa.148 To further enhance
hydrogen storage performance and highlight how subtle
changes in BN chemistry can tune hydrogen-surface interac-
tions without sacricing reversibility, chemical modication
strategies have been developed. For instance, metal decoration
of BN surfaces can increase hydrogen binding through polari-
zation effects and Kubas-type interactions194 and partial
substitution of BN with carbon to form boron-carbon-nitride
introduces additional electronic states that strengthen
hydrogen adsorption for metal-free storage capacities.195

Furthermore, combining BN with secondary components has
also proven effective. In one study, h-BN particles synthesized
hydrothermally (200 °C, 24 h) were deposited onto CNT
surfaces, forming an h-BN/CNT heterostructure and then dip-
coated onto porous Ni foam in <15 minutes. Hydrogen
storage capacity was evaluated using electrochemical imped-
ance spectroscopy, cyclic voltammetry, and galvanostatic
charge–discharge in 6 M KOH at room temperature which
showed that h-BN decoration of CNTs enhanced hydrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacity, attributed to morphology transition from
ake to spherical which increased surface-active sites.196

Another study investigated CO2 absorption in methyl-
diethanolamine (MDEA) solutions using 2D h-BNNSs. The
effects of MDEA concentration and h-BNN loading on CO2

absorption were systematically evaluated. CO2 absorption
increased with h-BNNSs loading up to 0.025 wt% but declined at
higher loadings. The maximum enhancement observed was
3.98% in 5 wt% MDEA solution containing 0.025 wt% h-BNNs;
higher MDEA concentrations diminished the enhancement.197

Liu et al. employed DFT simulations to investigate the
adsorptive desulfurization mechanisms on defective h-BNNSs
doped with single Ag atoms. The enhanced adsorption of thio-
phenic compounds was driven by strong S–Ag bonding, supported
by p–p interactions and electrostatic contributions. These nd-
ings provide insights into the rational design of selective, high-
performance single-atom adsorbents for desulfurization applica-
tions.198 Liu et al. reported Cu-doped BNNS (Cu-BNNS) as solid-
phase extraction (SPE) adsorbents for rhodamine B quantica-
tion in food, achieving recoveries of 89.8–95.4% under optimized
conditions.199 BN-based adsorbents have also been applied in SPE
workows for the extraction of pesticides,200 herbicides,201 and
polychlorinated biphenyls202 from water samples.

Beyond batch adsorption, BN's interfacial chemistry also
underpins dynamic separations in chromatography. BN has
been engineered as a chromatographic stationary phase,
exploiting its high surface area, thermal stability, and tunable
interfacial chemistry to enable selective separations. In HPLC,
pristine BNNTs were non-covalently immobilized as ultrathin
coatings on monolithic silica or amino-silica particulates,
producing stable phases with enhanced retention and efficiency
while preserving nanotube integrity. The BNNT-coated mono-
lith resolved phenol derivatives, alkylbenzenes, and steroidal
doping agents under both isocratic and gradient modes, with
good repeatability and column durability. This highlights the
role of hydrophobic and p-interactions at the BNNT interface.203

Complementarily, the BNNT-coated particulate enabled quan-
titative analysis of b-cyclodextrin host–guest complexation for
terpene drug surrogates; the measured formation constants
matched literature values. The retention trends in MeOH/H2O
systems also demonstrated the direct BNNT contribution to
molecular recognition.204 Extending to gas chromatography,
statically coated h-BN capillaries exhibited moderate polarity
(McReynolds index ∼136), preferential retention of polycyclic
aromatic hydrocarbons over phthalate esters, strong selectivity
for halogenated analytes, and high resolution of structural and
positional isomers, with robust repeatability (run-to-run RSD
0.03–0.07%) and thermal stability up to ∼260 °C. These
behaviors were attributed to the ionic B–N lattice, temperature-
dependent surface corrugations, and p/halogen-bonding
interactions, which distinguish h-BN phases from conven-
tional polysiloxane or g-C3N4 stationary phases.205
3.2 Material science

3.2.1 Biomedical applications. Since the advent of nano-
medicine, numerous polymeric and non-polymeric
© 2026 The Author(s). Published by the Royal Society of Chemistry
nanomaterials have been investigated as potential drug carriers.
An effective carrier must deliver and release drugs within target
cells while maintaining exibility, stability, and low toxicity
under physiological conditions.206 As a result, h-BN, noted for
its low toxicity, holds strong potential for functional drug
delivery systems. Porous BN can be engineered with high
specic surface area to enhance drug-carrying capacity,
although surface polarity and potential hydrogen-bonding in
sp2 B–N frameworks may impact biocompatibility. Conse-
quently, surface modication and precise size control are
necessary to mitigate these limitations. One study found that
heteroatom doping (e.g., with sulfur or uorine) signicantly
modulated h-BN's drug uptake and release behavior, enabling
intracellular retention without adverse effects.46 Boron nitride
nanoparticles (BNNPs), especially BN nanospheres, have also
been investigated as nano-drug delivery vehicles for chemo-
therapeutic drugs.207 BN nanospheres (20–200 nm) are attractive
carriers due to their biocompatibility and ability to interact with
hydrophobic drug sites.30 Zhang et al. (2013) investigated
chitosan-coated BN nanospheres as carriers for CpG oligonu-
cleotides, demonstrating enhanced delivery and potential use
for immunomodulatory vaccines, allergy treatments, and
cancer therapies.208 Feng et al. (2016) developed a folic-acid (FA)-
functionalized BN nanosphere drug delivery system, in which
FA was conjugated to BN nanospheres via esterication.209

Subsequent work adopted a three-step protocol involving FA
pre-activation to facilitate FA coupling to BN carriers. AgNPs
were rst deposited on BN carrier, then modied with L-cysteine
to introduce terminal –NH2 groups, yielding FA-Cyst-Ag/BN.210

For comparison, drug adsorption/release on nanotube surfaces
was found to depend on diameter and composition, with silicon
carbide nanotubes showing the lowest release efficiency.211

In light of the unique structure and properties of h-BN, it is
being investigated for disease diagnosis and therapy. In diag-
nostics, Kumar et al. leveraged the intrinsic blue emission of BN
nanoakes to demonstrate biocompatible uorescence
imaging, supporting BN's suitability for bioassays.212 Beyond
diagnostics, BN nanocrystals have shown potential in boron
neutron capture therapy for selective tumor ablation, as well as
thermal ablation and neutron sensing.213 h-BN-Au nanohybrids,
produced by physical/chemical exfoliation of h-BN with Au, did
not impair cellular metabolism, reduced proliferation of MCF-7
cancer cells relative to L929 normal cells, and altered lysosomal
activity in both malignant and normal cells.214 In another study
for targeted tumor therapy, a biomimetic nanoplatform
(CM@BN/DOX; cell-membrane-coated BNNPs loaded with
doxorubicin) was developed.215 Samarium-doped BNNTs (Sm-
BNNTs) were synthesized by thermal CVD (samarium oxide,
1150 °C, NH3/N2 gas mixture). Subsequent reactor activation
generated 152Sm radioisotopes within BNNTs; characterization
conrmed successful doping, indicating therapeutic
potential.216

Additionally, nanomedicine materials must exhibit superior
chemical and physical properties while ensuring that their
degradation products do not compromise cell viability. BNNPs
have demonstrated favorable biological activity and have been
explored as nano-therapeutics against a range of infections. A
RSC Adv., 2026, 16, 7777–7802 | 7789
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poly(hydroxyethyl methacrylate) (pHEMA)/functionalized-BNNS
composite showed no cytotoxicity and exhibited antibacterial
activity against S. aureus and E. coli; the bionanocomposite
outperformed pHEMA alone, with greater efficacy against E.
coli.217

Moreover, boron-based materials have also enabled new
strategies for tissue engineering. Incorporating ultrasonic-
induced piezoelectric components (BNNTs and barium tita-
nate (BaTiO3)) into poly(3-caprolactone) to mimic bone tissue
piezoelectricity increased osteogenesis-related activities.218

Cadmium-doped BN (Cd-BN) biomaterials for bone regenera-
tion showed encouraging cytocompatibility and potential
biomedical applicability at higher Cd ratios.219 Nonetheless,
given cadmium's systemic toxicity, in vivo evaluation with
attention to dose-limiting effects is essential. Hyperbranched
polyglycerol-functionalized-BNNSs yielded a BNNSs/gelatin
nanocomposite that enhanced adipose stem-cell adhesion,
proliferation, and longevity in vitro.220

Kakarla and Kong reviewed the role of BNNTs in biocom-
patibility, emphasizing their impact on cell survival, prolifera-
tion, therapeutic outcomes, and genotoxicity, all critical for
biomedical applications.221 Cell-derived biomimetic carriers
exhibit strong targeting ability, prolonged circulation, and
excellent biocompatibility. To support future biomedical
translation, a BN@RBCM (red blood cell membrane-coated BN)
composite was developed and evaluated; intravenous adminis-
tration showed no signicant acute or subacute toxicity.222

3.2.2 Aerospace materials and radiation shielding. Radia-
tion shielding is crucial owing to the extensive use of nuclear
sources in power generation, the space industry, and nuclear
medicine. In recent years, research has focused on maximizing
shielding efficiency while maintaining mechanical durability.
Radiation from protons and neutrons, especially secondary
neutrons generated by nuclear collisions with high atomic
number materials (Z), can cause severe damage. Although not
the primary source, neutron radiation can also arise from solar
particle events or interactions between spacecra structures
and galactic cosmic rays. Interactions between shielding
materials and secondary neutrons can induce scattering, acti-
vation, and material damage. Despite being pivotal to science
and engineering, space exploration faces signicant challenges
in mitigating hazardous radiation, which has traditionally
necessitated the use of heavy shielding materials in spacecra.
More recently, lightweight and multipurpose shielding mate-
rials have become increasingly attractive, particularly those
incorporating low-atomic-number elements (e.g., hydrogen)
owing to superior attenuation and minimal secondary neutron
production.

Hydrogen-containing BN compounds have demonstrated
effective shielding against galactic cosmic rays and solar
particle events at NASA's Langley Research Center.223 BN-
polymer composites have also been widely studied for
neutron shielding. Building on this trend, BN materials,
including BNNPs and BNNTs, have become attractive for aero-
space applications due to their exceptional thermal and
mechanical robustness and neutron-shielding capability. BN's
neutron shielding primarily arises from thermal-neutron
7790 | RSC Adv., 2026, 16, 7777–7802
capture by 10B, affording substantial protection. BN llers are
typically incorporated into polymer composites to enhance both
mechanical strength and shielding performance. Shielding
performance can be further improved by introducing hydrogen
into BNNTs (bonding to lattice sites or occupying vacancies).
DFT calculations on double-walled BNNTs (DW-BNNTs) showed
that defective armchair tubes suffered larger Young's modulus
reductions (5–25%) than zigzag tubes (3–15%), indicating
zigzag DW-BNNTs are more mechanically resilient to radiation-
induced defects.224 Chen et al. developed a dual-layer h-BN/
Al2O3 coating for space solar-thermal shielding, integrating
radiative cooling with asymmetric thermal transmission. In-
plane alignment of h-BN akes in the top coating layer
produced highly anisotropic heat transfer.225

Polymer reinforcement with nanoparticles has been shown
to improve the radiation-shielding efficiency of nano-
composites. A few llers additionally impart multifunctional
benets, including improved thermal conductivity, electrical
conductivity, and exural strength. Multilayer congurations
increase the likelihood that incoming radiation will be scattered
and absorbed by the shield. Incorporating reinforcing llers
into composites generates synergistic mechanical properties
unattainable from the individual constituents alone. Fiber-
reinforced polymer composites are widely used across various
industries, particularly in the aerospace sector. Epoxy resins are
the most popular polymer matrices, offering strong mechanical
performance, design exibility, and chemical and electrical
resistance. For aerospace applications, polymer composites
incorporating BNNPs represent promising options for multi-
functional structural materials.226 In one study, BNNPs func-
tionalized with 3-aminopropyltriethoxysilane (chemical
method) or cetyltrimethylammonium bromide (physical
method) showed markedly improved dispersion and interfacial
compatibility in epoxy matrices. The resulting glass ber-
reinforced composite laminates exhibited enhanced tensile
and exural properties, as well as improved thermal conduc-
tivity, while also enhancing radiation-shielding performance.
These ndings underscore the feasibility of BNNP-enhanced
prepregs as a novel and industrially viable approach for
manufacturing advanced aerospace structural materials.227 In
a separate instance, a hybrid nanocomposite incorporating
0.5 wt% graphene nanoplatelets and 0.5 wt% h-BN into an
aerospace-grade epoxy exhibited substantial multifunctional
enhancements, including a 108-fold increase in electrical
conductivity, a 69% improvement in exural strength, and a 7%
increase in thermal conductivity compared to neat epoxy. These
synergistic effects highlight the potential of GNP/h-BN-tailored
epoxies to meet the electrical and thermal management
requirements of lightweight avionics chassis, informing the
design of advanced thermal interface materials with engineered
electrical properties.228

Polyethylene/h-BN (PE/h-BN) composites, owing to their
exibility, affordability, and processability, present promising
candidates for high-efficiency radiation shielding. Shang
et al.229 fabricated multilayer PE lms with alternating high-
density PE/h-BN (HDPE/h-BN) and low-density PE, in which h-
BN platelets are highly oriented in-plane via a two-step hot-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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pressing process. Neutron shielding performance of multilayer
PE/h-BN composites varies with varying h-BN concentrations.
Owing to their high hydrogen content, PE lms reduced the
transmission ratio (I/I0) by ∼50%. Both the linear attenuation
coefficient (m) and mass attenuation coefficient (m/r) increase
with higher h-BN content. At equal h-BN loading, the multilayer
architecture exhibits higher m and m/r than randomly structured
counterparts. At 30 wt% h-BN, I/I0 reaches ∼4.2% for the
multilayer lms versus ∼15.0% for random, indicating mark-
edly superior attenuation. The study compares random (m/rr)
versus multilayer (m/rm); the relative enhancement is dened as
D(m/r)= (m/rm − m/rr)/(m/rr). D(m/r) was small at low ller
contents but was raised to ∼41.4% at 30 wt%, consistent with
limited multilayer inuence at low loading and clear benets at
higher loading.

3.2.3 Thermally conductive electrically insulating llers
and energy applications. Demand for thermally conductive yet
electrically insulating composites is rising as power densities in
batteries, supercapacitors, and 5G electronics increase because
excessive heat accumulation compromises performance, safety,
and lifetime.230 Thermal conductivity (TC) in solids arises from
phonon transport (and from electrons in conductors); in
composites, ller–matrix interfaces add thermal resistance.
Consequently, TC of different materials varies with
morphology, crystal structure, and carrier density, which govern
phonon/electron transport. For instance, isotropic materials
conduct uniformly, whereas anisotropic materials exhibit
direction-dependent TC. In any material, structural defects
introduce heterogeneity, causing particles to vibrate at different
frequencies and enhancing phonon scattering, which ulti-
mately reduces TC. In polymers, the amorphous packing
hinders phonon transport, yielding intrinsically insulating
behavior. As a result, considerable effort has focused on
enhancing polymer TC using llers such as carbon bers, Al2O3,
and high TC graphene. Yet, balancing high TC with strong
dielectric insulation and low interfacial thermal resistance
remains challenging. h-BN exhibits high in-plane TC (∼400 W
m−1 K−1, comparable to metals) while remaining electrically
insulating, which enables efficient heat dissipation without the
risk of electrical shorting and encourages their study as polymer
llers. Theoretical studies indicate that atomically thin 2D BN,
when used as an interlayer/dielectric spacer, can mitigate
interfacial phonon scattering and lower thermal boundary
resistance; when oriented into continuous pathways, it
enhances effective thermal transport in layered composites due
to its high-volume resistivity (1013–1015 U cm) while preserving
electrical insulation. Introducing micrometer-scale BNNS
enhances polymers' TC. In contrast, carbon nanotubes oen
exhibit weaker adhesion than BN nanosheets due to their high
surface tension and interfacial thermal resistance with polymer
matrices.231–235 In rechargeable battery cells, BN is widely used
as a protective and performance-enhancing additive. From the
protection aspect, coating separators with h-BN creates
a thermal and mechanical barrier that stabilizes lithium metal
anodes and mitigates dendrite penetration, while the perfor-
mance aspect arises from increasing Li+ conductivity and
mobility due to BN's ability to interact with anions and form
© 2026 The Author(s). Published by the Royal Society of Chemistry
a more robust conduction network. Moreover, BN-loaded poly-
mer separators and coatings help redistribute the localized heat
during abnormal operating conditions and serve as heat
spreaders that remove waste heat while maintaining electrical
isolation between components in power electronics and LED
modules.236,237 Unlike conventional separators, which are diffi-
cult to make thin without compromising strength, BN nano-
materials can form thin membranes alongside providing
excellent dielectric strength and mechanical resilience, which
makes them also used as separators in supercapacitors.193,238

These properties are valuable in emerging energy technologies
such as 5G base stations, inverters, electric vehicle battery packs
and fast-charging systems, where BN-lled thermal pads and
coatings help eliminate hotspots, stabilize temperature gradi-
ents across cells, and operate under high heat ux while
preserving electrical insulation.

Hybrid materials, such as BN-lled epoxy hybrids, combine
high TC with electrical insulation and are widely used for
electronic thermal management owing to their simple fabrica-
tion. Numerous techniques, including vacuum ltration, hot
pressing, electrospinning, and ice-templated freeze casting,
have been employed to enhance polymer TC with BNNS-based
composites. Furthermore, lling polymer gaps with BN nano-
structures yields white or transparent composites that are
highly thermally conductive yet electrically insulating.239 Thus,
2D BNNSs enable polymer blends with exceptionally efficient
heat dissipation. For instance, the thermal conductivity of hot-
pressed PDMS/BNNS composites reached 1.12 W m−1 K−1 at
25 vol% BNNS loading.240 In another experiment, Jang et al.
fabricated an e-BN/BN/epoxy composite that contained 50 wt%
h-BN akes, corresponding to 33 vol% of the total composite.
The e-BN/BN/epoxy composite achieved a through-plane TC of
4.27 W m−1 K−1, ∼3.7× higher than the BN/epoxy composite
(1.17 W m−1 K−1).27 Another laminated BNNS/ethylene-vinyl
acetate (EVA) copolymer lm achieved an in-plane TC of
13.2 W m−1 K−1 at 50 wt% BNNS. Additionally, oxygen-
containing functional groups on BNNSs improved interfacial
coupling with the EVA matrix and reduced phonon scat-
tering.241. (Polyimide/rGO)@BNNS composites showed TC of
3.98 W m−1 K−1 versus 0.31 W m−1 K−1 for neat polyimide and
delivered excellent heat dissipation when tried as a thermal
interface material in LED bulbs.242 A further superior in-plane
TC of 19.13 W m−1 K−1 was achieved by the multilayer
gradient BNNS/aramid nanober lms.243 Using a precipitation
method followed by hot pressing, hBN/thermoplastic poly-
urethane (TPU) composite lms were fabricated with ller
loadings up to 95 wt%while retaining exibility. At this loading,
the lms achieved in-plane TC of 50.3 W m−1 K−1, corre-
sponding to a 264-fold enhancement over neat TPU. Due to
these superior thermal transport properties, the hBN/TPU lms
were utilized as LED heat spreaders, reducing operating
temperature by ∼40 °C.244 Notably, Niu et al. has recently
reviewed critical strategies for BN/polymer composites to ach-
ieve ultrahigh out-of-plane TC.245

Beyond solid composites, the high thermal conductivity of
BNNPs has also been utilized in nanouids, where their
dispersion in conventional heat-transfer uids can signicantly
RSC Adv., 2026, 16, 7777–7802 | 7791
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Fig. 4 Summary diagram linking BN properties, functionalities and application domains across different dimensions.
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enhance TC and overall heat transport efficiency. Such nano-
uids benet heat exchangers that require rapid cooling or
heating, as well as advanced thermal management
systems.246,247
3.3 Catalysis: metal-free BN and BN as catalyst support

Integrating multiple functional properties within a single
catalyst can yield synergistic gains in activity and selectivity.
Boron-based catalysts play essential roles in diverse synthetic
chemistry reactions, including oxidation, reduction, hydroge-
nation, dehydrogenation, isomerization, and polymerization.
Surface functionalization and atomic doping signicantly
enhance h-BN catalytic reactivity, establishing it as a promising
metal-free catalyst.246,248 Studies have demonstrated that h-BN
functions effectively as a metal-free catalyst in nitrogen reduc-
tion, aerobic oxidative desulfurization,249 dehydrogenation,250

and hydrochlorination.251 The catalytic activity of h-BN is
commonly attributed to edge B–OH/Lewis-acid B sites, BxOy

species (e.g., B2O3-like, oen generated by oxidative pretreat-
ment), adjacent Lewis acid–base pairs (B as acid, N as base), and
edge-localized radical species. Additionally, boron atoms at
unsaturated edges and defect-rich BNNS surfaces further
contribute to reactivity.252,253

Recent studies have highlighted the remarkable catalytic
performance of boron-containing materials, particularly h-BN
in oxidative dehydrogenation of alkanes (e.g., propane to
propylene), driven by surface-initiated radical intermediates
that subsequently propagate in the gas phase. 3D-printed h-BN
7792 | RSC Adv., 2026, 16, 7777–7802
monoliths delivered higher propylene/ethylene formation rate
ratios and greater olen selectivity than conventional packed
beds of h-BN pellets, underscoring 3D architectural
advantages.254

An organized BN-like oral catalyst, composed of ∼50 nm-
long nanobers, was fabricated using a self-modication
method coupled with in situ self-assembly. BN-like owers
with low B–O species content exhibited over threefold higher
photocatalytic CO2-to-CO reduction rates than those with high
B–O variants, as low B–O levels favor rapid charge transfer and
*CO desorption. Various materials, including transition metal
dichalcogenides and 2D and layered nanomaterials, have been
explored for CO2 photoconversion. These materials offer high
chemical tunability and strong catalytic activity. Moreover,
introducing heteroatoms (C, O, P) into BN or forming BCN
alloys tunes its band gap and band positions, granting BN-
based catalysts the ability to absorb light and participate in
photocatalytic water splitting and CO2 reduction.255

Metal-free BN-based catalysts also show promise for
advancing solar fuel production.256

In nonmetallic BN, polar B–N bonds with a large electro-
negativity difference, together with defect or heteroatom-doped
sites, create adjacent Lewis acid–base pairs that mediate
adsorption/activation and charge-transfer steps during CO2

reduction. BN-based photocatalysts can contribute to CO2

mitigation via solar-driven reduction pathways, thereby helping
to mitigate global warming. Chen et al. comprehensively
reviewed as-prepared h-BN-based catalyst libraries,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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emphasizing their efficiency as metal-free catalysts in hydro-
genation and dehydrogenation reactions.253

Owing to its thermal stability, chemical inertness, polar B–N
bonds, and 2D morphology, h-BN has garnered signicant
attention as a catalyst carrier/support. Vacancies and defect-rich
h-BN nanosheets provide anchoring sites that improve metal
dispersion and enable strongmetal–support interactions (SMSI-
like), thereby enhancing catalytic performance. Oxidative
etching of h-BN sheets generates B2O3-like species that can
partially encapsulate metal catalysts and modulate adjacent
metal sites to facilitate catalysis. Ultra-thin h-BN shells covering
metal surfaces serve as 2D nanoreactors, introducing conne-
ment effects and providing novel approaches to modulate
metal-catalyzed reactions. An ionothermal route produced h-
BN-supported nanocatalysts exhibiting SMSI and robust CO
oxidation activity, without relying on reducible metal oxides.
These nanocatalysts demonstrated high catalytic efficiency,
thermal stability, and sintering resistance under conditions
simulating real-world exhaust systems.253

DFT simulations evaluated BNNP/Ag nanohybrids, showing
that varying surface boron oxide concentrations signicantly
inuence their catalytic activity.257 The catalytic efficiencies of
metal-functionalized BNNTs (f-BNNTs) for removing NO and
CO were also investigated under various conditions.
Nanoparticle-decorated f-BNNTs were found to potentially
reduce the usage of PGM catalysts (Pt, Pd, Rh) while main-
taining or exceeding their performance in simultaneous NO and
CO removal.258 Han-Gyu et al. employed a V-Cu/BN-Ti catalyst to
eliminate residual NH3 and NOx; incorporation of h-BN
increased surface Cu and V concentrations. This study
suggests that h-BN could serve as an effective catalyst for
eliminating residual NOx, aiding compliance with NH3 emis-
sion regulations.259

While near-term alternatives to the Haber–Bosch process are
unlikely to be commercially viable, renewed interest in alter-
native non-iron catalysts, particularly ruthenium (Ru)-based
systems, is noteworthy. The Ba–Ru/BN catalyst exhibits higher
activity than Ru catalysts on graphitic supports, as carbon-
supported Ru catalysts are prone to methanation under high
H2 pressures. The thermodynamic stability of BN under harsh
test conditions (∼100 bar,∼550 °C) contributes to the sustained
activity of Ba–Ru/BN catalysts.260 BN nanomaterials are also
stable under harsh electrochemical environments which was
utilized by Uosaki et al., who used atomically thin BNNSs as an
interfacial layer on a gold electrode to signicantly reduce
oxygen reduction reaction overpotential.261 The diverse and
promising combinations of h-BN with metal catalysts exemplify
the growing potential of heterogeneous catalysis, as highlighted
by Dong et al.262
4 Conclusion summary and future
prospects

Boron nitride (BN) nanomaterials have matured into a chemi-
cally robust, electrically insulating, and thermally conductive
platform spanning zero- to three-dimensional (0D–3D)
RSC Adv., 2026, 16, 7777–7802 | 7795
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architectures. Controlled synthesis through top–down and
bottom–up routes, followed by defect/dopant engineering and
surface functionalization, now enables deliberate tuning of
optical, thermal, electronic, and interfacial properties. This
design latitude underpins demonstrated performance in
electrochemical, spectrouorimetric, and chemiluminescent
sensing, as well as in adsorption and chromatographic sepa-
rations; besides various applications, including biomedicine,
drug delivery, aerospace radiation shielding, heterogeneous
catalysis, and polymer heat spreaders/thermal interface
composites. A detailed overview of the BN nanomaterials'
synthesis, core properties, functions, and up-to-date applica-
tions has been comprehensively reviewed. The review outcomes
have been briey summarized in Fig. 4 and Table 1. The key
synthesis parameters, some reported precursors, and typical
yields are also summarized in Table 1.

Translational progress will depend on addressing cross-
cutting bottlenecks. These include scalable, reproducible
synthesis with tight control of defect chemistry and function-
alization; standardized metrology for optical stability and
composite performance (e.g., quantum yield, ller orientation,
percolation, interfacial resistance); reliable dispersion/
compatibilization in matrices; and application-specic in vivo
safety proles. Addressing these gaps will accelerate the tran-
sition from laboratory demonstrations to reliable, manufac-
turable technologies.

Future progress will benet from data-driven discoveries,
coupled with operando characterization. Machine-learning
models trained on synthesis–structure–property datasets can
guide precursor selection and target defect motifs. Meanwhile,
in situ spectroscopy and electron microscopy can resolve active
sites in metal-free BN catalysis (e.g., B–OH edge radicals) and
clarify strong metal–support interactions at metal/BN
interfaces.

For optoelectronics and sensing, rational control of BN
quantum dots' emissive centers via amination, heteroatom
doping, and edge engineering is expected to deliver red-shied,
stable, high quantum yield emission with ratiometric readouts
compatible with paper/smartphone formats. In thermal
management, hierarchical architectures that align BN nano-
sheets' heat-conduction pathways and minimize interfacial
resistance, together with additively manufactured BN lattices,
can enhance both in-plane and through-plane conductivity
while maintaining dielectric insulation and processability. In
energy and environmental technologies, architected BN
supports and 2D BN nanoreactors offer durable catalysts for
oxidative dehydrogenation and CO2 conversion. Porous BN and
BN nanotubes with tailored pore chemistry offer high capacity,
selectivity, and cycling stability for contaminant removal. They
also serve as chromatographic stationary-phase modiers,
enhancing resolution and detection. Finally, biomedical trans-
lation will require standardized protocols for toxicology, phar-
macokinetics, and biodegradation, along with surface
chemistry that ensures serum stability, targeting, and predict-
able clearance.

With coordinated efforts in scalable synthesis, rigorous
standards, and application-informed design, BN nanomaterials
7796 | RSC Adv., 2026, 16, 7777–7802
are positioned to become key enablers across various elds,
including sensing, energy, catalysis, aerospace, analysis, and
healthcare.
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Abbreviations
BN
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Boron nitride

BNNPs
 BN nanoparticles

BNNSs
 BN nanosheets

BNNTs
 BN nanotubes

BNQDs
 BN quantum dots

CNT
 Carbon nanotube

CVD
 Chemical vapor deposition

CL
 Chemiluminescence

c-BN
 Cubic BN

DA
 Decylamine

DL
 Detection limit

DW-BNNTs
 Double-walled BNNTs

ECL
 Electrochemiluminescence

EVA
 Ethylene-vinyl acetate

FA
 Folic-acid

f-BNNTs
 Functionalized BNNTs

GCE
 Glassy carbon electrode

HNTs
 Halloysite nanotubes

h-BN
 hexagonal BN

h-BNNSs
 h-BN nanosheets

HPLC
 High-performance liquid chromatography

OH-BNNSs
 Hydroxylated BNNSs

MEF
 Metal-enhanced uorescence

MDEA
 Methyldiethanolamine

NRET
 Non-radiative energy transfer

PE
 Polyethylene

pHEMA
 Polyhydroxyethyl methacrylate

QY
 Quantum yield

rGO
 Reduced graphene oxide

ssDNA
 Single-stranded DNA

SPE
 Solid-phase extraction

SMSI
 Strong metal–support interactions

TA
 Tannic acid

TC
 Thermal conductivity

TPU
 Thermoplastic polyurethane

0D
 Zero-dimensional
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219 Ö. Muhammed and B. M. BOZER, Advanced and
Contemporary Studies in Natural Science and Mathematics,
70.

220 S. C. Yoo, Y. K. Park, C. Park, H. Ryu and S. H. Hong, Adv.
Funct. Mater., 2018, 28, 1805948.

221 A. B. Kakarla and I. Kong, Nanomaterials, 2022, 12, 2069.
222 J. He, X. Zhang, L. Liu, Y. Wang, R. Liu, M. Li and F. Gao, J.

Funct. Biomater., 2023, 14, 181.
223 S. A. Thibeault, C. C. Fay, S. E. Lowther, K. D. Earle, G. Sauti,

J. H. Kang, C. Park and A. M. McMullen, Radiation Shielding
Materials Containing Hydrogen, Boron, and Nitrogen:
Systematic Computational and Experimental Study, 2012.

224 A. A. Darwish, M. H. Hassan, M. A. Abou Mandour and
A. A. Maarouf, Comput. Mater. Sci., 2019, 156, 142–147.

225 G. Chen, Y. Wang, Y. Zou, H. Wang, J. Qiu, J. Cao, S. Wang,
D. Jia and Y. Zhou, Chem. Eng. J., 2021, 421, 127802.

226 M. M. Alzahrani, K. A. Alamry and M. A. Hussein, Results
Chem., 2025, 15, 102199.

227 A. D. Kelkar, Q. Tian, D. Yu and L. Zhang, Mater. Chem.
Phys., 2016, 176, 136–142.
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